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Abstract

Purpose: Distortion product otoacoustic emissions (DPOAEs) and audiometric thresholds have 

been used to account for the impacts of subclinical outer hair cell (OHC) dysfunction on auditory 

perception and measures of auditory physiology. However, the relationship between DPOAEs 

and the audiogram is unclear. This study investigated this relationship by determining how well 

DPOAE levels can predict the audiogram among individuals with clinically normal hearing. 

Additionally, the impacts of age, noise exposure, and the perception of tinnitus on the ability of 

DPOAE levels to predict the audiogram were evaluated.

Method: Suprathreshold DPOAE levels from 1-10 kHz and pure tone thresholds from 0.25-16 

kHz were measured in 366 ears from 194 young adults (19-35 years) with clinically normal 

audiograms and middle ear function. The measured DPOAE levels at all frequencies were used 

to predict pure tone thresholds at each frequency. Participants were grouped by age, self-reported 

noise exposure/Veteran status, and self-report of tinnitus.

Results: Including DPOAE levels in the pure tone threshold prediction model improved 

threshold predictions at all frequencies from 0.25-16 kHz compared with a model based only 

on sample mean pure tone thresholds, but these improvements were modest. DPOAE levels for f2 

frequencies of 4 and 5 kHz were particularly influential in predicting pure tone thresholds above 

4 kHz. However, prediction accuracy varied based on participant characteristics. On average, 

predicted pure tone thresholds were better than measured thresholds among Veterans, individuals 

with tinnitus, and the oldest age group.

Conclusions: These results indicate a complex relationship between DPOAE levels and the 

audiogram. Underestimation of pure tone thresholds for some groups suggests that additional 

factors other than OHC damage may impact thresholds among individuals within these categories. 
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These findings suggest that DPOAE levels and pure tone thresholds may differ in terms of how 

well they reflect subclinical OHC dysfunction.

Introduction

Among individuals with clinically normal audiograms, pure tone thresholds can vary 

considerably (from −10 to 20 dB HL). This variation is thought to be driven in large 

part by outer hair cell (OHC) damage (Wu et al., 2020). Otoacoustic emissions (OAEs) 

are often used as an indicator of OHC function, because they are reduced when OHCs 

are damaged or missing due to the reduction in cochlear gain (Brownell, 1990). Given 

the known relationships between OHC damage and both OAEs and the audiogram, one 

might expect that it would be relatively easy to predict the audiogram using distortion 

product otoacoustic emissions (DPOAEs). However, previous attempts at predicting pure 

tone thresholds in this manner have had limited success (e.g., Kimberley et al., 1994). 

These results suggest either that there are factors other than OHC function that impact the 

audiogram or that DPOAEs may not accurately represent OHC damage. Clarification of the 

relationship between DPOAEs and the audiogram is important because studies that assess 

physiological measures of “hidden” auditory damage and associated perceptual impacts 

often use only a single measure (i.e. DPOAEs or the audiogram) to distinguish subclinical 

OHC dysfunction from synaptic/neuronal loss. If factors other than OHC function, such as 

synaptic/neuronal loss, impact the audiogram, it may be preferable to use DPOAEs to assess 

OHC function in these types of studies.

In the past, many researchers were interested in using DPOAEs to predict pure tone 

thresholds so that hearing loss could be identified in difficult to test populations, such 

as children or patients who were unable to provide a behavioral response. These studies 

included ears with both normal and abnormal pure tone thresholds. The techniques used in 

these investigations varied. Some studies used DPOAE thresholds to predict the behavioral 

hearing threshold at the corresponding frequency (Boege & Janssen, 2002; de Paula Campos 

& Carvallo, 2011; Gorga et al., 2003; Rogers et al., 2010), while others used suprathreshold 

DPOAE levels to predict hearing thresholds (de Waal et al., 2002; Wagner & Plinkert, 

1999). One approach used the DPOAE level at f2 as well as adjacent frequencies to 

predict the matching pure tone threshold (Harris et al., 1989). Kimberley et al. (1994) 

used a computer-based model to predict pure tone thresholds using DPOAE levels and age 

as inputs. They found weak correlations between DPOAE levels and behavioral hearing 

thresholds. However, they were able to predict whether an individual had clinically normal 

or impaired hearing based on their DPOAEs and age with approximately 85% accuracy. 

Overall, the ability of DPOAEs to predict pure tone thresholds in these studies was modest 

at best.

From a theoretical perspective, it is unclear why DPOAEs, which are accepted in the field 

as a relatively accurate measure of OHC function, would perform so poorly at predicting the 

audiogram, a measurement which is thought to primarily reflect the extent of OHC damage 

(Wu et al., 2020). There are several possible explanations: 1) an incorrectly specified 

statistical model, 2) DPOAEs do not reflect OHC function as accurately as assumed, and 

3) functional variation of aspects of the auditory system, other than OHCs, are impacting 
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pure tone thresholds. Provided that the statistical model is reasonable and that DPOAEs 

are an accurate measure of OHC function, consistent discrepancies between observed and 

predicted pure tone thresholds suggest that damage to other parts of the auditory system 

(e.g., inner hair cells (IHCs), cochlear synapses, auditory nerve fibers, auditory brainstem, 

auditory cortex) are contributing to the audiogram.

The goal of this study was to evaluate how well a suprathreshold DPOAE primary sweep 

(DP-gram) from 1-10 kHz can predict the pure tone audiogram, including the extended high 

frequencies from 9-16 kHz, among individuals with clinically normal hearing and varying 

noise exposure histories. This differs from previous studies that have focused on the ability 

of DPOAEs to predict abnormal pure tone thresholds because one objective of this study was 

to determine whether factors other than OHC loss may impact the audiograms of individuals 

with clinically normal pure tone thresholds. In addition, in contrast to historical studies 

that attempted to predict the audiogram using DPOAEs, this study modeled the effect of 

the entire DP-gram on the entire audiogram, including the extended high frequencies, in a 

single coherent analytical framework. A suprathreshold DP-gram was used because it can 

be obtained more quickly than DPOAE thresholds at multiple frequencies and it is the OAE 

measure most commonly used in human studies of synaptopathy (Bramhall et al., 2018; 

Bramhall et al., 2017; Fulbright et al., 2017; Grinn et al., 2017; Grose et al., 2017; Liberman 

et al., 2016). The hypotheses were that 1) DPOAE prediction of pure tone thresholds 

would be poorer at low frequencies due to the lack of DPOAE data below 1 kHz and 

measurement error introduced by biological noise, 2) DPOAEs at a particular f2 frequency 

would contribute to the prediction of audiometric thresholds at and above that frequency 

because both the primary tones used to evoke DPOAEs and the backwards traveling wave 

must pass through the cochlear region basal to the region being stimulated, and 3) DPOAEs 

would underestimate audiometric thresholds among individuals at increased risk for cochlear 

synaptopathy, as indicated by Veteran status, older age, and/or the perception of tinnitus. 

This hypothesis is based on the observation that although the threshold shifts are small, 

animal studies suggest that deafferentation can impact behavioral thresholds (Lobarinas et 

al., 2013).

Methods

Participants

This analysis was conducted using data collected from two larger studies investigating 

noise-induced hidden hearing loss in young people with normal audiograms. These data 

sets have been described in previous publications (Bramhall et al., 2018; Bramhall et al., 

2017; Bramhall et al., 2019; Bramhall et al., 2020), although some of the participants 

included in this analysis did not meet the DPOAE criteria to be included in previous reports. 

A total of 194 participants were included in the analysis, consisting of Military Veterans 

and non-Veterans, aged 19 to 35 years. Inclusion criteria included: normal air conduction 

thresholds (≤ 20 dB HL from 0.25 to 8 kHz) with no evidence of a noise notch, no more 

than one 15 dB air-bone gap with no air-bone gaps greater than 15 dB, and a normal 

tympanogram (226 Hz tympanogram, compliance 0.3-1.9 ml, and peak pressure between 

±50 dPa). The participants were also required to have no history of concussion or significant 
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otologic symptoms. Some participants met these criteria only in a single ear, resulting in a 

total of 366 ears for the analysis.

Procedures

All study procedures were approved by the Institutional Review Board of the Veterans 

Administration (VA) Portland Health Care System.

Audiometric Testing: Pure tone thresholds for the standard audiometric frequencies 

(0.25 to 8 kHz) were assessed in all participants in 5 dB steps. In addition, audiometric 

thresholds from 9 to 16 kHz were measured using Sennheiser HDA 200 headphones (Old 

Lyme, CT) in all but 19 participants (32 ears). Pure tone thresholds at all frequencies 

were measured in dB HL with a Grason-Stadler GSI 61 clinical audiometer (Eden Prairie, 

MN) that was professionally calibrated according to American National Standards Institute 

(ANSI) reference standards (2018). No pure tone thresholds were beyond the limits of the 

audiometer at any frequency.

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). The primary frequencies were separately 

digitized, converted to analog voltages, passed through an amplifier to separate Etymotic 

Research (ER-2, Elk Grove Village, IL) tubephones, and delivered to the sealed ear canal 

through separate ports in the probe assembly. Using in the ear calibration, the voltage 

applied to the tubephones was adjusted to set the SPL of f1 and f2 to the desired levels. 

DPOAEs were obtained in all participants using a DP-gram from f2 = 1 to 10 kHz in 

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

f2/f1 ratio of 1.2. If the DPOAE level was less than −20 dB SPL or the signal-to-noise ratio 

was less than 6 dB, the DPOAE level was set at −20 dB SPL.

Assessment of Noise Exposure and Tinnitus: All non-Veteran participants either 

completed a questionnaire that asked about their lifetime occupational and recreational noise 

exposure, including firearm use (the Lifetime Exposure to Noise and Solvents Questionnaire 

(LENS-Q, Bramhall et al., 2017; Gordon et al., 2017) or were screened with questions 

about previous occupational or recreational noise exposure and asked if they had ever 

used a firearm. Most Veteran participants also completed the LENS-Q, including a section 

on military noise exposure. Veterans reported a variety of noise exposure histories, but 

almost all reported firearm use at some point during their military service. Non-Veterans all 

reported minimal occupational and recreational noise exposure and were divided into two 

groups based on any self-reported use of firearms: Non-Veteran Controls and Non-Veteran 

Firearms. To assess tinnitus, all study participants answered the following question on a 

questionnaire: “Do you have constant or frequent ringing in the ears?”. Those reporting 

ringing in the test ear were marked as having tinnitus.

Statistical Analysis

The modeling approach consists of using the entire DP-gram to predict the pure tone 

threshold at each audiometric frequency. This is accomplished using a regression analysis 
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where the predictors are the measured DPOAE levels at each f2 frequency and the dependent 

variables are pure tone threshold at each audiometric frequency. Specifically, a function-on-

function regression model (see Scheipl et al., 2015) is used because both the DP-gram 

and the audiogram can be expressed as functions. The outputs of the model are regression 

coefficients, or weight functions, for each audiometric frequency that can be multiplied 

by the DP-gram for an individual ear to generate a predicted audiogram for that ear. A 

schematic illustrating this concept is shown in Figure 1. The DP-gram (left) is multiplied 

by the weight function for each audiometric frequency (middle) to predict the pure tone 

threshold at that audiometric frequency (right). Although this type of regression model can 

be implemented using classical statistics, a Bayesian approach offers certain advantages. 

In Bayesian analysis, all unknown quantities (such as how the DP-gram is related to the 

pure tone threshold at 4 kHz) are assigned a probability distribution. Prior knowledge 

about a quantity, which can be gleaned from publications or previously collected data 

is combined with newly collected data to generate a posterior probability distribution 

about that quantity from which inferences such as the effect size and Bayesian confidence 

intervals, called credible intervals, can be drawn. Complex models such as the function-on-

function regression model described here are computationally easier to fit using a Bayesian 

approach than with classical statistical methods. See McMillan and Cannon (2019)) for a 

detailed description of the use of Bayesian analysis in auditory research.

For the purpose of comparison, two different statistical models were used to predict 

audiograms. In the first model, the entire DP-gram was used to predict the entire audiogram 

as described in the previous paragraph. This is referred to as the “full model”. This is the 

approach that is illustrated in Figure 1 and all presented model results are for this full model 

unless otherwise noted. The second model simply predicts the audiogram to be equal to 

the sample mean audiogram. This results in a predicted audiogram that is the same for all 

ears and DPOAE weight functions that are equal to zero across all frequencies because the 

DPOAE levels do not influence the audiogram predictions. This model is referred to as 

the “mean audio model”. Additional details for both statistical models can be found in the 

Supplemental Data.

A random intercept is often included as a modeling parameter to account for subject-to-

subject variation that is otherwise not accounted for in the model. In this analysis, a random 

intercept could be used to account for subject-to-subject variation in the audiogram that 

is not accounted for by DPOAEs. This approach is often motivated by the notion that 

left- and right-ear audiograms within subjects are correlated. A random intercept was not 

included in the current analysis because one of the goals of this analysis was to qualitatively 

investigate subject-level features such as age, noise exposure, or perception of tinnitus that 

might affect the ability to predict the audiogram from the DP-gram. Therefore, it would be 

counterproductive to adjust for subject-level variation.

The mean audio model and the full model were fit in SAS software v9.4M5 with PROC 

BGLIMM assuming flat priors on all of the model parameters. Three chains were run 

using the No-U-Turn sampler for the variance components and conjugate sampling for the 

remaining effects with random starting values in each chain. Convergence was achieved after 

10,000 posterior samples.
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Results

Sample and group characteristics

An overview of the characteristics of the sample, including the breakdown by age and noise 

exposure group, number of males/females, and number of individuals reporting tinnitus are 

shown in Table 1. Participants were not specifically recruited based on group membership, 

resulting in unequal numbers across groups. Table 1 shows that there are 114 Veterans, 

65 non-Veteran controls, and 15 non-Veterans with firearm use in this sample. Fifty-four 

participants reported tinnitus, most of them Veterans. The participants are fairly evenly 

split into three groups based on age (19-25, 26-30, and 31-35 years) and these groups are 

relatively balanced in terms of sex. Audiograms and DP-grams for the age, noise exposure, 

and tinnitus groups are plotted in Figures 2 and 3, respectively. Average pure tone thresholds 

decrease with age, Veteran status, and report of tinnitus. Audiometric differences are 

particularly noticeable at 12.5 kHz and higher. Surprisingly, average audiometric thresholds 

at 14-16 kHz are better for the Non-Veteran Firearms group than for the Non-Veteran 

Control or Veteran groups, but this should be interpreted with caution given the small size 

of the Non-Veteran Firearms group. DP-grams show lower average DPOAE levels from 2-10 

kHz for the two older age groups (26-30 and 31-35 years) compared to the youngest age 

group (19-25 years), although the DPOAEs for the two older groups are similar. On average, 

Veterans have lower DPOAE levels across fDPOAE compared to the other noise exposure 

groups, while the non-Veterans with firearm use have the largest DPOAE levels, except at 

fDPOAE = 10 kHz. The perception of tinnitus is associated with lower average DPOAE levels 

beginning at fDPOAE = 3 kHz.

Correlations between DPOAE levels and pure tone thresholds

Pearson correlation coefficients between the pure tone thresholds at each fPTT and the 

DPOAE levels at each fDPOAE are shown in Table 2. Scatterplots illustrating these 

relationships can be found in the Supplemental Data. The poorest correlation between 

DPOAE levels and pure tone thresholds was at fDPOAE = fPTT = 1kHz , where the correlation 

coefficient was −0.15. The strongest correlations were observed between the DPOAE levels 

at fDPOAE = 4 and 5 kHz and the pure tone threshold at fPTT = 4 kHz (−0.42 to −0.45) 

and the DPOAE levels at fDPOAE = 5, 6, and 8 kHz and the pure tone threshold at fPTT 

= 6 kHz (−0.44 to −0.49). Interestingly, the DPOAE levels at fDPOAE = 4 and 5 kHz had 

correlations with pure tone thresholds in the extended high frequencies (fPTT = 9-16 kHz) 

that were as strong or stronger (−0.21 to −.031) than the correlations between the DPOAE 

levels at fDPOAE = 8 and 10 kHz and the extended high frequency (fPTT = 9-16 kHz) pure 

tone thresholds (−0.10 to −0.25).

Impact of DPOAE levels on pure tone threshold predictions

Root mean square prediction errors (RMSPEs) for the full model are shown for each pure 

tone threshold frequency in Table 3. RMSPEs increase as fPTT increases, ranging from 5 

dB at 0.25 kHz to 18.9 dB at 16 kHz. Prediction accuracy is poorest in the extended high 

frequencies (fPTT = 9-16 kHz). RMSPEs for the mean audio model are also shown in Table 

3, along with the difference in RMSPEs between the two models. Prediction accuracy is 
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better (by 0.4 to 2.1 dB) for the full model, even for fPTT where DPOAEs were not measured 

(0.25, 0.5, 9, 11.2, 12.5, 14, and 16 kHz).

The regression coefficient (or weight) applied to each DPOAE level when predicting the 

pure tone audiogram is plotted in Figure 4. Overall, the DPOAE level at the fDPOAE 

corresponding to the fPTT does not have a greater weight than other fDPOAE. In fact, for 

pure tone thresholds at fPTT ≤ 3 kHz, the DPOAE level at fDPOAE = 2 kHz has the largest 

weight and for pure tone thresholds at fPTT ≥ 6 kHz, the DPOAE levels at fDPOAE = 4 and 5 

kHz have the largest weights.

Figure 5 illustrates the impact of DPOAE level on the predicted audiogram by decreasing the 

DPOAE levels at fDPOAE = 3, 4, and 5 kHz. It is clear from this plot that a dramatic notch 

in the DPOAE levels does not have a proportional impact on predicted pure tone thresholds 

at the corresponding fPTT. Interestingly, decreasing the DPOAE level at fDPOAE = 3, 4, and 5 

kHz results in poorer predicted pure tone thresholds not only at fPTT = 3, 4, and 5 kHz, but 

also a similar change in all pure tone thresholds where fPTT ≥ 2 kHz.

Examples of predicted and observed audiograms are shown for nine ears in Figure 6. These 

examples were chosen to demonstrate the range of prediction error patterns observed in 

the sample. In the ideal case, the predicted audiogram closely approximates the measured 

audiogram (Figure 6E). However, in some ears, predicted thresholds are smaller (better) than 

observed thresholds (Figure 6F), or are larger (poorer) than observed thresholds (Figure 6D). 

In other ears, the pattern is less straightforward, with predicted thresholds that are better 

than observed for low fPTT and poorer than observed for high fPTT (Figure 6B) or vice versa 

(Figure 6H).

Audiograms are poorer than predicted among the oldest group, but better than predicted 
in the youngest group

Average residuals at each fPTT (the predicted threshold minus the observed threshold) for 

each age group are plotted in Figure 7. On average, predicted audiograms for the oldest age 

group (31-35 years) are better than the actual measured audiograms, particularly for fPTT ≥ 6 

kHz (0.7 to 8.6 dB better). In contrast, the opposite pattern is observed for the youngest age 

group (19-25 years), where predicted audiograms are poorer than measured audiograms for 

fPTT ≥ 2 kHz (−0.3 to −4.3 dB poorer). Average prediction errors are minimal for the middle 

group (26-30 years). Mean residuals for each age group are shown by frequency in Table 4.

Audiograms are poorer than predicted among Veterans, but better than predicted in non-
Veterans

Average residuals are plotted by fPTT according to noise exposure group in Figure 8. 

Predicted audiograms for Veterans show better thresholds than the measured audiograms on 

average. This is true across fPTT, with positive residuals (ranging from 0.1 to 3.9 dB) at 

all fPTT except 10 and 11.2 kHz, where the residuals are −0.1 and −0.7 dB respectively. 

The reverse is observed for non-Veterans, where the predicted audiograms are poorer than 

the actual audiograms. Among non-Veterans reporting any history of firearm use, predicted 

audiograms are worse than measured audiograms for fPTT ≥ 12.5 kHz (residuals range from 

−2.0 to −7.3 dB). Among non-Veteran controls, residuals are negative at all fPTT except 0.5 
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and 16 kHz, ranging from −0.1 dB to −1.7 dB. Mean residuals for each noise exposure 

group are shown by fPTT in Table 4.

Audiograms are poorer than predicted among individuals with tinnitus, but not individuals 
without tinnitus

Average residuals for each fPTT are plotted by tinnitus group in Figure 9. On average, 

predicted audiograms for individuals with tinnitus are better than observed at all fPTT, except 

10 and 11.2 kHz (residuals of −0.9 and −0.4 dB), with residuals ranging from 0.7 to 6.3 dB. 

Mean residuals are close to zero across fPTT for individuals without tinnitus. Mean residuals 

for each tinnitus group are shown by fPTT in Table 4.

Discussion

Ability of DPOAE levels to predict individual pure tone thresholds

Across fPTT, prediction errors for the full statistical model that included DPOAE levels were 

smaller than for than the model based only on average pure tone thresholds. However, the 

magnitude of this improvement was quite small. Adding DPOAEs to the statistical model 

only improved prediction errors by 0.4 to 2.1 dB.

Prediction accuracy in the standard audiometric range (fPTT = 0.25-8 kHz) was close to 

the test-retest reliability of clinical audiometric thresholds (± 5 dB). In the extended high 

frequencies (fPTT = 9-16 kHz), prediction accuracy was considerably poorer (9-19 dB).

DPOAE levels at fDPOAE = 4 and 5 kHz had greater weights than DPOAEs at other 

frequencies in terms of predicting pure tone thresholds for fPTT ≥ 6 kHz. This may be a 

consequence of the primary tones at f1 and f2 and the backwards traveling wave passing 

through more basal regions of the cochlea and therefore increasing sensitivity to basal 

cochlear damage. Additionally, given the relatively young age of all participants in this 

study, we would expect most OHC damage in the sample to be related to noise exposure and 

therefore expect a high correlation with the DPOAE levels in the 4 kHz region.

DPOAE levels at fDPOAE = 4 and 5 kHz were weighted higher in terms of predicting the 

pure tone thresholds for fPTT = 9-16 kHz than the DPOAE levels at fDPOAE = 8 and 10 

kHz. One explanation for this finding is that noise exposure-related OHC damage in the 

4 kHz cochlear region is highly correlated with OHC damage at the extreme base of the 

cochlea. This is consistent with animal studies that have demonstrated two damage foci 

in response to noise exposure, one at the tonotopic region with maximal noise-induced 

vibration (equivalent to the 4 kHz region in humans) and one in the basal hook region (Fried 

et al., 1976; Wang et al., 2002).

Three possible explanations for why predicted audiograms might not correspond with 

measured audiograms were described earlier: 1) inadequacy of the statistical model, 2) 

DPOAEs are not a sufficiently accurate measure of OHC function, and 3) pure tone 

thresholds vary as a function of auditory dysfunction other than OHC damage. In the 

following paragraphs, each of these explanations will be discussed in the context of the 

present analysis.
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Sufficiency of the statistical model

In this analysis, a function-on-function regression model of the effects of the entire DP-gram 

on the entire audiogram was developed. Though rooted in concepts that are at least 30 years 

old (Hastie & Tibshirani, 1990), this type of analysis involves a relatively new methodology 

that is undergoing refinement at both the theoretical and computational levels. Though no 

model is inherently correct, we believe that this model offers the most flexible and coherent 

approach, to date, for addressing the complex functional data that is routinely collected in 

auditory research.

Relationship between DPOAE levels and OHC function

Harding et al. (2002) and Harding and Bohne (2004) present some of the most 

comprehensive animal data on the relationship between DPOAE levels and OHC function. 

They investigated the relationship between DPOAE level shifts and histopathology in noise 

exposed chinchillas. They observed that permanent DPOAE level shifts were associated with 

moderate to substantial OHC loss. However, they also found that small focal lesions with 

100% loss of OHCs did not result in DPOAE level shifts at the corresponding frequency, 

potentially indicating that DPOAEs can be generated or supplemented by the activity of 

OHCs in other cochlear regions, particularly those basal to the damaged region. They also 

showed that DPOAE levels are sensitive not only to OHC loss, but also the condition of the 

supporting cells. They concluded that DPOAE levels are useful for detecting broad OHC 

losses of greater than 10% and large focal OHC lesions greater than 0.6 mm. Although these 

findings illustrate that DPOAEs generally reflect OHC integrity, they also show that there 

are limitations in terms of the accuracy with which DPOAEs can represent OHC damage.

Audiograms may be impacted by factors other than OHC loss

DPOAE levels underpredicted audiometric thresholds (i.e. predicted them to be better 

than measured) in Veterans, individuals with tinnitus, and the oldest age group (31-35 

years). Both noise exposure and older age are associated with cochlear synapse loss 

in animal models (Kujawa & Liberman, 2009; Sergeyenko et al., 2013). Age-related 

cochlear synaptopathy has been confirmed in humans through temporal bone studies (Viana 

et al., 2015; Wu et al., 2019) and military noise exposure has been associated with 

reduced auditory brainstem response (ABR) wave I amplitude (Bramhall et al., 2017), a 

physiological indicator of synaptopathy in animal models (Kujawa & Liberman, 2009). 

Tinnitus is one predicted perceptual consequence of synaptopathy (Kujawa & Liberman, 

2015). Several human studies have shown relationships between physiological indicators of 

synaptopathy and the perception of tinnitus (Bramhall et al., 2018; Bramhall et al., 2019; 

Gu et al., 2012; Paul et al., 2017; Schaette & McAlpine, 2011; Wojtczak et al., 2017). As a 

measure of peripheral auditory function, specifically OHC function, DPOAEs should not be 

impacted by synaptopathy. In contrast, because audiometric thresholds require a behavioral 

response, they can theoretically be impacted by damage at any point in the auditory system. 

Synaptopathy is generally assumed not to have an effect on auditory thresholds because 

animal models suggest that low spontaneous rate/high threshold auditory nerve fibers are 

the most vulnerable to synaptic loss (Furman et al., 2013; Schmiedt et al., 1996). Given 

that the detection of sound at threshold is coded by high spontaneous rate/low threshold 
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fibers, the impact of synaptopathy on behavioral thresholds is expected to be minimal. In 

addition, a study of chinchillas with extensive carboplatin-induced IHC loss showed that 

up to 80% of IHCs could be lost before resulting in behavioral threshold shifts, suggesting 

that thresholds can be coded by a very small proportion of IHCs forming synapses with 

auditory nerve fibers (Lobarinas et al., 2013). Similarly, Chambers et al. (2016) found that 

in a mouse model with approximately 95% loss of spiral ganglion neurons, behavioral pure 

tone thresholds were relatively unchanged from controls. This suggests that only a small 

percentage of functional auditory nerve fibers are necessary for tone detection. However, it 

is perhaps an oversimplification to assume that synaptopathy has no effect on audiometric 

thresholds. If one looks more closely at the data from Lobaranis et al. (see their Figure 

7), there is variability across animals in terms of auditory thresholds after damage, with 

some animals showing threshold shifts of up to 10 dB at any particular frequency, even 

with as little as 35% IHC loss. Therefore, although large changes in audiometric thresholds 

are not an expected result of synaptopathy, threshold shifts of up to 10 dB would not be 

inconsistent with the animal data. The underpredictions shown here for Veterans, individuals 

with tinnitus, and the oldest age group are on the order of 1-8 dB and could therefore be 

explained by synaptopathy-related threshold shifts.

Alternatively, the underpredictions in these groups could be due to the lack of DPOAE data 

for fDPOAE > 10 kHz in this sample. Noise exposure, tinnitus, and older age may lead to 

greater OHC loss in the extended high frequencies. This could result in an underestimate of 

OHC damage in these groups when using DPOAE measurements only out to fDPOAE = 10 

kHz. However, this would only be expected to impact pure tone threshold predictions above 

fPTT = 10 kHz and does not explain why in the Tinnitus and Veteran groups, thresholds are 

underpredicted across the frequency range.

Limitations

This study only included DPOAE measurements out to fDPOAE = 10 kHz. Ideally, DPOAE 

levels would have been obtained out to 16 kHz so that the ability of DPOAE levels to predict 

audiometric thresholds in the extended high frequencies could be better assessed. The higher 

RMSPEs for pure tone threshold predictions in the extended high frequencies (fPTT = 9-16 

kHz) compared to the standard audiometric frequencies (fPTT = 0.25-8 kHz) may be due in 

part to the limited DPOAE data available for these fDPOAE.

In this sample there is overlap between the groups that is not uniform. For example, more 

participants in the Veteran group fall into the two older age groups than the youngest age 

group. The non-Veterans disproportionately fall into the youngest age group. Also, Veterans 

are more likely to have tinnitus than the non-Veterans. This means that the observed age, 

Veteran, and tinnitus effects are not necessarily independent from each other. This is not 

unexpected as older age, Veteran status, and tinnitus are all associated with increased noise 

exposure and are difficult to separate.

The Non-Veteran Firearms group in this study is quite small, with only 15 subjects 

(compared to 114 Veterans and 65 Non-Veteran Controls), so it’s difficult to form 

conclusions about this particular noise exposure group based on the limited amount of data.
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This study only investigated the relationship between suprathreshold DPOAE levels (where 

L1/L2 = 65/55 dB SPL) and the audiogram. It is possible that performing this analysis 

using DPOAE thresholds or DPOAE levels measured in response to other primary tone 

levels would yield different results. In particular, compressive non-linearity decreases with 

age and pure tone thresholds (Ortmann & Abdala, 2016), changing the shape of the 

DPOAE growth function. If the shape of the growth function differs between experimental 

groups, comparisons between groups may produce different results depending on the 

DPOAE measurement used. However, based on the data from Ortmann and Abdala, the 

suprathreshold DPOAE measurements used here are expected to fall within the compression 

range for individuals that are young and have clinically normal hearing thresholds, such as 

the participants described in this report. This would limit the influence that the specific 

DPOAE measurement has on the model results. Another possibility is that separating 

the DPOAE measurements into their source components, non-linear distortion and linear 

reflection (see Shera & Guinan, 1999 for a review of DPOAE source components), and 

using these components in the model rather than the measured DPOAE levels might lead to 

better predictions of the audiogram. This is something that could be explored in the future.

Although the ears in this sample had clinically normal middle ear function, as indicated by 

tympanometry and bone conduction thresholds, subclinical variability in middle ear function 

could increase the measurement error associated with the DPOAE levels (Kreitmayer et al., 

2019). This would reduce the overall accuracy of the predictive model. Incorporation of 

measurements of middle ear function, such as acoustic admittance (e.g., Hunter et al., 2018), 

in future models may improve the predictive accuracy. However, variability in middle ear 

function should not introduce bias into the predictions. Specifically, middle ear dysfunction 

would be expected to negatively impact DPOAE levels more than the audiogram due to 

the negative impact on both the forward and backward transmission through the middle 

ear, resulting in predicted audiograms that are poorer than measured audiograms. This is 

the opposite of what was observed in the oldest age group, Veterans, and individuals with 

tinnitus, where the observed audiogram was poorer than what was predicted by DPOAE 

levels. Therefore, it is unlikely that differences in middle ear function could explain those 

results.

Conclusions

Overall, these findings indicate a somewhat complicated relationship between DPOAE 

levels and the audiogram, where pure tone thresholds may be better predicted by off 

frequency DPOAE levels and impacted by factors other than OHC function. These results 

should be considered when choosing test measures for subclinical OHC damage. If the goal 

is to specifically assess OHC function, measuring DPOAEs may be a better option than pure 

tone thresholds.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematic illustrating how pure tone threshold predictions are generated from DP-
grams.
The DP-gram (shown in black in the left panel) is multiplied by the weight function for 

each audiometric frequency (fPTT, blue lines in the middle panel) to predict the pure tone 

threshold at that fPTT (follow arrows to circles on the red line in the right panel). DPOAE 

levels were measured in dB SPL, while pure tone thresholds were measured in dB HL, 

therefore the weight functions are expressed in dB HL/dB SPL to convert the DP-gram to a 

predicted audiogram. Note that this figure is solely for illustrative purposes and is not based 

on actual numerical data.
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Figure 2. Audiometric thresholds by group.
Audiograms are plotted by age, noise exposure, or tinnitus group. Groups are color-coded 

and mean data is shown with a thick line. Thin lines indicate data for individual ears. Note 

that the same ears are plotted in each subplot, but grouped differently. NVF = Non-Veteran 

Firearms, NVC = Non-Veteran Controls, V = Veterans
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Figure 3. DPOAE levels by group.
DP-grams are plotted by age, noise exposure, and tinnitus group. Mean data is shown with 

a thick line. Thin lines indicate data for individual ears. Note that the same ears are plotted 

in each subplot, but grouped differently. If the measured DPOAE level was less than −20 

dB SPL or the signal-to-noise ratio was less than 6 dB, the DPOAE level was set at −20 dB 

SPL. NVF = Non-Veteran Firearms, NVC = Non-Veteran Controls, V = Veterans
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Figure 4. DPOAE weight functions.
DPOAE levels for the f2 frequency (fDPOAE) corresponding to the frequency of the predicted 

audiometric threshold (fPTT) do not have the biggest regression coefficients (weights). 

Regression coefficients are plotted for each combination of fPTT and fDPOAE. This indicates 

the relative weight that the DPOAE level at the indicated fDPOAE contributes to the predicted 

audiometric threshold at fPTT. The black line shows the median of the posterior distribution 

and the blue shaded region indicates the 90% confidence interval. Vertical gray lines show 

instances where fDPOAE corresponds to fPTT.
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Figure 5. Impact of decreased DPOAE levels on pure tone thresholds.
The shape of the audiogram is relatively insensitive to the shape of the DP-gram. DPOAE 

levels are plotted for an example ear from an actual participant in the top left, labeled 

“Original”. Moving from left to right, the DPOAE levels at fDPOAE = 3, 4, and 5 kHz are 

decreased by 5, 10, or 20 dB (shown with the blue line). In the bottom row, black circles 

indicate the participant’s measured pure tone thresholds. The black line shows the predicted 

thresholds before changing the DPOAE levels. The predicted pure tone thresholds after 

decreasing the DPOAE levels are shown with the blue line. Dark shaded regions show the 

50th percentile and light shaded regions show the 90th percentile.
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Figure 6. Examples of predicted versus observed audiograms.
A variety of examples of predicted versus observed audiograms are plotted for individual 

ears to illustrate the various patterns that were observed. Observed audiograms are shown in 

black, predicted audiograms are shown in red.
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Figure 7. Residuals by age group.
Pure tone thresholds are poorer (bigger) than predicted among the oldest age group, but 

better than predicted among the youngest age group. Residuals (observed thresholds minus 

predicted thresholds) are plotted for each fPTT by age group. Thick lines show mean 

residuals, thin lines show residuals for individual ears. Actual values for the group mean 

residuals by frequency are shown in Table 4.
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Figure 8. Residuals by noise exposure group.
Pure tone thresholds are poorer than predicted among Veterans, but are better than predicted 

among non-Veterans. Residuals (observed thresholds minus predicted thresholds) are plotted 

for each fPTT by noise exposure group (Non-Veteran Firearms, Non-Veteran Controls, and 

Veterans). Thick lines show mean residuals, thin lines show residuals for individual ears. 

Actual values for the group mean residuals by frequency are shown in Table 4.
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Figure 9. Residuals by tinnitus group.
Pure tone thresholds are poorer than predicted among individuals reporting tinnitus, but 

not among individuals without tinnitus. Residuals (observed thresholds minus predicted 

thresholds) are plotted for each fPTT by noise exposure group. Thick lines show mean 

residuals, thin lines show residuals for individual ears. Actual values for the group mean 

residuals by frequency are shown in Table 4.
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Table 1.

Participant Characteristics

Non-Veteran
Firearms

Non-Veteran
Controls

Veterans

Sex Age (yrs) Tinnitus

Male 19-25 No 3 12 4

Yes 0 0 3

26-30 No 1 4 15

Yes 0 0 22

31-35 No 2 5 16

Yes 0 0 14

Female 19-25 No 4 20 6

Yes 0 1 1

26-30 No 4 13 9

Yes 0 0 7

31-35 No 1 8 13

Yes 0 2 4
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Table 3.

RMSPEs by model and pure tone threshold frequency.

Full
Model

Mean
Audio
Model

Difference
(Mean Audio

– Full)

Freq 
(kHz)

RMSPE 

(dB)

RMSPE 

(dB)

0.25 5.0 5.4 0.4

0.5 5.0 6.0 1.0

1 5.3 5.8 0.5

2 5.5 7.6 2.1

3 5.5 6.4 0.9

4 5.5 6.8 1.3

6 6.0 7.4 1.4

8 6.5 8.3 1.8

9 9.2 9.8 0.6

10 10.2 12.0 1.8

11.2 10.7 11.5 0.8

12.5 11.9 13.0 1.1

14 16.5 17.5 1.0

16 18.9 20.1 1.2

Freq = Frequency, RMSPE = Root mean squared prediction error
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