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Abstract

Objectives—Determine whether auditory brainstem response (ABR) wave I amplitude is 

associated with measures of auditory perception in young people with normal distortion product 

otoacoustic emissions (DPOAEs) and varying levels of noise exposure history.

Design—Tinnitus, loudness tolerance, and speech perception ability were measured in 31 young 

military Veterans and 43 non-Veterans (19–35 years of age) with normal pure tone thresholds and 

DPOAEs. Speech perception was evaluated in quiet using NU-6 word lists and in background 

noise using the words in noise (WIN) test. Loudness discomfort levels were measured using 1, 3, 

4, and 6 kHz pulsed pure tones. DPOAEs and ABRs were collected in each participant to assess 

outer hair cell (OHC) and auditory nerve function.

Results—The probability of reporting tinnitus in this sample increased by a factor of 2.0 per 0.1 

μV decrease in ABR wave I amplitude (95% Bayesian confidence interval = 1.1 to 5.0) for males 

and by a factor of 2.2 (95% confidence interval = 1.0 to 6.4) for females after adjusting for sex and 

DPOAE levels. Similar results were obtained in an alternate model adjusted for pure tone 

thresholds in addition to sex and DPOAE levels. No apparent relationship was found between 

wave I amplitude and either loudness tolerance or speech perception in quiet or noise.

Conclusions—Reduced ABR wave I amplitude was associated with an increased risk of 

tinnitus, even after adjusting for DPOAEs and sex. In contrast, wave III and V amplitudes had 

little effect on tinnitus risk. This suggests that changes in peripheral input at the level of the inner 

hair cell (IHC) or auditory nerve may lead to increases in central gain that give rise to the 

perception of tinnitus. Although the extent of synaptopathy in the study participants cannot be 

measured directly, these findings are consistent with the prediction that tinnitus may be a 

perceptual consequence of cochlear synaptopathy.
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INTRODUCTION

Tinnitus, hyperacusis, and difficulty understanding speech in background noise are three of 

the most common complaints reported to audiologists. These perceptual changes are often 

associated with elevated hearing thresholds, but most puzzling are the cases when patients 

with normal audiograms present with these problems (Barnea et al. 1990; Anari et al. 1999; 

Sanchez et al. 2005; Zhao & Stephens 2007; Sheldrake et al. 2015). Cochlear synaptopathy, 

the selective damage to afferent auditory nerve synapses onto the inner hair cells (IHCs), 

offers a potential explanation for the presence of these perceptual deficits in individuals who 

appear audiometrically normal. Cochlear synaptopathy was originally described in animal 

models in response to noise exposure and aging (Kujawa & Liberman 2009; Lin et al. 2011; 

Sergeyenko et al. 2013), but recent physiological data and temporal bone studies suggest that 

synaptopathy may also affect humans (Makary et al. 2011; Konrad-Martin et al. 2012; Viana 

et al. 2015; Stamper & Johnson 2015; Bramhall et al. 2017). In animal models, the 

amplitude of wave I of the auditory brainstem response (ABR) is correlated with the number 

of IHC-afferent fiber synapses, with smaller amplitudes associated with partial loss of nerve 

fibers (Kujawa & Liberman 2009; Earl & Chertoff 2010; Lin et al. 2011; Sergeyenko et al. 

2013; Fernandez et al. 2015). Smaller ABR wave I amplitudes have been observed in 

humans with normal pure tone thresholds and a significant history of noise exposure 

compared with individuals with less noise exposure history, which may be an indication of 

noise-induced synaptopathy (Stamper & Johnson 2015; Bramhall et al. 2017). However, 

other studies of young people with normal audiometric thresholds and varying levels of 

noise exposure have not shown a noise-related decrease in ABR wave I amplitude 

(Prendergast et al. 2017; Guest et al. 2017). Age-related reductions in ABR wave I 

amplitude have been demonstrated in humans (Konrad-Martin et al. 2012; Bramhall et al. 

2015) and are consistent with temporal bone studies showing auditory neuronal and synaptic 

loss with age (Makary et al. 2011; Viana et al. 2015).

Animal and human studies suggest that the perception of tinnitus and hyperacusis may arise 

from excess neural activity in the central auditory system in response to decreased peripheral 

input, such as seen with cochlear synaptopathy (Auerbach et al. 2014; Brotherton et al. 

2015). Note that the term hyperacusis used here refers specifically to loudness hyperacusis 

rather than pain hyperacusis (see Tyler et al. 2014 for a detailed description of the difference 

between these terms). A study in a mouse model of noise-induced synaptopathy found both 

reduced ABR wave I amplitude and hyperacusis-like behavior (Hickox & Liberman 2014). 

In addition, an association has been shown between decreased ABR wave I amplitude and 

tinnitus in humans with normal auditory thresholds or thresholds matched to the control 

group (Schaette & McAlpine 2011; Gu et al. 2012). In both animal and human studies where 

decreased wave I amplitude was observed, wave V amplitude was either unchanged or was 

increased compared with animals/individuals with more normal wave I amplitudes (Schaette 

& McAlpine 2011; Gu et al. 2012; Sergeyenko et al. 2013; Stamper & Johnson 2015; 

Bramhall et al. 2017). Given that wave V of the ABR reflects contributions from central 

auditory nuclei, the absence of a decrease in wave V amplitude in individuals with decreased 

wave I amplitude has been interpreted as evidence of either central hyperactivity or loss of 

inhibition in response to the decreased input from the auditory nerve (Schaette & McAlpine 
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2011; Gu et al. 2012). Central compensatory changes resulting from cochlear synaptopathy 

may explain the seemingly paradoxical complaints of tinnitus and hyperacusis in patients 

with normal audiograms. This is supported by the fact that tinnitus and hyperacusis often 

occur together. An estimated 86% of patients who report hyperacusis also experience 

tinnitus and 27–40% of people with tinnitus report hyperacusis (Sheldrake et al. 2015). 

However, a recent study of young people with and without tinnitus who were matched for 

age, sex, and audiometric thresholds up to 14 kHz did not reveal a relationship between 

ABR wave I amplitude and tinnitus (Guest et al. 2017). One possible explanation for these 

differing results is that ABR wave I amplitude group differences observed in previous 

human studies were related to extended high frequency threshold differences between the 

groups rather than synaptopathy. Using derived narrowband ABR responses, Don and 

Eggermont showed that frequencies above 2 kHz have a large contribution to wave I 

amplitude, while wave V amplitude is driven primarily by lower frequencies (1978). 

Therefore, high frequency cochlear damage may lead to a decrease in wave I/V amplitude 

ratio by increasing the influence of lower frequency regions of the cochlea, whose relative 

contribution to the ABR response is greater for wave V than for wave I.

In humans, depending on age and cochlear region, approximately 5–15 auditory nerve fibers 

synapse with each IHC (Viana et al. 2015). In animal models, these fibers vary in terms of 

their spontaneous firing rate and response threshold. Fibers with low spontaneous rates have 

high thresholds (i.e. they only respond at high intensity levels), whereas high spontaneous 

rate fibers have low thresholds (Liberman 1978). Although individual auditory nerve fibers 

have a limited dynamic range of ~10 to 40 dB (Guinan & Stankovic 1996; Taberner & 

Liberman 2005), the diverse range of thresholds across fibers enables the auditory system to 

respond to sounds over a much larger dynamic range. High threshold fibers appear to be 

particularly vulnerable to noise- and age-related cochlear synaptopathy (Schmiedt et al. 

1996; Furman et al. 2013). However, because high threshold fibers do not respond at low 

stimulus levels, their loss does not affect auditory thresholds (Furman et al. 2013). The high 

thresholds of these fibers make them less susceptible to the effects of background noise than 

low threshold fibers (Costalupes et al. 1984). An intact population of high threshold fibers is 

required to maintain stimulus coding fidelity in the presence of any background noise that 

saturates the responses of the low threshold fibers (Reiss et al. 2011). This may lead to 

diminished speech-in-noise perception in individuals suffering from cochlear synaptopathy. 

This hypothesis is supported by the finding that the combination of smaller ABR wave I 

amplitudes and elevated pure tone thresholds is associated with poorer performance on the 

QuickSIN (Bramhall et al. 2015). A study of young music students with high levels of 

reported noise exposure and normal audiograms showed decreased speech intelligibility in 

noise compared to controls with less noise exposure (Liberman et al. 2016). In this study, 

speech-in-noise perception was correlated with the ratio between the summating potential 

and ABR wave I amplitude, but the music students also had significantly poorer extended 

high frequency thresholds than the control group, so this may have impacted the results. In 

contrast, Hoben et al. did not observe a relationship between ABR wave I amplitude and 

speech-in-noise perception among individuals with normal OHC function (2017).

Although it has generally been assumed that noise induced cochlear synaptopathy will 

primarily impact low spontaneous rate/high threshold fibers, it has also been suggested that 
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there may be a relationship between the loss of high spontaneous rate/low threshold fibers 

and tinnitus. In noise-exposed rats with behavioral evidence of tinnitus, Bauer et al. showed 

minimal IHC and OHC loss, but significant loss of high threshold auditory nerve fibers 6 

months after exposure (2007). Paul et al. measured the envelope following response of 

young people with and without tinnitus and then used an auditory nerve model to predict the 

auditory nerve fiber loss that would be necessary to generate the measured responses for 

each group (2017). Based on this analysis, they concluded that a loss confined to high 

threshold fibers was insufficient to explain their results and that there must be an additional 

loss of low threshold fibers in the individuals with tinnitus.

In some cases, complaints of tinnitus, hyperacusis, and difficulty with speech-in-noise 

perception among individuals with normal audiograms may be related to sub-clinical 

cochlear damage. In people with normal audiograms, lower distortion product otoacoustic 

emission (DPOAE) levels and poorer extended high frequency thresholds have been 

associated with deficits such as tinnitus and difficulty with speech-in-noise perception (Badri 

et al. 2011; Modh et al. 2014). This highlights the importance of measuring otoacoustic 

emissions (OAEs) and extended high frequency thresholds in human studies of 

synaptopathy.

This study investigated the relationship between ABR wave I amplitude and measures of 

auditory perception among young military Veterans and non-Veterans with normal auditory 

thresholds and varying degrees of self-reported lifetime noise exposure. Lower ABR wave I 

amplitudes were strongly associated with the perception of tinnitus. In contrast, speech 

perception in quiet, performance on the words in noise (WIN) test, and loudness discomfort 

levels (LDLs) appeared unrelated to ABR wave I amplitude. Without temporal bone 

analysis, it cannot be confirmed that the study participants who reported tinnitus suffer from 

cochlear synaptopathy. However, the observed reduction in ABR wave I amplitude in 

combination with normal DPOAEs is consistent with that interpretation. These findings 

support the prediction that some forms of tinnitus may be associated with cochlear 

synaptopathy.

MATERIALS AND METHODS

Participants

One hundred sixteen participants age 19–35 were recruited as part of a larger study 

previously described by Bramhall et al. (2017). All participants received an audiometric 

evaluation from a licensed audiologist including tympanometry and air and bone conduction 

thresholds, screening of cognitive status with the MiniMental Status Examination (MMSE, 

Par Lutz, FL), and screening of DPOAE levels in response to moderate level stimuli. All 

participants had normal audiometric thresholds (≤ 20 dB HL) from 0.25–8 kHz, normal 

middle ear function, normal DPOAEs (criteria described below), and were in good general 

health with no significant history of otologic or neurologic disorder (including traumatic 

brain injury). See Bramhall et al. (2017) for additional screening criteria. Data from 10 

additional participants are included in this report. A total of 74 participants were enrolled in 

the study (17 Veterans with a history of significant noise exposure, 14 Veterans with less 

noise exposure, 27 non-Veteran controls with very limited noise exposure, and 16 non-
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Veterans with a history of firearm use). Three participants (all non-Veterans) were excluded 

from the speech perception analysis because they were not native English speakers. After the 

screening evaluation, all subsequent study measures were taken only in a single ear. If only 

one ear met the study criteria (based on audiometric air and bone conduction thresholds, 

DPOAE screening, and tympanometry), that ear was tested. Thirty participants qualified for 

the study only in a single ear. The reasons for screen failing in the contralateral ear are 

summarized in a table in the supplemental data (see Supplemental Data Table 1). If both ears 

qualified for the study, the ear with higher level DPOAEs was tested to minimize the effects 

of outer hair cell (OHC) loss. An overview of the participant characteristics is shown in 

Table 1.

Procedures

All study procedures were approved by the Institutional Review Board of the VA Portland 

Health Care System.

• Audiometric Testing—Pure tone thresholds for the standard audiometric frequencies 

(0.25–8 kHz) were assessed in all potential participants as part of the screening evaluation. 

In addition, audiometric thresholds from 9–16 kHz were measured in 48 out of 74 qualifying 

participants using Sennheiser HDA 200 headphones (Old Lyme, CT). Thresholds from 9–16 

kHz were obtained from 8 additional participants (7 Veterans and 1 non-Veteran) when they 

participated in other research studies. Two of these participants were tested 2–4 months 

before the study described here and the other 6 were tested 2–2.5 years later.

• Electrophysiological Testing—Electrophysiological testing was completed using an 

Intelligent Hearing Systems SmartEP system (Miami, FL) and Etymotic Research gold foil 

ER3–26A tiptrode electrodes (Elk Grove Village, IL) placed in the ear canal. The reference 

electrode was placed on the high forehead and the ground on the low forehead. Waveforms 

were generated using alternating polarity 4 kHz toneburst stimuli at 80, 90, 100, and 110 dB 

peak-to-peak equivalent SPL (dB p-pe SPL). As described in Bramhall et al. (2017), 

responses to 1, 3, and 6 kHz tonebursts were also collected, although this report will focus 

on the 4 kHz data. The 4 kHz stimuli were 2 ms in duration with a rise/fall time of 0.5 ms 

and a Blackman envelope. The ABR response was band-pass filtered from 10–1500 Hz and 

averaged across 2048 presentations of the 80, 90 and 100 dB p-pe SPL stimuli and 1024 

presentations of the 110 dB p-pe SPL stimluli. A stimulus repetition rate of 11.1/sec was 

used and 2 replications of each waveform were obtained. Electrode impedance was less than 

5 kOhms, with the exception of 2 participants who had impedance values of less than 12 

kOhms. The positive peak and following negative trough for waves I, III, and V were 

initially identified with an automated Python-based peak picking program (adapted from 

Buran 2015) and then evaluated by an experienced audiologist and reassigned if appropriate. 

Wave I and III amplitudes were defined as the difference between the voltage at the positive 

peak and the voltage at the following negative trough. The amplitude of wave V was 

calculated as the difference between the peak voltage and the average prestimulus baseline 

voltage calculated for the 1 ms time period before stimulus presentation. Waves I, III, and V 

were easily identified at the 100 and 110 dB p-pe SPL stimulus levels for all participants, 
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and for all but 4 participants at 90 dB p-pe SPL. For some participants, wave I could not be 

identified at 80 dB p-pe SPL, resulting in less data at that level.

• Otoacoustic Emissions Testing—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). DPOAEs were screened in all participants 

as part of study candidacy using a primary frequency sweep (DP-gram) from f2 =1 – 8 kHz 

in 1/6-octave increments at stimulus frequency levels of L1= 65 and L2=55 dB SPL. 

Measurement based stopping rules were employed in which averaging continued until 48 

seconds of artifact-free data were collected, until the noise floor was below −30 dB SPL, or 

the signal noise ratio was ≥ 30 dB. Responses from 1.5–6 kHz were compared with the 90th 

and 95th percentile of a large study of DPOAEs gathered from individuals with abnormal 

pure tone thresholds (Gorga et al. 1997). Only individuals at or above the 90th percentile at 

all tested frequencies and below the 95th percentile at no more than one tested frequency 

were included in the study.

• Assessment of Noise Exposure History—All potential participants were asked 

several questions about their lifetime noise exposure history (occupational, military, and 

recreational) and use of hearing protection during a short interview (as described in 

Bramhall et al. 2017). The Lifetime Exposure of Noise and Solvents Questionnaire (LENS-

Q) was completed by all non-Veteran participants (Gordon et al. 2016; Bramhall et al. 2017), 

but was completed as part of another study for many of the Veterans and the data was only 

available for 20 out of 31 Veterans (11 assigned to the Veteran High Noise group and 9 

assigned to Veteran Low Noise group). The interview and questionnaire were scored as 

described previously to assign participants to noise exposure groups (Bramhall et al. 2017). 

An overview of the participant characteristics in each noise exposure group is shown in 

Table 1. Additional details about the noise exposure groups, such as audiometric thresholds 

and DPOAE levels, are described in Bramhall et al.

• Speech Perception Testing—Speech perception performance was assessed in quiet at 

both 60 and 90 dB HL using recorded 50 token Northwestern University Auditory Test 6 

(NU-6) word lists 2A and 3A. Speech-in-noise perception was evaluated with the WIN 

(Wilson et al. 2007). Multitalker babble was presented at 80 dB HL and the target speech 

varied in 4 dB steps for a range of signal-to-noise ratios from 0–24 dB. WIN lists 1 and 2 

were presented to each participant. All speech tests were presented from the VA Speech 

Recognition and Identification Materials, Disc 4.0 (Auditory Research Laboratory, VA 

Medical Center, Mountain Home, Tennessee) through an audiometer.

• Loudness Discomfort Level (LDL)—An up-down adaptive procedure was used to 

measure LDL for pulsed pure tones at 1, 3, 4, and 6 kHz using 2 dB steps. Participants were 

given the following instructions adapted from the Contour Test (Cox et al. 1997): “You will 

hear sounds that increase and decrease in volume. Pretend you are listening to the radio at 

that volume. Tell me if the sound is comfortable or uncomfortable. Keep in mind that an 

uncomfortably loud sound is louder than you would ever choose on your radio no matter 

what mood you are in.” LDL was defined as the lowest level at which participants reported 
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the volume was uncomfortable at least 50% of the time on ascending trials. A minimum of 

two responses out of three presentations was required to determine LDL.

• Tinnitus Perception—All participants completed a short hearing and health history 

questionnaire, which included a question about the perception of tinnitus. This question 

asked, “Do you have constant or frequent ringing in the ears?” Participants who responded 

“yes” to this question were rated as having tinnitus.

Analysis

Given that a relationship between noise exposure group and ABR wave I amplitude was 

previously demonstrated in this cohort (Bramhall et al. 2017), all analyses used wave I 

amplitude rather than noise exposure group. Comparing perceptual measures with ABR 

wave I amplitude, rather than noise exposure group, also offers a more direct assessment of 

the relationship between auditory nerve activity and any perceptual deficits. The relationship 

between ABR wave I and each auditory perceptual measure was plotted in an initial 

analysis. ABR wave I amplitude for a 4 kHz toneburst was used because a large effect of 

noise exposure group on ABR wave I amplitude was observed at 4 kHz in Bramhall et al. A 

110 dB p-pe SPL toneburst was chosen because in animal models of synaptopathy and in 

Bramhall et al., the effects of noise exposure on wave I amplitude were largest at higher 

stimulus levels. Based on this preliminary analysis, further investigation was completed only 

for the perceptual measure (tinnitus) that was observed to have a strong association with 

wave I amplitude.

The probability of reporting tinnitus was modeled using Bayesian logistic regression. The 

regression model included ABR wave I, III, and V amplitudes in response to a 110 dB p-pe 

SPL 4 kHz toneburst, DPOAE level averaged from 3–8 kHz, and 2- and 3- way interactions 

of these factors (eg. the interaction between wave I and wave III amplitudes). In addition, an 

interaction between sex and all ABR and DPOAE effects was included to model the effect of 

sex on the probability of reporting tinnitus. Although it was not expected that males and 

females would differ in their probability of reporting tinnitus after accounting for peripheral 

auditory function, sex was included as a factor in the model because differences in ABR 

wave I amplitude between males and females have been reported in the literature, with 

smaller amplitudes for males than females (Trune et al. 1988; Mitchell et al. 1989). The full 

equation for the model is included in the supplemental data (see Text, Supplemental Digital 

Content 1). Average DPOAE levels were used in the model rather than pure tone thresholds 

to specifically adjust for differences in OHC function between participants. Both animal and 

human studies suggest that tinnitus may be associated with loss of high spontaneous rate/low 

threshold auditory nerve fibers (Bauer et al. 2007; Paul et al. 2017). Given their low 

thresholds, it is reasonable to expect that partial loss of these fibers may impact pure tone 

thresholds to some degree. Therefore, matching for pure tone thresholds or adjusting for 

small threshold differences could prevent the detection of a synaptopathic reduction in ABR 

wave I amplitude. To fit the model, ABR wave I, III, and V amplitudes were averaged over 

the 2 replicate ABR runs measured on each participant. Due to the method of calculating 

wave V amplitude (peak to prestimulus baseline), 12 participants had a negative ABR wave 

V amplitude for 1 run of their ABR waveform. Given that a negative ABR peak amplitude is 
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meaningless and will bias the amplitude value when averaged with the replicate, in instances 

where a negative amplitude was calculated, only the positive ABR amplitude value from the 

replicate was used. To facilitate computation, ABR and DPOAE values were standardized to 

a mean of zero and standard deviation of one. However, results are shown on the original 

scales.

Bayesian analysis, in contrast with classical statistical approaches, operates under the 

principle that all knowledge about any quantity (such as the effects of ABR wave I 

amplitude on the probability of reporting tinnitus) can be expressed as a probability 

distribution, with greater probability density concentrated around more plausible parameter 

values. All inferences, such as effect size estimates and confidence intervals are derived 

from these probability distributions. ‘Knowledge’ from this perspective is the combination 

of subject matter expertise and previous publications, collectively referred to as ‘prior 

probabilities’, and data collected in new studies. Bayesian analysis is the method of 

combining prior probabilities and new experimental data into revised ‘posterior 

probabilities’ via Bayes theorem. The relative weight of the priors and the experimental data 

on the posterior distribution depends on the amount of experimental data and the certainty of 

the prior belief, which is reflected in the standard deviation of the prior distribution. Priors 

with a tighter distribution will exert more influence on the posterior distribution, whereas 

those with a broader distribution will be less influential.

The published prevalence of tinnitus in the study population was used to generate priors on 

the intercept of the model. This prior for the prevalence of tinnitus was approximately 7.1% 

(Folmer et al. 2011) with a 90% prior certainty between 1.5–31.3%, which was transformed 

to the log-odds scale for the logistic regression model. This was chosen to reflect uncertainty 

about the degree of similarity between the National Health and Nutrition Examination Study 

(NHANES) subject pool used by Folmer et al. and the current study population. The 

NHANES data did not include females and had slightly different age groups than the current 

study. The prior for the main effect of wave I amplitude on the probability of reporting 

tinnitus was chosen based on published data from Guest et al. (2017) and Schaette and 

McAlpine (2011) where wave I amplitude was measured in participants with and without 

tinnitus. The sample mean and standard error for wave I amplitude in tinnitus and control 

participants from each study was used to simulate 100 datasets. A logistic regression model 

was then fit to each modeled dataset. Regression coefficients and standard errors were 

averaged over the simulated datasets for each publication, which provided a prior mean and 

standard deviation for the effect of wave I amplitude on the probability of reporting tinnitus. 

This ‘meta-analysis’ prior induces a 68% prior probability that increasing wave I amplitude 

decreases the probability of reporting tinnitus. As a sensitivity analysis, the model was refit 

using a ‘skeptical’ prior that is centered on zero effect of wave I amplitude on the probability 

of reporting tinnitus and allows only a 5% prior probability that the effect of wave I 

amplitude on tinnitus is as strong as that observed by Schaette and McAlpine. Further detail 

on the calculation of the prior for the effect of wave I amplitude on probability of reporting 

tinnitus and plots of the meta-analysis and skeptical prior distributions are included in the 

supplemental data (see Text, Supplemental Digital Content 1). The effects of wave III and V 

amplitude, DPOAE effects, and interaction effects were given 0-mean priors with larger 

standard deviations reflecting greater uncertainty about the wave III, wave V, and DPOAE 
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effects on tinnitus. The female-specific effects were given Cauchy priors centered at 0 with a 

scale parameter of 0.25, allowing for the possibility of unexpectedly large effects of sex on 

tinnitus. A summary of the prior distributions used for the analysis is included in the 

supplemental data (see Text, Supplemental Digital Content 1).

The model was fit using the MCMC procedure in SAS software version 9.4. The posterior 

was evaluated using 3 chains of 1,000 iterations of the No-U-Turn sampler after a 1,000 

sample burn-in period. All parameters had Gelman-Rubin convergence diagnostics below 

1.01. Model fit was evaluated using replicate datasets, cumulative residuals, and binned 

residuals. There was no gross lack of fit of the model. The raw data used in the model can be 

found in the supplemental data (Supplemental Data Table 2).

RESULTS

DPOAE Levels and ABR Wave I Amplitude

There was no correlation between average DPOAE level from 3–8 kHz and ABR wave I 

amplitude for a 4 kHz 110 dB p-pe SPL toneburst (Fig. 1). This suggests that ABR wave I 

amplitude differences between participants were not due to differences in OHC function.

ABR Wave I Amplitude and Perceptual Measures

As tinnitus was the only perceptual measure that showed a clear relationship with ABR wave 

I amplitude (Fig. 2A), this measure will be discussed in more detail in the subsequent 

sections. All participants performed close to 100% for the speech perception in quiet task at 

both a conversational (60 dB HL) and a high intensity level (90 dB HL) regardless of their 

wave I amplitude (Fig. 2B–C). ABR wave I amplitude did not appear correlated with speech 

perception in noise, as measured by the WIN test (Fig. 2D). WIN scores are based on the 

total number of correct responses and are reported as a signal-to-noise ratio threshold, with 

higher values indicating poorer performance. Normal performance on the WIN is defined as 

a score between −2 and 6 dB. Pure tone LDLs were measured as an indicator of loudness 

intolerance and hyperacusis. No clear association between ABR wave I amplitude and LDL 

was observed (Fig. 2E). Only LDLs for the 4 kHz stimulus are plotted because LDLs across 

frequencies were highly correlated.

ABR Wave I Amplitude and Perception of Tinnitus

An overview of the characteristics of participants with and without tinnitus are shown in 

Table 2. Audiograms and DPOAE levels for both groups are plotted in Figures 3 and 4. 

Mean pure tone thresholds from 250–8000 Hz were 3–7 dB lower for participants with 

tinnitus compared to those without tinnitus. These differences may be due to slightly poorer 

OHC function in the tinnitus group, as can be observed in the mean DPOAE level 

differences (3.5–7 dB) between groups from 5000–8000 Hz. Poorer pure tone thresholds in 

the tinnitus group may also be related to the partial loss of low threshold auditory nerve 

fibers, which has been associated with tinnitus in previous studies (Bauer et al. 2007; Paul et 

al. 2017). Extended high frequency thresholds were similar between the 2 groups, with mean 

differences at all frequencies within 5 dB. Extended high frequency thresholds were not 

obtained for 3 participants with tinnitus (2 males, 1 female) and 15 participants without 
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tinnitus (5 males, 10 females). Only participants who reported tinnitus in the test ear were 

included in the tinnitus group. All of these participants reported tinnitus in both ears. 

Perception of constant or frequent tinnitus was reported at a very high rate in the Veteran 

High Noise group (82%), compared with the Veteran Low Noise group (7%), and the two 

Non-Veteran groups (0%). Lower ABR wave I amplitudes were strongly associated with 

report of tinnitus (Fig. 5). In contrast, wave III (Fig. 5A) and wave V (Fig. 5B) amplitudes 

did not appear associated with tinnitus or wave I amplitude. In response to a 4 kHz 

toneburst, a mean reduction in ABR wave I amplitude was observed in participants with 

tinnitus, with the greatest reduction at the highest stimulus levels (Fig. 6A). Results from 

previous studies of ABR wave I amplitude in audiometrically normal young people with or 

without tinnitus are also plotted to show the relative effect sizes between studies (Schaette & 

McAlpine 2011; Guest et al. 2017). A similar reduction in mean amplitude was not observed 

for wave V (Fig. 6B). Participants with tinnitus showed a mean reduction in wave I/V ratio 

compared with participants without tinnitus (Fig. 6C). When comparing the current data 

with the prior studies, note that there are some differences in terms of the ABR 

measurements, namely the stimulus in the current study was a 4 kHz toneburst versus a click 

and the current study used a tiptrode rather than an electrode placed on the mastoid.

The relationship between ABR wave I amplitude (for a 4 kHz 110 dB p-pe SPL stimulus) 

and perception of tinnitus remained when using a Bayesian logistic regression model to 

adjust for DPOAE and sex differences between participants with and without tinnitus (Fig. 

7). After adjusting for sex and DPOAE level, the probability of reporting tinnitus increased 

by a factor of 2.0 per 0.1 μV decrease in ABR wave I amplitude (95% Bayesian confidence 

interval (CI) = 1.1–5.0) for males and by a factor of 2.2 (95% CI = 1.0–6.4) for females. One 

unique characteristic of Bayesian statistical models is that they generate a posterior 

distribution of the factor of interest. To aid in interpretation of the certainty of the model 

results described here, the posterior probability that a 0.1 μV decrease in ABR wave I 

amplitude is associated with an increase in the probability of reporting tinnitus was 

calculated by integrating over the portion of the posterior distribution where the probability 

of reporting tinnitus was greater than zero. This calculation indicated a 98% posterior 

probability in males and a 97% posterior probability in females that a 0.1 μV decrease in 

ABR wave I amplitude is associated with an increase in the probability of reporting tinnitus. 

This effect can be visualized in Figure 7A. When wave III amplitude, wave V amplitude, 

and average DPOAE level from 3–8 kHz are set to the sample means, the probability of 

tinnitus is close to 0% for large wave I amplitudes and increases as wave I amplitude 

decreases. For example, when wave III amplitude, wave V amplitude, and average DPOAE 

level from 3–8 kHz are set to the mean values for the whole cohort and sex is set to male, we 

can compare the mean risk of tinnitus for a low (0.25 μV) versus a high (0.5 μV) ABR wave 

I amplitude. A wave I amplitude of 0.25 μV is associated with a mean risk of tinnitus of 35% 

(95% Bayesian CI = 17–58%). In contrast, a wave I amplitude of 0.5 μV is associated with a 

mean risk of tinnitus of 8% (95% CI = 1–28%). This translates to a relative risk of 4.1 (95% 

CI = 1.1–29.0) for a wave I amplitude of 0.25 μV versus 0.5 μV or an absolute risk 

difference of 26% (95% CI = 3–51%). In contrast, changes in wave III or wave V amplitude 

had little effect on the probability of tinnitus when DPOAE maximum amplitude at 4 kHz, 

and the amplitudes of the remaining 2 ABR waves were set to the mean (Fig. 7B–C).
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Given the abundance of data (74 participants were used in the analysis), using the skeptical 

prior for the relationship between ABR wave I amplitude and tinnitus in the Bayesian model 

had little effect on the posterior inferences. Model results using the skeptical prior can be 

found in the supplemental data (see Text, Supplemental Digital Content 1).

The model suggests a similar relationship between ABR wave amplitude and tinnitus in both 

males and females, although the predicted probability of reporting tinnitus for a given ABR 

amplitude and DPOAE level is higher in males than females. One possible explanation for 

this result is that men are at greater propensity for tinnitus at any given level of peripheral 

auditory function. This explanation is theoretically ungrounded at present. Alternatively, 

men may appear at greater risk of tinnitus at a given level of peripheral auditory function as 

a consequence of sex-related measurement error in the ABR wave I amplitude. In this 

analysis, the chances of reporting tinnitus are reduced as wave I amplitude (W1) increases, 

so that:

Expected log−odds of tinnitus given W 1 = E log odds W 1 = a − b ⋅ W 1

Compared to females, the ABR wave I amplitude measurement, which is an indirect 

measure of auditory nerve activity (θ), is biased small in males by a factor ε:

Male W 1 = θ − ε

Female W 1 = θ

Therefore, the probability of reporting tinnitus at a particular wave I amplitude can be 

rewritten for males and females as:

E log odds Male, W 1 = a − b ⋅ W 1 = a − b ⋅ θ − ε = a − b ⋅ θ + b ⋅ ε

E log odds Female, W 1 = a − b ⋅ W 1 = a − b ⋅ θ

The expected probability for males (top row) is bigger than the expected probability for 

females (bottom row) by a factor of b·ε since both b and ε are positive. This means that at 

any given level of observed wave I amplitude, males will have a higher probability of 

tinnitus than females due to a biased relationship between wave I amplitude and auditory 

nerve activity.

An alternate male-only Bayesian model reveals similar results to the male-specific analysis 

of the whole dataset (see Text, Supplemental Digital Content 1), confirming that the 

observed association between ABR wave I amplitude and tinnitus is not an artifact of sex-

related differences in ABR wave I amplitude. Given that only 2 female participants in this 

study reported tinnitus in the test ear, additional data from females with tinnitus will be 

necessary to confirm the relationship between ABR wave I amplitude and the probability of 

reporting tinnitus in females.
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DISCUSSION

Noise exposure history was associated with tinnitus probability

The high probability of reporting tinnitus in the Veteran High Noise group compared with 

the other lower noise exposure groups suggests an association between noise exposure 

history and tinnitus, with only the individuals with the highest exposures developing tinnitus. 

Although the relationship between noise exposure and tinnitus is not a new finding, this 

relationship is usually associated with abnormal pure tone thresholds. Guest et al. found a 

relationship between noise exposure history and tinnitus in young people with normal 

audiograms who were matched for pure tone thresholds out to 14 kHz, but they did not 

measure OAEs (2017). The clear association between tinnitus and high intensity noise 

exposure in the current study is remarkable because it is observed in individuals with normal 

pure tone thresholds and normal DPOAEs. This suggests that the origin of tinnitus in this 

sample is not related to OHC dysfunction.

Perception of tinnitus was associated with reduced amplitude of ABR wave I, but not wave 
V

Mean ABR wave I amplitudes were reduced for study participants with tinnitus versus those 

without tinnitus, but this was not the consequence of an overall reduction in all ABR peak 

amplitudes. An increase in the gain of the central auditory system in response to reduced 

peripheral input has been proposed as a possible mechanism of tinnitus generation (Wang et 

al. 2011; Auerbach et al. 2014; Brotherton et al. 2015). Tinnitus-related central neuronal 

hyperactivity in response to cochlear damage has also been illustrated through 

computational modeling studies (Schaette & Kempter 2006; Schaette & Kempter 2009; 

Norena 2011). Although reduced peripheral input is generally assumed to result from OHC 

loss and be associated with auditory threshold elevation, loss of cochlear synaptic 

connections would also decrease peripheral input. In the present and previous studies, 

individuals with tinnitus and normal auditory thresholds show a reduction in wave I 

amplitude compared with individuals without tinnitus, but do not demonstrate a similar 

reduction in wave V amplitude (Schaette & McAlpine 2011). In fact, Gu et al. found a 

reduction in wave I amplitude and an increase in wave V amplitude when comparing 

individuals with tinnitus to age-, sex-, and threshold-matched (out to 8 kHz) individuals 

without tinnitus, although extended high frequency thresholds were somewhat poorer in the 

tinnitus group compared to the non-tinnitus group (2012). This suggests hyperactivity or loss 

of inhibition may develop in the auditory brainstem after a reduction in input from the 

auditory nerve and lead to the perception of tinnitus. A recent study showing increased 

spontaneous activity in the inferior colliculus of mice with noise-induced cochlear 

synaptopathy also suggests that tinnitus may be a consequence of cochlear synaptic 

degeneration (Hesse et al. 2016). Alternatively, rather than an indication of central gain, the 

decrease in ABR wave I/V amplitude ratio observed in this and previous studies may be 

driven by the relative insensitivity of wave V amplitude to changes in peripheral function, 

particularly in the high frequencies, as compared to wave I amplitude (Don & Eggermont 

1978).
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Although the presence of cochlear synaptopathy in the study participants with tinnitus 

cannot be confirmed without post-mortem histological analysis, these findings are consistent 

with the hypothesis that cochlear synaptic loss is associated with the perception of tinnitus. 

The cross-sectional nature of this study prohibited comparing ABR wave I amplitudes 

within subjects before and after the onset of tinnitus, but a prospective study of individuals 

who will be exposed to high intensity sounds would help confirm these results.

ABR wave I amplitude and speech perception appeared unrelated

No effect of ABR wave I amplitude on speech perception in quiet was observed. This is not 

surprising considering the relative ease of this task for individuals with normal pure tone 

thresholds. Additionally, even in the presence of synaptopathy, one would expect relatively 

good performance on this task as both low and high threshold fibers could contribute.

ABR wave I amplitude was also not correlated with performance on the WIN test. There are 

several possible explanations for the lack of a wave I amplitude effect on WIN performance: 

1) The participants in this cohort do not have synaptopathy and therefore do not show the 

predicted effects on speech-in-noise perception, 2) These participants have synaptopathy and 

related speech perception in noise deficits, but the WIN test does not adequately assess this 

problem (e.g., because it is not sufficiently difficult), 3) Synaptopathy alone (i.e., in the 

absence of elevated pure tone thresholds) does not have an adverse impact on speech 

perception in noise. As suggested by previous work, the perceptual effects of synaptopathy 

may become more evident when combined with elevated pure tone thresholds (Bramhall et 

al. 2015). Further studies of synaptopathy in humans will be necessary to distinguish 

between these possibilities. More complex speech-in-noise perception tasks, such as those 

that specifically require access to temporal fine structure may yield different results.

ABR wave I amplitude was not associated with loudness tolerance

Analysis of loudness tolerance showed no clear relationship between ABR wave I amplitude 

and LDLs. Mean LDLs were lower than those reported in a normative sample of young 

people with normal audiometric thresholds from 500–6000 Hz (Sherlock & Formby 2005). 

This may be due to differences in the test instructions provided to the participants. LDL was 

measured as an indicator of hyperacusis, but recent studies suggest LDL alone is not a 

reliable metric for this purpose (Sheldrake et al. 2015; Zaugg et al. 2016). Therefore, it is 

difficult to draw any conclusions about the relationship between ABR wave I amplitude and 

hyperacusis from this result. In future studies, use of hyperacusis questionnaires in 

combination with measures of loudness growth may help determine if hyperacusis is 

associated with reduced ABR wave I amplitudes.

Current clinical tests are not sensitive to all noise-related auditory changes

The results of this study in combination with previous work (Bramhall et al. 2017) indicate 

that high intensity noise exposure is associated with tinnitus and ABR wave I amplitude 

reductions even when auditory thresholds, OAEs, and clinical measures of speech perception 

are normal. This suggests that damage to the auditory system can occur in humans after 

noise exposure without showing up on a clinical audiology assessment. Although it is not 

clear whether this noise-induced damage adversely affects speech perception in noise or 
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hyperacusis, the damage is clearly associated with tinnitus. The high prevalence of tinnitus 

highlights the importance of developing new clinical tests that are sensitive to cochlear 

synaptopathy.

Comparison to other studies

The relationship between reduced ABR wave I amplitude and tinnitus observed in the 

present study is consistent with a previous report of smaller mean ABR wave I amplitudes in 

individuals with normal pure tone thresholds who have tinnitus versus those without tinnitus 

(Schaette & McAlpine 2011). Also in agreement with this previous study is the lack of a 

mean decrease in wave V amplitude in the participants with tinnitus.

The absence of tinnitus in the Non-Veteran Firearms group despite the previously 

demonstrated reduction of ABR wave I amplitudes in this group (Bramhall et al. 2017) was 

surprising. This may indicate a threshold of noise exposure (and by extension reduction in 

ABR wave I amplitude) that must be reached before tinnitus is induced. This could translate 

into a percent reduction in the number of IHC-auditory nerve synapses that must be lost to 

initiate an increase in central gain large enough to result in the perception of tinnitus. 

Alternatively, as suggested by previous studies, the perception of tinnitus may be related to 

the loss of low threshold auditory nerve fibers (Bauer et al. 2007; Paul et al. 2017). The lack 

of tinnitus in the Non-Veteran Firearms group may be explained by differences in the 

subpopulation of auditory nerve fibers affected by synaptopathy. For example, individuals 

with low ABR wave I amplitudes and no tinnitus may have primarily a loss of high threshold 

auditory nerve fibers, whereas individuals with low ABR wave I amplitudes and tinnitus 

may have a combination of low and high threshold fiber loss.

Guest et al. found an association between reported lifetime noise exposure history and 

tinnitus in young adults with normal auditory thresholds (2017). However, unlike the results 

presented here and in Bramhall et al. (2017), ABR wave I amplitude was not correlated with 

noise exposure or tinnitus. In contrast to the present study, where participants were recruited 

based on their noise exposure history and screened with DPOAEs to ensure relatively 

normal OHC function, Guest et al. recruited participants based on the presence/absence of 

tinnitus and a normal audiogram. Although the tinnitus and non-tinnitus groups were 

matched on audiometric thresholds out to 14 kHz, OAEs were not measured. Because OAEs 

are pre-neural responses generated by the OHCs, it seems reasonable to assert that DPOAEs, 

or evoked OAEs in general, are necessary to rule out the effects of noise on OHC function. 

In humans, OAE level shifts are observed more often than pure tone threshold shifts when 

the two tests are compared at corresponding audiometric frequencies after exposure to noise 

(Engdahl & Kemp 1996; Seixas et al. 2005; Marshall et al. 2009) or ototoxic drugs 

(Mulheran & Degg 1997; Ozturan & Lam 1998; Littman et al. 1998; Katbamna et al. 1999; 

Stavroulaki et al. 2001; Stavroulaki et al. 2002). It is possible that noise-related OHC 

damage may have contributed to the perception of tinnitus in some of the Guest et al. study 

participants. Additionally, tinnitus is a heterogeneous disorder with many potential 

mechanisms other than synaptopathy (Henry et al. 2014). By recruiting based on the 

perception of tinnitus, they may have increased the likelihood of including a greater variety 

of tinnitus etiologies in their study. The presence of tinnitus unrelated to noise exposure in 

Bramhall et al. Page 14

Ear Hear. Author manuscript; available in PMC 2020 April 23.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



their sample may have obscured their results. This seems likely given that the noise exposure 

scores for several of the individual tinnitus participants were similar to the scores seen in the 

non-tinnitus controls.

Bramhall et al. (2015) investigated the relationship between speech perception in noise and 

ABR wave I amplitude across individuals of a variety of ages with 4 frequency pure tone 

averages (for 0.5, 1, 2 and 4 kHz) ranging from approximately 0 – 40 dB HL. They found 

that lower ABR wave I amplitudes were associated with poorer performance on the 

QuickSIN, but there was an interaction with pure tone average, with a greater wave I 

amplitude effect seen in individuals with poorer audiometric thresholds. In that study, 

participants with normal pure tone thresholds showed little effect of ABR wave I amplitude 

on their speech in noise perception. These results are consistent with the apparent lack of 

association between ABR wave I amplitude and the WIN in the current study.

In a study design similar to the present study, Liberman et al. divided young adults with 

normal pure tone thresholds from 250–8000 Hz into two groups based on their self-reported 

noise exposure history (2016). As in the present study, they observed similar speech 

perception performance in quiet for both noise exposure groups. However, they also found a 

significant decrease in speech-in-noise perception for males with higher reported noise 

exposure compared with those with lower exposure. These contradictory findings may be 

due to differences in study design (both studies used NU-6 word lists, but in the Liberman 

study words were presented at 35 dB HL with a white noise masker versus the current study 

where words were presented at 80 dB HL in multitalker babble), group differences in the 

extended high frequency thresholds and DPOAEs for the Liberman study, or simply an 

artifact of sampling variability.

Limitations

Studying cochlear synatopathy in humans is very difficult due to several limitations that are 

not a problem in animal models. The following limitations should be considered when 

drawing conclusions from this and other human studies of synaptopathy. 1) Synaptopathy 

cannot be confirmed non-invasively. In this study, ABR wave I amplitude was used as an 

indirect measure of auditory nerve function. While this measure is highly correlated with 

synaptopathy in animal models, it is only a proxy for synaptopathy and can be impacted by 

other factors. Although ABR wave I amplitude as measured in this study revealed an 

association between wave I amplitude and the probability of reporting tinnitus at a group 

level, the variability in wave I amplitudes observed among the participants with and without 

tinnitus would preclude use of this measure for detecting synaptopathy or objectively 

diagnosing tinnitus in individuals. Accomplishing these tasks will require the development 

of more sensitive metrics. 2) In most cases, individuals with synaptopathy would be 

expected to also have OHC loss, making it difficult to isolate the effects of OHC loss from 

the effects of synaptopathy. In this study we limited study participation to individuals with 

normal OHC function and adjusted for average DPOAE level from 3–8 kHz in our statistical 

model, but it’s possible the DPOAE stimulus level we used was not sensitive to all OHC 

damage. 3) Human studies of synaptopathy are generally confined to cross-sectional study 

designs because it is unethical to purposefully expose people to noise levels that would be 
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expected to result in synaptic loss. This makes it difficult to conclusively confirm 

relationships between noise exposure, ABR wave I amplitudes, and perceptual changes. 4) 

Due to the difficult task of finding individuals with high levels of noise exposure and good 

OHC function, sample sizes are limited. In this study, there were only 2 female Veterans 

with high noise exposure, which limited the number of females with tinnitus. The effects of 

the small sample size can be observed in the width of the confidence intervals.

CONCLUSIONS

This study investigated the relationship between ABR wave I amplitude and three aspects of 

auditory perception (tinnitus, speech perception, and loudness discomfort levels) in young 

military Veterans and non-Veterans with normal auditory thresholds and DPOAEs. 

Perception of frequent or constant tinnitus was associated with a reduction in ABR wave I 

amplitude, but not wave V amplitude. The relationship between ABR wave I amplitude and 

tinnitus remained after adjusting for differences in sex and DPOAE levels between 

participants. Although the presence of cochlear synaptopathy cannot be confirmed in the 

participants with lower ABR wave I amplitudes, this suggests a link between synaptopathy 

and tinnitus. Speech perception, both in quiet and in noise, and loudness discomfort levels 

did not appear correlated with ABR wave I amplitude, but this should be interpreted with 

caution as it may be a consequence of the specific perceptual measures used in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Relationship between average DPOAE level and ABR wave I amplitude
Auditory brainstem response (ABR) wave I amplitude for a 110 dB p-pe dB SPL 4 kHz 

stimulus was not correlated with average distortion product otoacoustic emission (DPOAE) 

level from 3–8 kHz. Mean ABR wave I amplitudes (across replications) and average 

DPOAE levels from 3–8 kHz are plotted for individual participants. A LOESS smooth line 

was fit to the data.
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Figure 2. Relationship between ABR wave I amplitude and perceptual measures
Auditory brainstem response (ABR) wave I amplitude (for a 110 dB p-pe SPL 4 kHz 

stimulus) is associated with perception of tinnitus, but does not appear correlated with the 

other perceptual measures. Scatterplots show the relationship between ABR wave I 

amplitude and self-report of tinnitus (A), speech perception in quiet at 60 (B) and 90 (C) dB 

HL, performance on the words in noise (WIN) test (D), and loudness discomfort level (LDL) 

(E) at 4 kHz. In each subplot, a LOESS smooth line was fit to the data.
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Figure 3. Audiometric pure tone thresholds by tinnitus group
Audiometric pure tone thresholds for the test ear are shown for individual study participants 

(thin lines) as well as the mean thresholds for the tinnitus and no tinnitus groups (thick 

lines). Pure tone thresholds were measured for all participants from 0.25–8 kHz (A) and in 

56 participants from 9–16 kHz (B).
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Figure 4. DPOAE levels across frequency by tinnitus group
DPOAE levels are shown for individual study participants (thin lines) in response to a 65/55 

dB SPL stimulus at f2 frequencies of 1–8 kHz. Mean DPOAE levels for the tinnitus and no 

tinnitus groups are shown with thick lines.
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Figure 5. Relationship between ABR peak amplitudes for individual participants
Auditory brainstem response (ABR) wave I amplitude was reduced in participants with 

tinnitus, but wave III and V amplitudes appeared independent of wave I amplitude and 

tinnitus perception. Combined scatterplots and boxplots show individual ABR peak 

amplitudes for a 4 kHz 110 dB p-pe SPL stimulus from males and females with and without 

tinnitus. Replicate ABR runs for each participant were averaged together to generate a mean 

amplitude. The scatterplots show mean ABR wave I amplitude versus mean wave III (A) or 

wave V (B) amplitude. Wave I and III amplitudes were calculated as the voltage difference 

between the wave peak and the following trough. Wave V amplitude was calculated as the 

difference between the wave peak and the prestimulus baseline. Males are indicated with 

stars and females with circles. Filled symbols indicate participants who reported tinnitus. 

Boxplots show the relationship between wave I, III, and V amplitudes and report of tinnitus. 

The bottom, midline, and top of the boxes represent the 1st quartile, median, and 3rd quartile 
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respectively, while the end of the whiskers indicate the points furthest from the box that still 

fall within 1.5 interquartile ranges from the edges of the box. Open circles indicate values 

outside of this range.
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Figure 6. Relationship between ABR peak amplitudes and tinnitus across level
Auditory brainstem response (ABR) wave I amplitude was reduced in the participants with 

tinnitus, but a similar reduction was not observed for wave V amplitude. ABR amplitudes 

were measured in response to a 4 kHz toneburst stimulus at 80, 90, 100, and 110 dB p-pe 

SPL. Mean wave I amplitude (A), wave V amplitude (B), and wave V/I amplitude ratio (C) 

were calculated for study participants with and without tinnitus. Wave I amplitude was 

calculated as the voltage difference between the wave peak and the following trough. Wave 

V amplitude was calculated as the difference between the wave peak and the prestimulus 

baseline. Error bars indicate the standard error of the mean. The wave I amplitudes reported 

by Schaette and McAlpine (2011) and Guest et al. (2017) in response to a click at 90 and/or 

100 dB p-pe SPL are also plotted in panels A and B (indicated by “S” and “G”) for 

comparison. A split axis is used in panel B to facilitate this comparison. Note that in the 

previous studies, mastoid electrodes were used rather than a tiptrode.
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Figure 7. ABR wave I, III, and V amplitudes and the probability of reporting tinnitus
The amplitude of auditory brainstem response (ABR) wave I, but not waves III or V, can be 

used to predict the probability of reporting tinnitus. Results from a Bayesian logistic 

regression model are plotted to show the relationship between ABR wave I (A), III (B), and 

V (C) amplitudes (for a 110 dB p-pe SPL 4 kHz stimulus) and the posterior probability of 

reporting tinnitus. For each subplot, average distortion product otoacoustic emission 

(DPOAE) levels from 3–8 kHz and the 2 ABR waves not shown on the x-axis of the subplot 

are set to the mean value for the whole data set. For example, in panel A, average DPOAE 

level is set to 4.7 dB SPL, wave III amplitude is set to 0.14 μV, and wave V amplitude is set 

to 0.31 μV. The dark and light shaded regions indicate the interquartile range and 95% 

Bayesian confidence interval respectively. Dots indicate the ABR wave amplitudes for 

participants with (top) and without (bottom) tinnitus. Dots are jittered vertically to make 

them easier to visualize.
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Table 1.

Participant Characteristics by Noise Exposure Group

Non-Veteran Non-Veteran Firearms Veteran Low Noise Veteran High Noise

Age in years 25.4 (4.2) 25.8 (4.2) 29.7 (4.2) 26.7 (2.3)

Number of males 7 7 6 15

PTA (0.5, 1, & 2 kHz) – in dB HL 6.9 (4.1) 6.7 (3.0) 9.4 (4.8) 10.3 (5.6)

High frequency PTA (3, 4, & 6 kHz) – in dB HL 2.1 (4.5) 4.1 (5.0) 4.5 (3.6) 9.2 (4.9)

LENS-Q score 4.3 (0.6) 13.2 (2.4) 10.8 (3.4) 15.9 (0.8)

Speech in quiet (60 dB HL) 98.3% (1.7) 98.8% (1.4) 97.7% (2.2) 97.3% (2.4)

Speech in quiet (90 dB HL) 96.7% (2.2) 97.4% (2.0) 97.7% (1.7) 97.3% (3.5)

ABR wave I amplitude (μV) 0.41 (0.11) 0.33 (0.10) 0.38 (0.13) 0.30 (0.09)

WIN (dB SNR) 4.0 (1.1) 3.5 (1.1) 4.6 (1.4) 4.8 (1.4)

LDL – 1 kHz (dB HL) 89.3 (10.4) 88.4 (9.5) 89.9 (8.3) 88.3 (9.2)

LDL – 3 kHz (dB HL) 84.2 (9.1) 83.1 (8.2) 83.1 (5.5) 82.3 (8.8)

LDL – 4 kHz (dB HL) 81.8 (9.9) 81.1 (9.5) 81.1 (5.9) 80.2 (10.1)

LDL – 6 kHz (dB HL) 78.0 (13.7) 75.3 (10.1) 72.6 (8.6) 74.6 (10.9)

Report tinnitus 0 0 1 14

Total participants 27 16 14 17

Participant characteristics are shown for each of the 4 noise exposure groups. Except for “number of males”, “report tinnitus”, and “total 
participants”, all values are group means with standard deviations in parentheses. The pure tone average (PTA) is the average of the pure tone 
thresholds at 0.5, 1, and 2 kHz, while the high frequency PTA consists of the thresholds at 3, 4, and 6 kHz. The score on the Lifetime Exposure of 
Noise and Solvents Questionnaire (LENS-Q) provides a measure of lifetime noise exposure to occupational, military, and recreational noise 
sources. The LENS-Q is scored on a log scale where lower scores indicate less noise exposure and higher scores indicate more exposure. Auditory 
brainstem response (ABR) wave I amplitude is reported for a 4 kHz 110 dB p-pe SPL toneburst. Perceptual measures include speech in quiet at 60 
and 90 dB HL, the words in noise (WIN) test, loudness discomfort levels (LDLs) at 4 frequencies, and report of tinnitus. SNR is signal-to-noise 
ratio.
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Table 2.

Participant Characteristics by Tinnitus Group

Tinnitus

No Yes

Total participants 59 15

Number of males 22 13

Age in years 26.7 (4.5) 26.3 (2.1)

PTA 7.2 (3.9) 11.4 (5.6)

High frequency PTA (3, 4, & 6 kHz) 3.2 (4.5) 10.1 (4.4)

Extended high frequency PTA 3.6 (9.2) 4.2 (6.6)

ABR wave I amplitude (μV) – 1 kHz 0.15 (0.10) 0.10 (0.06)

ABR wave I amplitude (μV) – 3 kHz 0.28 (0.12) 0.21 (0.09)

ABR wave I amplitude (μV) – 4 kHz 0.38 (0.11) 0.29 (0.10)

ABR wave I amplitude (μV) – 6 kHz 0.38 (0.11) 0.32 (0.08)

DPOAE average level from 3–8 kHz 5.38 (3.7) 1.9 (2.3)

Overview of participant characteristics by tinnitus group. Except for “total participants” and “number of males”, all values are group means with 
standard deviations in parentheses. The pure tone average (PTA) is the average of the pure tone thresholds at 0.5, 1, and 2 kHz (in dB HL), while 
the high frequency PTA consists of the thresholds at 3, 4, and 6 kHz, and the extended high frequency PTA is the average of all pure tone thresholds 
from 9–16 kHz. Auditory brainstem response (ABR) wave I amplitude is reported for 110 dB p-pe SPL tonebursts. DPOAE average level for a DP-
gram is reported in dB SPL.
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