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Evoked Potentials Reveal Noise
Exposure–Related Central Auditory

Changes Despite Normal Audiograms

Naomi F. Bramhall,a,b Christopher E. Niemczak,c Sean D. Kampel,a

Curtis J. Billings,a,b and Garnett P. McMillana,d
Purpose: Complaints of auditory perceptual deficits, such as
tinnitus and difficulty understanding speech in background
noise, among individuals with clinically normal audiograms
present a perplexing problem for audiologists. One potential
explanation for these “hidden” auditory deficits is loss of the
synaptic connections between the inner hair cells and their
afferent auditory nerve fiber targets, a condition that has been
termed cochlear synaptopathy. In animal models, cochlear
synaptopathy can occur due to aging or exposure to noise
or ototoxic drugs and is associated with reduced auditory
brainstem response (ABR) wave I amplitudes. Decreased
ABR wave I amplitudes have been demonstrated among
young military Veterans and non-Veterans with a history of
firearm use, suggesting that humans may also experience
noise-induced synaptopathy. However, the downstream
consequences of synaptopathy are unclear.
Method: To investigate how noise-induced reductions in
wave I amplitude impact the central auditory system, the
ABR, the middle latency response (MLR), and the late
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latency response (LLR) were measured in 65 young
Veterans and non-Veterans with normal audiograms.
Results: In response to a click stimulus, the MLR was
weaker for Veterans compared to non-Veterans, but the
LLR was not reduced. In addition, low ABR wave I amplitudes
were associated with a reduced MLR, but with an increased
LLR. Notably, Veterans reporting tinnitus showed the largest
mean LLRs.
Conclusions: These findings indicate that decreased
peripheral auditory input leads to compensatory gain in
the central auditory system, even among individuals with
normal audiograms, and may impact auditory perception.
This pattern of reduced MLR, but not LLR, was observed
among Veterans even after statistical adjustment for sex
and distortion product otoacoustic emission differences,
suggesting that synaptic loss plays a role in the observed
central gain.
Supplemental Material: https://doi.org/10.23641/asha.
11977854
I t is becoming increasingly apparent that a normal
audiogram does not necessarily represent a normal
auditory system. An estimated 12% of individuals

with clinically normal hearing report difficulty understand-
ing speech in complex listening situations (Tremblay et al.,
2015). Reported hearing difficulty is even more prevalent
among noise-exposed populations such as military Veterans.
In a sample of 99 Veterans who completed the Hearing
Handicap Inventory for Adults, 27% indicated a mild-to-
moderate hearing handicap even though the mean audio-
metric thresholds for this group were better than 20 dB
HL throughout the standard audiometric range (Gordon
et al., 2017). Likewise, an analysis of more than 3 million
Veteran audiograms revealed that the prevalence of Veterans
with clinically normal hearing (i.e., hearing thresholds from
250 to 8000 Hz of ≤ 25 dB HL) seeking hearing care is twice
that of the civilian population (Billings et al., 2018). In addi-
tion, a recent retrospective analysis of Veterans Affairs
health record data found that 6% of all Iraq and Afghanistan
Veterans receiving VA care and 45% of Iraq and Afghani-
stan Veterans 26 years old and younger have a diagnosis
code for tinnitus, but not for hearing loss (Swan et al., 2017).
One explanation for auditory deficits “hidden” from the
audiogram is partial loss of the synaptic connections between
the inner hair cells (IHCs) and their afferent nerve fiber
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targets, a condition termed cochlear synaptopathy (see reviews
by Bramhall, Beach, et al., 2019; Le Prell, 2019). Cochlear
synaptopathy has been demonstrated in a variety of animal
models (mouse, gerbil, rat, chinchilla, guinea pig, and non-
human primates) in response to noise exposure or aging
(Hickox et al., 2017; Kujawa & Liberman, 2009; Lin et al.,
2011; Schmiedt et al., 1996; Sergeyenko et al., 2013; Valero
et al., 2017). Data from human temporal bones suggest
that cochlear synaptic loss can also precede hair cell loss in
humans (Viana et al., 2015; Wu et al., 2018). Although the
functional impacts of synaptopathy are predicted to include
tinnitus, hyperacusis, and difficulty understanding speech in
background noise (Kujawa & Liberman, 2015), these po-
tential consequences are challenging to assess because confir-
mation of synaptopathy in humans requires postmortem
temporal bone analysis. However, animal models indicate
that the amplitude of wave I of the auditory brainstem re-
sponse (ABR) is highly correlated with the degree of synaptic
loss (Kujawa & Liberman, 2009; Lin et al., 2011; Sergeyenko
et al., 2013). Several human studies have shown age-related
(Bramhall et al., 2015; Konrad-Martin et al., 2012) or noise
exposure–related (Bramhall et al., 2017; Grose et al., 2017;
Stamper & Johnson, 2015; Valderrama et al., 2018) reduc-
tions in ABR wave I amplitude that are consistent with
synaptopathy in animal models. Bramhall et al. (2017) ob-
served a reduction in ABR wave I amplitude among Vet-
erans with high levels of reported noise exposure during
their military service and non-Veterans with a history of
firearm use. In contrast, other studies have failed to observe
a relationship between common recreational noise exposures,
such as concerts, night clubs, and personnel music player
use, and ABR wave I amplitude (e.g., Grinn et al., 2017;
Prendergast et al., 2017). This suggests that noise-induced
synaptopathy may not be a common consequence of these
types of recreational noise exposures but may result from
very high-intensity noise exposures, such as those experi-
enced during military service or from firearm use.

Although no clear association has been demonstrated
between ABR wave I amplitude and speech-in-noise per-
ception (Bramhall et al., 2015, 2018; Fulbright et al., 2017;
Yeend et al., 2017), several studies have suggested that tin-
nitus is associated with reduced ABR wave I amplitude
(Bramhall, McMillan, et al., 2019; Bramhall et al., 2018;
Gu et al., 2012; Schaette & McAlpine, 2011). These find-
ings indicate that tinnitus may be a functional consequence
of reduced auditory input at the level of the auditory nerve.
One proposed mechanism for tinnitus generation is that
compensation occurs in the central auditory system in re-
sponse to reduced peripheral auditory input, and this compen-
satory hyperactivity gives rise to the perception of tinnitus
(Jastreboff, 1990). A similar central gain mechanism has
also been proposed for hyperacusis, a perceptual deficit that
often co-occurs with tinnitus (reviewed in Eggermont &
Roberts, 2015). Consistent with the central gain theory,
Chambers, Resnik, et al. (2016) and Chambers, Salazar,
et al. (2016) observed evidence of compensatory hyperac-
tivity in the thalamus, inferior colliculus, and auditory
cortex in response to reduced neuronal input in mice with
Bramh
near-complete cochlear deafferentation but normal hair
cell function. The greatest degree of compensation was ob-
served in the auditory cortex. Formby et al. (2007) showed
evidence of central gain occurring in the human auditory
system in response to decreased peripheral auditory input
through use of earplugs. After wearing earplugs for 23 hr a
day for 4 weeks, study participants had steeper loudness
growth functions, suggestive of compensatory central gain.

Previous investigations of noise-induced synaptopa-
thy in humans have focused on ABR measurements. How-
ever, it is difficult to determine the functional consequences
of reduced ABR wave I amplitude without examining the
central auditory system. This can be accomplished noninva-
sively using auditory evoked potentials with longer latencies
than the ABR, such as the middle latency response (MLR)
and the late latency response (LLR, also known as the P1–
N1–P2). The MLR is an evoked potential generated by
multiple sources in the auditory thalamocortical pathway
and occurs approximately 10–70 ms after an auditory stim-
ulus (reviewed in McGee & Kraus, 1996). The first negative
and positive potentials in this time window are referred to
as Na and Pa, respectively. In guinea pigs, pharmacologi-
cally induced auditory nerve degeneration is associated with
reduced electrically evoked MLR amplitude (Jyung et al.,
1989), suggesting that a reduction in MLR amplitude might
be expected in individuals with synaptopathy. The LLR,
generated by the primary and secondary auditory cortex
and beyond, is sensitive to stimulus onsets and is made up
of components that occur approximately 50 ms (P1), 100 ms
(N1), and 200 ms (P2) after the stimulus onset (see reviews
by Martin et al., 2008; Naatanen & Picton, 1987). Both the
MLR and LLR are relatively exogenous potentials, mean-
ing they are more dependent on external stimulus factors
rather than cognitive processing.

The goal of this study was to determine how previously
reported noise-related reductions in ABR wave I amplitude
among young Veterans with normal audiograms impact the
central auditory system. The ABR, MLR, and LLR were
measured in young Veterans and non-Veterans with normal
audiograms and varying levels of noise exposure. To avoid
the ambiguity associated with peak picking, particularly for
the MLR, the rectified areas of the entire MLR and LLR
waveforms were calculated for each participant. Distortion
product otoacoustic emissions (DPOAEs) were measured to
verify that all participants had relatively good outer hair cell
(OHC) function and to account for variation in OHC status
in the statistical analysis. Participants were divided into three
groups to approximate three different levels of expected
damage to the auditory system: non-Veterans (minimal
damage), Veterans without tinnitus (moderate damage due
to military noise exposure), and Veterans with tinnitus (sig-
nificant damage based on military noise exposure and the
perception of tinnitus). In response to a click stimulus, even
after statistical adjustment for sex and average DPOAE levels,
results indicate a reduction in MLR area associated with both
Veteran groups, but no reduction in LLR area. However,
a decrease in LLR area was observed among Veterans with
tinnitus in response to 4- and 6-kHz pure-tone stimuli.
all et al.: Noise Exposure-Related Central Auditory Changes 153



Method
Participants

Military Veterans and non-Veterans aged 19–35 years
were recruited from previous studies conducted at the Na-
tional Center for Rehabilitative Auditory Research, from
a database of young Veterans seen by the VA Portland
Healthcare System (VAPORHCS) and by posting fliers at
the VAPORHCS and Portland area colleges and universi-
ties. Sixty-five young adults (aged 19–35 years) participated
in this study and were divided into three study groups based
on predicted auditory damage: non-Veterans (minimal au-
ditory damage), Veterans without tinnitus (moderate auditory
damage), and Veterans with tinnitus (significant auditory
damage). Inclusion criteria for all participants included
pure-tone air-conduction thresholds of ≤ 20 dB HL from
0.25 to 8 kHz, normal tympanogram (226-Hz tympano-
gram, compliance = 0.3–1.9 ml, and peak pressure between
± 50 dPa), normal DPOAEs (criteria described below), and
no history of otologic or neurologic disorder (including trau-
matic brain injury or concussion). Only individuals meeting
all audiometric criteria in at least one ear were invited to par-
ticipate. While Veterans were eligible to participate in the
study regardless of noise exposure history (all Veterans were
assumed to have at minimum a history of firearm use during
military basic training), non-Veteran controls were required
to have minimal noise exposure, including no self-reported
firearm usage (i.e., never discharged a firearm). If only one
ear met the inclusion criteria for the study, the ABR, MLR,
and LLR were measured in that ear. If both ears met the in-
clusion criteria, evoked potential measures were collected in
the ear with the better DPOAEs to minimize OHC dysfunc-
tion. All participants provided written informed consent and
were paid for their participation. All study procedures were
approved by the VAPORHCS Institutional Review Board.

Procedure
Audiometry

Pure-tone air-conduction thresholds were assessed in
all potential participants from 0.25 to 8 kHz as part of the
screening evaluation. Bone conduction thresholds were mea-
sured at 0.5, 1, 2, and 4 kHz to rule out conductive hearing
loss. Extended high-frequency thresholds from 9 to 16 kHz
were also assessed using Sennheiser HDA 200 headphones,
but were not used to determine study inclusion.

DPOAEs
DPOAE testing was conducted using a custom system

that includes an ER-10 B+ probe microphone and EMAV
software from Boys Town National Research Hospital
(Neely & Liu, 1993). DPOAE stimuli were presented at a
fixed primary frequency ratio f1/f2 = 1.2, and responses
were obtained using a primary frequency sweep (DP-gram)
from 1 to 8 kHz in 1/6-octave increments at stimulus fre-
quency levels of L1 = 65 and L2 = 55 dB SPL. Responses
were compared to the DPOAE levels from a distribution
of individuals with abnormal pure-tone thresholds (Gorga
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et al., 1997, Table A1). Only individuals at or above the
90th percentile from 1.5 to 6 kHz were included in the study.
These DPOAE criteria were somewhat relaxed in compari-
son to our previous study (Bramhall et al., 2018, 2017) to
improve recruitment numbers. Measurement-based stop-
ping rules were employed in which averaging continued
until 30 s of artifact-free data were collected or until the
noise floor was below −15 dB SPL. For two participants
whose measured DPOAE levels at 8 kHz were below a con-
servative estimate of the system distortion level at that fre-
quency (−20 dB SPL), DPOAE levels at 8 kHz were set to
−20 dB SPL. Average DPOAE levels from 3 to 8 kHz were
used to statistically adjust for differences in OHC function
between study groups.

ABR
ABR testing was completed in 64 participants (21 non-

Veterans, 26 Veterans without tinnitus, and 17 Veterans
with tinnitus) using an Intelligent Hearing Systems Smar-
tEP system and Etymotic Research gold foil ER3-26A
tiptrode electrodes placed in the ear canal. The reference
electrode was placed on the high forehead; and the ground
electrode, on the low forehead. Waveforms were generated
using alternating polarity 4-kHz tone burst stimuli presented
at 90, 100, and 110 dB peSPL. Stimuli were 2 ms in duration
with a rise/fall time of 0.5 ms and a Blackman envelope. A
4-kHz stimulus was chosen to target the cochlear frequency
region most likely to show evidence of noise damage. The
ABR response was band-pass filtered from 10 to 1500 Hz
and averaged across 1,024–2,048 stimulus presentations. A
stimulus repetition rate of 11.1/s was used, and at least two
replications of each waveform were obtained. Electrode
impedance was less than or equal to 5.0 kΩ in all but six
participants; these participants had impedances less than
or equal to 7.0 kΩ. The positive peak and the following
negative trough for wave I were initially identified with an
automated Python-based peak picking program (adapted
from Buran, 2015). Peaks and troughs were then evaluated
by two independent raters and reassigned if both were in
agreement. In cases of disagreement, a third rater made
a final assignment. Wave I amplitudes were defined as the
difference between the voltage at the positive peak and
the voltage at the following negative trough. Wave V am-
plitudes were calculated as the difference between the
voltage at the peak and the average prestimulus baseline
voltage calculated for the 1-ms period before the stimulus
onset. One participant left the study before completing ABR
testing.

MLR and LLR
MLR and LLR testing was completed while partici-

pants were seated in a comfortable chair and watched a
closed-captioned movie. They were asked to ignore the au-
ditory stimuli and minimize head/body movement during
recording. For all participants, testing was performed in a
double-walled sound-treated booth and occurred over one
session lasting approximately 3 hr. Three different types of
stimuli (described below) were presented in an order that



was randomized across participants. Stimuli were presented
monaurally to the test ear using an Etymotic ER-3A insert
earphone. Stimulus presentation was controlled using the
Compumedics Neuroscan Stim2 stimulus presentation
system. Evoked potential activity was recorded using the
Neuroscan SynampsRT amplifier and Curry Neuroimag-
ing Suite 8.0XS software. Electroencephalography activity
was recorded using a limited two-channel montage with
individual electrodes placed at frontal and central midline
locations (Cz and Fz). An off-line–generated linked mas-
toid reference was used in the analysis (M1 and M2). Eye
movement was monitored using an electrode over the right
supraorbital ridge of the frontal bone (Fz2). The ground
electrode was located on the forehead (FPz), and the online
reference electrode was located on the tip of the nose. All
electrode impedances were ≤ 5.0 kΩ, with the exception of
one participant with impedances ≤ 6.0 kΩ.

MLR stimuli consisted of a 100-μs click at four inten-
sity levels (75, 85, 95, and 105 dB peSPL) presented in ran-
dom order. During piloting, MLR testing was attempted
using 4- and 6-kHz pure tones, but due to poor waveform
morphology with the tones, a click was used instead. Stim-
uli were presented with 800 sweeps per condition using a
random jittered interstimulus interval (onset to onset) of
866.67, 916.67, or 966.67 ms. The recording time window
was 140 ms (−40 ms prestimulus, 100 ms poststimulus). MLR
evoked responses were band-pass filtered online from 10 Hz
(high-pass filter, 24 dB/octave) to 200 Hz (low-pass filter,
12 dB/octave). All channels were amplified with a gain of
10 and converted using an analog-to-digital sampling rate
of 10 kHz. Trials with artifacts greater than ± 50 μV were
rejected off-line using the Neuroscan software.

LLR responses to the click stimulus described above
were extracted from the raw electroencephalography record-
ings detailed above using distinct filter settings. In a sepa-
rate recording, the LLR was also generated in response to
4- and 6-kHz pure tones because these are the frequency re-
gions expected to be most impacted by noise damage. The
pure tones were 100 ms in duration and were randomly
presented at four different intensity levels (50, 60, 70, and
80 dB SPL). Two hundred sweeps were completed for each
pure-tone condition using a randomly jittered interstimulus
interval (onset to onset) of 1550, 1600, or 1650 ms. The
LLR recording time window for both clicks and pure tones
was 800 ms (−200 ms prestimulus, 600 ms poststimulus).
LLR recordings were band-pass filtered off-line from 1 to
30 Hz with online artifact rejection of ± 70 μV.

Because the MLR and LLR are typically maximal near
the vertex, evoked potentials from the Cz channel were
analyzed. Peak identification was often ambiguous, particu-
larly for the MLR at low stimulus levels, and a preliminary
analysis of peak picking results failed to show a clear in-
crease in peak amplitudes with increase in stimulus intensity
level. To provide a more objective measure of the MLR
and LLR, total response waveform area was calculated.
Area measurements were calculated in a constant time
window encompassing the entire MLR or LLR complex
(4–80 ms for the MLR and 30–330 ms for the LLR). A
Bramh
custom Neuroscan function was used to calculate the area
under the curve within these time windows using the abso-
lute value of each point and computing the integral. As a
result, the areas for both positive-going and negative-going
regions of the waveform were summed to compute a total
rectified area.

Noise Exposure History Questionnaire
All potential participants completed the Lifetime

Exposure to Noise and Solvents–Questionnaire (LENS-Q;
Bramhall et al., 2017; Gordon et al., 2017). This in-depth
questionnaire assesses the frequency and duration of noise
exposure as well as the use of hearing protection for a large
variety of possible sources of noise exposure across three
categories: nonmilitary occupational, military occupational,
and nonoccupational/recreational. Potential non-Veteran
participants who reported ever using a firearm were excluded
from the study. The LENS-Q was scored primarily as de-
scribed in Bramhall et al. However, in the nonoccupational/
recreational section, participants tended to report similar
patterns of hearing protection use and frequency/duration
of exposure for items within a particular category (e.g.,
Gunfire, Transportation, Music Attended, Music Played,
Woodworking/Power Tools, Sports Games Attended, Mo-
tor Sports Events Attended, and Yard and Garden Power
Equipment). To avoid overestimation of nonoccupational
exposures, only the noise item with the highest exposure
score within each category was included in the calculation
of the final nonoccupational noise exposure score. Note
also that the LENS-Q is scored on a log scale, so a differ-
ence of one between two scores indicates a 10-fold differ-
ence in lifetime noise exposure.

Hearing Questionnaire
All participants completed a hearing questionnaire

including the question, “Do you have constant or frequent
ringing in the ears?” If they responded “yes,” they were
also asked which ear was affected. Participants who re-
ported ringing in the test ear were rated as having tinnitus.
No other information about the tinnitus was collected.

Statistical Analysis
Bayesian multilevel regression analysis was used to

model the mean MLR and LLR area for each click stimu-
lus level and study group, while adjusting for the possible
confounders sex and OHC function (indicated by average
DPOAE level from 3 to 8 kHz). In contrast to the conven-
tional statistical approach using p values, Bayesian analysis
allows for the calculation of the probability of a true differ-
ence in mean MLR (or LLR) area between study groups.
We have described the benefits of this approach previously
(Bramhall et al., 2018, 2017; McMillan & Cannon, 2019).
MLR and LLR areas were modeled jointly as it was ap-
parent in the raw data that these measures were correlated,
with Pearson correlations ranging from .15 to .44. Each pair
of MLR and LLR areas, indexed by i, were modeled as a
vector of bivariate normal random variables, each with a
all et al.: Noise Exposure-Related Central Auditory Changes 155



mean μi and a variance matrix Σ consisting of the residual
variance of each response area and their covariances. The
mean vector μi was modeled as a function of stimulus level
L, study group G, subject S, average DPOAE level D, and
a female sex indicator variable F such that

μi ¼ αþ β ⋅Li þ γG i½ � þ θL i½ � þ δS i½ � þ vG;L i½ �
þ ω ⋅Di ⋅ þ ξ ⋅Fi: (1)

Note the bracket [i] notation denotes the subject,
group, or level to which the i th observation belongs. Level
effects were modeled as linear (α+β ⋅Li), but nonlinear
level effects θL were included to account for variation among
level effects around the line. Zero-mean vector, bivariate
normal priors with identity covariance matrices were assigned
to α, θL, δS, γG, vG,L, ω and ξ. The β prior, corresponding
to the linear growth in the mean MLR and mean LLR area,
was given bivariate normal priors and mean vectors reflect-
ing the assumption that the mean area increases with
stimulus level. Priors for each of the model coefficients
are described in detail in Supplemental Material S1. Prior
predicted data were generated from this model and closely
matched the scale of the observed data.

The model was fit in PROC MCMC of the SAS soft-
ware, Version 9.4. The model was run three times for 1
million iterations after a 1 million iteration burn-in period.
Posterior samples were thinned to every 1,000th draw and
combined across chains for inference. Gelman–Rubin diag-
nostics were below 1.1 for all parameters, and posterior
predictive checks indicated no gross deviations of the fitted
model from the data.

Results
Study Group Characteristics

Characteristics of the three study groups (Non-
Veteran, Veteran No Tinnitus, and Veteran Tinnitus) are
summarized in Table 1. Mean age is similar across groups.
The Non-Veteran and Veteran No Tinnitus groups are well
balanced in terms of sex, whereas the Veteran Tinnitus
group is dominated by males. Pure-tone averages, even in
the extended high frequencies, differ by no more than 7 dB
between groups, with the Veteran Tinnitus group having
the poorest thresholds. Although participants were only re-
quired to meet the audiometric criteria in a single ear, only
six participants had audiometric thresholds from 0.25 to
8 kHz in the nontest ear that were poorer than 20 dB HL.
Four of these individuals (three Veterans with tinnitus and
one non-Veteran) had no thresholds poorer than 25 dB HL.
The remaining two (Veterans without tinnitus) each had a
single threshold > 20 dB HL (at 30 and 35 dB HL). Mean
LENS-Q scores are lowest for the non-Veteran group
and highest for the Veteran groups. Of the 18 Veterans
reporting tinnitus, 16 reported bilateral tinnitus and two
reported tinnitus only in the test ear. DP-grams from 1 to
8 kHz, color-coded by study group, are plotted in Figure 1.
Mean DPOAE levels are 3–8 dB lower for the Veteran
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Tinnitus group compared to the Non-Veteran group from
5 to 8 kHz.
ABR Wave I Amplitudes, But Not Wave V
Amplitudes, Are Smaller for Groups With
More Predicted Auditory Damage

When the study participants are separated into three
groups based on their expected auditory damage (Non-
Veteran, Veteran No Tinnitus, and Veteran Tinnitus), the
group predicted to have the least damage, the Non-Veteran
group, shows the highest mean ABR wave I amplitude in
response to a 4-kHz tone burst, whereas wave I amplitudes
show a modest reduction for the two Veteran groups (see
Figures 2A and 2B). Mean ABR wave V amplitudes for the
4-kHz tone burst are similar across groups (see Figure 2C).
Mean MLR Areas Are Reduced for Groups
With Greater Expected Auditory Damage

Mean MLR areas are largest for the non-Veterans
(the group with the least expected auditory damage) in re-
sponse to a click stimulus and smallest for the Veteran
Tinnitus group (the group with the most expected dam-
age; see Figure 3A). The MLR area reduction among the
Veterans is most apparent at 85 dB peSPL and above. A
similar comparison between the Non-Veteran group and the
Veteran No Tinnitus group can be observed in the grand-
average MLR waveforms, particularly in the Na and Pb
peaks (see Figure 3B). The decreased response for the Vet-
eran Tinnitus group compared to the Non-Veteran group
is less apparent in the average waveforms than the mean
areas, potentially because two Veterans with tinnitus had
very large Pb peaks that were not representative of the
group as a whole, but had a big impact on the average wave-
form peaks. Five participants (one non-Veteran, two Vet-
erans without tinnitus, and two Veterans with tinnitus)
had very large biphasic peaks in the 12- to 18-ms range
for the MLR condition, consistent with postauricular
muscle artifact (O’Beirne & Patuzzi, 1999). These partic-
ipants were excluded from the grand-average waveforms
but were included in all other analyses.
Mean LLR Areas (for a Click Stimulus)
Are Not Reduced for the Groups With
More Expected Auditory Damage

In contrast to the ABR and MLR, mean LLR area
in response to the click stimulus was not reduced in the
Veteran groups as compared to the Non-Veteran group (see
Figure 3C). In fact, particularly for Veterans with tinnitus,
mean LLR area was somewhat increased compared to
non-Veterans. An increase in LLR strength for Veterans
as compared with non-Veterans can also be observed in
both N1 and P2 of the LLR -average waveforms (see Fig-
ure 3D).



Table 1. Participant characteristics by study group.

Variable Non-Veteran
Veteran

No Tinnitus
Veteran
Tinnitus

Age in years 27.5 (4.2) 29.7 (3.5) 30.0 (2.7)
No. males 11 12 15.
PTA (0.5, 1, and 2 kHz) 6.2 (4.2) 6.3 (4.5) 8.3 (4.6)
High-frequency PTA (3, 4, and 6 kHz) 3.3 (5.3) 5.1 (4.0) 7.1 (5.2)
EHF PTA (9–16 kHz) 5.2 (9.3) 4.7 (8.7) 11.5 (15.3)
LENS-Q score 4.1 (0.8) 9.1 (0.8) 9.3 (1.7)
Total participants 21 26 18.

Note. For mean values, standard deviations are shown in parentheses. PTA = pure-tone average; EHF = extended high frequency; LENS-Q =
Lifetime Exposure to Noise and Solvents–Questionnaire.
Model-Based MLR and LLR Means Show Similar
Group Effects After Statistical Adjustment
for Sex and DPOAEs

A Bayesian statistical model was used to adjust for sex
and average DPOAE (from 3 to 8 kHz) differences between
groups that could confound the evoked potential measure-
ments. In response to a click, the model results indicate re-
duced mean MLR area for the two Veteran groups compared
to the Non-Veteran group, particularly for stimulus levels
of 85–105 dB peSPL (see Figure 4A). When the modeled
differences in group mean MLR area are averaged across
level, the mean area for the Non-Veteran group is 0.5 μV/ms
greater than the area for the Veteran Tinnitus group
(90% confidence interval [−2.7, 4.4 μV/ms]). The mean
area for the Non-Veteran group is 0.8 μV/ms greater than
Figure 1. DPOAEs similar across study groups through 4 kHz. Group m
65/55 dB SPL are shown in thick lines, and DPOAE levels for individual pa
otoacoustic emission.
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the area for the Veteran No Tinnitus group (90% confi-
dence interval [−2.1, 4.6 μV/ms]). Over the time course of
4–80 ms over which the MLR was measured, this is a mean
reduction in amplitude of 38–61 μV for the two Veteran
groups compared to the Non-Veteran group (a 2.8%–4.3%
decrease).

In contrast, the Veteran Tinnitus group shows larger
model-based mean LLR areas for a click stimulus than the
other two groups (see Figure 4B). When averaged across
level, the modeled mean LLR area for the Non-Veteran
group is 9.5 μV/ms (90% confidence interval [32.7 μV/ms
smaller, 6.2 μV/ms bigger]) smaller than the Veteran Tinnitus
group and 2.9 μV/ms smaller than the Veteran No Tinnitus
group (90% confidence interval [20.5 μV/ms smaller,
12.0 μV/ms bigger]). Over the 30- to 330-ms time course of
the LLR, this is a mean increase in amplitude of 2,850 μV
ean DPOAE levels for a DP-gram in response to L1/L2 levels of
rticipants are indicated by thin lines. DPOAE = distortion product
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Figure 2. Auditory brainstem response wave I, but not wave V, amplitude reduced among groups with more expected auditory damage.
(A) Grand-average auditory brainstem response waveforms are plotted by study group for a 100–dB peSPL, 4-kHz tone burst. Waves I, III, and
V are indicated on the plot. (B) ABR wave I and (C) wave V amplitude input/output functions are plotted according to study group for a 4-kHz
tone burst. Shaded regions indicate standard error of the mean.
for the Veteran Tinnitus group compared to the Non-Veteran
group (an 8.3% increase).

Using Bayesian analysis, rather than determining if
an effect is conventionally statistically significant, we can
quantify our certainty that the mean MLR or LLR area
for one group is greater than the mean area for another
group by evaluating the posterior probability distribution
for the difference between the two groups and then taking
the integral of the portion of the resulting probability distri-
bution that is greater than zero. Table 2 shows the posterior
probabilities for all group comparisons for the modeled
MLR and LLR areas. The posterior probability that the
MLR area is larger for the Non-Veteran group than for the
Veteran No Tinnitus and Veteran Tinnitus groups is 68%
and 63%, respectively. In contrast, there is an 82% posterior
probability that the LLR area is smaller for the Non-Veteran
group than for the Veteran Tinnitus group.

The coefficient of the average DPOAE parameter in
the model, ω, represents the effect size of DPOAE level on
the MLR and LLR for any given study group, sex, or
stimulus level. The value of ω is 0.20 μV/ms for the MLR
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(90% confidence interval [−0.17, 0.60 μV/ms]) and −0.66
μV/ms for the LLR (90% confidence interval [−2.51, 1.78
μV/ms]). In this data set, there is an average DPOAE level
(from 3 to 8 kHz) difference of 3 dB between the Non-
Veteran group and the Veteran Tinnitus group. To better
conceptualize the DPOAE level effect size, we can calcu-
late the impact of a 3-dB decrease in average DPOAE level
on the MLR and LLR areas. When average DPOAE level
decreases by 3 dB, the predicted mean MLR area decreases
0.6 μV/ms and the predicted mean LLR area increases
7.53 μV/ms, assuming sex and study group remain constant.

MLR Areas Are Reduced and LLR Areas
Are Increased Among Participants
With Low ABR Wave I Amplitudes

The ABR wave I amplitude in response to a 100–dB
peSPL, 4-kHz tone burst for each participant was compared
to the distribution of wave I amplitudes for the whole
sample. Individuals with wave I amplitudes below the
25th percentile were labeled as having low wave I amplitudes,



Figure 3. Middle latency response (MLR) area reduced for groups with more expected auditory damage, but not late latency response (LLR)
area. (A) Mean MLR areas are plotted by study group. (B) Grand-average MLR waveforms are plotted by study group. Na, Pa, Nb, and Pb
peaks are indicated on the plot. Five participants (one non-Veteran, two Veterans without tinnitus, and two Veterans with tinnitus) had large
biphasic peaks in the MLR in the 12- to 18-ms range, consistent with postauricular muscle artifact, and were excluded from the grand-average
waveforms. (C) Mean LLR areas are plotted by study group. (D) LLR grand-average waveforms are plotted by study group. P1, N1, and P2
peaks are labeled on the plot. Shaded regions indicate standard error of the mean.
and participants with a wave I amplitude at or above this
cutoff were classified as having a normal wave I amplitude.
MLR area was reduced among individuals with low ABR
wave I amplitudes (see Figure 5A), suggesting a relationship
between the two measures. However, LLR area was increased
for individuals with low ABR wave I amplitudes compared to
those with normal wave I amplitudes (see Figure 5B).
LLR Areas in Response to 4- and 6-kHz Pure Tones
Are Smallest in Veterans With Tinnitus

In contrast to the click stimulus, mean LLR area was
reduced in the Veteran Tinnitus group compared to the Non-
Veteran and Veteran No Tinnitus groups for 4- and 6-kHz
pure tones (see Figures 6A and 6B). This was evident across
all four intensity levels. Mean LLR areas for the Non-Veteran
and Veteran No Tinnitus groups were similar in response to
6-kHz pure tones and slightly larger in the Veteran No Tin-
nitus group for 4-kHz pure tones, particularly at 80 dB SPL.
Bramh
Discussion
ABR Wave I Amplitudes Are Reduced in Groups
With More Predicted Auditory Damage

A decrease in ABR wave I amplitude for a 4-kHz tone
burst was observed for the two Veteran groups in comparison
to the Non-Veteran group. This suggests a noise-related re-
duction in synaptic/neuronal function among the Veterans
and is in agreement with our previous findings (Bramhall
et al., 2018, 2017), although group differences are more
modest than previously reported, potentially due to more
relaxed DPOAE inclusion criteria in this study. In contrast,
in agreement with previous findings (Bramhall et al., 2018),
ABR wave V amplitudes are similar across groups. This
suggests that reduced synaptic/neuronal function is associ-
ated with subcortical compensatory gain. This is consistent
with mouse models of both age-related and noise-induced
synaptopathy where ABR wave I amplitudes are reduced
for mice with synaptopathy compared to control animals,
all et al.: Noise Exposure-Related Central Auditory Changes 159



Figure 4. Model-based middle latency response (MLR) and late latency response (LLR) areas by study group show same trends after adjusting
for sex and average distortion product otoacoustic emission (DPOAE) level. After statistical adjustment for sex and average DPOAE level from
3 to 8 kHz, the Veteran groups continue to show a reduction in the MLR area, but not in the LLR area, compared to the non-Veteran control
group. (A) Model-based mean MLR and (B) LLR areas by stimulus level are indicated by symbol and color for each study group. MLR and LLR
mean areas are plotted given male sex and an average DPOAE level from 3 to 8 kHz equal to the sample mean. Thin lines show the 90%
Bayesian confidence interval, and thick lines represent the interquartile range.
but ABR wave V amplitudes are similar across groups
(Hickox & Liberman, 2014; Sergeyenko et al., 2013).

MLR Areas Are Reduced in Groups With More
Predicted Auditory Damage

The reduction in MLR area among Veterans compared
to non-Veterans, given that the Veteran groups have higher
self-reported lifetime noise exposure, suggests a noise
exposure-related decrease in MLR area. OHCs and co-
chlear synapses are particularly vulnerable elements of the
Table 2. Posterior probabilities for modeled middle latency response
(MLR) and late latency response (LLR) group contrasts.

Variable MLR LLR

Non-Veteran – Veteran No Tinnitus 68% 37%
Non-Veteran – Veteran Tinnitus 63% 18%
Veteran No Tinnitus – Veteran Tinnitus 44% 26%
Veteran No Tinnitus – Non-Veteran 32% 63%
Veteran Tinnitus – Non-Veteran 37% 82%
Veteran Tinnitus – Veteran No Tinnitus 56% 74%

Note. This table shows modeled posterior probabilities that the
first study group has a greater MLR or LLR area in response to
a click stimulus than the second study group, averaged across
stimulus levels. Posterior probabilities are calculated by evaluating
the posterior probability distribution for the difference between two
groups and then taking the integral of the portion of the resulting
probability distribution that is greater than zero.
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peripheral auditory system (Wu et al., 2018); therefore, this
MLR area decrease is most likely a consequence of OHC
and/or synaptic loss or dysfunction. Consistent with an im-
pact of OHC damage, the mean model coefficients for aver-
age DPOAE level indicate that better DPOAEs are associated
with increased MLR areas. However, the fact that the two
Veteran groups still display decreased MLR areas compared
to the Non-Veteran group even after statistical adjustment
for differences in sex and high-frequency (3–8 kHz) DPOAE
levels between the study groups suggests that cochlear synap-
tic loss also contributes to the reduction in MLR area. The
observed reduction in MLR area for the two Veteran groups
compared to the non-Veteran controls is somewhat surpris-
ing given that ABR wave V amplitude is similar across the
three groups and animal models of selective IHC or neuronal
loss show a progressive increase in the amount of compen-
satory central gain as a stimulus travels from the cochlear
nucleus up through the auditory cortex (Chambers, Resnik,
et al., 2016; Jiang et al., 2017; Salvi et al., 2016). However,
the MLR results are consistent with the work of Jyung et al.
(1989), which showed reductions in the slope of the elec-
trically evoked MLR input/output function among guinea
pigs with drug-induced spiral ganglion cell loss. This sug-
gests that the MLR may be more sensitive to cochlear syn-
aptic or neuronal loss than ABR wave V, even though it
occurs at a later latency. This is easier to conceptualize by
viewing the auditory system as a series of parallel pathways
rather than a simple transmission line. It is important to re-
member that the MLR is a far-field recording of the response



Figure 5. Middle latency response (MLR) area, but not late latency response (LLR) area, decreased in individuals with low ABR wave I amplitudes.
(A) Mean MLR and (B) LLR areas are plotted by stimulus level for individuals with ABR wave I amplitudes (in response to a 100–dB peSPL, 4-kHz
tone burst) above (gray) and below (black) the 25th percentile for the whole sample. Shaded regions indicate standard error of the mean.
of multiple generators to an auditory stimulus and that
these generators receive both excitatory and inhibitory inputs
from a variety of sources, so it is difficult to directly compare
the MLR to multi-unit recordings from the inferior colliculus
or the auditory cortex in animals. In addition, although MLR
area was reduced for the Veteran groups compared to the
controls, this does not necessarily indicate the absence of
central gain; it just demonstrates that not enough central
gain has occurred to bring the MLR areas up to the level
seen in controls. Without pre-exposure MLR data from the
study participants, it cannot be determined whether their
MLR areas have increased over time.

LLR Areas (in Response to a Click) Are Increased
for the Group With the Most Predicted
Auditory Damage

The fact that a reduction in MLR area was observed
in both Veteran groups but no reduction was seen in the
Figure 6. Veterans with tinnitus show reduced late latency response (LLR)
(B) 6-kHz tone bursts are plotted by study group. Shaded regions indicate

Bramh
LLR area suggests that the Veteran groups both experienced
compensatory central gain in response to the reduced pe-
ripheral input. In fact, the LLR area in the Veteran Tinni-
tus group appears to overshoot the normal level of activity
seen in the Non-Veteran control group. This is similar to
what was observed by Chambers, Resnik, et al. (2016) in a
mouse model of near-complete cochlear synaptic loss induced
by ouabain treatment, a Na/K pump inhibitor that specifically
damages Type I spiral ganglion neurons. The pattern of
pure-tone evoked neuronal activity they observed in the
inferior colliculus for control mice versus mice 30 days post–
drug treatment (see their Figure 2H) is very similar to the
MLR results shown here for the non-Veterans versus Vet-
erans, while firing in the auditory cortex (see their Figure 2I)
resembles the LLR results by study group for this study. This
suggests that subclinical noise-related peripheral auditory
damage in the Veteran groups is associated with increased
central gain at the level of the auditory cortex. A number
of previous studies have provided evidence of an association
area for 4- and 6-kHz tone bursts. Mean LLR area for (A) 4-kHz and
standard error of the mean.
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between central gain and the perception of tinnitus (reviewed
in Sedley, 2019). However, because increased gain was ob-
served in this study among Veterans both with and without
tinnitus, it is unlikely that this overactive response by itself
is sufficient to induce tinnitus.

MLR Area and ABR Wave I Amplitude Appear
to Be Related

The positive relationship observed between MLR area
and ABR wave I amplitude suggests that both measures are
sensitive to reductions in auditory nerve input. This is consis-
tent with an observed reduction in electrically evoked MLR
in a guinea pig model where spiral ganglion cells were dam-
aged by treatment with a combination of kanamycin and
ethacrynic acid (Jyung et al., 1989). In that model, the MLR
reduction was proportional to the degree of spiral ganglion
cell loss. This suggests that reductions in auditory nerve in-
put persist at later stages of the auditory pathway. However,
it is important to acknowledge that reductions in ABR wave
I amplitude (and the MLR) could be caused by a number of
factors including OHC loss, IHC loss, synaptic loss, neuro-
nal loss or measurement error due to differences in electrode
impedance, head size and anatomy, or sex. However, factors
inducing measurement error in the MLR would be expected
to have a similar impact on the LLR. For example, if males
have smaller MLRs than females, they would also be ex-
pected to have smaller LLRs. Given that a similar reduc-
tion was not observed in the LLR, the reduced MLR area
for the Veteran groups is most likely related to OHC loss,
IHC loss, or synaptic/neuronal loss. However, given that
the mean DPOAEs for the Veteran No Tinnitus group are
nearly identical to those for the Non-Veteran control group,
OHC loss alone is unlikely to explain the observed data.

LLR Area for 4- and 6-kHz Pure Tones
Are Reduced in Veterans With Tinnitus

The reduction in LLR area for 4- and 6-kHz pure tones
observed only in the Veteran Tinnitus group is surprising
given that no reduction was seen for a click stimulus. One
possible explanation for this finding is that the 4- and 6-kHz
pure tones were less salient for participants with tinnitus be-
cause these frequencies are close to the perceived pitch of their
tinnitus. Although no pitch matching was performed in this
study, the majority of patients with tinnitus pitch match their
tinnitus at or above 3 kHz (Meikle & Taylor-Walsh, 1984).

A number of studies have compared LLR amplitudes
in individuals with and without tinnitus, with mixed results
(reviewed in Sedley, 2019). The results of these studies are
difficult to compare to the current study because of the in-
clusion of participants with hearing loss and because many
of the studies used low-frequency (0.5 or 1 kHz) stimuli
to avoid the region of hearing loss. It is also possible that
other differences in the click and pure-tone stimuli, such
as the rate, led to the observed differences in the LLR area,
although it is unclear why this would impact the two Veteran
groups differently.
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Perceptual Consequences of Noise-Induced
Peripheral Damage

In the Veteran No Tinnitus group, where a reduction
in MLR area compared to the Non-Veteran group without
a reduction LLR area indicates central gain, it is unclear
whether there are any perceptual consequences of this hy-
peractivity. In this group, coding of a simple stimulus, such
as a click, is not reduced at the level of the auditory cortex,
suggesting that the central auditory system may be capable
of compensating for the peripheral damage observed in the
MLR response. However, the results of Chambers, Resnik,
et al. (2016) suggest that this type of compensatory central
gain may impede temporal coding. A previous study of a
similar cohort of young Veterans and non-Veterans with
normal audiograms did not find a correlation between ABR
wave I amplitude and speech perception in noise as mea-
sured by the Words in Noise Test (Bramhall et al., 2018).
However, this does not rule out the possibility that central
gain resulting from synaptic or neuronal loss has negative
consequences for complex speech perception in individuals
with pure-tone thresholds outside the normal range, as sug-
gested by the findings of Bramhall et al. (2015).

In the Veteran Tinnitus group, the LLR click results
suggest that, in individuals with greater degrees of peripheral
auditory damage, there are coding changes in the auditory
cortex even in response to simple stimuli. The perceptual im-
pact of this type of hyperactivity, particularly on speech per-
ception, is unclear, although tinnitus is a likely consequence.
Given that these observations were made in young people
with clinically normal audiograms, this highlights the fact that
subclinical noise-induced peripheral auditory damage can im-
pact the central auditory system and auditory perception.
Limitations
Although cochlear synaptopathy has received a lot

of attention as a source of auditory deficits “hidden” from
the audiogram, noise-related OHC damage, as indicated by
otoacoustic emissions, can also coexist with normal pure-
tone thresholds (Desai et al., 1999; Hamdan et al., 2008;
Marshall et al., 2009; Seixas et al., 2005). Subclinical OHC
damage may alter ABR wave I amplitude (Verhulst et al.,
2016) and can have functional consequences such as impact-
ing speech-in-noise perception (Badri et al., 2011) or leading
to the perception of tinnitus (Bramhall, McMillan, et al.,
2019). This makes it difficult to separate out the relative im-
pacts of OHC dysfunction and synaptic/neuronal loss. In
this study, statistical adjustment for average DPOAE level
from 3 to 8 kHz was used to illustrate that the observed ef-
fects of noise exposure were not simply a result of OHC
damage, although OHC dysfunction does have an impact.
The MLR/LLR model results suggest the presence of audi-
tory dysfunction beyond the OHCs. Confirmation of where
this dysfunction is occurring (i.e., IHCs, cochlear synapses,
auditory nerve) is not currently possible without histologi-
cal analysis, but human temporal bone studies suggest
the IHCs are relatively resistant to age-related loss and the



cochlear synapses are particularly vulnerable (Wu et al.,
2018). This makes noise-related synaptic loss the more com-
pelling explanation for the results presented here. However,
as suggested by the modeled impact of average DPOAE
level on MLR and LLR area, it is important to remember
that the noise-related MLR and LLR differences observed
in this study are likely not unique to synaptic loss but may
generalize to any type of peripheral auditory damage.
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