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Abstract

Although clinical use of the auditory brainstem response (ABR) to detect retrocochlear disorders
has been largely replaced by imaging in recent years, the discovery of cochlear synaptopathy

has thrown this foundational measure of auditory function back into the spotlight. While modern
imaging now allows for non-invasive detection of vestibular schwannomas, imaging technology
is not currently capable of detecting cochlear synaptopathy, the loss of the synaptic connections
between inner hair cells and afferent auditory nerve fibers. However, animal models indicate
that the amplitude of the first wave of the ABR, a far-field evoked potential generated by the
synchronous firing of auditory nerve fibers, is highly correlated with synaptic integrity. This has
led to many studies investigating the use of the ABR as a metric of synaptopathy in humans.
However, these studies have yielded mixed results, leading to a lack of consensus about the utility
of the ABR as an indicator of synaptopathy. This review summarizes the animal and human
studies that have investigated the ABR as a measure of cochlear synaptic function, discusses
factors that may have contributed to the mixed findings and the lessons learned, and provides
recommendations for future use of this metric in the research and clinical setting.
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l. INTRODUCTION

The discovery of cochlear synaptopathy in mice (Kujawa & Liberman 2009), the loss of the
synapses between the inner hair cells (IHCs) and their afferent auditory nerve fiber targets,
has motivated a search for non-invasive physiological measurements that can detect this
condition in humans. Synaptopathy is of particular interest in the field because it has been
suggested as a possible explanation for the paradoxical situation of auditory complaints that
accompany a normal audiogram, such as tinnitus, hyperacusis, and difficulty with speech
perception in noise (Kujawa & Liberman 2015). The finding that ABR wave 1 amplitude

is correlated with cochlear synapse numbers in animal models (e.g., Kujawa & Liberman
2009; Sergeyenko et al. 2013) has led to renewed interest in this classic audiological test,
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particularly in ABR wave | amplitude, which was previously overlooked due to the large
degree of variability associated with the measurement. Note that Arabic numerals (i.e.,

1, 2, 3, 4, 5) are typically used when referring to ABR waves in animals, while Roman
numerals (i.e., I, I1, 1l1, IV, V) are used when referring to ABR waves in humans. While
several factors, such as sex, skull thickness, and tissue conductivity can impact ABR wave |
amplitude (Trune et al. 1988; Irimia et al. 2013), much of the variability in wave | amplitude
may result from differences in cochlear synaptic integrity. Although a large number of
human studies have been conducted to investigate relationships between ABR measurements
and risk factors or predicted perceptual consequences of synaptopathy, differences in study
design, methodology, and statistical approach have resulted in mixed findings across studies.
This has led to confusion about the feasibility of using the ABR as an indicator of
synaptopathy. This review will provide an overview of the current state of knowledge
concerning the use of the ABR to assess cochlear synaptic integrity in humans, including
discussion of ABR measurement parameters, results from previous studies, limitations, and
future directions.

OVERVIEW OF THE ABR WAVEFORM

The human ABR waveform consists of five main peaks (or waves), illustrated in Figure 1.
Intracranial recordings in humans suggest that waves | and Il are generated by the distal
and proximal ends of the auditory nerve, wave I11 by the cochlear nucleus, wave 1V by

the superior olivary complex, and wave V by the lateral lemniscus and inferior colliculus
(Moller & Jannetta 1982). As stimulus intensity level increases, the amplitudes of these
peaks increase and the latency decreases due to recruitment of higher frequency auditory
nerve fibers and increased neural synchrony (Harris et al. 2018). Normative values exist

for the latencies and amplitudes of the different peaks in response to suprathreshold clicks,
collected from young adults with normal pure tone thresholds (e.g., Rosenhamer et al. 1978;
Rowe 1978; Mochizuki et al. 1982), but these values have not been collected specifically
from a population at low risk of synaptopathy (e.g., young people with minimal noise
exposure history). Depending on the recording parameters, an additional peak is often
visible sitting on the left-hand shoulder of wave | (see Figure 1). This is referred to as the
summating potential (SP) and is thought to include contributions from the IHC and outer
hair cell (OHC) receptor potentials as well as the auditory nerve (Pappa et al. 2019). The
amplitude of wave | can be measured as the amplitude difference from the baseline to the
wave | peak or from the wave | peak to the following trough. The trough is often easier

to objectively identify than the baseline and the peak to trough measurement is the more
common approach in human synaptopathy studies. Note however, that the trough appears to
be impacted by contributions from the cochlear nucleus (Melcher et al. 1996) and the wave
| peak can be contaminated by the SP. Therefore, regardless of how it is measured, wave |
amplitude is not an entirely pure indicator of auditory nerve activity. Normative values are
available for the ratio comparing the amplitudes of the SP and the action potential (AP, the
wave | peak), defined relative to a prestimulus baseline (e.g., Margolis et al. 1995; Wuyts et
al. 1997).
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HISTORICAL USE OF THE ABR IN THE AUDIOLOGY CLINIC

Use of the ABR as an indicator of peripheral auditory neuronal function is not new. In

fact, the ABR has historically been used in audiology clinics as a non-invasive means

for diagnosing retrocochlear disorders such as vestibular schwannomas, tumors that grow
on the vestibular nerve and can impact auditory and balance function (Eggermont 1984).
However, as imaging technology has improved and become more cost effective, use of the
ABR for this purpose has declined (Fortnum et al. 2009). Despite this change in clinical
practice, ABR testing remains an important part of an audiologist’s training and most
audiology clinics have an ABR system available because several clinical applications of

the ABR remain. The ABR can be used to assess auditory function in populations, such

as infants, that are difficult to test behaviorally and the SP/AP amplitude ratio can be used
to evaluate patients with suspected Meniere’s disease or other forms of endolymphatic
hydrops. Additionally, the ABR can be used for diagnosis of auditory neuropathy, a broad
term describing cases where OHC function, as indicated by otoacoustic emissions, is
normal, but the ABR is absent or abnormal. One common cause of auditory neuropathy is a
mutation in the gene that produces the otoferlin protein, which is important for the release
of neurotransmitter at the IHC-auditory nerve synapse (Yasunaga et al. 1999). Functionally,
a lack of otoferlin is very similar to cochlear synaptopathy, resulting in reduced transmission
at the IHC-auditory nerve synapse and reduced or absent ABR wave | amplitude with
normal OHC function (Santarelli et al. 2009; Santarelli et al. 2015). Although wave |
amplitude is not typically assessed clinically, audiologists’ existing familiarity with the ABR
make it an ideal metric for clinical diagnosis of cochlear synaptopathy.

IV. ABR WAVE 1 AMPLITUDE IN ANIMAL MODELS OF SYNAPTOPATHY

Cochlear synaptopathy was initially identified in mice following a two hour exposure to a
100 dB SPL 8-16 kHz band of noise (Kujawa & Liberman 2009). After noise exposure,
the amplitude of the first wave of the ABR (wave 1) was permanently reduced in mice
with histologically confirmed synapse loss compared with control mice for suprathreshold
tone pips at frequencies above the noise exposure band. In contrast, there was no long-term
change in ABR threshold and OHCs were preserved. Later studies revealed similar findings
of noise-induced synapse loss in multiple other rodent species (see review by Hickox et al.
2017 for more details) and in non-human primates (Valero et al. 2017), many of them also
showing associated reductions in ABR wave 1 amplitude. Animal studies also indicate that
synaptopathy is associated with age (Sergeyenko et al. 2013) and can occur in response to
some ototoxic drugs (Ruan et al. 2014).

Auditory nerve fibers with low spontaneous rates (SRs) appear to be the most vulnerable to
synaptopathy, whereas high SR fibers are generally preserved (Schmiedt et al. 1996; Furman
et al. 2013). Low SR fibers have higher response thresholds, larger dynamic ranges, and are
more resistant to background noise than high SR fibers (reviewed in Bharadwaj et al. 2014).
Preservation of high SR fibers, which have low response thresholds, provides an explanation
for why ABR thresholds are not impacted by synaptopathy.
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V. OVERVIEW OF THE USE OF THE ABR IN HUMAN STUDIES OF
SYNAPTOPATHY
A. Study design

Participant selection is an important source of variability in human studies of synaptopathy.
Many previous synaptopathy studies were observational studies that compared ABR
measurements from an experimental group with measurements from a control group.
Participants in the experimental group were selected based on synaptopathy risk factors
(noise exposure history or age) or predicted consequences of synaptopathy (tinnitus or
speech perception difficulty). However, the criteria for participant selection varied across
studies. For instance, in some noise exposure studies, the experimental group was composed
of individuals who reported significant recreational noise exposure (e.g., Grose et al. 2017;
Prendergast et al. 2018; Skoe & Tufts 2018), while other studies focused on music students
(Liberman et al. 2016) or military Veterans (Bramhall et al. 2017). Given the differences

in the intensity of the noise exposures experienced by these different populations and the
crude nature of evaluating noise exposure history using self-report questionnaires, it may
not be realistic to expect similar results across studies. Equally important is the participant
selection for the control group, which should be composed of individuals at low risk of
synaptopathy based on their noise exposure history and age. Ideally, anyone who has ever
used a firearm should be excluded from the control group because a history of firearm use
is associated with reduced ABR wave | amplitudes (Bramhall et al. 2017). Additionally,
individuals reporting any auditory complaints such as tinnitus, hyperacusis, or speech
perception difficulty should not be included in a control group as these complaints suggest
the presence of auditory damage and potentially synaptopathy.

It is also important to remember that humans will likely exhibit much more variability in
their genetic susceptibility to synaptopathy than congenic mice. This will make it more
difficult to detect associations between ABR measures and synaptopathy risk factors such as
noise exposure or age.

Finally, auditory complaints such as tinnitus and speech perception difficulty are likely
multifactorial, with synaptopathy as only a single possible etiology. This makes it difficult
to detect associations between these complaints and the ABR unless a subpopulation of
individuals with these complaints is chosen that is at particularly high risk for synaptopathy,
such as firearm users who report tinnitus.

B. ABR measures

A number of different ABR measures have been used in human studies of synaptopathy.
This is due in part to differing approaches to accounting for discrepancies in ABRs
measured in animals versus humans. For instance, in animals, the ABR is typically measured
with needle electrodes while the animal is anesthetized. Additionally, the animals have
considerably smaller heads than humans. In contrast, in humans, the ABR is usually
measured using surface electrodes without anesthesia and the electrodes are further away
from the source generators due to the larger head size. This can lead to greater degrees

of variability across human subjects due to differences in anatomy, head size, and muscle
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artifact. In mice, ABR wave 1 amplitudes can easily be identified across a broad range

of frequencies and intensity levels, whereas in humans, where the noise floor is higher

and the electrodes are further from the source, it can be difficult to reliably identify ABR
wave | amplitude in all subjects at levels of 80-90 dB peSPL, even if pure tone thresholds
are clinically normal. In addition, the length of the cochlea differs between mice and
humans (Greenwood 1961) and between males and females (Don et al. 1994), resulting in
differences in cochlear traveling wave delay that will impact the synchrony of the response
across auditory nerve fibers and the amplitude of wave 1.

One approach to dealing with these sources of variability is to use a differential measure

of ABR wave | amplitude, where a ratio is calculated between ABR wave | amplitude

and another ABR peak, such as the SP or wave V amplitude, or by calculating wave |
amplitude growth across multiple stimulus levels. The rationale is that by calculating ratios
or growth functions, subject-specific factors that impact all peaks will cancel out, reducing
measurement variability. Test re-test reliability of ABR wave | amplitude (measured peak
to following trough) and the wave I/V ratio appears to be quite good, while the reliability
of the SP/AP ratio and wave | amplitude growth functions is poorer (Prendergast et al.
2018; Guest et al. 2019b). However, Kamerer et al. (2020) showed that a summed-Gaussian
model performs better at identifying the SP than visual determination, particularly for noisy
waveforms and cases where the SP and wave | were overlapping in time. This suggests

that the reliability of the SP/AP ratio might be improved by using a model-based peak
picking approach. The majority of human synaptopathy studies have focused on ABR
wave | amplitude and have measured this as the difference in voltage between the peak

of wave I and the following trough (Le Prell 2019), although a number of studies have

also presented wave I/V amplitude ratios, particularly those investigating the relationship
between synaptopathy and tinnitus (e.g., Schaette & McAlpine 2011; Guest et al. 2017,
Brambhall et al. 2018).

Other ABR measures that have been proposed for their ability to serve as a biomarker of
synaptopathy include masked wave | amplitude and wave V latency. Giraudet et al. (2021)
found that measuring ABR wave 1 amplitude in the presence of a 60 dB SPL broadband
ipsilateral masker was better at separating mice with histologically confirmed noise-induced
synaptopathy from controls than unmasked ABR wave 1 amplitude and suggested that use of
the masker saturates the response of high SR fibers, allowing for improved specificity to loss
of low SR fibers. Mehraei et al. (2016) measured the shift in wave 4 latency (analogous to
wave V latency in humans) in mice when a 60 or 80 dB SPL broadband masker was added
to the tone pip stimulus. They found that mice with histologically-confirmed noise-induced
synaptopathy exhibited smaller latency changes upon adding the masker than control mice,
particularly for the 60 dB SPL masker. They suggest that this smaller change in latency
indicates a loss of low SR fibers because low SR fibers are more resistant to background
noise and have a delayed onset response compared with high SR fibers.

C. ABR parameters

Differences in ABR parameters such as electrode placement, stimuli, repetition rate, and
response filtering can also contribute to variability across studies.
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(1) Electrode placement—Resolution of wave | and the SP increases with closer
proximity of the active electrode to the cochlea, with the greatest resolution obtained with

a transtympanic electrode and the poorest resolution with a mastoid electrode (see review

by Margolis 1999 for a detailed comparison of the data obtained with different electrode
placements). However, placement of a transtympanic electrode is an invasive procedure that
requires anesthetizing the tympanic membrane and is typically performed by a surgeon. The
resolution of wave | with a TM electrode is poorer than with a transtympanic electrode, but
better than with an ear canal electrode (tiptrode) or a mastoid electrode. However, placement
of a TM electrode requires more skill than placement of a tiptrode or mastoid electrode

and may cause some patient discomfort. One early human synaptopathy study used a TM
electrode (Stamper & Johnson 2015), but most human synaptopathy studies have used either
a mastoid electrode or an ear canal electrode (tiptrode). While use of a tiptrode increases the
size of ABR wave | amplitude compared to the use of a mastoid electrode, it only slightly
increases the reliability of ABR wave | amplitude measurements (Prendergast et al. 2018).
The SP, however, cannot be identified using a mastoid electrode. Therefore, the choice of the
type of electrode may depend on the population being tested and the precise measurement
being obtained. For example, a tiptrode may be preferred when testing older populations or
populations with overt hearing loss where wave | amplitude may be more difficult to identify
or when collecting SP measurements.

(2) ABR stimuli—Both broadband (e.g., a click) and frequency specific toneburst ABR
stimuli have been used in human studies of synaptopathy. There is no clear difference in
the results of studies that have used high intensity broadband versus frequency specific
stimuli. Bramhall et al. plotted raw data from several studies that measured ABR wave |
amplitude in a group with tinnitus (a predicted perceptual consequence of synaptopathy)
and a control group without tinnitus (see Figure 3 from Bramhall et al. 2019). Across the
plotted studies, broadband stimuli resulted in considerably larger contrasts in mean wave

I amplitude between the tinnitus and control groups than toneburst stimuli. This could be
interpreted as indicating that broadband stimuli are more sensitive to differences in synapse
numbers between individuals with and without tinnitus. However, this comparison should
be interpreted cautiously because the sample characteristics differed across studies and

it’s possible that the broadband stimuli only perform well in populations likely to have
widespread cochlear synaptic loss rather than focal lesions.

A broad range of stimulus levels have also been employed in human studies of synaptopathy.
Animal studies suggest that higher intensity levels (e.g., 90 dB SPL) are more sensitive to
synaptopathy than lower levels (e.g., Kujawa & Liberman 2009). In humans, the range of
intensity levels over which wave | amplitudes can be reliably identified is more limited due
to higher noise floors. For this reason, human studies have tended to use higher stimulus
levels (up to 99 dB nHL) than the animal studies, particularly if one objective of the

study was to measure the SP. However, raw data from multiple studies of the relationship
between tinnitus and ABR wave | amplitude indicate that contrasts between the tinnitus and
control groups tend to grow larger as stimulus level increases up to 100 dB peSPL, but then
decline for higher stimulus levels (see Figure 3 from Bramhall et al. 2019). In addition, in

a statistical model that adjusted for sex and average distortion product otoacoustic emission
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(DPOAE) level, Bramhall et al. (2021a) showed the biggest contrast in wave | amplitude
for Veterans with high levels of noise exposure compared with non-Veteran controls at 90
dB peSPL, with progressively smaller contrasts as the stimulus level increased to 100 and
110 dB pe SPL. These results suggest that ABR stimulus levels of 90-100 dB peSPL may
represent a “sweet spot” for detecting synaptopathy in humans. This sweet spot may be
reflect a balance between greater sensitivity to synaptopathy at higher stimulus intensity
levels and OHC dysfunction resulting in small increases in ABR wave | amplitude at very
high stimulus levels (above 100 dB peSPL), as suggested by computational modeling from
Verhulst et al. (2018). Given that OHC dysfunction is likely to be greater in the tinnitus and
high noise exposure groups, this may result in inflated wave | amplitudes in these groups at
very high stimulus levels, narrowing the contrasts with the control groups.

(3) Other parameters—Several additional parameters need to be considered when using
the ABR to assess synaptopathy, including stimulus repetition rate, number of sweeps,
stimulus polarity, and filtering of the response. For the early waves, the latency increases and
the amplitude decreases at stimulus rates greater than ~30/sec and comparison of responses
across low and high stimulus rates are sometimes used for detection of neural pathologies
(Hood 1998). Human studies that have assessed relationships between ABR measurements
and either noise exposure history or speech-in-noise perception have used stimulus rates
ranging from 10-30/sec, with the majority using a rate from 10-20/sec (reviewed in Le Prell
2019). However, some studies (e.g., Konrad-Martin et al. 2012) have also included higher
rates, up to 71/sec, for comparison with the lower rates.

Because background noise is expected to be random and should not be time-locked to

the stimulus, averaging over a large number of sweeps will reduce background noise and
improve the clarity of the ABR response. However, there is a trade-off in that collecting
more sweeps requires greater test time. The mean amplitude of the background noise
approaches zero as a function of the square root of the number of sweeps. Therefore,
increasing the number of sweeps past ~1000 for suprathreshold stimuli and ~4000 for
stimuli near threshold results in limited improvement in the signal-to-noise ratio (Hall 1992).
Synaptopathy studies have typically obtained 1024-2048 sweeps, although sweep numbers
vary from extremes of 500 to 12,500 (reviewed in Le Prell 2019). To reduce variability due
to measurement error, two replicate waveforms are often obtained and peak amplitudes are
then averaged across the replicates.

Stimulus polarity is an additional consideration for ABR measurement. Animal and

human studies of synaptopathy typically use alternating polarity stimuli for measuring the
amplitude of the first wave of the ABR. The advantage of using an alternating polarity
stimulus is that it gets rid of the cochlear microphonic, which can bleed into wave |, making
it harder to identify and contributing to variability in the measurement. Wave amplitudes and
latencies will differ somewhat depending on the polarity used, so it is important to use a
consistent polarity when making comparisons across measurements.

Finally, bandpass filtering of the ABR waveform helps remove background noise in the
response. Typically a low frequency cut-off of 10-30 Hz and a high frequency cut-off of
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1500 or 3000 Hz is used. The filter cut-offs can be adjusted to maximize resolution of the
SP, wave |, and wave V as desired.

VI. LIMITATIONS OF ABR WAVE | AMPLITUDE AS AN INDICATOR OF
SYNAPOTOPATHY

A. OHC dysfunction may impact ABR wave | amplitude

Given that the risk factors for synaptopathy (age and exposure to noise or ototoxins) are

also risk factors for OHC damage, it is important to consider the possibility that ABR

wave | amplitude may be impacted by OHC damage, even in individuals with clinically
normal audiograms. This could complicate the interpretation of wave | amplitude as an
indicator of synaptopathy. Don and Eggermont (1978) showed that more basal off-frequency
auditory nerve fibers contribute to wave | amplitude at high stimulus levels. This suggests
that basal OHC dysfunction could result in lower wave | amplitudes, making it difficult to
separate OHC dysfunction from synaptopathy. Computational modeling suggests that the
ABR wave | amplitude growth function is steepened by loss of cochlear gain, such that at
lower stimulus levels, wave | amplitude is decreased by loss of cochlear gain, while at higher
stimulus levels, it is increased (Verhulst et al. 2018). Model simulations by Verhulst et al.
indicate that the cross-over point between the wave | amplitude growth function for normal
cochlear gain versus sloping cochlear gain loss occurs at 90 dB peSPL for a click stimulus.
This suggests that the impact of OHC dysfunction is minimal for a 90 dB peSPL stimulus,
which is consistent with previous human studies suggesting that contrasts between groups
with tinnitus or high noise exposure and controls are greatest for stimulus levels of 90-100
dB peSPL (Bramhall et al. 2019; Bramhall et al. 2021a).

Most previous human studies of human synaptopathy have investigated populations with
clinically normal audiograms to limit the impacts of OHC dysfunction. However, subclinical
OHC dysfunction can still occur in these populations and could theoretically impact ABR
wave | amplitude. Previous studies of synaptopathy have dealt with the possible effects

of subclinical OHC dysfunction in various ways. One approach has been to take no

further action if mean DPOAEs measured in the experimental and control group are not
significantly different. The problem with this approach is that just because there is no
significant difference in the mean DPOAEs between the groups does not indicate that the
DPOAEs (and OHC function) in the two groups are equivalent. A second approach has been
to match experimental and control groups on pure tone thresholds. The problem with this
approach is that analysis of a matched dataset requires that the statistical analysis account
for the matched structure of the data, typically through conditional logistic regression
(Collett 1991). Matched case-control designs are usually used for cases where the disease

is so rare that the case count in a cross sectional sample would be exceptionally small,
which is not true when investigating tinnitus or difficulty with speech perception. Ignoring
the matched structure of the data could lead to overly conservative estimates of the effects of
ABR wave | amplitude on the outcome variable (Breslow & Day 1980, Section 7.6). A more
common approach has been to include average pure tone thresholds or DPOAE levels as
predictors in a regression analysis. There are a couple of potential problems to consider with
this approach. Use of pure tone thresholds as an indicator of OHC function is problematic
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because pure tone thresholds are behavioral responses that can theoretically be impacted

by dysfunction at any point in the auditory system. Although cochlear deafferentation of

up to 80% (due to loss of cochlear synapses, IHCs, or spiral ganglion cells) is thought

to have little impact on pure tone thresholds (Schuknecht & Woellner 1955; Lobarinas et

al. 2013), data from chinchillas with selective IHC loss indicates that threshold shifts of

up to 10 dB can occur even with only 35% IHC loss (a form of cochlear deafferentation)
(Lobarinas et al. 2013). This is supported by a statistical modeling study from Bramhall et
al. (2021b) that showed that pure tone thresholds predicted from measured DPOAE levels
were lower (indicating better hearing) than actual measured pure tone thresholds in Veterans,
individuals with tinnitus, and subjects of older age, but not in younger control subjects. This
could be explained by synaptopathy-related pure tone threshold shifts on the order of 1-8
dB in the groups at higher risk of synaptopathy due to noise exposure history, perception of
tinnitus, and older age. Therefore, it’s possible that small changes in pure tone thresholds
will result from synapse loss and that statistically adjusting ABR wave | amplitude for pure
tone thresholds will then partially adjust out the synaptopathy effect (Figure 2). Otoacoustic
emissions also appear to be more sensitive to noise exposure than pure tone thresholds
(Engdahl & Kemp 1996; Seixas et al. 2005; Marshall et al. 2009). For these reasons,
statistical adjustment for otoacoustic emissions, such as DPOAEs, as a more specific
measure of OHC function is preferable. However, many labs do not have the necessary
equipment to measure DPOAEsS in the extended high frequencies, which may limit the
utility of this approach. In addition, an important consideration when statistically adjusting
for OHC function is the possibility of post-treatment bias (Montgomery et al. 2018).
Post-treatment bias occurs when the treatment (or exposure in the case of synaptopathy)
impacts both a predictor variable and the outcome variable. For example, noise exposure
can result in damage to both OHCs and cochlear synapses. If we are evaluating the impact
of noise exposure on ABR wave | amplitude (as an indicator of synaptopathy) and we
include DPOAEs as a predictor, we may be not only adjusting out the impact of OHC
dysfunction on wave | amplitude, but also the effect of noise exposure on wave | amplitude
(Figure 3). Post-treatment bias will be a problem when trying to adjust for OHC function

in any analysis of the effects of age, noise exposure, or ototoxin exposure on ABR wave

| amplitude because these are “treatments”. Post-treatment bias is not a problem when
evaluating relationships between wave | amplitude and potential perceptual consequences
of synaptopathy, such as tinnitus or speech perception difficulty because no “treatment” is
being evaluated in these cases. It is also important to remember that statistically adjusting for
OHC function also depends on the assumption that the relationship between OHC function
and ABR wave | amplitude is linear. The statistical adjustment is only helpful if the true
relationship is actually linear.

Masking can be used to eliminate the impacts of OHC dysfunction in the extended high
frequencies, but this does not solve the problem of accounting for possible OHC dysfunction
in the standard frequency range.

Ideally, an ABR stimulus (or stimulus level) will be identified that is relatively insensitive to
OHC dysfunction so that we can avoid the complexities of trying to separate out the impacts
of OHC and synapse function statistically.
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B. ABR wave | amplitude may be insensitive to loss of low spontaneous rate auditory

nerve fibers

Animal studies suggest that low SR auditory nerve fibers may be particularly vulnerable to
age- and noise exposure-related cochlear synaptopathy (Schmiedt et al. 1996; Furman et al.
2013). However, the results of Bourien et al. (2014) suggest that the contribution of the low
SR fibers to ABR wave 1 amplitude is limited because the ABR is an onset response and
the low SR fibers have a long first spike latency. Wave 1 amplitude is dominated by medium
and high SR fibers, which have shorter first spike latencies. A reanalysis of the data from
Furman et al. (2013) suggests that medium and high SR fibers are also impacted to some
degree by noise-induced synaptopathy (Marmel et al. 2015). This could explain why clear
reductions in ABR wave 1 amplitude can be observed in animal models of synaptopathy
(e.g., Kujawa & Liberman 2009; Lin et al. 2011; Sergeyenko et al. 2013), even if wave 1
amplitude is not a good indicator of the integrity of low SR fibers.

The relative distribution of auditory nerve fibers with various SRs is unknown in humans
and it is unclear how well the relative vulnerability of different subtypes of auditory nerve
fibers to synaptopathy will parallel animal models. Therefore, it is presently unclear how
accurately ABR wave | amplitude measurements in humans reflect underlying synaptopathy.

C. ABR wave | amplitude appears to be affected by sex

Sex differences in ABR wave | amplitude, due at least in part to head size, have been
reported previously, with smaller wave | amplitudes in males than in females (Trune et

al. 1988; Mitchell et al. 1989). This is likely due to sex-related differences in the length

of the cochlea (shorter for females than for males), which lead to differences in cochlear
dispersion (reviewed in Bharadwaj et al. 2019). The shorter time it takes for the traveling
wave to go from the base to the apex in females, on average, would be expected to result

in greater neural synchrony among different regions of the cochlea, leading to larger ABR
wave | amplitudes for females compared with males. This is an important factor to consider
when using wave | amplitude as a physiological indicator of synaptopathy. Previous human
synaptopathy studies have addressed this issue by testing only a single sex, performing
analyses separately for males and females, matching participants in the experimental and
control groups by sex, or including sex as a predictor in regression analyses.

D. ABR wave | amplitude is altered by other types of cochlear deafferentation

As an indicator of auditory nerve activity, ABR wave | amplitude will be similarly impacted
by any form of cochlear deafferentation (cochlear synapse, IHC, and spiral ganglion loss).
This means that ABR wave | amplitude is not a specific indicator of synaptopathy because
it cannot differentiate synaptopathy from other forms of cochlear deafferentation. However,
the functional impacts of these different types of deafferentation should be similar, so from
a treatment standpoint, it may not be necessary to differentiate synaptopathy from other
forms of deafferentation unless the goal is to repair or regenerate synapses. In addition,
data from animal models and human temporal bone studies suggest that age- and noise
exposure-related synapse loss exceeds IHC loss and that synapse loss occurs prior to loss
of spiral ganglion cells (Kujawa & Liberman 2009; Sergeyenko et al. 2013; Viana et al.
2015; Wu et al. 2019; Fernandez et al. 2020; Wu et al. 2021). For example, based on human
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temporal bone data, Wu et al. (2021) estimated a 6.3% loss of synapses per decade of life

as compared with a 3.4% loss of IHCs per decade. This suggests that after accounting for
possible OHC dysfunction, synapse loss will be the primary factor leading to abnormal ABR
wave | amplitude measurements.

E. The test time required to measure ABR wave | amplitude may be prohibitive

VII.

One limitation of ABR testing is the time involved in setting up the test. Prior to testing,

the skin must be prepared, electrodes attached, impedances checked, and the subject must
be situated in a comfortable position that they can maintain throughout the test and that

will encourage sleep. This set-up process typically takes 10-15 minutes. The length of

the data collection process itself depends on the number of stimuli collected and the
number of stimulus presentations. However, the best quality data is collected when the
subject is asleep and this typically only occurs after several minutes of data collection.

The time required to complete ABR testing makes it difficult to tack the ABR onto the

end of the standard audiological evaluation. Instead, ABR testing to diagnose synaptopathy/
deafferentation would likely need to be completed at a separate clinic visit.

OBSERVED RELATIONSHIPS BETWEEN ABR MEASURES AND

SYNAPTOPATHY RISK FACTORS

A. ABR wave | amplitude and age

In mice, an age-related decrease in suprathreshold ABR wave | amplitude is highly
correlated with degree of synapse loss (Sergeyenko et al. 2013). Several human studies

have shown similar age-related decreases in suprathreshold ABR wave | amplitude (Konrad-
Martin et al. 2012; Bramhall et al. 2015; Johannesen et al. 2019; Carcagno & Plack 2020;
Grant et al. 2020). Regression analyses were completed using data from each of these
studies and included an adjustment for average pure tone thresholds. The results of these
analyses are summarized in Figure 4. Despite methodological differences, data from all five
studies suggest a decrease in wave | amplitude with advancing age, varying from 0.024 to
0.066 pV per decade of life. This translates to a 56%, 38%, 63%, 61%, and 63% loss of
wave | amplitude at 50 years of age for the Bramhall et al., Konrad-Martin et al., Johannesen
et al., Carcagno & Plack, and Grant et al. studies, respectively. These ABR findings are
consistent with human temporal bone data that shows, for the 1.4-8 kHz cochlear frequency
range, an average decline in auditory nerve fibers per IHC position of 1.2 per decade of life
(Wu et al. 2019). This corresponds to a 42% decrease in auditory nerve fibers at age 50. This
suggests that ABR wave | amplitude is sensitive to age-related cochlear deafferentation in
humans.

B. ABR wave | amplitude and noise exposure history

Mouse models of age- and noise exposure-related synaptopathy indicate different patterns
of damage. Age-related synaptopathy is widespread across cochlear frequency (Sergeyenko
et al. 2013). In the acute stage, noise-induced synaptopathy is more frequency-specific,
resulting in a focal reduction of synapses and ABR wave | amplitude in the frequency
regions above the noise exposure band (e.g., Kujawa & Liberman 2009). However over time,
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noise-induced synaptopathy in mice expands from a focal lesion to a broader synapse loss
across a large frequency range (Fernandez et al. 2015). Although it’s unclear how the time
course of this frequency spreading might translate to humans, it’s possible that unless the
noise exposure occurred very recently, individuals with a history of noise exposure may have
broad rather than focal synaptic loss. This view is supported by human temporal bone data
that demonstrates a consistent noise exposure-related reduction in cochlear synapse numbers
across frequency (Wu et al. 2021) and the results of Bramhall et al. (2017), where reductions
in ABR wave | amplitude were noted in young military Veterans reporting high levels of
noise exposure and non-Veterans with a history of firearm use compared to non-Veteran
controls at frequencies of 1, 3, 4, and 6 kHz.

A second study of military Veterans also found a reduction in ABR wave | amplitude (for
a 90 dB peSPL stimulus) for Veterans reporting high levels of noise exposure compared
with controls (Bramhall et al. 2021a). However, a number of studies of young adults with
a history of recreational noise exposure from sources such as music concerts, night clubs,
playing in a band, and listening to music with headphones have either showed no clear
correlation between noise exposure score and wave | amplitude (e.g., Fulbright et al. 2017,
Grinn et al. 2017; Prendergast et al. 2017) or very similar mean wave | amplitudes for

low and high noise exposure groups (Prendergast et al. 2018). Grose et al. (2017) found
mean wave | amplitude was smaller for a noise exposed group (71% whom identified

as musicians) compared with a control group, but the difference was not statistically
significant. Liberman et al. (2016) showed an increase in the SP/AP ratio and a mean
decrease in wave | amplitude among college music students compared with controls, but
only the SP/AP contrast was statistically significant. One interpretation of these results is
that due to the higher intensity levels, military noise exposure and firearm use pose a higher
risk for noise-induced synaptopathy than common sources of recreational noise exposure,
such as exposure to loud music, even for musicians. Other factors that may contribute to
the differing results across studies include: 1) asking participants to retroactively assess
their noise exposure history and use of hearing protection is imprecise, 2) humans vary in
their genetic susceptibility to noise damage, and 3) many studies have not included firearm
use as part of their assessment of noise exposure history or have not excluded individuals
with a history of firearm use from their control group. Given that Bramhall et al. (2017)
showed lower ABR wave | amplitudes among non-Veterans reporting any history of firearm
use, suggesting synaptopathy, failure to account for firearm use could make it difficult to
detect relationships between noise exposure history and ABR wave | amplitude because
noise exposure history will be underestimated in firearm users. See Le Prell (2019) for a
comprehensive review of human studies that have assessed the relationship between ABR
wave | amplitude and noise exposure history.

OBSERVED RELATIONSHIPS BETWEEN ABR MEASURES AND

PREDICTED PERCEPTUAL CONSEQUENCES OF SYNAPTOPATHY

Predicted perceptual consequences of cochlear synaptopathy include tinnitus, hyperacusis,
and difficulty understanding speech in background noise (Kujawa & Liberman 2015). All
three are common complaints among Veterans, who are at high risk for synaptopathy due
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to their history of military noise exposure. Henry et al. (2019) reported a 44% prevalence
of constant tinnitus among Veterans who had separated from military service in the past
2.5 years, even though mean audiometric thresholds for this sample were clinically normal.
Theodoroff et al. (2019) found that 48% of Veterans with a history of blast exposure and
normal audiograms had some degree of decreased tolerance to the loudness of everyday
sounds. Finally, despite average hearing thresholds within the normal range, 76% of a
sample of 100 Service members and recently separated Veterans reported difficulty hearing
speech or other sounds (Gordon et al. 2017).

A. ABR wave | amplitude and tinnitus

Several studies have shown reductions in ABR wave | amplitude associated with the report
of tinnitus (Schaette & McAlpine 2011; Gu et al. 2012; Bramhall et al. 2018; Bramhall et al.
2019), suggesting that some types of tinnitus are related to synaptopathy. The observed
reductions in wave | amplitude have not been accompanied by reductions in wave V
amplitude, resulting in a decreased wave 1/V amplitude ratio. Decreased wave I/V ratios
have generally been interpreted as indicating compensatory gain occurring in the central
auditory system, which may lead to the percept of tinnitus. However, because OHC damage
in the basal end of the cochlea will impact the amplitude of wave | more than the amplitude
of wave V (Don & Eggermont 1978), poorer OHC function in the tinnitus group compared
with the control group could also explain the observed reduction in the wave 1/V amplitude
ratio for the tinnitus group. In contrast, Guest et al. (2017) found very similar mean wave

I amplitudes for a tinnitus and a control group. One possible explanation for the differing
results include the multifactorial nature of tinnitus. The tinnitus sample studied by Guest et
al. may have tended towards tinnitus etiologies other than synaptopathy because it was not
drawn specifically from a noise exposed population, making it more difficult to detect group
differences in wave | amplitude.

B. ABR wave | amplitude and hyperacusis

Mice with noise-induced cochlear synaptopathy have elevated acoustic startle responses

to moderate level sounds compared to control mice, which is suggestive of hyperacusis
(Hickox & Liberman 2014). However, the relationship between synaptopathy and
hyperacusis has not been well studied in humans. In a sample of young Veterans and non-
Veterans with normal audiograms, Bramhall et al. (2018) did not find a clear relationship
between loudness discomfort level (LDL) and ABR wave | amplitude, but cautioned against
the use of LDL as a measure of hyperacusis. In contrast, the results of Bramhall et al.
(2020) suggest that Veterans who report decreased sound tolerance (DST) exhibit steeper
ABR wave | amplitude growth functions compared with non-Veteran controls or Veterans
without DST, resulting in a reduction in raw mean wave | amplitude for Veterans with DST
compared with controls at 90 dB peSPL, but not at 100 and 110 dB peSPL.

C. ABR wave | amplitude and complex speech perception

Several studies have shown poorer performance on temporal processing and signal-in-noise
detection tasks in animals with synaptopathy, IHC loss, or spiral ganglion cell loss compared
with controls (Lobarinas et al. 2017; Lobarinas et al. 2020; Monaghan et al. 2020; Resnik

& Polley 2021). All three of these types of deafferentation will result in reduced peripheral
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input to the central auditory system and should have similar functional impacts. The results
of these studies suggest that synaptopathy would be expected to negatively impact complex
speech perception.

However, despite these predictions, previous studies investigating the relationship between
ABR wave | amplitude and speech perception have resulted in mixed findings. Several
studies have shown a relationship between ABR measurements and performance on complex
speech perception or signal-in-noise detection tasks (Bramhall et al. 2015; Liberman et

al. 2016; Ridley et al. 2018; Buran et al. 2020; Grant et al. 2020; Mepani et al. 2020),

while others have failed to detect a relationship (Fulbright et al. 2017; Bramhall et al.

2018; Guest et al. 2018; Guest et al. 2019a). Possible explanations for the mixed findings
include: 1) differences across studies in the ABR measure that was used (e.g., ABR wave

| amplitude, ABR wave I/V amplitude ratio, ABR SP/AP ratio), 2) differences in the
perceptual task — some tasks may be more sensitive to deafferentation impacts than others,
3) differences in the study population — for example the results of Bramhall et al. (2015)
suggest that relationships between physiological indicators of deafferentation and speech
perception measures may be more apparent when there is some OHC dysfunction present
(i.e., deafferentation has a greater impact on speech perception in people with poorer OHC
function), 4) differences in cognitive ability across participants (e.g., working memory)
may obscure differences in speech perception performance due to synaptopathy if increased
listening effort can be used to compensate for the degraded speech signal so that task
performance is relatively unaffected.

FUTURE DIRECTIONS FOR ABR MEASURES IN DIAGNOSIS OF

SYNAPTOPATHY/DEAFFERENTATION

A. Clinical diagnosis of deafferentation to guide treatment

A physiological test for deafferentation is meaningless without a method for assessing
individual patients using that test. Many clinical audiological tests are interpreted based on
a normative reference range established in young people expected to have normal auditory
function (e.g., pure tone thresholds, tympanometry, and ABR peak latencies). Normative
ranges for ABR wave | amplitude do not currently exist for a sample at low risk of
synaptopathy, but once the optimal ABR stimulus parameters are determined, sex-specific
normative ranges for these stimuli could be obtained by measuring ABR wave | amplitudes
in a large sample of young adults with minimal noise exposure history.

Another option for individualized assessment of deafferentation is to combine physiological
measurements with computational modeling to generate predictions of the degree of
deafferentation for each patient based on their ABR wave | amplitude measurements. Buran
et al. (2020) illustrate how multiple ABR measurements (in response to different stimuli/
levels) can be combined with a computational model of the human auditory periphery to
predict synapse numbers in individual patients, presumably enhancing the precision of the
estimate of deafferentation over what can be accomplished with a single ABR measurement.
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B. Diagnosis of synaptopathy for clinical trials of pharmaceutical treatments

Most treatments for deafferentation-related perceptual deficits, such as specialized hearing
aid algorithms or use of low gain hearing aids, would not require identification of the exact
site of lesion. However, the site of lesion is important for pharmaceutical treatments aimed
at synapse regeneration or repair. Studies in animals and human temporal bones indicate
that synapse loss is the most common type of age- or noise exposure-related deafferentation
(e.g., Kujawa & Liberman 2009; Sergeyenko et al. 2013; Wu et al. 2019). Accordingly,
individuals with physiological measurements that indicate deafferentation, such as low ABR
wave | amplitudes, who are also at high risk for synaptopathy due to age, noise exposure, or
use of ototoxic drugs would be good candidates for these pharmaceutical treatments.

The treatment efficacy of a candidate pharmaceutical could be determined in a clinical trial
by measuring ABR wave | amplitude before and after treatment to determine if the drug led
to greater increases in ABR wave | amplitude, suggesting decreased synaptopathy, compared
to treatment with a placebo. Treatment-related improvements in auditory perception could
also be evaluated, such as decreased tinnitus severity or improved speech perception
performance.

IX. CONCLUSIONS

Given that the ABR has been used in audiology clinics for decades and a clear relationship
between ABR wave 1 amplitude and cochlear synaptic integrity has been demonstrated in
multiple animal models, measurement of ABR wave | amplitude has potential for future
clinical assessment of cochlear synaptopathy/deafferentation. However, further work is
necessary to determine normative values in a population at low risk for synaptopathy and the
optimal ABR parameters for this purpose. In addition, because cochlear synaptopathy can
only be confirmed though post-mortem temporal bone analysis and we do not currently have
any ABR wave | amplitude measurements that can be linked to human temporal bone data,
our understanding of the relationship between synaptopathy and wave | amplitude is based
on animal data. Use of ABR wave | amplitude as an indicator of synaptopathy requires
recognition of the limitations associated with using an indirect measure of auditory nerve
function and our uncertainty about how well human auditory nerve anatomy parallels what
has been observed in rodent models.
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Figure 1. Example human ABR waveform.
ABR peaks I-V are labelled on an ABR waveform recorded in a human participant using a

tiptrode. The subscript p indicates the wave peak and the subscript t indicates the following
trough. SP indicates the summating potential.
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Cochlear synapses ABR
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Outer hair cells DPOAEs

Figure 2. Schematic illustrating relationships between elements of the peripheral auditory
system and audiological measurements.

Cochlear synaptic function impacts the ABR, but can also have a small effect on pure tone
thresholds. OHC function influences pure tone thresholds, DPOAEs, and potentially the
ABR. If a regression model includes pure tone thresholds as a predictor, this may adjust out
both OHC function and cochlear synaptic function.
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Figure 3. Schematic demonstrating the concept of post-treatment bias.
Noise exposure is assumed to impact both cochlear synapses (a) and OHCs (b). Cochlear

synaptic function is measured using the ABR (a’) and OHC function using DPOAEs (b’).
To assess the impact of noise exposure on cochlear synapses, we evaluate the effect of
noise exposure on the ABR (A). OHC function may alter the ABR (c), but if we try to
adjust out the impact of OHC function on the ABR by including DPOAEs as a predictor

in our regression model, we may also be adjusting out the noise exposure effect on the
ABR (A) because noise exposure also impacts DPOAEs (B). This problem is referred to as
post-treatment bias.
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Figure 4. Comparison of relationship between age and ABR wave | amplitude across human
studies.

Results of multivariate regression models relating age and ABR wave | amplitude are plotted
for five studies. Note that there are some differences between these studies/analyses that may
impact the intercept and slope for each study. The Konrad-Martin et al. and Johannesen et
al. studies measured wave | amplitude using a mastoid electrode, while the other studies
used a tiptrode. Konrad-Martin et al., Johannesen et al., Carcagno & Plack, and Grant et al.
used click stimuli, while Bramhall et al. used a 4 kHz toneburst and stimulus presentation
level varied across study (Konrad-Martin et al: 110 dB peSPL, Bramhall et al.: 80 dB nHL,
Johannesen et al.: 105 dB peSPL, Carcagno & Plack: 105 dB peSPL, Grant et al.: 125 dB
peSPL). Pure tone thresholds were averaged over 2, 3, and 4 kHz for the Konrad-Martin et
al. study, over .5, 1, 2, and 4 kHz for the Bramhall et al., Johannesen et al., and Carcagno

& Plack studies, and over 0.25-8 kHz for the Grant et al. study. In addition to including

the predictors age and pure tone average in the regression model, the Bramhall et al.
analysis included an interaction effect between age and average pure tone threshold, while
the Konrad-Martin et al. study included stimulus rate and an interaction between stimulus
rate and age. The data from Johannesen et al, Carcagno & Plack, and Grant et al. were
reanalyzed so that the regression models were similar to the models from the other two
studies. To be consistent with the other studies, Carcagno & Plack’s unmasked ABR wave

| amplitude data recorded using a tiptrode and Grant et al.’s unmasked ABR data measured
from peak to the following trough was used for the modeling. The revised regression models
included age and average pure tone thresholds as predictors of wave | amplitude. Sex was
also included as a predictor for the Carcagno & Plack and Johannesen et al. datasets. As

in Bramhall et al. and Konrad-Martin et al., subject-specific random effects were used to
account for variation in wave | amplitude due to sex/head size and the correlation between
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the two ears of a subject for the Grant et al. dataset, which included data for the right and left
ears of each subject. For the purpose of plotting, average pure tone thresholds were set to 15
dB HL, sex was set to male, and rate was set at 11/sec. Equations are as follows, Bramhall
etal.: y=0.72597 -(0.00892 * age) — (0.01044 * 15) + (0.00017 * age *15), Konrad-Martin
et al.: y=0.39448 - (0.00395 *15) — (0.00255 * 11) — (0.00269 * age) + (0.00003 * 11 *

age), Johannesen et al.: y = 0.5264 — (0.0066 * age) - (0.0004 * 15), Carcagno & Plack: y =
0.5181 — (0.0063 * age) - (0.00003854 *15), Grant et al.: y = 0.537 - (0.006 * age) — (0.004
*15).
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