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A current initiative in auditory neuroscience research is to better understand why some listeners struggle
to perceive speech-in-noise (SIN) despite having normal hearing sensitivity. Various hypotheses
regarding the physiologic bases of this disorder have been proposed. Notably, recent work has suggested
that the site of lesion underlying SIN deficits in normal hearing listeners may be either in “sub-clinical”
outer hair cell damage or synaptopathic degeneration at the inner hair cell-auditory nerve fiber synapse.
In this study, we present a retrospective investigation of these peripheral sources and their relationship
with SIN performance variability in one of the largest datasets of young normal-hearing listeners pre-
sented to date. 194 participants completed detailed case history questionnaires assessing noise exposure,
SIN complaints, tinnitus, and hyperacusis. Standard and extended high frequency audiograms, distortion
product otoacoustic emissions, click-evoked auditory brainstem responses, and SIN performance mea-
sures were also collected. We found that: 1) the prevalence of SIN deficits in normal hearing listeners was
42% when based on subjective report and 8% when based on SIN performance, 2) hearing complaints and
hyperacusis were more common in listeners with self-reported noise exposure histories than controls, 3)
neither extended high frequency thresholds nor compound action potential amplitudes differed between
noise-exposed and control groups, 4) extended high frequency hearing thresholds and compound action
potential amplitudes were not predictive of SIN performance. These results suggest an association be-
tween noise exposure and hearing complaints in young, normal hearing listeners; however, SIN per-
formance variability is not explained by peripheral auditory function to the extent that these measures
capture subtle physiologic differences between participants.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction with normal audiograms and to translate these findings into
improved clinical diagnosis and management of afflicted patients.

Various hypotheses regarding the etiology of SIN deficits with
normal audiograms have been proposed (Grose et al., 2017;

Pienkowski, 2017). Initially, the disorder was considered to be

Audiologists routinely encounter patients with normal audio-
grams who complain of speech-in-noise (SIN) deficits (Zhao and
Stephens, 2007). The etiology of this disorder remains unclear,
and there are currently no clinical guidelines regarding its pre-
vention, treatment, or rehabilitation (Jerger, 2011; Pryce and
Wainwright, 2008). The existence of this phenotype indicates that
one or more auditory processing deficits go undetected by the
standard audiometric test battery. Thus, a current focus in auditory
research is to better understand the basis of SIN deficits in listeners

2 SIN deficits with normal hearing sensitivity have also been referred to as King-
Kopetzky Syndrome (Hinchcliffe, 1992), Auditory Processing Disorder (Musiek et al.,
2018), obscure auditory dysfunction (Saunders and Haggard, 1989), auditory
disability with normal hearing (King and Stephens, 1992), idiopathic discriminatory
dysfunction (Rappaport et al., 1993), speech-perception-in-noise (SPiN) impairment
(Guest et al., 2018), and “hidden hearing loss” when the suspected site of lesion is at
the level of the auditory nerve (Liberman et al., 2016; Kujawa and Liberman, 2009).

3 Previous work has shown sex differences in some parameters of interest to the
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current study, such as CAP amplitude (e.g., Grinn et al.,, 2017; Stamper and Johnson,
2015). Notably, these differences emerged when using very intense signals (~120 dB
ppeSPL; see Fig. 1D in Grinn et al., 2017). We did not observe sex differences in any
parameter in our initial analyses; therefore, sex was not included as an independent
variable.
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“nonorganic” and therefore psychological in origin (Doerfler and
Stewart, 1946; Hinchcliffe, 1992; King and Stephens, 1992). Some
studies have reported relationships between anxiety and depres-
sion and poor performance on SIN tasks for normal hearing lis-
teners (Pryce et al., 2010; Zhao and Stephens, 2000), whereas
others have identified possible contributions from environmental
and lifestyle factors (Tremblay et al., 2015). The heterogeneity of
these reported relationships makes it difficult to isolate specific
psychological or lifestyle characteristics to investigate clinically,
particularly in ENT and/or audiologic settings where the evaluation
of such parameters falls largely outside the professional scope of
practice.

More recent work has focused on physiological deficits in audi-
tory processing that are undetectable with the standard audio-
metric test battery but may be potent enough to cause functional
hearing impairment. For example, work in humans indicates that
outer hair cell dysfunction can occur without an elevation in
standard audiometric thresholds (Badri et al., 2011; Lapsley-Miller
et al.,, 2006; Narula and Mason, 1988). This “sub-clinical” outer hair
cell damage is indexed by reduced otoacoustic emissions ampli-
tudes (Hobem et al., 2017; Lapsley-Miller et al., 2006), elevated
thresholds in the extended high frequency (EHF) range (>8 kHz),
and wider auditory filter bandwidths measured psychophysically
within the standard audiometric range (<8 kHz; Badri et al., 2011;
Narula and Mason, 1988; Pick and Evans, 1983). The importance of
EHF hearing is further supported by the observation that elevated
thresholds in this range are related to poorer SIN performance in
reverberant conditions (Besser et al., 2015). It has thus been sug-
gested that EHF thresholds may serve as a “barometer” of cochlear
health and should be included in the clinical test battery (e.g.,
Moore et al., 2017).

Another pathophysiology that has been offered as the cause of
SIN deficits with normal audiograms is “cochlear synaptopathy”:
noise- and/or age-induced synaptic loss between inner hair cells
and low-spontaneous rate auditory nerve fibers without systemic
hair cell loss (Furman et al., 2013; Hickox et al., 2017; Kujawa and
Liberman, 2009). This site of lesion spares hearing threshold
sensitivity and hair cell function but reportedly impairs supra-
threshold neural encoding of auditory signals (see Carney, 2018
for an alternative interpretation). Thus, the physiologic “profile”
of synaptopathy is normal standard audiometric thresholds and
otoacoustic emissions with abnormally small auditory nerve com-
pound action potential (CAP) amplitudes evoked by suprathreshold
stimuli. This profile has been demonstrated in noise-exposed mice
(Fernandez et al., 2015; Kujawa and Liberman, 2009; Wang and
Ren, 2012), rats (Lobarinas et al., 2017), and guinea pigs (Furman
et al., 2013; Lin et al, 2011 Shi et al.,, 2013). The existence of
cochlear synaptopathy has been confirmed histologically in each of
these models as well as rhesus macaques (Hickox et al., 2017;
Valero et al., 2017). With the exception of one study, data relating
confirmed cases of cochlear synaptopathy with perceptual deficits
in animals are currently unavailable. Lobarinas et al. (2017) re-
ported poorer signal-in-noise detection and reduced CAPs in rats
with noise-induced cochlear synaptopathy compared to controls;
however, the perceptual effects were only observed at low signal-
to-noise ratios and did not correlate with degree of CAP reduc-
tion. To empirically address the relationship between confirmed
cochlear synaptopathy and behavior, more animal studies
combining physiologic and perceptual measurements must be
undertaken.

Motivated by the aforementioned animal research, several
investigators have speculated that human cochlear synaptopathy
underlies SIN deficits in listeners with normal audiograms and
may also be related to tinnitus and hyperacusis (Kujawa and
Liberman, 2009; Lin et al, 2011; Makary et al, 2011;

Prendergast et al., 2016, 2017 Schaette and McAlpine, 2011;
Spankovich et al., 2018; Stamper and Johnson, 2015a,b). Studies
investigating these hypothesized relationships have produced
mixed results. For example, Bharadwaj et al. (2015) reported
correlations between subcortical neural encoding of amplitude
modulations and spatial hearing performance in a small pre-
liminary dataset of young adults. Although these neural responses
reflected phase-locked potentials from multiple subcortical
auditory nuclei, the authors interpreted their results as being
consistent with cochlear synaptopathy, as envelope encoding
deficits were also associated with self-reported history of noise
exposure (cf. Shaheen et al, 2015). Similarly, Liberman et al.
(2016) reported a higher prevalence of hyperacusis, poorer SIN
perception, and larger summating potential (SP)/CAP amplitude
ratios in a small sample of young listeners with a history of noise
exposure compared to controls. It is important to note, however,
that the SP/CAP ratio differences were driven by SP amplitude
differences, which are mainly preneural components related to
hair cell activity (Dallos et al., 1982; Eggermont, 2017; Russell and
Sellick, 1978) and not CAP reductions, as predicted by animal
models. This observation, combined with poorer EHF thresholds
in the noise exposed group, suggest that group differences may be
related to sub-clinical outer hair cell damage and not cochlear
synaptopathy, although the relationship between the two remains
poorly understood. Multiple studies from different research
groups have failed to demonstrate relationships between noise
exposure history, SIN deficits, and electrophysiologic measures of
synaptopathy (Bramhall et al., 2017; Fulbright et al., 2017; Grinn
et al., 2017; Grose et al., 2017; Guest et al., 2018; Prendergast
et al., 2017).

Some discrepancies in the human literature may be related to
the different tools used to assess noise exposure history, SIN per-
formance, and neurophysiologic function. However, a more signif-
icant problem may be that few large-scale studies including a
sizeable number of participants with normal audiograms and poor
SIN performance have been conducted (Guest et al., 2018). Future
large-scale studies should address this issue by prospectively
recruiting participants with this phenotype (see Grinn et al., 2017),
as has been done with a smaller sample by Guest et al. (2018). In the
meantime, widespread interest in this problem provides an op-
portunity for auditory research laboratories and clinics to screen
their databases for evidence of peripheral sources of SIN variability
in listeners with normal audiograms.

To this end, the present study is a retrospective analysis of a
large dataset of young normal-hearing listeners who participated
in multiple studies in the Auditory Neuroscience Laboratory at
Northwestern University between 2009 and 2017. While these
studies had distinct goals, they had a common set of audiological
screening tests suitable for addressing the questions posed below.
Participants completed case history questionnaires assessing noise
exposure, SIN complaints, tinnitus, and hyperacusis. Standard and
EHF audiograms, distortion product otoacoustic emissions
(DPOAESs), click-evoked auditory brainstem responses, and SIN
performance measures were also collected.

The specific goals of this study were to leverage this large
dataset to assess:

1. The prevalence of SIN deficits in a group of young adult listeners

2. The association between self-reported noise exposure history
and hearing complaints, tinnitus, and hyperacusis

3. The relationship between EHF thresholds and SIN performance

4. The relationship between auditory brainstem response wave |
amplitudes and SIN performance
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2. Materials and methods
2.1. Participants

The Institutional Review Board of Northwestern University
approved the following methods. Participants were selected from
the Auditory Neuroscience Laboratory database using the following
inclusion criteria: 1) Participant age was between 18 and 30 years,
2) English was the participant's primary language, 3) No significant
history of neurologic or otologic disease was reported, 4) Otoscopy
revealed normal tympanic membranes and normal standard
audiometric thresholds (0.25—8 kHz; < 20 dB HL) bilaterally. This
screening identified 323 participants. We selected the subset who
had completed all measurements described in the Procedures
section, resulting in 194 participants (90 females, mean age:
22.56 yr. SD).

2.2. Procedures

2.2.1. Questionnaire

Subjects completed an extensive case history questionnaire
prior to or during their first testing visit. Subsections of this ques-
tionnaire included: Family History, Medical History, Speech and
Language Development, and Education History. The present anal-
ysis focused on respondents’ answers to medical history questions
regarding noise exposure, difficulty hearing in a variety of settings,
tinnitus, and hyperacusis.

Participants were asked whether they had experienced exces-
sive noise exposure by indicating “yes” or “no” and, if so, to elab-
orate on the nature and estimated duration and/or frequency of the
exposure. While more sophisticated noise questionnaires exist (see
Fullbright et al.,, 2017; Johnson et al., 2017; Megerson, 2010;
Prendergst et al., 2017; Spankovich et al.,, 2018; Stamper and
Johnson, 2015a), some evidence indicates that recall of noise ex-
posures and dosimetry measurements of those exposures are
highly correlated (Reeb-Whitaker et al., 2004). Participants’ re-
sponses to this question were used to divide participants into
“noise exposed” and “control” groups.

The following prompt was used to assess each listener's sub-
jective hearing difficulty:

Please indicate all situations in which you have difficulty
hearing:

. On the telephone

. In a conversation with one person
. In a group

. In noisy situations

. When people talk too fast

. In large rooms/auditoriums

AU A WN -

Affirmative responses were summed and used to quantify sub-
jective hearing difficulty on a scale from O to 6. These values were
used to calculate mean hearing complaints for noise exposed and
control groups.

Participants were asked whether they had chronic tinnitus and,
if so, to describe its duration, laterality, quality (ringing, buzzing,
roaring, pulsing, or other), and severity on a 0—6 scale. In addition,
participants were asked the following question to determine
whether they were hyperacusic:

Do you consider yourself to be more sensitive to sound than
others (i.e., are you hypersensitive to sound)?

The proportion of subjects reporting tinnitus and/or hyperacusis
was evaluated for noise-exposed and control groups, as both are
suggested correlates of synaptopathy (Hickox and Liberman, 2014;
Kujawa and Liberman, 2015; Plack et al., 2014; Schaette et al., 2014;

Schaette and McAlpine, 2011).

2.2.2. Audiograms

Air conduction audiometric thresholds were obtained bilaterally
from 0.25 to 14kHz using a Grason-Stadler GSI 61 audiometer.
Thresholds in the standard audiometric range (0.25—8 kHz) were
obtained using Etymotic 3A insert earphones, whereas Sennheiser
HDA 200 circumaural earphones were used from 10 to 14 kHz. For
our statistical analyses, EHF thresholds (10, 12.5, and 14 kHz) were
averaged to generate a single number representing extended high
frequency sensitivity. All thresholds were quantified using a
modified Hughson-Westlake procedure with 10 dB descending and
5dB ascending step sizes (Carhart and Jerger, 1959). Bone con-
duction thresholds were obtained in some, but not all, participants
and were therefore not analyzed. All testing was conducted in a
sound treated room. Although participants were screened for
normal hearing bilaterally, only right ear thresholds were assessed
for this analysis.

2.2.3. Distortion product otoacoustic emissions (DPOAEs)

DPOAEs were acquired using the Biologic Scout system (Natus
Corp., San Carlos, CA). Measurements were made using two pri-
mary tones, f; and f, (fy/fi=1.22; f, Level=55dB SPL, f;
Level = 65 dB SPL), presented at discrete frequencies of f2 =1, 1.5, 2,
3,4, 6, and 8 kHz. Only right ear DPOAEs were evaluated.

2.2.4. Click-evoked auditory brainstem responses

Auditory brainstem responses (ABRs) were elicited and recor-
ded with a Biologic Navigator AEP system (Natus Corp., San Carlos,
CA) using a 100-pus square-wave click (98.5 dB ppeSPL) presented at
a rate of 31/sec to the right ear. Responses were collected using the
following montage: Cz (+), right earlobe (—), and forehead (GND). A
limitation of this montage is that the compound action potential
(CAP; synonymous with ABR wave I) tends to be smaller than when
recorded using “tip-trodes” or tympanic membrane (TM) elec-
trodes; however, CAP amplitudes are more variable with tip-trodes
(Roland et al., 1993, 1995) and TM electrodes may alter the con-
duction characteristics of the middle ear, particularly at low to mid-
frequencies (Smith et al., 2016). Recent evidence indicates that
despite being slightly smaller in amplitude, CAPs collected from
mastoid electrodes have nearly equivalent test-retest reliability to
CAPs collected with tip-trodes (Prendergast et al., 2018). Three
click-evoked ABRs consisting of 2000 sweeps were recorded from
each subject during his or her test session; these responses were
averaged together to create a grand average waveform that was
analyzed offline in MATLAB.

Based on previous work suggesting that CAP and SP amplitudes
are sensitive to cochlear synaptopathy, we focused our analysis on
these early ABR components. CAPs were automatically identified
within the 1.45—1.95 ms epoch using MATLAB's findpeaks function.
SPs were automatically identified as the highest inflection point
within the first millisecond after stimulus onset (i.e., the point at
which the first derivative of the waveform changed from a positive
value to approximately 0). The accuracy of the automated CAP and
SP identification was assessed by the first author and adjusted if
needed; the author was blind to subject groupings during this
process and alterations to automatically picked peaks were
required in about 12% of responses. CAP and SP amplitudes were
quantified relative to the average pre-stimulus baseline amplitude
(—0.8-0 ms), and only response amplitudes exceeding one standard
deviation above the pre-stimulus noise floor were considered for
analysis. Using this method, CAPs were identified in 189 partici-
pants (97%) and SPs were identified in 157 participants (81%).
Although SP/CAP ratios have been reported in the literature
(Liberman et al., 2016), this metric has poor test-retest reliability
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(Prendergast et al., 2018) and obfuscates whether group differences
are due to preneural or neural components.

2.2.5. QuickSIN

The QuickSIN is a widely-used non-adaptive test of SIN
perception. Participants are asked to repeat sentences they hear
diotically from a target speaker in the presence of four-talker
babble. The presentation level of the target speaker decreases by
5dB for each sentence while the background babble is held con-
stant, and the listener receives one point for each target word
correctly repeated. The total number of words correct is subtracted
from 25.5 to obtain a “signal-to-noise ratio threshold”, which re-
flects the signal-to-noise ratio required for a listener to understand
50% of the target speech. A signal-to-noise ratio threshold <2 is
considered normal performance (see Killion et al., 2004).

2.3. Statistical analyses’

The number of hearing complaints reported by control and
noise exposed groups were compared using a Mann-Whitney U
test. Associations between group and self-reported tinnitus and
hyperacusis, respectively, were evaluated using chi-squared tests.
Repeated measures analysis of variance was used to evaluate dif-
ferences between groups for audiometric thresholds, DPOAEs, and
CAP and SP amplitudes, whereas two-tailed t-tests for unequal
variances were used to evaluate QuickSIN scores. Linear regression
analyses were used to test if CAP amplitudes or EHF thresholds
were respectively predictive of QuickSIN performance. Because
relationships between many outcome variables were examined in
this study, Bonferroni-adjusted alpha levels of 0.006 per test were
used.

3. Results
3.1. Hearing complaints, tinnitus, and hyperacusis

Sixty-three of the 194 participants reported a history of exces-
sive noise exposure. While some participants provided detailed
estimates of their noise exposure history (e.g., “drums for 5—6 h/wk
for the last 10 years without hearing protection”), others did not
elaborate. Thus, further subdividing the noise exposed group by
severity was not possible. Eighty-two participants reported one or
more situations in which they experienced hearing difficulties;
notably, the noise exposed group had significantly more hearing
complaints than the control group (U=1112, p <0.001; Fig. 1A).
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There was no association between noise exposure history and
tinnitus (y(1) = 1.32, p = 0.25; Fig. 1B). Hyperacusis was more likely
to be reported by noise exposed listeners than by controls
(%(1)=4.21, p=0.046; Fig. 1C); however, the significance of this
relationship did not survive Bonferroni correction.

3.2. Hearing thresholds and DPOAEs

Audiograms and DPOAEs for control and noise exposed groups
are shown in Fig. 2. Mean thresholds in the standard audiometric
range were highly similar between groups (F(1,192)=1524,
p=0.1; Fig. 2A). Above 10 kHz, mean thresholds were poorer in the
noise exposed group than in controls; however, these differences
did not reach significance at any frequency.

DPOAEs, a proxy measure of outer hair cell function, did not
significantly differ between groups at any frequency
(F(1,189) = 7.02, p=0.09; Fig. 2B). Similar to audiometric thresh-
olds, however, there was a trend for DPOAEs at the highest test
frequencies to be poorer in noise exposed relative to control ears.

3.3. SP and CAP amplitudes

Auditory brainstem response morphology was highly similar
between control and noise exposed groups (Fig. 3). SP
(t(93) = —0.13, p=0.90) and CAP (t(107) = —0.15, p = 0.88) ampli-
tudes did not significantly differ between groups (Fig. 3, inset).

3.4. SIN performance

QuickSIN performance did not differ between control and noise
exposed groups (t(192) = —0.35, p = 0.73; Fig. 4A). Out of 194 par-
ticipants, 18 (9%) scored outside the normal performance range
(>2dB  SNR) on the QuickSIN. Neither CAP amplitude
((F(1,188)=3.89, p=0.19; Fig. 4B) nor mean EHF threshold
((F(1,192) =2.90, p = 0.3; Fig. 4C) predicted QuickSIN performance
based on a linear regression analyses.

4. Discussion

The present study examined peripheral sources of SIN vari-
ability in one of the largest reported datasets of young adults with
normal audiograms. In the following sections, we contextualize our
findings within the current debate regarding listeners with SIN
deficits and normal audiograms, discuss limitations of our
approach, and suggest avenues for future research.
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Fig. 1. (A) Participants in the noise exposed group reported on average more situations in which they experienced difficulty hearing than the control group (p < 0.001). (B) Tinnitus
was reported equally by control and noise exposed groups. (C) Hyperacusis was more likely to be reported by noise exposed participants than controls (p = 0.046). Note that the

Bonferroni-adjusted alpha levels were 0.006 for each test.
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Fig. 2. (A) Mean standard audiometric thresholds (grey shaded area) were highly similar between control (black) and noise exposed (purple) groups. Thresholds began to deviate
between groups in the EHF range. (B) DPOAEs levels (connected markers) and noise floors (unconnected markers) are plotted as a function of frequency. DPOAEs did not
significantly differ at any test frequency. Above 3 kHz, noise exposed listeners trended toward smaller DPOAEs than controls. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. ABR waveform morphology was highly similar between control (black) and
noise exposed (purple) groups (shading = 1 SEM). SP and CAP amplitudes did not differ
between the two groups (inset). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

4.1. Phenotype prevalence

The estimated prevalence of SIN deficits in listeners with normal
audiograms in our sample depends upon whether self-report or
performance-based measurements of SIN ability are assessed.
Eighty-two participants (42%) reported one or more situations in
which they struggled to hear on the case history questionnaire. In
their analysis of the Beaver Dam Offspring Study data, Tremblay
et al. (2015) found that approximately 30% of 20—29-year-olds re-
ported similar complaints. This number dropped to 3% when all
adults (20—67 years old) were included to estimate population-
wide phenotype prevalence. The lower population-wide

prevalence may be driven by the fact that older adults complaining
of SIN difficulty are more likely to have abnormal audiograms
consistent with sensorineural hearing loss.

When a performance-based measurement of SIN ability (the
QuickSIN) was used to categorize listeners, only 18 participants
(9%) fit the phenotype. This may suggest that the QuickSIN, a tool
designed to assess directional microphone and/or FM system can-
didacy for hearing aid users, is not the best tool for evaluating
young listeners. More difficult speech materials, such as single
words in noise or time compressed speech in reverberant condi-
tions (e.g., Liberman et al., 2016) may be warranted to assess this
demographic; however, these more complex tasks likely make
performance dependent on cognitive and/or attentional mecha-
nisms beyond auditory processing. Nevertheless, the suggestion
that SIN difficulties are widespread in young listeners with normal
audiograms (e.g., Liberman, 2015) may be premature until 1) more
epidemiologic data specifically examining this problem are pub-
lished and 2) a consensus on how to best classify these listeners
(i.e., self-report or performance-based metrics) is reached. Perhaps
the purest cases of “hidden hearing loss” are those in which suf-
ferers feel impaired enough to seek professional help from ENTSs
and audiologists. Thus, future studies should recruit directly from
clinical settings, where as many as 10% of patients fit the phenotype
(Rappaport et al.,, 1993; Higson et al., 1994). However, our results
indicate that listeners' self-reported difficulty may underestimate
their true auditory performance. Our findings also reinforce pre-
vious reports of a poor concordance between self-reported SIN
abilities and performance on clinical measures (Anderson et al.,
2013).

4.2. Self-reported noise exposure history, hearing complaints,
tinnitus, and hyperacusis

Suggested correlates or sequelae of synaptopathy are difficulty
hearing in everyday settings, tinnitus, and hyperacusis (Hickox
et al,, 2014; Kujawa and Liberman, 2015; Knipper et al., 2013;
Plack et al., 2014; Schaette et al., 2014; Schaette and McAlpine,
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Fig. 4. (A) QuickSIN scores did not differ between control (- Hx) and noise exposed (+Hx) groups. There was not a significant linear relationship between CAP amplitude (B) or mean

EHF threshold (C) and QuickSIN score.

2011). Therefore, we were interested in how self-reports of these
parameters differed in control versus noise exposed groups. Lis-
teners reporting noise exposure histories were more likely to
complain both of SIN deficits and hyperacusis compared to con-
trols; however, the latter relationship did not survive correction for
the multiple comparisons made in this study. Tinnitus complaints
were equally associated with each group. These findings suggest
that, although rudimentary, our questionnaire accurately captured
some aspect of noise exposure history and that our grouping of
participants was valid. This is further supported by previous work
suggesting that recall of task-based noise exposure and dosimetry
measurements of those exposures are highly correlated (Reeb-
Whitaker et al., 2004).

Development of more sophisticated clinical and research tools
to quantify noise exposure history is underway (Johnson et al.,
2017; Prendergast et al., 2017). For example, the Noise Exposure
Questionnaire (NEQ) has been used by a variety of groups as a
method to estimate annual hours of noise exposure (Fullbright
et al, 2017; Johnson et al., 2017; Megerson, 2010; Spankovich
et al., 2018; Stamper and Johnson, 2015a). Recently, Johnson et al.
(2017) presented a distilled version of the NEQ, the 1-Minute
Noise Screen, which may be appropriate for identifying “at risk”
listeners in clinical and research settings. Prospective studies using
dosimetry measurements and/or controlled noise exposures to
evaluate the effects of noise on auditory physiology and function in
normal hearing listeners are beginning to shed light on the “dam-
age-risk” of synaptopathy in humans (e.g., Grinn et al., 2017; Grose
et al., 2017; Skoe and Tufts, 2018). Grose et al. (2017) reported no
effect of common recreational noise exposure on perceptual per-
formance in humans and a weak relationship between noise
exposure and wave I/V amplitude ratios that would likely not sur-
vive statistical correction for multiple comparisons. This suggests
that more conservative recommendations for recreational and
occupational noise exposure aimed at limiting human cochlear
synaptopathy and its hypothesized sequelae may be, at present,
premature (see Dobie and Humes, 2017; Murphy and Le Prell,
2017).

4.3. Standard and EHF audiometry

Irrespective of the frequency characteristics of a traumatic

sound, the initial signs of noise-induced outer hair cell damage
appear in the extreme cochlear base and therefore affect EHF
thresholds first (Fried et al., 1976; Liberman and Kiang, 1978; Wang
et al., 2002). Work in humans has also revealed that EHF threshold
elevation is associated with poorer cochlear tuning in the standard
audiometric range (<8 kHz). Broader cochlear tuning results in
spectral smearing and may produce more pronounced masking
effects in noisy environments (Besser et al., 2015; Narula and
Mason, 1988; Pick and Evans, 1983) as well as greater difficulty in
real-world tasks, such as SIN perception (Badri et al., 2011). Thus,
EHF thresholds may not only be a harbinger of further damage to
come with continued noise exposure - they may also index sys-
temic sub-clinical outer hair cell damage that has already occurred.

Audiometric thresholds for our control and noise-exposed
groups were highly similar in the standard range and began to
diverge in the EHF range (Fig. 2A). Although these differences did
not reach significance, others have reported stark group differences
in EHF thresholds for control and noise exposed listeners, partic-
ularly at the upper frequency limits of a standard clinical audiom-
eter (~16 kHz). In fact, the most consistent finding of studies on the
risks of personal music players is EHF threshold elevation (e.g., Le
Prell et al., 2013). Like Liberman et al. (2016), we found that mean
EHF thresholds were not predictive of speech perception perfor-
mance (Fig. 4C); however, it is notable that the three worst SIN
performers in our dataset had relatively poor mean EHF thresholds.
Moore et al. (2017) have advocated for widespread acquisition of
EHF thresholds in clinical and research settings, as it provides op-
portunities to 1) capture variation in hearing sensitivity that stan-
dard audiograms do not and 2) counsel patients on occupational
and recreational noise exposure risks.

4.4. Cochlear synaptopathy as indexed by SP and CAP amplitudes

Experiments in a variety of animal species have compellingly
demonstrated that titrated noise exposure can cause cochlear
synaptopathy while sparing both inner and outer hair cells and
hearing sensitivity (Fernandez et al.,, 2015; Furman et al., 2013;
Kujawa and Liberman, 2009; Lin et al., 2011; Lobarinas et al., 2017;
Shi et al.,, 2013; Wang and Ren, 2012; Valero et al., 2017; also see
Mulders et al., 2018 for a discussion regarding occult inner hair cell
damage from noise exposure). Data linking confirmed cases of
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synaptopathy to perceptual deficits, however, are currently limited
(Lobarinas et al., 2017). Nevertheless, the suggestion that synapt-
opathy might underlie SIN deficits in individuals with normal au-
diograms (Kujawa and Liberman, 2009) has motivated many
research groups to search for evidence of synaptopathy and its
sequelae in humans.

CAP amplitude measurements have been used most often to
assess synaptopathy in humans, although other electrophysiologic
measures, such as envelope following responses (e.g., Bharadwaj
et al., 2015) and cortical responses to interaural phase shifts
(Grose et al., 2017), have also been reported. With some exceptions
(Liberman et al., 2016; Stamper and Johnson, 2015a,b) most studies
evaluating the relationships between recreational noise exposure,
CAP reductions, and SIN performance have produced null results
(Fulbright et al., 2017; Grose et al., 2017; Grinn et al., 2017; Guest
et al., 2017, 2018; Prendergast et al., 2017a, 2018; Spankovich
et al,, 2018). Interestingly, Grose et al. (2017) found modest evi-
dence of human cochlear synaptopathy in listeners with loud music
exposure history; however, this relationship would likely not sur-
vive statistical correction for multiple comparisons. In addition,
loud music exposure did not impact psychophysical or SIN test
results. The current state of the literature suggests that synaptop-
athy may exist in humans, but its perceptual consequences are
perhaps overstated.

Here, we examined one of the largest datasets of young normal
hearing adults reported in the literature and found that CAP
amplitude does not differ between control and noise exposed
groups and is not predictive of SIN performance. These results are
consistent with the findings of many other research groups. Others’
and our results may indicate that either: 1) synaptopathy is not a
source of SIN variability in normal hearing listeners or 2) the extent
to which synaptopathy can be noninvasively indexed in humans is
limited by the available methodology. For example, inter-subject
variability in CAP amplitudes is caused by a variety of factors,
such as cochlear length (Don et al., 1994) and head size (Nikiforidis
et al., 1993), as well as factors related to electrode impedance and
montage configuration. These factors may sum to obscure “true”
differences in neural responses between test groups if they exist. A
limitation of our recording montage is that the inverting electrode
was farther from the cochlear source of the SP and CAP compared to
other methods (e.g., tip-trode or TM electrode); however, we were
able to identify SP in 81% and CAP in 97% of subjects. Future studies
of human cochlear synaptopathy may benefit from the use of a
stimulus that generates a larger and less variable CAP. For example,
broadband and narrowband chirps generate larger CAPs than clicks
and tone bursts by compensating for basilar membrane delays and
thus synchronizing auditory nerve fiber discharges (Chertoff et al.,
2010; Smith et al., 2017). Further, when measured in the presence of
high-pass masking, chirp evoked CAPs have been used to estimate
auditory nerve fiber survival in animals with punctate laser-
induced neural lesions (Earl, 2015; Earl and Chertoff, 2010, 2012,
2013).

4.5. Neural correlates of SIN perception

The frequency following response (FFR) is a neural potential
dominated by rostral brainstem and midbrain phase-locking to
envelope and fine structure features of a stimulus, such as speech
(Chandrasekaran and Kraus, 2010; Krishnan, 2002; Skoe and Kraus,
2010). The FFR has been used extensively to assess neural encoding
of speech in quiet and in noise and to explore relationships be-
tween physiologic and perceptual processes. Previous work dem-
onstrates a link between the speech FFR and SIN performance
across the lifespan. For example, fundamental frequency encoding
correlates with SIN performance in children (Anderson et al., 2010;

Thompson et al., 2017), young adults (Song et al., 2011), and older
adults (Anderson et al., 2011, 2013). Further, speech FFR timing is
slower in older adults (60—67 years) with normal hearing
(Anderson et al., 2012), a population that nevertheless exhibits SIN
difficulties (cf. Anderson et al., 2010). The tight coupling between
the speech FFR and perceptual performance suggests that it may be
a fruitful tool for evaluating listeners with SIN deficits and normal
audiograms. Some researchers have suggested that, although the
FFR does not index auditory nerve health directly, it may reflect
“downstream” consequences of cochlear synaptopathy (Bharadwaj
et al., 2015). Work is underway to assess whether individuals with a
history of noise exposure have more degraded speech FFR features
and whether these features are at all related to proposed measures
of synaptopathy, such as the CAP.
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