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ABSTRACT
Hidden hearing loss (HHL) is characterized by normal audiometric thresholds accompanied by speech perception difficulties, especially in noise, 
and tinnitus. This study aims to investigate the effects of noise exposure on HHL and evaluate the effectiveness of various audiological test 
batteries and psychophysical and perceptual measurement methods. This scoping review was carried out by the Joanna Briggs Institute frame-
work and was reported following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Scoping Reviews (PRISMA-ScR) 
standards. A literature search was conducted in PubMed and ScienceDirect using the keywords “hidden hearing loss” and “cochlear synap-
topathy (CS).” English-language articles published between 2010 and 2023 were screened, and 29 studies involving adults were included. The 
findings are based on results obtained from audiological test batteries as well as psychophysical and perceptual assessment methods. In groups 
at risk for HHL and/or CS, elevation of high-frequency audiometric thresholds is associated with early effects of noise exposure and provides an 
early warning of noise-induced auditory impairment. Studies generally show that noise exposure causes significant changes in auditory brain-
stem response parameters (decrease in wave I amplitude). Decreases in action potential (AP) amplitude on ECochG, along with the associated 
increase in the summation potential/AP ratio, may also help assess HHL and/or CS. In conclusion, noise exposure leads to dysfunction in both 
the peripheral and central auditory systems in the context of HHL and/or CS.
Keywords: Audiological assessment, cochlear synaptopathy, hidden hearing loss, noise-induced hearing loss

Introduction

Noise exposure is the most common environmental factor 
causing hearing loss in adults. The high prevalence of noise 
exposure in modern life, especially in younger populations, 
raises many concerns about the trend toward an increased 
incidence of noise-induced hearing loss (NIHL).1 Studies have 
shown that even mild to moderate noise exposure can cause 
changes in the peripheral hearing system (inner hair cells (IHC), 
outer hair cells (OHC), and spiral ganglion neurons (SGN)) and 
affect the auditory nerve’s ability to encode sound. This type 
of peripheral hearing loss can lead to impaired speech percep-
tion, tinnitus, and difficulty in hearing in noise and is referred to 
as “hidden hearing loss (HHL)” because standard audiometric 
test results show normal hearing. Auditory and non-auditory 
effects of noise can affect the quality of life of individuals.2 
Epidemiological studies have shown that the prevalence of 
“HHL” is between 12% and 15%.3

Each human cochlea contains ~15 000 hair cells and ~40 000 
nerve fibers; they do not regenerate once damaged. Decades 
of research in humans and animals have shown that excessive 
noise exposure leads to hair cell damage, which in turn causes 
hearing threshold shift.4 More recently, cochlear pathophysiol-
ogy that results in threshold elevation but is not associated with 
OHC has been investigated.5 Synaptic connections between 
IHC and auditory nerve fibers can be lost without damage to 
hair cells and permanent threshold shift.6 This pathophysiology 
has been termed “cochlear synaptopathy (CS)” because it is 
caused by synaptic disruption of the ribbon synapses between 
the IHC and primary auditory neurons.5 This suggests that CS 
may occur before the development of clinically abnormal audi-
tory thresholds.7 Although the impact of HHL is not as severe 
as clinical hearing loss, HHL also affects communication in 
daily life, as real-world communications often occur in noisy 
environments. Such hearing difficulties experienced by noise 
may be thought to affect cognitive functions.8
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Cochlear synaptopathy is most often the result of noise expo-
sure that causes a temporary shift in the hearing threshold.5 
Recent animal studies have shown that noise exposure can 
permanently damage auditory nerve fibers even when hair cell 
function has recovered and there is no permanent threshold 
shift. Auditory nerve fibers can be divided into subpopula-
tions based on their spontaneous firing rates (low and high), 
with low spontaneous rate fibers exhibiting high thresholds 
and high spontaneous rate fibers exhibiting low thresholds. 
Fibers with low spontaneous rates appear to be the most sen-
sitive to noise exposure.9 According to animal studies, noise 
can directly affect cochlear nerve fibers, especially those with 
low spontaneous rate, and disrupt synaptic communication 
between sensory IHC and subsets of cochlear nerve fibers.10 
When low spontaneous rate fibers are damaged, thresholds are 
not affected because high spontaneous rate fibers respond to 
sound.9 The consequence of CS is that the response capacity 
of the eighth nerve becomes limited at suprathreshold levels, 
although the performance of OHCs is not affected.5 In addi-
tion to the documented links between CS and noise exposure, 
ribbon synapse loss is also observed during normal aging.11 
Studies provide evidence that although aging alone is associ-
ated with CS, noise exposure can cause an acceleration of the 
inner ear aging process.11,1

In the literature, HHL is sometimes used synonymously with 
the term CS; however, not all HHL is caused by the loss of 
cochlear ribbon synapses.12 In addition, recent studies suggest 
that HHL may also be associated with cochlear nerve demy-
elination. Recent studies have shown that demyelination of 
the auditory nerve can also cause HHL independent of CS. 
Proper growth and maintenance of auditory nerve myelination 
by Schwann cells is crucial for auditory processing accuracy.13

Cochlear synaptopathy is particularly difficult to detect clini-
cally because changes at the level of the cochlea do not show 
up on standard pure tone audiometry in the early stages and 
therefore remain “hidden” on the standard audiogram.2,14 
Confirmatory diagnosis of CS involves the evaluation of 
cochlear tissues. These invasive assessments are not suit-
able for human studies. Therefore, studies investigating CS in 
humans rely on electrophysiological correlates that are sensi-
tive in identifying damage to cochlear synaptic connections.13

This scoping review aims to evaluate the efficacy of various 
audiological test batteries and psychophysical and perceptual 
measurement methods in diagnosing noise-induced HHL and/
or CS.

Methods

This scoping review was carried out following the Joanna 
Briggs Institute (JBI) framework for scoping reviews and 
was reported according to the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses for Scoping Reviews 
(PRISMA-ScR).15,16

Search Strategy
A literature search was conducted in PubMed and Science 
Direct databases with the keywords “hidden hearing loss” and 
“cochlear synaptopathy.” The inclusion criteria were studies 
published in English between 2010 and 2023 and conducted 

exclusively with normal-hearing adults. The exclusion crite-
ria were animal studies, literature reviews, case reports, and 
theses.

Eligibility Criteria
All studies were assessed for eligibility based on the following 
Population, Concept, Context (PCC):

Population (P): Adults (> 18 years) with normal hearing who 
have a history of noise exposure,

Concept (C): Hidden hearing loss and/or CS,
Context (C): Studies published between 2010 and 2023, con-

ducted in clinical or research settings, using audiological, 
psychophysical, or perceptual assessment methods.

Studies included in the review were (1) studies whose indi-
viduals have HHLs; (2) studies investigating HHLs in partici-
pants with noise exposure and normal hearing; and (3) studies 
investigating HHLs in participants with tinnitus but no hear-
ing loss.

Methodological Quality
The 2 authors evaluated the included studies independently 
and then compared and decided together using the JBI Critical 
Appraisal Checklist for Analytical Cross-Sectional Studies. 
The questionnaire consists of 8 questions. The questions are 
answered as “yes,” “no,” “unclear,” or “not applicable.” There is 
no cut-off value for the checklist.17 In this study, if the num-
ber of “yes was >5 (52%), it is considered high methodological 
quality, 3-5 (48%) as medium methodological quality, and 0-2 
as low methodological quality. None of the studies included in 
the study were of low methodological quality (Figure 1).

Results

As a result of the literature search, 657 articles were found. 
130 were eliminated due to literature review, 43 due to animal 
studies, and 7 due to lack of English language, and 8 articles 
could not be reached. The titles and abstracts of the remaining 
469 studies were read. Overall; 417 were eliminated accord-
ing to title and abstract. The number of repeated articles was 
10. Forty-two articles that met the inclusion criteria were fully 
read, and 13 were excluded because they were not suitable 
for the study: histopathological studies and studies includ-
ing hearing loss participants or the geriatric population. The 
remaining 29 articles were included in the study (Figure 2).

In the literature, various electrophysiological, objective, and 
behavioral measures such as high-frequency audiometry, oto-
acoustic emissions (OAEs), auditory function (auditory brain-
stem response (ABR), envelope following response (EFR), 
middle ear muscle reflex (MEMR), etc.) and central auditory 
processing tests are used in the HHLs investigation. In the 29 
studies included in this scoping review, various test methods 
were used: pure tone audiometry in all studies; OAE in 23 stud-
ies; ABR in 22 studies; extended high-frequency audiometry 
in 19 studies; speech-in-noise tests in 16 studies; EcochG in 7 
studies; other electrophysiological tests (frequency following 
response (FFR), EFR, MEMR, P300, ACC) in 8 studies; and psy-
chophysical/perceptual measurements (DDT, IPD, GDT, TMTF) 
in 4 studies. Comparison of the findings observed in HHL in the 
results of the studies (Appendix 1).
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Pure Tone Audiometry
In most studies, pure tone audiometry was employed to ensure 
that individuals had normal hearing. Wang et al,1 in a study 
examining the effect of entertainment noise exposure in indi-
viduals with normal hearing sensitivity, found no significant 
change in thresholds 1 day and 14 days after noise exposure. 
In a similar study, Grinn et al18 found no statistically significant 
association between audiometric threshold changes and noise 
dose, although some participants had temporary threshold 
shifts (TTS) the day after noise exposure (most TTS <15 dB).

In the study by Bramhall et al,9 the highest thresholds were 
observed in the group of soldiers with a high history of noise 
exposure compared to the control group. The difference 

in the mean pure tone average (0.5, 1, and 2 kHz) between 
these 2 groups was 3.27 dB and the difference in the mean 
high-frequency pure tone average (2, 3, and 4 kHz) was 7.31 
dB. Dhrruvakumar et  al2 also found a significant difference 
between the traffic police and control groups at frequencies 
above 4 kHz.

Prendergast et  al19 in a study of noise-exposed individuals 
selected by a questionnaire assessing noise exposure; women 
exposed to high rates of noise showed higher thresholds at 2, 
4, and 8 kHz than women exposed to low rates of noise, while 
for men, this relationship was surprisingly reversed, but the dif-
ferences were not statistically significant. In addition, in a study 
by Ting et  al20 to investigate the evidence for CS in tinnitus 

Figure 1.  Quality assessment of included studies.
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patients, the tinnitus group showed significant threshold ele-
vation at 8 kHz.

Extended High-Frequency Audiometry
Extended high-frequency audiometry (8-18 kHz) has been 
evaluated in studies to identify early signs of NIHL. Yuan et al3 
found that the hearing thresholds of airport personnel in the 
high-risk group at 12.5, 16, and 18 kHz frequencies were sig-
nificantly higher than those of hospital workers in the low-
risk group. In the study by Liberman et al,4 participants were 
assigned to a low-risk or high-risk group for noise exposure 
based on a questionnaire on noise exposure. In the high-risk 
group, they observed a significant threshold elevation of up to 
20 dB at all frequencies between 8-16 kHz. Ding et al21 observed 
significant threshold elevation at all frequencies above 8 kHz 
in noise-exposed workers. In the study of Prendergast et al,19 
thresholds at 16 kHz increased significantly with noise expo-
sure in females, while no such relationship was found in males. 
They stated that this finding indicates a possible difference 
between genders in sensitivity to the effects of noise.

According to Pinsonnault-Skvarenina et al,22 factory workers 
exposed to occupational noise had a noticeably greater sen-
sitivity at 14 kHz than a control group. In comparison to the 
control group, Dhrruvakumar et  al2 discovered notable varia-
tions in frequencies between 8 kHz and 16 kHz in traffic police 
exposed to noise. According to Bramhall et al,14 the high-risk 
group of soldiers exposed to noise had thresholds at 6, 12.5, 

and 14 kHz that were 6-7 dB greater than those in the control 
group. In a study to assess TTS in normal hearing people with 
and without tinnitus, Kara et al23 discovered that all thresholds 
between 6 and 16 kHz in the tinnitus group were considerably 
higher than those in the control group.

Otoacoustic Emission
Clinically, OAEs are routinely used to assess cochlear OHC 
biomechanics. The OAEs show cochlear damage at the earli-
est stage, even in the presence of a normal audiogram. Grinn 
et al24 found a significant association with a decrease in 4 kHz 
Distortion Product OAE (DPOAE) amplitude as the noise his-
tory score of the participants increased. Similarly, Ding et al21 
found that the signal-to-noise ratio (SNR) of the DPOAE test 
at frequencies above 6 kHz was significantly lower in noise-
exposed workers compared to the control group. In line with 
these findings, Yuan et al3 found that the 8 kHz and 10 kHz 
DPOAE amplitudes of airport personnel in the high-risk group 
were significantly lower than those of hospital workers in 
the low-risk group. Consistently, Dhrruvakumar et  al2 found 
a significant decrease in DPOAE amplitude with increasing 
frequency from 1.5 kHz to 16 kHz in traffic police officers 
exposed to noise. These findings may explain the decrease 
in OAE amplitude with increasing frequency, as OHCs in the 
high-frequency region are more sensitive to noise exposure. 
Pinsonnault-Skvarenina et al22 found that control group par-
ticipants had higher DPOAE amplitudes compared to factory 
workers exposed to noise, but not statistically significant.

Figure 2.  Flowchart of articles through screening and selection process.
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Wang et  al1 found no significant difference in contralateral 
suppression in Transient Evoked OAE (TEOAE) and DPOAE 
amplitudes before, 1 day after, and 14 days after exposure 
to recreational noise. Prendergast et al19 found no significant 
relationship between noise exposure and TEOAE. In 2 studies 
conducted between groups with and without noise exposure, 
DPOAE amplitudes were not significantly different.4,6 In 2 simi-
lar studies between noise-exposed young veterans and control 
groups, DPOAE levels were similar between the groups.9,14

Stamper et al25 found no significant association between the 
noise exposure background (NEB) questionnaire and supra-
threshold DPOAE levels. Similarly, Bhatt et al26 found no signif-
icant association between NEB and DPOAE amplitudes. Kara 
et  al23 investigated HHL in people with tinnitus with normal 
hearing. They found that there was no difference in DPOAE 
and TEOAE responses between the groups without tinnitus.

Electrocochleography
Electrocochleography (ECochG) is an electrophysiologic test 
that measures the summation potential (SP) and the action 
potential (AP), which is equivalent to ABR wave I. Yuan et al3 
found that SP and AP amplitudes of high-risk airport staff 
were significantly smaller than those of low-risk hospital staff. 
Similarly, Ding et al21 found that the AP amplitude of workers 
with noise exposure was significantly smaller than that of the 
control group. Liberman4 found that the mean SP/AP ratio of 
the high-risk group for noise exposure was almost twice that 
of the low-risk group (0.46 vs. 0.26). Bal et al10 observed a dif-
ferent effect on latencies in their study and found that the 
SP and AP latencies of the high-risk group personal listening 
devices young users, determined according to Estimated Total 
Daily Noise Level (ETDNL), were significantly longer and, as in 
other studies, the AP amplitude was significantly smaller in the 
high-risk group. Whereas Grinn et al18 did not find a significant 
decrease in AP amplitude the day after and 1 week after expo-
sure to amusement noise.

In a study by Kara et al,23 an increase in the SP/AP ratio was 
observed in both ears in normal-hearing individuals with tin-
nitus. This increase was not statistically significant for the left 
ear, but statistically significant for the right ear. In Ting et al20 
study with a similar objective, the AP amplitudes of the tinnitus 
group decreased significantly compared to the control group, 
but there was no significant difference in the SP/AP ratios 
between the 2 groups. According to these results, determining 
the SP/AP ratio in tinnitus patients with normal hearing may be 
useful in the diagnosis of HHL.

Auditory Brainstem Response
Several studies investigating the effects of noise exposure on 
the auditory system have focused on the observed changes 
in ABR. Wang et  al1 observed a significant decrease in wave 
I amplitude 1 day after exposure to recreational noise and 
an almost complete recovery after 14 days.1 Bramhall et  al14 
observed that the wave I amplitude was 0.04-0.05 μV smaller 
for the soldier group exposed to high noise compared to con-
trols. For the soldier group exposed to moderate noise, the 
mean wave I amplitudes were 0.04 μV lower compared to the 
control group only at the highest stimulus level (110 dB peSPL). 
In another study by Bramhall et al,9 29 young military veterans 
and 35 non-veterans participants were divided into 4 groups 

based on self-reported noise exposure. It was found that the 
2 groups with the least noise exposure history (non-military 
controls and soldiers with low noise exposure) had the largest 
wave I amplitudes and the group with the highest noise expo-
sure (soldiers with high noise exposure) had the smallest wave I 
amplitudes. Valderrama et al27 also found a significant relation-
ship between increased exposure to noise and decreased wave 
I amplitude and prolonged I-V interpeak latency. Grose et al5 
found that the group who frequently attended loud music 
activities had a significantly smaller I/V amplitude ratio com-
pared to the control group. Differently, Fulbright et al28 found 
no significant correlation between history of noise exposure 
and wave I amplitude.

Bal et al10 found that wave V amplitudes were smaller in individ-
uals in the high-risk group, but there was no significant differ-
ence in wave I amplitude. There was no significant relationship 
between the groups in I/V amplitude ratio. According to this 
result, they thought that the exposure may have occurred 
recently and that the inclusion of central structures may be 
in the initial stage. Similarly, Yuan et  al3 found no significant 
difference in wave I amplitude between high-risk airport per-
sonnel and the low-risk group hospital workers. However, wave 
III amplitude was higher in the high-risk group. They thought 
these results may be related to superior olivary complex (SOC), 
which is the source of wave III, but further studies are needed.

Prendergast et  al19 reported prolonged wave V latency with 
noise exposure. Dhrruvakumar et al2 found no significant dif-
ference in wave latencies between groups in click ABR, but 
wave V latencies were found to be prolonged in traffic police 
officers when CE-Chirp stimuli were used. Couth et al,29 in a 
study of musicians and non-musicians, found that increased 
wave V latency was associated with higher levels of noise expo-
sure only for men. They thought that the reason for this may 
be that men are exposed to higher levels of noise than women.

Guest et  al30 did not observe a significant decrease in wave 
I amplitudes in participants with tinnitus compared to the 
control group. However, Bramhall et al31 observed that wave I 
amplitudes decreased in participants with tinnitus. According 
to this result, they suggested that changes in peripheral input 
at the auditory nerve level may cause increases in central gain 
leading to tinnitus perception. They also suggested that tin-
nitus may be a perceptual consequence of CS.

Sendesen et  al32 reported that the ratio of III/I, V/I, and V/III 
wave amplitudes was higher in ears with tinnitus compared to 
ears without tinnitus. This was attributed to the lower ampli-
tude of wave I in the tinnitus group and the higher amplitude 
of wave III in the study group, although not statistically signifi-
cant. A positive correlation between THI and V-I and V-III inter-
peak latencies and a negative correlation between V/III wave 
amplitude ratio were also observed. They thought that the low 
wave I amplitude in the tinnitus group may be an indicator of 
damage to primary afferent nerve fibers in tinnitus ears, while 
the increase in wave III amplitude and III/I amplitude ratio may 
be due to increased activity in the cochlear nucleus region due 
to damage to primary afferent nerve fibers in ears with tinnitus.

The relationships between NEB and ABR parameters have 
also been examined. Stamper et  al25 found that increasing 
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NEB caused a decrease in wave I amplitudes. However, Bhatt 
et al26 found no relationship between NEB and ABR. Similarly, 
Washnik et  al13 found no evidence of a significant relation-
ship in wave I amplitudes and wave I, III, and V latencies. They 
found a weak negative correlation between NEB and wave I 
amplitudes.

Although some studies on the effects of noise exposure on ABR 
have not found significant results,6,21,22,24,33 Top of Formsome 
studies show that noise exposure causes significant changes 
in ABR parameters (such as a decrease in wave I amplitude).25 
However, the inconclusive results of studies suggest that more 
research is needed to understand the effects of noise expo-
sure on the auditory system.

Hearing in Noise Tests
Hearing in noise tests can be used to assess CS associated 
with noise exposure. Yuan et al3 found that airport staff in the 
high-risk group had lower speech discrimination scores than 
hospital staff in the low-risk group at low SNRs (−7.5 dB and 
−5 dB). According to this result, they stated that the speech 
recognition ability in HHL decreased in a complex noise envi-
ronment. They found no significant difference in speech dis-
crimination scores between the 2 groups when the SNR was 0 
dB. They stated that the reason for this is that the low intensity 
of the background noise at 0 dB SNR is insufficient to reduce 
the speech recognition ability. However, Liberman et al4 found 
that the high-risk group, the majority of whom received music 
education, performed significantly worse at 0 dB and 5 dB 
SNR in the NU-6 test. Differences in participant characteris-
tics and testing methodology between the 2 studies should be 
considered.

Washnik et  al6 found that non-musicians performed signifi-
cantly better than musicians in the Word Recognition in Noise 
Test at +3, 0, −3, −3, -6, and −9 dB SNRs. In the Azbio (sen-
tence recognition in noise test) test, non-musicians’ perfor-
mance is not significantly different from that of musicians at 
SNRs other than 0 dB SNR. They considered that these results 
suggest that musicians with high NEB may lose their percep-
tual advantage in processing words in background noise com-
pared to non-musicians. Based on the findings in the AzBio 
test, they thought that the deficit in word-level speech pro-
cessing was compensated at the sentence level.

In Grinn et al18 study, participants showed a decrease in per-
formance on the 4 dB SNR WIN test the day after exposure 
to recreational noise compared to their performance before 
noise exposure, and the WIN results were found to be signifi-
cant with the dose of noise exposure. They suggested that this 
finding may reflect the short-term effects of noise exposure 
on auditory function.

Pinsonnault-Skvarenina et al22 found significantly worse SPiN 
(speech perception in noise test) scores in noise-exposed fac-
tory workers compared to controls, but they did not attribute 
these findings to CS. They attributed this to the lack of a sig-
nificant difference in ABR results and the noise-exposed fac-
tory workers’ lower educational level than the other group.

Bal et  al10 found that high-risk group participants who used 
personal listening devices performed significantly worse than 

the low-risk group in the TurMatrix test. Ding et al21 found that 
the SNR of noise-exposed workers was significantly higher 
than that of the control group in a speech-in-noise test. Kara 
et  al23 found that the tinnitus group performed significantly 
lower in discriminating speech in noise in both ears.

Wang et al1 found no significant difference between the base-
line and post-noise exposure results of the Mandarin Hearing 
Test in Noise (MHINT), but they found that wave I amplitude 
ratio at baseline and 1 day after noise exposure was signifi-
cantly correlated with MHINT SNR change. However, Bramhall 
et al31 reported that the decrease in wave I amplitude in sol-
diers was not associated with speech perception in noise as 
measured by the Words-in-Noise (WIN) test. In the other 5 
studies, no significant differences were found in hearing tests 
in noise.5,24,26,28,29

Other Electrophysiologic Tests
Another objective measure proposed as an indicator of syn-
aptopathy is the FFR. For frequencies between approximately 
80 and 1000 Hz, the delay of the FFR is consistent with a 
generator in the rostral brainstem. This response is often 
referred to as “envelope FFR” or “envelope-following response 
(EFR).”19 In the study of Ananthakrishnan et al,34 the F0 fre-
quency indexed by FFR was not significantly different between 
hunters who were firearm users and the control group at any 
SNR. Prendergast et  al19 found decreased high-frequency 
carrier FFR amplitude with increasing risk of noise exposure, 
but a weak association existed and was only observed in male 
participants.

Grose et  al5 found that the mean EFR amplitudes were not 
significantly different between the group frequently attend-
ing loud music activities and the control group. Bramhall et al14 
found a decrease in EFR measurements in high-risk soldiers 
compared to the control group. In addition, Bramhall et  al35 
stated that using combined ABR (decrease in I. wave ampli-
tude) and EFR to evaluate noise-induced synaptopathy is 
useful.

The MEMR responds to a high-intensity signal that reduces 
the compliance of the middle ear system by contracting the 
stapedius muscle. Middle ear muscle reflex occurs as a result 
of stimulation of low spontaneous velocity and high thresh-
old auditory nerve fibers involved in synaptopathy.34 In the 
study of Bramhall et al,35 a decrease in mean MEMR ampli-
tude was observed in high-risk soldiers, and MEMR thresh-
olds were higher than in the control group. Vasudevamurthy 
et  al36 investigated the relationship between tinnitus and 
MEMR and found that MEMR power was significantly reduced 
in individuals with tinnitus due to noise exposure. In a study 
by Ananthakrishnan et  al34 between a group of hunters 
using firearms and control groups, MEMR was similar in all 
participants.

The inclusion of the P300 measure in the test battery for the 
assessment of CS may help to determine the effect of noise 
exposure on the central auditory system. Washnik et al6 found 
no significant effect of NEB on P300 amplitude and latency. 
Grose et al5 found that the P1-N1-P2 responses of the ACC 
(Acoustic Change Complex) were similar between a group that 
frequently attended loud music venues and the control group.

6
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Psychophysical and Perceptual Measurements
Grose et  al5 found no difference in temporal modulation 
detection and spectral modulation detection performances 
and Interaural Phase Discrimination (IPD) sensitivity between 
frequently attending to musical activity and control groups. 
Dhrruvakumar2 used Gap Detection Test (GDT) and Temporal 
Modulation Transfer Function (TMTF) tests, which are sensi-
tive in detecting temporal resolution changes. In their study, 
traffic police officers showed higher GDT thresholds and lower 
TMTF scores than controls.

Right ear advantage in dichotic listening tasks is expected in 
individuals with normal hearing function. Ananthakrishnan 
et  al34 observed a right ear advantage in dichotic digit tests 
(DDT) for both the hunter group and the control group. Bhatt 
et al26 found significantly lower DDT scores and reduced right-
ear advantage in high NEB individuals compared to low NEB 
individuals. Because of the ear asymmetry in DDT scores com-
bined with poor performance on the DDT, they speculated 
that high NEB may alter sound processing and cognitive hemi-
spheric organization.

Discussion

Approximately 1%-10% of patients applying to audiology clin-
ics report hearing difficulties despite having normal audiomet-
ric thresholds.37 This perceptual anomaly is often referred to 
as HHL and reflects a combination of hearing difficulties in 
the absence of clinically abnormal audiometric thresholds.38 
Hidden hearing loss can potentially result from a variety of 
underlying causes. Recent animal studies have suggested 
that symptoms resembling HHL may be caused by auditory 
deafferentation.39

For decades, researchers have believed that NIHL causes dam-
age to OHC, but recent studies have suggested that synapses 
between IHC and SGNs with low spontaneous firing rates and 
high thresholds are the synapses most vulnerable to noise 
exposure.33 Animal studies and experiments on CS have been 
conducted for decades and have been identified as the most 
likely mechanisms causing noise-induced HHL.39 However, the 
exact physiological causes of HHL in humans are still unknown 
and no consensus has yet emerged on the test battery to 
be used to assess HHL. This scoping review summarizes the 
audiological findings of 29 studies. It was observed that many 
different tests were used to evaluate HHL and/or CS and test 
results varied.

In general, studies investigating the effect of noise with pure 
tone audiometry show that noise exposure has a mild effect 
on audiometric thresholds at frequencies up to 8 kHz in the 
standard pure tone audiometry test.2,19,20 The duration of noise 
exposure in these included studies varied, with some studies 
assessing short-term recreational noise and others assess-
ing long-term occupational noise effects. Studies in individu-
als exposed to recreational noise also show variability within 
themselves; in some studies, TTS was observed,18 while in 
others, no significant effect on thresholds was observed.1 
Moreover, some of the studies stated that the impact of long-
term occupational noise on hearing damage can be seen as the 
thresholds increase above 4 kHz.2,19

Significant increases in thresholds were observed in 8 out of 
14 studies evaluating high-frequency audiometry. In 6 studies 
evaluating noise exposure, no significant difference was found 
between the control and study groups in high-frequency audi-
ometry.5,6,10,24,26,29 In these studies, in which high-frequency 
audiometry was evaluated, the duration of noise exposure and 
the type of noise varied. In the studies where significant differ-
ences were found, occupational noise exposure was evaluated 
in general,2,3,14,21,22 while recreational noise exposure,5 firearm 
users,24 personal listening device users,10 and musicians6,29 were 
evaluated in the studies where significant differences were not 
found. Although it is thought that the type and duration of 
noise will affect high-frequency audiometry, high-frequency 
threshold elevation is associated with the early effects of noise 
exposure and provides an early warning of noise-induced audi-
tory impairment.

In OAE studies, it has been found that cochlear involve-
ment varies in HHL. While 25% of the studies investigating 
the effect of noise exposure on OAE responses reported a 
decrease in amplitudes, 75% showed no significant differ-
ence compared to the control group. It is thought that the 
duration and type of noise may also affect the OAE results. 
Most studies without significant differences in OAE were 
conducted in individuals with recreational noise exposure,1 
student musicians,6,25 and individuals with a broader noise 
(traffic, music, occupational noise, personal listening device, 
etc.) exposure history,19,26 while most studies with signifi-
cant effects were conducted in individuals with occupational 
exposure.2,3,21,22 Although there are studies showing interfer-
ence below 4 kHz,2,24 it has been observed that the responses 
of high-frequency OAEs are more affected. For this reason, it 
would be more useful to use OAE devices that evaluate higher 
frequency ranges, which are not preferred in routine clinical 
practice in cases of HHL.

While 4 of 7 EcochG studies reported a significant decrease, 
especially in AP amplitude,3,10,20,21 2 studies reported an 
increase in SP/AP ratio.4,23 In 1 study, no difference was 
reported, but unlike other studies, this study investigated rec-
reational noise rather than long-term noise exposure in the 
workplace. The duration of noise was thought to affect the 
EcochG results.

In 22 studies evaluating HHL with ABR, the most prominent 
finding was a decrease in the wave I amplitude observed in 6 
studies.1,9,14,27,28,31 In 3 of the studies, prolonged wave V latency 
was observed.2,19,26 In addition, a decrease in wave V amplitude,10 
a decrease in I/V ratio,5 and an increase in wave III amplitude3 
were observed. In the other 9 studies, no significant effect of 
noise on ABR was found.6,13,21,22,24,25,29,32,33

In 8 of 14 studies evaluating speech performance in noise, 
worsening of speech performance in noise was observed, while 
no significant difference was observed in the other 6 studies. 
Overall, the findings in the literature indicate that noise expo-
sure has various effects on auditory function. However, these 
effects vary depending on test methods, noise levels, and par-
ticipants’ demographic features. These findings emphasize 
that no single test is sufficient to assess hearing performance 
in noise and that multiple tests should be used to understand 
the effects of various factors on hearing.

B-ENT 2026; 22: 1-9
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Among the 9 studies examining the relationship between vari-
ous electrophysiologic tests (other than ABR) and HHL, only 2 
studies investigating MEMR35,36and 1 study investigating EFR14 
showed significant differences. No differences were observed 
in studies investigating FFR,19,34 P300,6 and ACC.5 Further 
studies are needed to clarify the post-brainstem involvement 
in HHL.

In studies in which psychophysical and perceptual assess-
ments were performed, the effect of noise was observed 
in the GDT and TMTF.2 In 1 study evaluating IPD, temporal 
modulation detection, and spectral modulation detection 
performances, no effect of noise was observed;5 in 1 study 
investigating dichotic skills, a decrease in DBT performance 
and a decrease in right ear advantage were observed,25 but 
no difference in right ear advantage was observed in another 
study.34 It would be useful to evaluate the long-term effect 
of the reduction in right ear advantage on dichotic listening 
performance.

Conclusion

In general, based on the results of audiological test batteries 
and psychophysical and perceptual measurement methods 
used in the studies, it has been observed that noise can cause 
HHL and/or CS by causing impairment in the peripheral and 
central hearing system. In groups at risk for HHL and/or CS, 
elevation of high-frequency audiometric thresholds is associ-
ated with early effects of noise exposure and provides an early 
warning of noise-induced auditory impairment. Studies gen-
erally show that noise exposure causes significant changes in 
ABR parameters (decrease in wave I amplitude). Decreases in 
AP amplitude on ECochG and the associated increase in the 
SP/AP ratio may also be helpful in the assessment of HHL and/
or CS. Hearing tests in noise are affected by noise exposure 
in different ways, but these effects vary depending on test 
methods, noise levels, and participant characteristics. It is 
therefore necessary to use a combination of tests evaluating 
different generator regions to assess hearing performance in 
noise.
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Appendix 1

Article Name and Authors Aim Participants Measurements Results

Acute recreational 
noise-induced cochlear 
synaptic dysfunction in 
humans with normal 
hearing: a prospective 
cohort study. Q Wang et al. 
(2021)1

To investigate the 
effects of acute 
high-intensity 
recreational noise on 
auditory function, 
particularly cochlear 
synaptopathy, in 
normal-hearing 
individuals

32 normal hearing 
participants aged 
20-29 years with 
no noise exposure 
history

Pure tone 
audiometry, DPOAE, 
contralateral 
suppression on 
TEOAE, ABR, 
MHINT

Significant decrease in ABR 
wave I amplitude 1 day 
post-exposure, returning to 
baseline by day 14; wave I 
amplitude ratio correlated 
with MHINT SNR change; no 
significant changes in 
audiometry, DPOAE, TEOAE 
suppression, or MHINT 
scores

Development of an 
audiological assessment 
and diagnostic model for 
high occupational noise 
exposure. Yuan et al. 
(2023)2

To identify diagnostic 
auditory indicators of 
high-level 
occupational noise 
exposure and integrate 
them into a model for 
detecting noise-
related auditory 
dysfunction and 
potential hidden 
hearing loss

101 normal-
hearing adults 
(19–37 yrs): 50 
low-risk hospital 
staff and 51 
high-risk airport 
personnel; no 
exposure to 
chemical reagents 
or heavy metals

Pure-tone 
audiometry, 
extended high-
frequency 
audiometry, DPOAE, 
ABR, ECochG, 
speech recognition 
threshold in noise

High-risk group showed 
significantly elevated 
thresholds at 12.5, 16, and 18 
kHz; reduced DPOAE 
amplitudes at 8 and 10 kHz; 
reduced ECochG SP and AP 
amplitudes; increased ABR 
wave III amplitude; poorer 
speech-in-noise scores at 
–7.5 dB and –5 dB SNR.

Toward a differential 
diagnosis of hidden 
hearing loss in humans. 
Liberman et al. (2016)3

To investigate hidden 
hearing loss in young 
adults with normal 
audiometric 
thresholds based on 
their noise exposure 
history

34 normal-
hearing adults 
(18–41 yrs): 22 
high-risk and 12 
low-risk 
participants

Pure-tone 
audiometry, 
extended high-
frequency 
audiometry, DPOAE, 
ECochG, word 
recognition in noise

High-risk group showed 
elevated thresholds (8–16 
kHz), up to ~20 dB HL; 
poorer word recognition at 0 
and 5 dB SNR; no significant 
differences in DPOAE 
amplitudes; SP/AP ratio 
approximately twice as high 
in the high-risk group

Loud music exposure and 
cochlear synaptopathy in 
young adults: isolated 
auditory brainstem 
response effects but no 
perceptual consequences. 
Grose et al. (2017)4

To examine 
suprathreshold 
auditory performance 
in young adults 
frequently exposed to 
loud music

61 normal-hearing 
young adults 
(18–35 yrs): 31 
frequent 
exposure, 30 
controls

Pure-tone 
audiometry, 
extended high-
frequency 
audiometry, DPOAE, 
ABR, EFR, ACC, 
Temporal 
Modulation 
Detection, Spectral 
Modulation 
Detection, IPD 
Sensitivity, CNC 
phoneme 
recognition, 
Speech-in-noise 
recognition

Noise-exposed group had 
higher thresholds at 16 kHz; 
DPOAE and EFR amplitudes 
were similar between groups; 
ABR I/V amplitude ratio was 
significantly smaller in the 
noise-exposed group; ACC 
responses, temporal and 
spectral modulation 
detection, CNC, speech-in-
noise, and IPD sensitivity 
showed no significant 
differences.

(Continued)
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Article Name and Authors Aim Participants Measurements Results

Auditory 
electrophysiological and 
perceptual measures in 
student musicians with 
high sound exposure. 
Washnik et al. (2023)5

To investigate the 
effects of high sound 
exposure on peripheral 
and central auditory 
function and speech-
in-noise performance

38 normal-hearing 
adults (18–30 yrs): 
18 student 
musicians, 20 
non-musician 
controls

Pure-tone 
audiometry, 
extended high-
frequency 
audiometry, DPOAE, 
ABR, P300, CNC, 
AzBio

No significant differences in 
pure-tone audiometry, 
high-frequency audiometry, 
DPOAE, ABR, or P300; 
non-musicians performed 
significantly better than 
musicians in CNC at +3, 0, 
-3, -6, and -9 dB SNR; AzBio 
test showed no significant 
differences except at 0 dB 
SNR.

Evaluation of hidden 
hearing loss in normal-
hearing firearm users. 
Grinn et al. (2022)6

To assess noise-
induced cochlear 
synaptopathy in 
normal-hearing 
individuals with 
firearm noise exposure

70 normal-hearing 
adults (18–25 yrs): 
37 firearm users, 
33 non-firearm 
controls

Pure-tone 
audiometry, 
extended high-
frequency 
audiometry, 
tympanometry, 
DPOAE, ABR, WIN

No significant differences in 
pure-tone audiometry, 
high-frequency audiometry, 
ABR, or WIN; 4 kHz DPOAE 
amplitude decreased with 
increasing noise exposure 
history.

Auditory brainstem 
response altered in 
humans with noise 
exposure despite normal 
outer hair cell function. 
Bramhall et al. (2017)7

To examine whether 
lifetime loud noise 
exposure is associated 
with lower ABR wave I 
amplitudes in young 
adults with normal 
pure-tone thresholds

64 normal-
hearing adults 
(19–35 yrs): 29 
young military 
Veterans, 35 
non-Veterans; 
assigned to 4 
groups based on 
noise exposure 
history

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
ABR

The control group had the 
lowest thresholds; high-
noise Veterans had the 
highest thresholds (mean 
PTA difference 3.27 dB, 
high-frequency PTA 
difference 7.31 dB), but no 
significant differences in 
pure-tone thresholds were 
observed between noise 
exposure groups.; no 
significant differences in 
DPOAE; the largest ABR 
wave I amplitudes were in 
the least noise-exposed 
groups, smallest in Veterans 
with high noise exposure.

The possibility of cochlear 
synaptopathy in young 
people using a personal 
listening device. Bal et al. 
(2021)8

To investigate the 
association between 
loud music listening 
via personal devices 
and cochlear 
synaptopathy in young 
adults

50 normal-hearing 
young adults 
(21–27 yrs): 25 
high-risk, 25 
low-risk (based on 
ETDNL)

Standard and 
extended high-
frequency 
audiometry, TEOAE, 
DPOAE, TurMatrix, 
ECochG, ABR, 

No significant differences in 
audiometric thresholds; the 
high-risk group showed 
lower TurMatrix 
performance; SP and AP 
latencies prolonged; AP and 
ABR wave V amplitudes 
smaller in the high-risk 
group; no significant 
difference in I/V amplitude 
ratio

Evaluation of cochlear 
activity in normal-hearing 
musicians. Washnik et al. 
(2020)9

To compare ABR wave 
I amplitude, as a 
potential marker of 
cochlear 
synaptopathy, 
between musicians 
and non-musicians 
with normal 
audiograms

75 normal-hearing 
collegiate 
students (18–30 
yrs): 25 voice 
majors, 25 brass 
majors, 25 
non-music 
controls

Pure tone 
audiometry, ABR, 
NEB

No significant differences in 
pure-tone averages, ABR 
wave I amplitudes, or wave I, 
III, V latencies; weak negative 
correlation observed 
between NEB and wave I/AP 
amplitudes.

(Continued)
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Assessment of hidden 
hearing loss in individuals 
exposed to occupational 
noise using cochlear, 
neural, temporal functions 
and quality of life 
measures. Dhrruvakumar 
et al. (2022)10

To identify objective 
tests capable of 
detecting hidden 
hearing loss in 
individuals exposed to 
occupational noise 
without clinically 
significant permanent 
threshold shifts

50 normal-hearing 
adults (25–45 yrs): 
25 traffic police 
officers exposed 
to noise, 25 
unexposed 
controls

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
ABR, TMTF, GDT

Significant threshold 
differences above 4 kHz, 
especially 8–16 kHz; traffic 
police showed higher GDT 
thresholds and lower TMTF 
scores; DPOAE amplitude 
decreased from 1.5–16 kHz; 
no differences in Click ABR 
latencies, but wave V latency 
prolonged in CE-Chirp ABR 
in the noise-exposed group.

Envelope following 
response measurements 
in young veterans are 
consistent with noise-
induced cochlear 
synaptopathy. Bramhall 
et al. (2021)11

To examine whether 
EFR and ABR wave I 
amplitudes are 
reduced in young 
military personnel with 
noise exposure 
compared to minimally 
exposed controls

79 normal-hearing 
adults (19–35 yrs): 
30 high-noise 
Veterans, 18 
medium-noise 
Veterans, 31 
non-Veteran 
controls

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
EFR, ABR

High-risk Veterans had 6–7 
dB higher thresholds at 6, 
12.5, and 14 kHz; EFR 
amplitude and ABR wave I 
amplitude were smaller in 
the high-risk group 
compared to controls.

Effects of noise exposure 
on young adults with 
normal audiograms I: 
Electrophysiology. 
Prendergast et al. (2017)12

To determine whether 
cochlear synaptopathy 
is prevalent among 
young adults with 
normal audiometric 
thresholds

126 normal-
hearing adults 
(18–36 yrs) with 
varying lifetime 
noise exposure

Standard and 
extended high-
frequency 
audiometry, TEOAE, 
ABR, FFR

In women, high noise 
exposure was associated 
with higher thresholds at 2, 
4, 8 kHz and at 16 kHz; in 
men, this trend was reversed 
but not significant. No 
significant TEOAE 
differences. ABR amplitudes 
did not differ significantly; 
ABR wave V latency 
prolonged with noise 
exposure. High-frequency 
carrier FFR amplitude 
decreased with noise 
exposure, but only weakly 
and only in males.

Tinnitus with a normal 
audiogram: Relation to 
noise exposure but no 
evidence for cochlear 
synaptopathy. Guest et al. 
(2017)13

To examine the 
associations between 
electrophysiological 
measures of cochlear 
synaptopathy and 
lifetime noise 
exposure

40 normal-
hearing young 
adults (mean age: 
25 yrs); 20 with 
tinnitus, 20 
controls

Standard and 
extended high-
frequency 
audiometry, ABR, 
EFR

ABR wave I amplitude did 
not differ between tinnitus 
and control groups. No 
significant group differences 
were found in EFR measures

Hidden Hearing Loss? No 
Effect of Common 
Recreational Noise 
Exposure on Cochlear 
Nerve Response 
Amplitude in Humans. 
Grinn et al. (2017)14

To test the 
associations between 
recreational noise 
exposure and auditory 
impairments

32 normal-hearing 
young adults 
(21–27 yrs) 
exposed to a loud 
recreational event

Pure tone 
audiometry, DPOAE, 
ECochG, WIN

No significant relationship 
was found between noise 
dose and changes in 
thresholds the day after 
exposure. WIN performance 
decreased after noise 
exposure. No significant 
changes were observed in 
DPOAE amplitudes or 
ECochG AP amplitudes. All 
measures returned to 
baseline 1 week later. 
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No effect of occupational 
noise exposure on auditory 
brainstem response and 
speech perception in 
noise. Pinsonnault-
Skvarenina et al. (2022)15

To examine whether 
ABR and speech 
perception in noise are 
associated with 
occupational noise 
exposure in young 
normal-hearing 
factory workers

80 participants 
aged 18–40 yrs 
(n=40 noise-
exposed, n=40 
controls)

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
ABR, Mandarin BKB 
sentence test

Noise-exposed workers 
showed poorer thresholds at 
14 kHz and better thresholds 
at 9 kHz. DPOAE amplitudes 
were lower in the noise-
exposed group, but 
differences were not 
significant. ABR results 
showed no significant group 
differences. Noise-exposed 
workers had significantly 
poorer SPiN performance 
compared to controls.

Tinnitus and Auditory 
Perception After a History 
of Noise Exposure: 
Relationship to Auditory 
Brainstem Response 
Measures. Bramhall et al. 
(2018)16

To examine whether 
ABR wave I amplitude 
relates to auditory 
perception outcomes 
in individuals with 
normal DPOAEs but 
varying noise exposure 
history

74 normal-hearing 
adults aged 19–35 
yrs (n=31 
Veterans, n=43 
non-Veterans)

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
NU-6, WIN, ABR

Reduced ABR wave I 
amplitude was associated 
with increased tinnitus risk. 
No correlation was found 
between DPOAE amplitudes 
(3–8 kHz) and reduced wave 
I amplitude at 4 kHz. ABR 
wave I amplitude did not 
correlate with speech-in-
noise performance (WIN 
test).

Evaluation of dichotic 
listening performance in 
normal-hearing, noise-
exposed young females. 
Bhatt et al. (2019)17

To assess the impact 
of loud noise exposure 
on dichotic listening, 
speech-in-noise 
performance, and ABR 
in young women with 
normal hearing

32 normal-hearing 
females aged 
18–35 yrs (n=14 
high noise 
exposure, n=18 
low noise 
exposure)

Standard and 
extended high-
frequency 
audiometry, 
QuickSIN, DPOAE, 
ABR, DDT, NEB

No association was found 
between NEB and 
audiometric thresholds, 
high-frequency thresholds, 
DPOAE, ABR, or QuickSIN. 
Individuals with high noise 
exposure showed 
significantly lower DDT 
scores and reduced right-ear 
advantage compared to the 
low-exposure group.

Auditory function in 
normal-hearing, noise-
exposed human ears. 
Stamper and Johnson 
(2015)18

To examine whether 
suprathreshold 
auditory measures 
(DPOAE, ABR) are 
associated with noise 
exposure history in 
normal-hearing 
individuals

30 normal-hearing 
young adults aged 
19–28 years with 
noise exposure

Pure tone 
audiometry, DPOAE, 
ABR, NEB

ABR wave I amplitude 
decreased significantly with 
increasing NEB, indicating a 
relationship between noise 
exposure and neural 
response. Suprathreshold 
DPOAE measures showed no 
association with NEB.

Limitation of Conventional 
Audiometry in Identifying 
Hidden Hearing Loss in 
Acute Noise Exposure. 
Nam et al. (2021)19

To evaluate the 
usefulness of 
suprathreshold ABR in 
detecting hidden 
hearing loss in 
noise-exposed ears 
with normal 
audiograms

27 normal-hearing 
young adults 
(n=15 noise-
exposed, n=12 
controls)

Pure tone 
audiometry, ABR, 
DPOAE

No significant differences 
between groups in ABR wave 
I or V amplitudes, I/V 
amplitude ratio, wave 
latencies, or I–V interpeak 
intervals. Findings indicate 
that suprathreshold ABR did 
not reveal evidence of 
hidden hearing loss in acute 
noise exposure.
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The Impacts of Noise 
Exposure on the Middle 
Ear Muscle Reflex in a 
Veteran Population. 
Bramhall et al. (2022)20

To examine the 
relationship between 
noise exposure, MEMR, 
and other physiological 
auditory measures

92 normal-hearing 
young adults aged 
19–35 (n=57 
noise-exposed 
Veterans, n=35 
non-Veteran 
controls)

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
MEMR, EFR, ABR

Veterans showed higher 
MEMR thresholds and 
reduced MEMR amplitude, 
along with decreased ABR 
wave I amplitude and lower 
EFR amplitudes compared to 
controls, suggesting noise-
related neural deficits.

Are Electrocochleographic 
Changes an Early Sign of 
Cochlear Synaptopathy? A 
Prospective Study in 
Tinnitus Patients with 
Normal Hearing. Ting et al. 
(2022)21

To investigate 
evidence of primary 
neural degeneration in 
tinnitus patients with 
normal hearing

45 normal-
hearing adults 
aged 20–65 (n=21 
tinnitus, n=24 
controls)

Pure tone 
audiometry, 
ECochG, DPOAE

The tinnitus group showed 
elevated thresholds at 8 kHz 
and significantly reduced AP 
amplitudes. No significant 
difference was found in SP/
AP ratios between groups.

Auditory brainstem 
response in unilateral 
tinnitus patients: does 
symmetrical hearing 
thresholds and within-
subject comparison affect 
responses? Sendesen 
et al. (2022)22

To evaluate ABR 
differences between 
tinnitus and non-
tinnitus ears in 
unilateral chronic 
tinnitus patients with 
symmetrical hearing 
thresholds

20 normal-hearing 
adults aged 18–40 
with unilateral 
tinnitus (20 
tinnitus ears vs. 
20 non-tinnitus 
ears)

Pure tone 
audiometry, ABR, 
THI 

Tinnitus ears showed higher 
III/I, V/I, and V/III amplitude 
ratios and decreased wave I 
amplitudes. THI scores 
correlated positively with V–I 
and V–III interpeak latencies 
and negatively with the V/III 
amplitude ratio.

Middle Ear Muscle Reflex 
in Normal-Hearing 
Individuals with 
Occupational Noise 
Exposure. 
Vasudevamurthy and 
Kumar (2023)23

To assess MEMR 
threshold and strength 
in normal-hearing 
individuals exposed to 
occupational noise

50 normal-hearing 
adults aged 20–27 
(n = 25 noise-
exposed, n = 25 
controls)

Pure tone 
audiometry, MEMR, 
TEOAE 

MEMR thresholds were 
similar between groups. 
MEMR strength was reduced 
in the noise-exposed group.

Physiological and 
perceptual auditory 
consequences of hunting-
related recreational 
firearm noise exposure in 
young adults with normal 
hearing sensitivity. 
Ananthakrishnan et al. 
(2023)24

To describe 
physiological and 
perceptual auditory 
outcomes in 
individuals with and 
without hunting-
related firearm noise 
exposure

20 normal-hearing 
adults aged 20–28 
(n = 10 with 
firearm exposure, 
n = 10 controls)

Pure tone 
audiometry, DPOAE, 
TEOAE FFR, MEMR, 
DDT

DPOAE, TEOAE, FFR, and 
MEMR results were similar 
between groups. Right-ear 
advantage was present in 
dichotic listening for both 
hunters and nonhunters.

Correlation between pure 
tone audiometry at all 
frequencies and distortion 
product otoacoustic 
emission of patients with 
hidden hearing loss. Ding 
et al. (2023)25

To investigate the 
correlation between 
pure tone thresholds 
across all frequencies 
and DPOAE in 
individuals with hidden 
hearing loss

150 normal-
hearing adults 
aged 18–50 (n=73 
noise-exposed 
workers, n=77 
controls)

Standard and 
extended high-
frequency 
audiometry, speech 
audiometry in noise, 
ABR, ECochG, 
DPOAE

Noise-exposed group had 
higher high-frequency 
thresholds across all 
frequencies. Higher SNR in 
the speech-in-noise test. No 
difference in ABR I–III and 
I–V interwave latencies. 
Lower ECochG AP 
amplitudes and higher SP/AP 
ratios in the noise-exposed 
group. DPOAE SNR 
significantly reduced above 6 
kHz in noise-exposed 
individuals.
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Effects of lifetime noise 
exposure on the middle-
age human auditory 
brainstem response, 
tinnitus, and speech-in-
noise intelligibility. 
Valderrama et al. (2018)26

To evaluate the effect 
of lifetime noise 
exposure on ABR 
responses, tinnitus, 
and speech-in-noise 
performance in 
middle-aged adults

74 normal-hearing 
participants aged 
29–55 years with 
a history of noise 
exposure

Standard and 
extended high-
frequency 
audiometry, DPOAE, 
ABR, LiSN-S 

A significant negative 
correlation was found 
between ABR wave I 
amplitude and noise 
exposure. No significant 
effect was observed on 
speech in noise performance 
at the noise exposure level. 
Prolonged ABR I–V interpeak 
latency was associated with 
poorer speech-in-noise 
performance.

Investigating the effects 
of noise exposure on 
self-report, behavioral and 
electrophysiological 
indices of hearing damage 
in musicians with normal 
audiometric thresholds. 
Couth et al. (2020)27

To investigate the 
effects of noise 
exposure on 
electrophysiological, 
behavioral, and 
self-report 
assessments in young 
adult musicians with 
normal audiometric 
thresholds

123 normal 
hearing 
participants aged 
18-27 years. 
(n=76 musicians 
with noise 
exposure, n=47 
non-musician 
control group)

Standard pure tone 
audiometry, 
extended high-
frequency, DPOAE, 
ABR, SPiN 

Pure tone audiometry 
showed no significant 
differences. High-noise-
exposed musicians had lower 
DPOAE amplitudes. No 
significant differences in 
ABR I/V amplitude ratios. 
Wave V latency increased 
only in males with higher 
noise exposure. SPiN 
performance was similar 
between groups.

Assessment of Hidden 
Hearing Loss in Normal 
Hearing Individuals with 
and Without Tinnitus. Kara 
et al. (2020)28

To evaluate cochlear 
function, the distal 
auditory nerve, and 
cochlear dead zones 
using 
electrophysiological 
tests in normal-
hearing individuals 
with and without 
tinnitus

22 normal-hearing 
adults (n=9 with 
tinnitus aged 
21–59, n=13 
controls aged 
25–60)

Standard and 
extended high-
frequency, TEOAE, 
DPOAE, ECochG, 
TEN Test, speech 
audiometry in quiet 
and noise 
environments

The tinnitus group had 
higher thresholds at 6–16 
kHz. Lower speech-in-noise 
scores in in tinnitus group. 
Dead zones were detected in 
75% of the tinnitus group 
(none in controls). DPOAE 
and TEOAE were similar 
between groups. ECochG 
showed an increased SP/AP 
ratio in the tinnitus group.

Effects of Recreational 
Noise on Threshold and 
Suprathreshold Measures 
of Auditory Function. 
Fulbright et al. (2017)29

To assess whether 
recreational noise 
exposure is associated 
with smaller ABR wave 
I amplitude and poorer 
performance on 
suprathreshold 
auditory measures

60 normal hearing 
participants aged 
18-30

Pure tone 
audiometry, DPOAE, 
ABR, WIN 

DPOAE amplitude increased 
with higher noise exposure. 
No significant association 
between noise exposure and 
ABR wave I amplitude. No 
significant relationship 
between noise exposure and 
WIN performance.

ABR, Auditory Brainstem Response; ACC, Acoustic Change Complex; AP, action potentials; CNC, Consonant-Nucleus-Consonant; DDT, Dichotic Digit Test; DPOAE, 
Distortion Product Otoacoustic Emissions; ECochG, electrocochleography; EFR, Envelope Following Response; ETDNL, Estimated Total Daily Noise Level; FFR, Fre-
quency Following Response; GDT, Gap Detection Test; IPD, Interaural Phase Discrimination; LiSN-S, Listening in Spatialized Noise–Sentences Test; MEMR, middle ear 
muscle reflex; MHINT, Mandarin Hearing in Noise Test; NEB, Noise Exposure Background; NU-6, Northwestern University Auditory Test No. 6; QuickSIN, Quick 
Speech-in-Noise Test; SDT, Speech Discrimination Test; SNR, signal-to-noise ratio; SP, summation potentials; SPiN, Speech Perception in Noise; TEOAE, Transient 
Evoked Otoacoustic Emissions; TEN, Threshold Equalizing Noise; THI, Tinnitus Handicap Inventory; TMTF, Temporal Modulation Transfer Function; TurMatrix, Turkish 
Matrix Sentence Test; WIN, Word-in-Noise Test.


