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= There is a segment of the population that experiences communication
difficulties in noisy environments, such as a café or a restaurant, who, when
seeking help at a clinic, are diagnosed with “normal hearing” because their
hearing thresholds are below 20 dB HL.

* These hearing difficulties are known as “hidden hearing loss,” because there is
a hearing impairment that remains hidden beneath a normal audiogram.

= |nthis talk, | will present the fundamental concepts underlying hidden hearing
loss, together with a set of hypotheses on how the sensitivity of the compound
action potential amplitude might be enhanced to better capture cochlear
synaptopathy.
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I Impact on quality of life

I have to make more effort to
listen. | can’t always hear what
people are saying to me or the
questions they ask. It requires
a lot of concentration.

There isn’t really a test
that reveals the pathology

associated with the early
symptoms of hearing loss.

Number of people

Mealings et al. (2020)

This problem simply discourages
me from going out, and if | do
go out, | tend to avoid
restaurants, cafés, and any place
where there are many people.

Hearing loss
(PTA4 better ear, dp HL)

Humes (2021)

= The figure from Humes (2021) perfectly illustrates this segment of the
population. It shows the number of individuals in a sample of 11,000 people in
terms of (1) self-reported hearing difficulties according to a brief
questionnaire, and (2) their audiometric thresholds. Naturally, the greater the
hearing loss, the greater the perceived hearing difficulties. The sector of the
population we are referring to is the one that reports experiencing hearing
problems (HHIE-S > 10) but has a “normal” audiogram (no measurable hearing
loss).

* |nthe study by Mealings et al. (2020), we interviewed both people who
experience these hearing difficulties and the clinical staff who attend to them,
to gain first-hand insight into the impact these difficulties have on their lives
and on clinical practice.

= We learned that the impact of hidden hearing loss is far from negligible,
significantly affecting several dimensions of auditory well-being, such as
listening effort and social participation. For example, two participants
reported: “l have to make more effort to listen...” and “This problem simply
discourages me...”.




= Clinical staff, on the other hand, reported feeling frustrated at not having
sensitive diagnostic tools that would allow them to provide an appropriate
intervention. For example, they told us: “There isn’t really a test...”.

= These testimonies highlight the need for accurate diagnosis of the underlying
causes of these hearing difficulties.
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The pathology most strongly associated with hidden hearing loss is cochlear
synaptopathy. Cochlear synaptopathy was first described by Kujawa and
Liberman in 2009.

In their study, the authors exposed CBA mice to octave-band noise spanning
8-16 kHz at 100 dB SPL for 2 hours.

CBA mice are commonly used in auditory research because their cochlear
structure and their responses to acoustic stimulation closely resemble those
of humans. They also tend to exhibit minimal age-related hearing loss, making
them reliable models for long-term audiological studies.

The authors observed that noise exposure did not damage either the outer hair
cells or the inner hair cells, as hearing thresholds recovered fully to baseline.

However, they reported a permanent loss of presynaptic ribbons—
specialised structures in the inner hair cells responsible for releasing
neurotransmitter to activate auditory nerve fibres.




This permanent loss is illustrated in this graph, where the number of
presynaptic ribbons is shown to decrease by approximately 50% at high
frequencies after noise exposure, with no recovery observed after 8 weeks.

Given that the lifespan of a CBA mouse is around 100 weeks, an 8-week
follow-up corresponds to roughly seven human years, which is more than
sufficient to assess potential recovery.

The loss of synaptic ribbons led to a persistent reduction in wave | amplitude
at supra-threshold levels, with no improvement over time.

Subsequently, Song et al. (2016) reported that synaptic ribbon loss partially
recovers in guinea pigs, highlighting inter-species differences in the
vulnerability of the auditory system to noise exposure.
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I Does cochlear synaptopathy exist in humans?
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= Cochlear synaptopathy can be measured using confocal microscopy
techniques, in which presynaptic ribbons are stained one colour (red in this
case) and postsynaptic terminals another (green). This allows researchers to
investigate whether cochlear synapses are intact or whether orphaned
ribbons (synaptopathy) are present.

= This technique is invasive and can only be used in animal studies, making it
currently impossible to determine non-invasively whether cochlear
synaptopathy exists in living humans.

= However, histological studies of the temporal bone in post-mortem autopsies
show that humans lose approximately 0.123 auditory nerve fibres per IHC per
year, demonstrating that cochlear synaptopathy does occur in humans as a
result of ageing.




I Noise-induced cochlear synaptopathy
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= We have discussed that there is solid evidence that cochlear synaptopathy
exists in humans as a result of ageing, but what about noise exposure?

= This aspect is less clear. Studies attempting to relate cumulative noise
exposure to Wave | amplitude are inconclusive. For example:
= Stamper and Johnson (2015) observed a correlation, but only in

women.

= Prendergast et al. (2017) found no relationship.
= |n our own data, we observed a statistically significant correlation, but

with high variability, making it impossible to use Wave | amplitude to
reliably predict noise exposure.

® This variability leads to two possible interpretations:
= Noise-induced synaptopathy exists, but wave | is not a good biomarker.
= Theincidence of noise-induced cochlear synaptopathy in humans is
minimal. Both interpretations have supporting arguments.

= Ontheone hand, itis possible that there is actually very little noise-induced
cochlear synaptopathy in humans, partly because humans may have different




susceptibility to noise compared with other species studied in the literature.
In mice, 100 dB SPL for 2 hours is used to induce synaptopathy; in rats and
guinea pigs, 106 dB SPL for 2 hours; in monkeys, 108 dB SPL for 4 hours. In
humans, this is unknown. Perhaps the noise exposure we experience is not
sufficient to induce cochlear synaptopathy.

Itis also important to note that human noise exposure is very different from
that of animals, being intermittent and fluctuating, unlike the single,

continuous exposures used in animal studies.

It could be that, even if the noise we are exposed to causes synaptopathy, we
recover between exposures.

An alternative explanation is that cochlear synaptopathy does exist in
humans, but the click-evoked ABR wave | is not sensitive enough.

| will present five hypothesis that could lead to a more sensitive biomarker.



I The high inter-subject variability

= Auditory nerve fibres
(cochlear synaptopathy)

= Electrode impedance
(signal quality)
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Strategies to reduce inter-subject variability
= Measure anatomic covariables (head size, ear canal volume)
= Ensure the ear-tip fitting is consistent across participants
= Real-ear measures to ensure equal SPL delivered to the eardrum
= Stratify the population by narrow-age groups and gender
= Use a large number of repetitions = High quality recordings
= Get relative measures between individuals = Cancel static factors 6

The amplitude of the compound action potential (wave | of the ABR) shows
high inter-subject variability, as we have seen in the previous figures.

This variability arises because the measure is influenced by a large number of

factors.

In addition to the number of activated auditory nerve fibres (an indicator of
possible cochlear synaptopathy), the measure depends on head size (a larger
head circumference places the electrodes further from the neural generators,
resulting in smaller recorded amplitudes; this is why women typically show

larger amplitudes).

electrodes.

Skull thickness can also distort the electromagnetic fields picked up by the

The volume of the ear canal — particularly the residual volume between the

insert earphone and the tympanic membrane — also plays a role: poor
earphone placement can increase this volume, reducing the sound pressure
level at the eardrum and therefore reducing amplitude.




= Electrode-skin contactimpedance likewise affects the measure, as higher
impedance increases noise levels and consequently introduces bias.

= To minimise the impact of these variables and isolate as far as possible the
contribution of the auditory nerve fibres (which is what we are interested in), |
propose a series of strategies.
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Another limitation of the standardised measure is the typically low amplitude
of the ABR wave I.

The figure below shows a simulated example (not an actual recording)
illustrating a typical amplitude of around 0.2 pV, obtained using a vertical
montage with Fz referenced to the ipsilateral mastoid.

One strategy to increase the magnitude of the response is to use TIPtrode
electrodes, which are placed in the ear canal. Because they are closer to the
neural generator (the cochlea), wave | exhibits a larger amplitude, of
approximately 0.5 pV.

An even better approach is to place the electrode directly on the tympanic
membrane, which can yield amplitudes of up to 1 pV.

Ideally, to obtain very large amplitudes, one would place the electrode on the
promontory using a transtympanic electrode, with typical amplitudes around 3
MV; however, this method is invasive and therefore not justified for use in
normal-hearing individuals without auditory pathology.
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Suthakar and Liberman (2021)
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= Another strategy to increase the sensitivity of the measure is to use frequency-
specific auditory stimuli. This hypothesis is supported by animal studies
showing that cochlear synaptopathy is frequency-selective.

® Forinstance, in Kujawa and Liberman (2009), reductions in supra-threshold
wave | amplitude in mice were observed at 32 kHz but not at 12 kHz.

* |n Suthakar and Liberman (2021), it was also shown in mice that the loss of
presynaptic ribbons occurred only at frequencies above 16 kHz, and that the
reduction in wave | amplitude was restricted to cochlear regions where ribbon
loss was present.

» Finally, Fernandez et al. (2015), who examined the effects of ageing in mice,
found that the additional loss of auditory nerve neurons associated with noise
exposure was greater in the 32-kHz cochlear region than at 11.3 kHz.

» These findings are consistent with earlier studies identifying the frequency
range and peak frequency most susceptible to noise exposure across different
species.




* |n mice, the most vulnerable cochlear region lies between 24 and 32 kHz, with
a peak at 28 kHz; in guinea pigs, between 8 and 16 kHz, peaking at 12 kHz; in
cats, between 4 and 8 kHz, with a peak at 6 kHz; and in monkeys, between 3
and 6 kHz, peaking at 4 kHz. Similarly, in humans, the most noise-sensitive
region spans 3 to 6 kHz, also with a peak at 4 kHz.
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The frequency-specificity of CS
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Hence, in humans, noise exposure often results in the well-known 4-kHz
notch. This audiogram is, in fact, my own, showing a notch of about 15 dB at 4
kHz (while still within the range of clinically normal hearing).

Several explanations have been proposed for the high susceptibility of the 4-
kHz cochlear region.

These include vascular and metabolic factors; the fact that the travelling wave
reaches its maximum amplitude in this region; the possibility of a rapid
change in basilar-membrane stiffness or in its anchoring to the bony structure;
and the resonance of the ear canal, which amplifies sounds in the 3-6 kHz
range.

Importantly, if cochlear synaptopathy in humans is concentrated around 4
kHz, ABRs evoked by clicks may not be sufficiently specific, as they reflect
activity from a broader cochlear region—potentially including areas
unaffected by synaptopathy.

Clicks primarily stimulate the 2-6 kHz region of the cochlea. Low frequencies




contribute little because the travelling-wave delay to the apical region causes
neural responses to become desynchronised with the stimulus, and
frequencies above 6 kHz are attenuated due to the characteristics of the
transducer (commonly the ER-3A).

Taking these considerations into account, we propose that a 4-kHz-centred
tone burst combined with TEN noise containing a 4-kHz notch filter may
provide an optimised stimulus to target the cochlear region most likely to
exhibit synaptopathy in humans.



I The higher susceptibility of LSR fibres

1 RN
300+ = N4
B High-spontaneous rate (HSR) ‘\,4‘«9“ Furman et al. (2013)
% 201 ‘b& N3
@ 200 @ me wss  Control
o T asagt g 157
&u ...................... T — Exposed
o 2
o : 5]
8 100+ Low-spontaneous ® B
3 rate (LSR)
O A= J eeesceen Noise
— e QUi
0_1 T T T T T T T T T 1 i
0 20 ' 40 ' 60 = 80 0 50 100 150
Stimulus Level (dB SPL) Spontaneous Rate (sp/sec)
1000+
— Ctrl 3.5 8
g 800- — 1DPN ‘E‘ 2 iy oes
] — MPN 8 ¢ o S
b 600+ > o -« High SR
] c ﬂc’ 6
L] S 3.0 £
I3 .- Ll
-4 3 2 5
2 ™ @
& 8 S
o S 4
Ak 2.54 o
0 20 40 60 80 . . ; ; 4 i ™10
Song et al. (2016) ~ Time Bin (ms) Gl 1DPN  1WPN  1MPN " ol 1DPN  1WPN  1MPN

An important aspect of cochlear synaptopathy is that it appears to be
selective for low spontaneous rate fibres.

Eachinner hair cell (IHC) is innervated by around 15 auditory nerve fibres.
Animal studies have shown that not all fibres are the same; they can be
categorised according to their spontaneous rate, that is, their firing rate in the
absence of a stimulus.

The red trace in the figure on the left shows the firing rate of a high
spontaneous rate fibre: we can see that for 0 dB SPL stimuli, it exhibits a high
spontaneous rate. In the presence of background noise, the firing rate of these
fibres saturates, so they are believed not to contribute to the encoding of
information in noisy environments, such as a café or restaurant.

By contrast, low spontaneous rate fibres (blue trace) are more robust in the
presence of noise—we can see that they do not saturate—so these fibres are

thought to play a critical role in understanding speech in noisy situations.

The study by Furman et al. (2013) compared the percentage of high- and low-

10



spontaneous rate fibres in guinea pigs with and without noise exposure,
observing that loss occurred only in low spontaneous rate fibres—the very
fibres responsible for neural coding of information in noisy environments.

Another significant development was the discovery that cochlear
synaptopathy does not affect only low-spontaneous rate (LSR) fibres; high-
spontaneous rate (HSR) fibres are also affected, although to a lesser extent.

The study by Song et al. (2016) in guinea pigs analysed the firing rates of these
neurons in response to a 50-ms stimulus using peri-stimulus time histograms.

Noise exposure produced an increase in peak latency in both fibre types,
although the effect was more pronounced in LSR fibres.

When examining the ratio between the onset peak firing rate and the sustained
response, it again became evident that noise exposure affects both fibre
types, but with a larger impact on LSR fibres.

These findings show that noise exposure does not exclusively affect LSR
fibres, as suggested by the classical model, but also impacts high-
spontaneous rate fibres. Nevertheless, the effects of cochlear synaptopathy—
and the degree of incomplete recovery—appear to be greater in LSR fibres.

A further strong argument indicating that cochlear synaptopathy does not
affect only LSR fibres is that, assuming a typical distribution of around 15%
LSR fibres (Liberman, 1978), the ~50% loss of synapses reported by Kujawa
and Liberman (2009) would necessarily affect not only LSR fibres but also
fibres with higher spontaneous rates.

10
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= Electrode: TM-electrode.

Taking these considerations into account, we have designed an ECochG
experiment aimed at assessing the loss of LSR fibres through the amplitude of
the compound action potential.

In this experiment, we will use the frequency-specific stimulus described
earlier: a 4-kHz tone burst presented in TEN noise with a notch.

We will then evaluate the reduction in CAP amplitude as we increase the level

of a narrowband masking noise centred on the frequency region of interest (4
kHz).

Our hypothesis is that, in an extreme scenario in which individuals with HHL
have lost around 50% of the higher-threshold fibres, their CAP amplitude in
quiet (i.e., without masking noise) will be smaller due to the reduced number
of active fibres.

Crucially, as the level of the masking noise increases, HSR fibres will saturate
rapidly, and because these individuals lack the higher-threshold LSR fibres,
their CAP amplitude will decline more steeply.




* The experiment will be conducted using low stimulation rates to ensure that
neural adaptation does not affect the amplitude of the response, and we will

place the electrode on the tympanic membrane to obtain recordings with the
highest possible amplitude.

11
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The higher resilience of LSR fibres
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The paired-click stimulation paradigm has been used to assess the temporal
resolution of the peripheral auditory system.

This paradigm involves recording ABR signals evoked by a set of click pairs
separated by a variable inter-click interval (ICl).

The relationship between the recovery of the ABR to the second click relative
to the first click provides information about temporal resolution.

Recovery is defined as the percentage amplitude of the second click relative
to that of a single click (IClI = 0 ms).In humans, the greatest suppression
occurs at ICls of around 1 ms, and full recovery is typically achieved at an ICI
of 20 ms.

The hypothesis behind this paradigm is that LSR fibres have a higher activation
threshold than HSR fibres, such that the first click activates the HSR fibres,
but is not sufficient to activate the LSR fibres (leaving presynaptic vesicles
available for encoding).

12



= Therefore, the rapid presentation of a second click becomes an indicator of
the integrity of LSR fibres.

= Reduced recovery indicates that no LSR fibres are available to encode the

information from the second click, and this effect becomes more pronounced
as the ICl decreases.

12
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» This effect has indeed been observed in animal studies.

® |n guinea pigs, it was found that recovery ability—measured as the firing-rate
ratio of click 2 to click 1T—was reduced in HSR fibres of noise-exposed
animals, and that this recovery capacity was reduced even further in LSR
fibres. This is consistent with the central message of that study: noise
exposure affects both HSR and LSR fibres, but with a larger impact on LSR
fibres.

* |nthe study by Lee et al. (2021) in rats, the authors observed that the recovery
threshold, measured as the ICl resulting in 50% recovery, increased following
noise exposure.

= These results indicate that the recovery of CAP amplitude at short inter-
stimulus intervals may serve as a potential biomarker of cochlear
synaptopathy.
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The left-hand panelillustrates the estimation of the CAP morphology to the
second click, which is ‘contaminated’ by the first.

The response to the first click is subtracted based on an isolated-click
recording, and the residual is attributed to the second click, akin to a simple
deconvolution.

The paired-click paradigm is highly inefficient due to the long inter-pair
intervals required.

This approach can be substantially improved by recording CAPs at high
stimulation rates and estimating morphology using contemporary
deconvolution techniques.

We will again employ a 4 kHz tone burst in TEN noise with a 4 kHz notch, at
variable rates ranging from low (10/s) to high (mean ICI of 4 ms), hypothesising
that individuals with hidden hearing loss will exhibit poorer CAP recovery at
high stimulation rates.

14
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= People with hidden hearing loss do not complain of having cochlear
synaptopathy per se, but rather of difficulty following conversations with
family or friends in restaurants, cafés, or noisy environments. Cochlear
synaptopathy is a possible cause of these difficulties, butitis not the only
one.

= Elevated thresholds at frequencies above those typically measured in the
clinic (10-16 kHz) are considered an indicator of early hearing loss symptoms
that negatively affect speech understanding in noise.

= Demyelination occurs when the myelin sheath surrounding the auditory nerve
is altered. This myelin sheath accelerates the propagation of impulses along
the auditory nerve axon, and its alteration can affect binaural hearing, which
plays an important role in source segregation and listening in noisy situations.

= Central gain mechanisms occur at central stations as a consequence of
peripheral alterations. Following cochlear synaptopathy, neurons have
difficulty encoding loud sounds, so more central neural stations increase their
sensitivity to cover the full dynamic range.
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= Additionally, Dean and colleagues discovered that neuronal activity patterns
adapt to the statistics of sound to optimise neural coding of those sounds.
Bakay et al. (2018) found that animals with synaptopathy lost this neuronal
adaptation ability.

= Beyond these neural encoding processes, understanding a message requires
a range of central cognitive processes. In particular, working memory,
language proficiency, and selective attention are important. Selective
attention refers to the ability to focus on the target sound source while
inhibiting other distracting sources (for example, conversations at
neighbouring tables in a noisy restaurant).
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We considered three groups of participants, all with clinically normal
audiograms.

The first comprised young adults with minimal noise exposure and no auditory
difficulties, expected to have no hidden hearing loss (HHL).

The second group included middle-aged adults (45-55 years) with low noise
exposure and no major hearing complaints, expected to exhibit some age-
related HHL.

The third group consisted of middle-aged adults of the same age range with
high noise exposure, expected to show HHL associated with both age and
noise.

This grouping was inspired by Fernandez et al. (2015), who assessed spiral
ganglion neuron integrity in young mice, aged mice, and aged mice exposed to
noise, demonstrating that noise exposure accelerates ageing similarly to how
sun exposure accelerates skin ageing.
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= To measure this ecosystem of variables, our research team is currently
designing a battery of measures potentially sensitive to auditory pathologies
believed to underlie the speech-in-noise comprehension difficulties reported
by individuals with normal audiometric thresholds.

= The test battery includes audiological, psychoacoustic, neurophysiological,
and cognitive measures. | do not have time today to describe all these
measures in detail, although | hope that at the next edition of this conference |
will be able to share preliminary results from this study that will shed light on
the mechanisms involved in hidden hearing loss.
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= Before moving on to the main conclusions of my talk, | would like to invite you
to take partin the Virtual Conference on Computational Audiology in June
2026, which | am coordinating together with my colleagues Dr Maria Amparo
Callejon Leblic from the Virgen Macarena University Hospital, and Dr Miriam
Isabel Marrufo Pérez from the University of Salamanca.

= |tis afree online conference, and we will be joined by leading international
speakers in the fields of computational audiology, binaural hearing, and

related areas

= Make sure to save the date!




I Conclusions

(-

Hidden hearing loss affects a substantial segment of the populatio \
significantly impacting communication in noisy environments.

Frequency-specific tone bursts in increasing narrow-band masking
noise may help reveal the loss of LSR fibres.

High-rate CAP recordings could increase sensitivity to deficits in
LSR fibres, potentially improving detection of cochlear
synaptopathy.

An integrated approach combining peripheral and central measures
is proposed to characterise the multifactorial nature of hidden

\_ hearing loss. J
* RYC2022-037875-I, funded by = CNS2024-154207, funded by
MCIU/AEI/10.13039/501100011033 and FSE+. MCIU/AEI/10.13039/501100011033.

- T MINISTERIO - e :g.fm{'m ¥ = ¥ MINISTERIO e gTE;[ﬁTI]E
S = DE CIENCIA, INNOVACION INVESTIGACION S T DE CIENCIA, INNOVACION INVESTIGACIGN

S Y UNIVERSIDADES Coftnandado por fa
9.

Y UNIVERSIDADES

UNION EUROPEA
Fondo Social Europeo +

1‘3 UNIVERSIDAD
© DEGRANADA

UNIVERSIDAD
DE GRANADA

19



UNIVERSIDAD
DE GRANADA

I References

Tis3t

Bakay WMH, Anderson LA, Garcia-Lazaro JA, McAlpine D, Schaette R (2018). Hidden hearing loss selectively impairs adaptation to
loud sound environments. Nature Communications 9, 4298. doi: 10.1038/s41467-018-06777-y.

Bidelman G, Khaja AS (2014). Spectrotemporal resolution tradeoff in auditory processing as revealed by human auditory
brainstem response and physiological indices. Neuroscience Letters 572, 53—57. doi: 10.1016/j.neulet.2014.04.037.

Dean |, Harper NS, McAlpine D (2005). Neural population coding of sound level adapts to stimulus statistics. Nature
Neuroscience 8, 1684. doi: 10.1038/nn1541.

Fernandez KA, Jeffers PWC, Lall K, Liberman MC, Kujawa SG (2015). Aging after noise exposure: acceleration of cochlear
synaptopathy in “recovered” ears. The Journal of Neuroscience 35, 7509—7520. doi: 10.1523/JNEUROSCI.5138-14.2015.

Furman AC, Kujawa SG, Liberman MC (2013). Noise-induced cochlear neuropathy is selective for fibers with low spontaneous
rates. The Journal of Neurophysiology 110, 577—586. doi: 10.1152/jn.00164.2013.

Hickman TT, Hashimoto K, Liberman LD, Liberman MC (2020). Synaptic migration and reorganization after noise exposure
suggests regeneration in a mature mammalian cochlea. Scientific Reports 10, 19945. doi: 10.1038/s41598-020-76553-w.

Humes L (2021). An approach to self-assessed auditory wellness in older adults. Ear and Hearing 42, 745—761. doi:
10.1097/AUD.0000000000001001.

Kujawa SG, Liberman MC (2009). Adding insult to injury: cochlear nerve degeneration after “temporary” noise-induced hearing loss. The
Journal of Neuroscience 29, 14077—14085. doi: 10.1523/JNEUROSCI.2845-09.2009.

Lee JH, Lee MY, Choi JE, Jung JY (2021). Auditory brainstem response to paired click stimulation as an indicator of peripheral
synaptic health in noise-induced cochlear synaptopathy. Frontiers in Neuroscience 14, 596670. doi: 10.3389/fnins.2020.596670.

20



UNIVERSIDAD
DE GRANADA

I References

Tis3t

Liberman MC, Epstein MJ, Cleveland SS, Wang H, Maison SF (2016). Toward a differential diagnosis of hidden hearing loss in
humans. PLoS One 11, e0162726. doi: 10.1371/journal.pone.0162726.

Mealings K, Yeend |, Valderrama JT, Gilliver M, Pang J, Heeris J, Jackson P (2020). Discovering the unmet needs of people with difficulties
understanding speech in noise and a normal or near-normal audiogram. American Journal of Audiology 29, 329—355.
doi: 10.1044/2020 AJA-19-00093.

Prendergast G, Guest H, Munro KJ, Kluk K, Léger A, Hall DA, Heinz MG, Plack CJ (2017). Effects of noise exposure on young adults with
normal audiograms I: Electrophysiology. Hearing Research 344, 68—81. doi: 10.1016/j.heares.2016.10.028.

Song Q, Shen P, Li X, Shi L, Liu L, Wang J, Yu Z, Stephen K, Aiken S, Yin S, Wang J (2016). Coding deficits in hidden hearing loss induced by
noise: the nature and impacts. Scientific Reports 6, 25022. doi: 10.1038/srep25200.

Schaette R, McAlpine D (2011). Tinnitus with a normal audiogram: physiological evidence for hidden hearing loss and computational
model. The Journal of Neuroscience 31, 13452—13457. doi: 10.1523/JNEUROSCI.2156-11.2011.

Stamper GC, Johnson TA (2015). Letter to the editor: examination of potential sex influences in Stamper, G. C. & Johnson, T. A. (2015).
Auditory function in normal-hearing, noise-exposed human ears, Ear Hear, 36, 172—184. Ear and Hearing 36, 738—740. doi:
10.1097/AUD.0000000000000228.

Suthakar K, Liberman MC (2021). Auditory-nerve responses in mice with noise-induced cochlear synaptopathy. Journal of
Neurophysiology 126,2027—2038. doi: 10.1152/jn.00342.2021.

Valderrama JT, Beach EF, Yeend I, Sharma M, Van Dun B, Dillon H (2018). Effects of lifetime noise exposure on the middle-age human
auditory  brainstem response, tinnitus and speech-in-noise intelligibility. Hearing Research 365, 36—48. doi:
10.1016/j.heares.2018.06.003.

21



UNIVERSIDAD
DE GRANADA

I References

Tis3t

Valderrama JT, Beach EF, Yeend I, Sharma M, Van Dun B, Dillon H (2018). Effects of lifetime noise exposure on the middle-age human
auditory  brainstem  response, tinnitus and speech-in-noise intelligibility. Hearing Research 365, 36—48. doi:
10.1016/j.heares.2018.06.003.

Wan G, Corfas G (2017). Transient auditory nerve demyelination as a new mechanism for hidden hearing loss. Nature Communications 8,
14487. doi: 10.1038/ncomms14487.

Wu PZ, Liberman LD, Bennet K, de Gruttola V, O’Malley JT, Liberman MC (2019). Primary neural degeneration in the human cochlea:
evidence for hidden hearing loss in the aging ear. Neuroscience 407, 8—20. doi: 10.1016/j.neuroscience.2018.07.053.

Yeend |, Beach EF, Sharma M, Dillon H (2017). The effects of noise exposure and musical training on suprathreshold auditory processing
and speech perception in noise. Hearing Research 353, 224—236. doi: 10.1016/j.heares.2017.07.006.

22



