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Most cases of chronic, subjective tinnitus are associated with hearing damage due to noise
exposure, age-related hearing loss, ototoxic drugs, or other trauma. With hearing damage, auditory
neurons in the brain no longer receive the input to which they are accustomed from the ear, and

through mechanisms of neural plasticity, become hyperexcitable." Their rate of spontaneous
activity increases, they respond more strongly to sound input, and groups of neurons start firing

more synchronously together and inhibit each other less.” These hyperactive patterns have been
observed to extend from the brainstem to the auditory cortex, and altered activity has also

sometimes been found in networks involved in consciousness, cognition, and emotion.® Some or all
of these neural changes can manifest as the experience of chronic ringing, aswell as a person’s
reaction to it. Thisview summarizes aleading, but potentially incomplete, understanding of how
subjective tinnitus may occur.

Consider a circumstance that many clinicians have likely experienced: A patient presents with
bothersome tinnitus, but their audiogram is within normal limits of 8 kHz in both ears. If the
biggest risk factor for tinnitusis hearing loss, how might we explain this case?

Before addressing possible answers, it is necessary to mention that there are likely cases of tinnitus
that are entirely idiopathic and not associated with the status or integrity of the ear. However, for

the 8% to 15% of individuals with tinnitus who do not have threshold shiftsin the audiogram,*®
thereislikely a hearing-related cause for their tinnitus.

This article outlines evidence in support of this theory, describing three ways by which
sensorineural hearing damage can “hide” from conventional pure-tone audiometry. (In this article,
“conventional pure-tone audiometry” refers to behavioural testing for thresholds of audibility at
octave steps to a maximum of 8 kHz.)

Low Precision in Conventional Audiometry Misses Threshold
Shifts

We have long known that conventional pure-tone audiometry does not paint a compl ete picture of

apatient’s hearing and often does not relate to real-world listening problems.® The audiogram is
not a poor measure, but it provides a coarse view of frequencies at which there can be hearing
damage to the extent that audibility thresholds are elevated. One way that conventional audiometry
can miss evidence of hearing loss involves low precision (Figure 1).
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Figure 1. Two ways to miss tinnitus-related threshold shiftsin the audiogram. Black represents a

normal conventional audiogram for one ear in octave steps between 125 and 8,000 Hz. Red depicts a
notch peaking at 2,800 Hz that is missed by octave-step testing. Blue represents thresholds above 8,000
Hz that may elevate steeply as afunction of age or moderate noise exposure.

For instance, when testing at octave frequencies, it is possible to miss notches at inter-octave steps

that reflect frequency-restricted hearing damage. In a clever demonstration, Xiong et al.” recruited
106 patients with normal conventional audiograms and used a psychophysical procedure to
estimate the pitch at which each person experienced their tinnitus. They then measured thresholds
at 1/24-octave steps above and below the tinnitus pitch. Remarkably, 52 of their 106 participants
had notched threshold shifts in the tested ear that were proximal to each individual’ s tinnitus pitch.
Thus, by increasing the precision to threshold testing, the experimenters identified evidence of
hearing loss conceal ed between the conventional inter-octave test frequencies.

A second way that conventional audiometry can miss threshold shiftsisthat it doesn’t test
frequencies above 8 kHz, sometimes referred to as the extended high-frequency region. Several

studies (e.g., one by Vielsmeier et a.’) have found that individuals with tinnitus and normal
conventional audiograms have shifts greater than 20 dB HL above 8 kHz. Thus, when extended
high frequencies are not tested, threshold shifts can be missed. Note that threshold shifts between 8
and 16 kHz are not diagnostic of tinnitus-related hearing loss. Many individuals with tinnitus have

normal thresholds within these high-frequency regions.>

Presence of Cochlear “Dead Regions” Despite Normal
Audiograms

Animal experimentsin the past decade have revealed that inner hair cells of the cochlea,
responsible for converting mechanical sound energy into neural signals that are passed to the brain
viathe auditory nerve, can sustain awide degree of loss (~80%) before audiometric thresholds

increase.” It might be surprising that such a degree of hearing damage is possible without detection
by an audiogram, but this finding also highlights the resilience of the auditory system. Could
selective inner hair cell loss describe aform of hearing damage related to tinnitus?

This question was addressed by Weisz et al.,** who probed for evidence of “dead regions,” or
places along the cochlea with non-functioning inner hair cells, in people experiencing tinnitus. To
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detect dead regions, the authors used a psychophysical pitch task as well as the Threshold
Equalizing Noise (TEN) test (see also “Testing for Cochlear Dead Regions: Audiometer
Implementation of the TEN(HL) Test,” in Canadian Audiologist, Volume 7, Issue 4, 2020). Weisz
and colleagues found evidence of dead regionsin eight of 11 individuals with tinnitus who
otherwise had normal audiograms. The authors concluded that dead regions may be atype of
damage that precedes the neuroplastic changes associated with tinnitus. However, attempts to
replicate this report have shown different results. One study found no evidence of dead regionsvia

the TEN test in 33 people with tinnitus,”” and this agreed with another report that found a better

associ ation between otoacoustic emissions and tinnitus than with dead regions.” (Note that outer
hair cell loss as evidenced by otoacoustic emissions has not been reliably associated with

tinnitus.*) Thus, while we should be aware that dead regions could be aform of cochlear damage
that arises in some people with tinnitus, these dead regions are not a predictor of tinnitus.

Cochlear Synaptopathy: Disconnecting the Hair Cell from the
Auditory Nerve

Research in animal models by Sharon Kujawa and Charles Liberman in the mid- to late 2000s
challenged the view that noise-induced “temporary” audiometric threshold shifts are innocuous and

leave no long-lasting effects on hearing.” These authors found that moderate noise exposure that
did not permanently elevate thresholds produced an irreversible loss of cochlear ribbon synapses,

which are a part of small junctions that connect inner hair cells to auditory nerve fibres (Figure 2'°).
Referred to as cochlear synaptopathy, thisform of synaptic losspreceded the eventual death of
spiral ganglion cells of the auditory nerve many months after the initial noise exposure.

Control

Exposed
Figure 2. Imaging of inner hair cells and synapses in non-exposed (control) and noise-exposed ears of a
mouse. (A) Blue staining represents inner hair cells (IHCs), red demonstrates synaptic ribbons on the
IHC, and green represents the post-synaptic glutamate receptors on the auditory nerve fibre terminals.
(B and C) Note that in the noise-exposed ears, there is a significant reduction of red puncta (dots),
representing the loss of ribbon synapses. (D) Close-up of synaptic connections. Reproduced with

permission from Fernandez et al.*®
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A key detail of this cochlear synaptopathy was that the synapses and nerve fibres most affected by
noise exposure were those with the physiological property of a high threshold for firing; that is, the
external sound levels needed to activate these synapses were above thresholds of audibility (i.e.,

the suprathreshold)."” On the other hand, low-threshold synapses, those likely associated with
thresholds of audibility and thus the audiogram, were less affected. Put more simply, moderate
noise exposure that does not elevate thresholds is damaging to synapses and nerve fibresin the
inner ear that are adept at encoding features of sounds at moderate to high listening levels, but less
so at low levels.

What has followed is more than 10 years of devoted research on cochlear synaptopathy, testing the
hypothesis that this pathology in part explains why individuals with normal audiograms (intact
low-threshold synapses) have listening difficulties under circumstances where there is background
noise or multiple talkers (aloss of high-threshold synapses), as well as the emergence of

“hyperactive” auditory disorders of hyperacusis and tinnitus.*

No Established Synaptopathy Tests

Before addressing the search for synaptopathy in tinnitus, it is important to highlight that at the
time of thiswriting, there are no established physiological or behavioural tests that indicate the
presence of synaptopathy in humans, and there are numerous challenges that stand in the way of

such an assay. (For athorough review, see Bramhall et a.*) So far, confirmation of synaptopathy
in humans has come only from the imaging of temporal bones in cadavers. Experimentally, a major
challenge for human research (versus animal research) is that to isolate the effects of synaptopathy,
a study must tightly control for inter-individual factors, such as chronological age and biological
sex, and other forms of damage to the ear, such as general hair cell and middle ear dysfunction. It
is hard to find adults who have had noise exposure to a degree sufficient for synaptopathy but who
do not have hair cell damage that may elevate thresholds and confound measurement. Further, it is
difficult to determine how much mild to moderate noise exposure a person has experienced in their
lifetime, and for a person to accurately remember episodes of noise exposure (but see the article by

Guest et a.”). Thus, the search for alink between synaptopathy and tinnitus has become
intertwined with the search for a robust measure of synaptopathy in humans, and alessonin
implementing the proper controls to rule out non-synaptopathic factors that affect physiological
and behavioural measures.

The remainder of this section focuses on three candidate physiological measures of cochlear
synaptopathy: suprathreshold auditory brainstem response (ABR) wave | responses, envelope
following responses (EFRS), and the middie ear muscle reflex (MEMR). It is possible to argue that
physiological tests provide an advantage over behavioural tests because the variability within
behavioural tests is associated with higher-level factors such as cognition and downstream sensory
processing ability, which are distanced from the status of synapsesin the cochlea. (An exception to
this might be the measurement of extended high-frequency audiometric threshold shifts; however,
these shifts and synaptopathy would co-occur and not directly reflect the degree of synapse 10ss.)

Suprathreshold ABR Wave | Responses

Wave | of the ABR is ascalp-recorded electrical potential evoked by clicks or brief tones, and it
reflects the synchronous firing of the auditory nerve afew milliseconds following the onset of
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stimulus. In principle, ABR wave | is an ideal synaptopathy measure because its generator occurs
proximal to the lesion site. Consistent with the idea of damage to high-threshold synapses,
evidence of synaptopathy appears as areduction in wave | evoked at suprathreshold levels
(typically above 80 dB SPL[sound pressure level] in humans). So far, this signature has been a
reliable indicator of synaptopathy in anima models.

A paper published by Roland Schaette and David McAlpine”™ was one of the first to report that
individuals with tinnitus had a reduction in the suprathreshold wave | amplitude compared with
people who did not have tinnitus (“ non-tinnitus controls”). (Coincidentally, it was this paper that
coined the term “hidden hearing loss,” which is often synonymous with “cochlear synaptopathy.”)
However, since the Schaette and McAlpine paper, several studies (such as areview by Milloy et

al.”?) have found only mixed evidence that there are reductions in wave | amplitudes in cases of
tinnitus with anormal audiogram. Thus, we are left without a conclusive answer as to whether the
ABR can identify synaptopathy in people with tinnitus.

These equivocal findings may be a consequence of several factors: ABR wave | may not be as
sensitive to synaptopathy in humans asit isin animals; the technical setup of these studies may
have differed too widely or not controlled extraneous variables between tinnitus and control groups
(e.0., age, gender, audiograms); or synaptopathy might not explain all cases of tinnitus and normal
thresholds. A complicating factor isthat wave | amplitude appears to receive most but not all of its

contributions from low-threshold nerve fibres,” whereas high-threshold fibres are those most

affected by noise exposure. Recent attempts (for example, by Harris et a.**) have used other
features of the wave |, such as amplitude growth as a function of click level and area under the
wave | response to better image the contribution of high-threshold fibres.

Envelope Following Responses

TheEFR is an electrical potential measured similarly to ABRs, but it reflects aresponse that is
phase locked to an amplitude-modulated sound. For example, the presentation of a pure tonethat is
amplitude modulated by 80 Hz evokes a measurabl e scal p-recorded neural oscillation also at 80 Hz
(Figure 3). For amplitude modulation rates at 80 Hz and above, the response originates from
several peripheral and brainstem regions, including the auditory nerve and midbrain. Several
authors have raised the idea that EFRs are a desirable synaptopathy measure, under the rationale
that this measure better reflects the contribution of high-threshold nerve fibres (those targeted by

25,26

noise exposure) owing to the superiority of these fibres to track envel ope modulations.
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Figure 3. The envelope following response (EFR). A pure tone modulated at 80 Hz is presented to a
listener as electrical activity from the scalp is recorded. The response is a phase-locked oscillation also
at 80 Hz and is commonly displayed as a magnitude spectrum, showing the strength of the EFR asa
function of frequency.

Compared with studies of ABRs, fewer EFR studies in tinnitus have been conducted. Two reports
have found that EFRs of individuals with tinnitus do appear to be lower in magnitude compared

with those in non-tinnitus controls, but this difference was not statistically significant.*”?® Thus,
we are left with the same conclusion we reached with ABR wave | responses: it isunclear if EFR
reductions are sensitive to detect hidden synaptic pathology in tinnitus, if present. Nonethel ess,
because so few data are available, there may be a potential to refine EFRs as a viable diagnostic
tool. Furthermore, recent data suggest that certain stimulus parameters used to evoke EFRs may

help to uncover synaptopathy in the presence of additional hair cell damage,” which isusualy a
confounding variable. These advancements are promising for the magjority of tinnitus cases where
threshold shifts are present.

Middle Ear Muscle Reflex

The MEMR operates to protect the ear from loud noise damage by contracting the stapedius and
tensor tympani muscles. The MEMR appears to be driven by the activity of high-threshold
synapses and nerve fibres, which constitute a circuit that involves the cochlear nucleus and motor
neurons that control middle ear muscles. The rationale for MEMR measurement isthat if high-
threshold synapses are lost, then the circuit is broken, and the MEMR strength measured from the

ear canal should be reduced.”

In agreement with the existence of an association between tinnitus and synaptopathy, Wojtczak and

colleagues™ reported that individuals with tinnitus and a normal audiogram had considerably
weaker MEMRs with increasingly intense wideband click elicitors compared with non-tinnitus
controls (Figure 4). Aswith ABRs and EFRs, however, not all MEMR findings are in broad

agreement. A MEMR study conducted recently by Guest et a.* in ayounger sample of adults than
those in the report by Wojtczak et a. and with widely different measures found no difference in
MEMR thresholds between people who had tinnitus and those who didn’t. (Contrast this to the
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MEMR strength above threshold reported by Wojtczak et a.*) Direct or conceptual replications of
these experiments have not yet been reported. Similar to the EFR, the use of the MEMR to detect

synaptopathy is promising because of its ease of measurement compared with evoked potentials,*
and more studies in people with tinnitus are needed to fully understand MEMR’ s utility.
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Figure 4. The strength of the MEMR isweaker in those with tinnitus than in non-tinnitus controls,
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especialy at high elicitor levels. Reproduced with permission from Wojtczak et al.**

Concluding Remarks

The above studiesiillustrate that there are many ways that hearing damage can evade the
conventional audiogram. However, there are no clear answers to (1) whether the majority of
tinnitus cases with normal thresholds are associated by an obscured form of hearing damage, and
(2) whether there is a battery of tests beyond the audiogram that can be used to robustly identify
patterns of hearing damage related to tinnitus. Thisis amajor roadblock on the path of tinnitus
treatment.

A way to move forward is to advocate for more research. There is not yet enough careful science to
either suggest or rule out candidate tests of hearing function related to tinnitus, especially those
discussed for synaptopathy such asthe ABR, EFR, and MEMR. We must establish conventions for
physiological testing (devices and signal processing) and adopt them internationally; conduct
additional thoughtful experiments; implement tighter controls (age, biological sex, occupation);
and because the effects of hearing damage on physiological function are likely small, drastically
increase the sample sizes of studies. No matter the outcome, at a minimum, patients with tinnitus
will likely require assessment beyond the conventional audiogram for clinicians to better
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understand the status of the ear.
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