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ABSTRACT

Age-related hearing loss (ARHL) is a devastating public 
health issue. To successfully address ARHL using existing 
and future treatments, it is imperative to detect the earli-
est signs of age-related auditory decline and understand 
the mechanisms driving it. Here, we explore early signs 
of age-related auditory decline by characterizing cochlear 
function in 199 ears aged 10–65 years, all of which had 
clinically defined normal hearing (i.e., behavioral thresh-
olds ≤ 25 dB HL from .25 to 8 kHz bilaterally) and no his-
tory of noise exposure. We characterized cochlear func-
tion by measuring behavioral thresholds in two paradigms 
(traditional audiometric thresholds from .25 to 8 kHz and 
Békésy tracking thresholds from .125 to 20 kHz) and 
distortion product otoacoustic emission (DPOAE) growth 
functions at f2 = 2, 4, and 8 kHz. Behavioral thresholds 
through a standard clinical frequency range (up to 8 kHz) 
showed statistically, but not clinically, significant declines 
across increasing decades of life. In contrast, DPOAE 
growth measured in the same frequency range showed 
clear declines as early 30 years of age, particularly across 
moderate stimulus levels (L2 = 25–45 dB SPL). These 
substantial declines in DPOAE growth were not fully 
explained by differences in behavioral thresholds meas-
ured in the same frequency region. Additionally, high-
frequency Békésy tracking thresholds above ~11.2 kHz 
showed frank declines with increasing age. Collectively, 
these results suggest that early age-related cochlear 
decline (1) begins as early as the third or fourth decade 
of life, (2) is greatest in the cochlear base but apparent 

through the length of the cochlear partition, (3) cannot 
be detected fully by traditional clinical measures, and (4) 
is likely due to a complex mix of etiologies.

Keywords: age-related hearing loss, cochlea, high 
frequency

INTRODUCTION

The number of adults in the USA with age-related hear-
ing loss (ARHL) — approximately 30 million (Lin et al. 
2011; Blackwell et al. 2014; Hoffman et al. 2017) — 
makes ARHL a public health emergency. A primary site 
of age-related auditory decline is the cochlea. As such, 
new gene and cell therapies for treatment of hearing loss 
primarily target the cochlea and offer hope for preserva-
tion and restoration of cochlear function (Müller and 
Barr-Gillespie 2015; Crowson et al. 2017; Cunningham 
and Tucci 2017; Shibata et al. 2020). However, the effi-
cacy of these therapies will be limited by the extent to 
which age-related cochlear decline can be successfully 
detected and differentially diagnosed in its earliest stages 
(Oshima et al. 2010). This early and differential diagno-
sis is challenging, and sensitive clinical protocols for this 
purpose are lacking.

A significant complication is the heterogeneity of 
ARHL, which can result from multiple etiologies. Con-
siderable debate has ensued over which pathologies are 
most prevalent in aging ears. Schuknecht (1964) identi-
fied four primary cochlear pathologies contributing to 
ARHL: sensory (damage or loss of sensory hair cells), 
neural (damage or loss of spiral ganglion neurons), met-
abolic (decline of cochlear electrochemistry), and coch-
lear conductive (decline in mechanical function within 
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the cochlear partition). Schuknecht later emphasized 
the influence of metabolic and neural dysfunction — 
rather than sensory cell dysfunction — in the aging ear 
(Schuknecht and Gacek 1993). This idea was supported 
by evidence that quiet-raised animals demonstrated 
metabolic decline and atrophy of the stria vascularis 
with age, sometimes in the absence of significant outer 
hair cell loss (Gratton et al. 1997; Spicer and Schulte 
2002; Mills and Schmiedt 2004). However, recent work 
using advanced histological techniques has called this 
into question, suggesting that sensory cell loss is also 
prominent in aged ears (Wu et al. 2020).

Non-invasive, early detection of age-related auditory 
decline is also challenging. Studies in humans have 
demonstrated that several pathologies contributing 
to ARHL, such as metabolic or sensory decline, are 
associated with specific configurations of the behavio-
ral audiogram (Schuknecht 1964; Dubno et al. 2013). 
Unfortunately, using audiogram patterns to distinguish 
between cochlear pathologies is not possible until age-
related decline is evident in behavioral thresholds, 
which are notoriously insensitive to subtle changes in 
the auditory system. For example, behavioral thresh-
olds can remain completely unaffected even after a 
significant decline in the cochlear synaptic population 
(Kujawa and Liberman 2009). Additionally, measures 
of outer hair cell function such as otoacoustic emis-
sions (OAEs) — low-level sounds that arise from outer 
hair cells (OHCs) in the cochlea and can be recorded 
non-invasively in the ear canal (Kemp 1978) — show 
frank declines earlier in life than behavioral thresholds 
(Poling et al. 2014; Hunter et al. 2020).

Here, we assessed the influence of early aging on 
a specific OAE response: distortion product (DP)OAE 
growth functions. DPOAEs are produced when the ear is 
stimulated simultaneously with two tones at frequencies f1 
and f2 (f2 > f1); growth functions measure DPOAEs across 
a range of stimulation levels. DPOAE growth functions 
are thought to assess the growth of distortion associated 
with the non-linear interaction of cochlear mechanical 
activity due to the two stimulus tones. DPOAE growth 
functions have an approximate relationship with meas-
ures of basilar membrane displacement amplitude at low 
levels (Withnell and Yates 1998). However, the rela-
tionship between BM and DPOAE growth is complex; 
while BM displacement is measured at a single cochlear 
location, DPOAE growth is affected by the increase in 
amplitude at each place within the generation region, as 
well as the spread of excitation along the cochlear parti-
tion as the non-linear region expands (Kim et al. 1980; 
Martin et al. 2009, 2011). Previous work has extracted 
certain characteristics of the DPOAE growth functions, 
including threshold and slope (as a function of stimulus 
level), to predict behavioral thresholds (Kummer et al. 
1998; Gorga et al. 2003), characterize cochlear aging 
(Ortmann and Abdala 2016; Abdala et al. 2018), and 

differentiate between cochlear pathologies (Gates et al. 
2002; Ueberfuhr et al. 2016).

We examined age-related changes in DPOAE growth 
patterns in 199 individuals between 10 and 65 years 
of age. Participants were selected to have behavioral 
thresholds (≤ 25 dB HL from 0.25 to 8 kHz) and no 
self-reported history of noise exposure to explore signs 
of auditory aging in otherwise clinically unremarkable 
individuals. Our primary objectives were to determine if 
age-related auditory decline was present in ears without 
hearing loss and, if so, to characterize the impact of 
that aging on DPOAE growth. Our secondary objective 
was to use characteristics of DPOAE growth functions to 
examine potential underlying cochlear pathology.

METHODS

Participants

Data presented here are from a subset of participants 
from a larger study that investigated age-related changes 
in auditory function (Hearing Assessment Reformula-
tion Project [HARP]). Data from 199 individuals (139 
F, 60 M; age range 10–65 years) were included as part 
of this analysis out of 401 participants in the original 
data set. To be included in this analysis, participants 
from the original data set had to have (1) audiometric 
thresholds ≤ 25 dB HL at 0.25, 0.5, 1, 2, 3, 4, 6, and 
8 kHz bilaterally; (2) no self-reported history of significant 
noise exposure or otologic disease/surgery; (3) an unre-
markable otoscopic examination and normal immittance 
results; and (4) DPOAE growth function(s) that met noise 
floor and signal-to-noise ratio criteria for at least one f2 
test frequency (discussed later). Apart from traditional 
audiometric thresholds, which were measured bilaterally, 
all other measures were collected in a single “test ear” 
of each participant. The test ear was defined as the ear 
with better audiometric thresholds from 0.25 to 8 kHz, or 
a randomly selected ear if thresholds between ears were 
equivalent. All procedures were conducted in accordance 
with the guidelines of Northwestern University’s Institu-
tional Review Board.

For the purposes of this analysis, participants who met 
the inclusion criteria were separated into five categori-
cal age groups: 10–19 years, 20–29 years, 30–39 years, 
40–49 years, and 50 + years. These age groups were 
selected to examine changes in peripheral auditory func-
tion across each decade of life and to attempt to roughly 
equalize group sizes, particularly across the older age 
groups. Only three participants above the age of 59 (aged 
61, 65, and 65, respectively) met the inclusion criteria and 
therefore were included in the 50 + age group. The distri-
bution of participant ages within a categorical age group 
tended to be relatively uniform. However, the youngest 
group (10–19 years) skewed slightly towards the upper 
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end, and the second youngest group (20–29 years) skewed 
slightly towards the lower end. Figure 1 shows these dis-
tributions. The race and ethnicity of participants in the 
original data set reflected the population of Cook County, 
IL, at the time of data collection. Because our analysis 
includes only a subset of the original participants, our 

sample includes more female, White, and not Hispanic or 
Latino individuals than the population of Cook County. 
Demographic and age grouping information from par-
ticipants in our sample is shown in Table 1.

The primary measures of interest for this analysis 
included (1) audiometric thresholds measured through 
8 kHz; (2) Békésy tracking thresholds measured through 
20 kHz; and (3) DPOAE growth functions measured 
with discrete tones at f2 frequencies 2, 4, and 8 kHz. 
Tracking threshold data and other DPOAE data (specifi-
cally, DPOAE-grams recorded using a different measure-
ment protocol) from a subset of the original 401 partici-
pants have previously been reported (see Lee et al. 2012 
and Poling et al. 2014, respectively). Tracking thresholds 
reported previously by Lee et al. (2012) are reported 
again because this analysis uses a different subset of 
participants (based on the inclusion criteria described 
above). Differences between the subset of participants in 
this study and previously published data are primarily 
a result of the audiometric threshold criterion used for 
this analysis. Audiometric threshold and DPOAE growth 
function data have not previously been reported.

Instrumentation, Calibration, and Procedure

Audiometric thresholds were obtained from 0.25 to 8 kHz 
in 5-dB steps bilaterally using the modified Hughson-
Westlake procedure (Hughson and Westlake 1944) and 
a commercial clinical audiometer (Interacoustics AA220) 
calibrated to ANSI S3.6–1996 specifications. Békésy track-
ing thresholds were obtained between 0.125 and 20 kHz 
in 2-dB steps using a custom-modified Békésy tracking 
program described in Lee et al. (2012). All measurements 
were made in a double-walled sound-treated booth.

Fig. 1  Age (in years) distributions of participants within a cate-
gorical age group tended to be relatively uniform, though the two 
youngest groups (10–19 years, 20–20 years) tended to skew slightly 
left and right, respectively

TABLE 1

Self-reported demographic information of participants

a Values in parentheses within each cell denote demographic breakdown of participants by categorical age group used in this 
analysis: 10–19, 20–29, 30–39, 40–49, and 50 + years

Ethnicity Not Hispanic or Latino Hispanic or Latino Not reported

Gender Female Male Female Male Female Male

Race

 Asian (n = 26) 14
(4, 8, 1, 0, 1)a

11
(3, 6, 2, 0, 0)

- - 1
(0, 1, 0, 0, 0)

-

 Native Hawaiian or other 
Pacific Islander (n = 1)

- - - 1
(1, 0, 0, 0, 0)

- -

 Black or African American 
(n = 29)

20
(3, 11, 2, 2, 2)

9
(3, 4, 0, 2, 0)

- - - -

 White (n = 139) 90
(14, 29, 12, 17, 18)

35
(12, 9, 4, 6, 4)

9
(2, 5, 1, 0, 1)

2
(1, 0, 0, 1, 0)

1
(0, 0, 0, 1, 0)

2
(1, 0, 0, 1, 0)

 Not reported (n = 4) - - 2
(1, 1, 0, 0, 0)

- 2
(1, 1, 0, 0, 0)

-
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Detailed instrumentation and calibration descriptions 
for both Békésy tracking and DPOAE measurements are 
available in Lee et al. (2012) and Poling et al. (2014), 
respectively, and are summarized here. Stimuli used for 
both Békésy tracking and DPOAE measurements were 
calibrated using a depth compensation procedure to 
reduce the effects of standing waves in the ear canal 
(Souza et al. 2014). For Békésy tracking measurements, 
signal generation and threshold logging were done using 
custom-written software on an Apple Macintosh com-
puter, and digital-to-analog and analog-to-digital conver-
sion was done with a MOTU 828 MkII audio interface 
(44.1 kHz, 24 bits). For DPOAE measurements, signal 
generation and data collection were done using custom 
software on a PC (EMAV; Neely and Liu 1993); D/A 
and A/D conversion was done with an Echo Layla 3G 
audio interface (44.1 kHz, 24 bits) connected to a PC. For 
both Békésy tracking measures and DPOAE recordings, 
signals were routed through a custom-built headphone 
amplifier to custom MB Quart 13.01HX tweeters and 
delivered to the ear using an ER10B + probe assembly 
(Etymōtic Research, Elk Grove Village, IL) sealed in the 
ear canal with a foam tip.

DPOAE growth functions were measured using dis-
crete tone stimuli at three f2 frequencies: 2, 4, and 8 kHz 
with an f2/f1 ratio of 1.30, 1.23, and 1.22 at these three 
frequencies, respectively. These f2/f1 ratios were chosen 
to reduce the effects of interstimulus suppression (Withnell 
and Yates 1998) and to reduce the interference between 
the two DPOAE components. L1 was fixed at 60 dB SPL 
while L2 varied in level from 0 to 60 dB SPL in 2-dB 
steps. The specific strategy of holding L1 constant and 
varying L2 was adopted from Withnell and Yates (1998), 
as DPOAE growth curves measured using this paradigm 
most closely approximate basilar membrane displacement 
measured at the characteristic frequency, at least at low 
levels (< 40 dB SPL).

DPOAE Analysis

DPOAEs were averaged in the time domain over at 
least eight sets of measurements to improve the signal-
to-noise (SNR) ratio. DPOAE (2f1-f2) amplitudes were 
estimated using a fast Fourier transform (FFT). Noise 
floors at a given f2/L2 combination were estimated using 
frequency bins adjacent to the 2f1-f2 DPOAE. Because 
DPOAE growth functions were measured using discrete 
tone stimuli, DPOAE components were not separated 
prior to analysis. This limitation will be further con-
sidered in “Discussion”; however, it was expected that 
the distortion (short-latency) component of the DPOAE 
would dominate the response in most ears, regardless 
of age, at least at stimulus levels above ~ 30 dB SPL 
(e.g., Mauermann and Kollmeier 2004). For an indi-
vidual DPOAE growth function to be included in this 
analysis, data were required to meet noise floor (NF) 

and SNR criteria at a given f2 frequency. Specifically, 
a growth function was required to have an absolute NF 
level < 0 dB SPL at a minimum of 21 out of 31 L2 levels 
(21-point rule) and an SNR (DPOAE to NF level) ≥ 3 dB 
SPL at a minimum of 15 out of 31 L2 levels (15-point 
rule). These criteria ensured that DPOAE growth func-
tions with many aberrant points were not included in 
analysis, while still allowing us to characterize growth 
function behavior at low L2 levels.

In order to maximize the number of growth func-
tions included in our analysis, individual data points that 
did not meet the above criteria (SNR ≥ 3 dB SPL and 
NF < 0 dB SPL) were considered for a procedure to esti-
mate the missing value. Here, we refer to this procedure 
as interpolation. A data point qualified for interpolation 
when the DPOAE data from two surrounding L2 levels 
at the same f2 frequency (L2 + 2 dB SPL and L2 − 2 dB 
SPL, respectively) met the NF and SNR criteria described 
above. When this criterion was met, the DPOAE level 
was interpolated by averaging the DPOAE level at the 
two surrounding L2 levels. DPOAE data that did not 
meet the criterion for interpolation remained unchanged. 
Data points (NF and/or OAE level) were interpolated 
for 192 participants; however, only 0.4 % of the total 
data points (across all participants) were interpolated and 
all but five participants had fewer than 10 interpolated 
points out of 31 total data points. As expected, over half 
(~ 61 %) of all interpolated data points were at L2 lev-
els < 25 dB SPL. The number of points interpolated was 
essentially equal for all three f2 frequencies. After inter-
polation, a final cleaning procedure discarded the entire 
growth function of a participant at a given f2 frequency if 
either the 15- and/or 21-point rules were not met. This 
cleaning procedure left a total of 568 growth functions 
(188, 195, and 185 from f2 = 2, 4, and 8 kHz, respectively) 
from the 199 participants for analysis.

DPOAE Growth Function Characterization and 
Analysis

DPOAE growth functions were characterized using the 
segmented package (v. 1.2) (Muggeo 2003, 2017) in the R 
statistical system (v. 4.0.2) (R Core Team 2020), which 
fits regression models with continuous piecewise relation-
ships. Specifically, we used a three-segment linear fit to 
characterize growth functions. We selected the piecewise 
linear fit for quantifying growth function data because 
it is easily interpretable and allows for the quantifica-
tion and comparison of different aspects of the functions 
across age groups and frequencies. Specifically, the fit 
provides estimates of the function slope across each of 
the three linear segments and provides an estimate of 
breakpoints, or L2 level(s) at which there is a change 
in the slope of the growth function, as schematized in 
Fig. 2. This allowed us to characterize cochlear response 
growth across three ranges of input levels (L2): low level  
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(L2 = ~ 0–25 dB SPL), moderate level (L2 = ~ 25–45 dB 
SPL), and high level (L2 = ~ 45–60 dB SPL). This fitting 
procedure also allowed us to explore if the boundaries 
representing these three level ranges varied between age 
groups.

Two fitting procedures — both utilizing the linear 
piecewise fitting — were used to characterize DPOAE 
growth functions. The first procedure fit a piecewise lin-
ear function to the aggregate DPOAE growth function 
data within a given age group at a given f2 frequency. 
This fit allowed for group-level comparisons and general 
characterization of growth functions across age groups. 
DPOAE levels were converted from dB SPL to pascals 
before the data were fit. Data were subset by age group 
and f2 frequency, respectively, and fit using the segmented 
function with a linear model. The simple linear regression 
model predicted DPOAE level (Pa) by L2 level (dB SPL). 

The segmented function allows the user to specify up to 
two initial breakpoint values from which to begin break-
point estimation. Because our average DPOAE growth 
data did not visually indicate major differences in break-
point values between age groups or across frequencies, 
starting values of L2 = 25 and L2 = 45 were chosen for all 
fits. We further specified that the segmented function imple-
ment a bootstrap restarting algorithm (Wood 2001) with 
50 bootstrap samples (as recommended by the author of 
the segmented package for the estimation of two break-
points) and case resampling (i.e., replacement). Estimated 
regression slopes, breakpoints, and standard error values 
for each fit were extracted for analysis.

The second procedure fit a piecewise linear function 
to individual DPOAE growth functions from each par-
ticipant at each frequency. These individual fits allowed 
for greater examination of growth function differences 
within age groups. Additionally, exploring data at the 
individual level allowed us to take the first steps towards 
understanding the potential clinical utility of DPOAE 
growth functions. The second fit procedure followed the 
same general steps as the first with the exception of also 
subsetting data by each participant (in addition to age 
group and f2 frequency) prior to the fitting. Estimated 
regression slopes, breakpoints, and standard error values 
were extracted for analysis.

RESULTS

Behavioral Thresholds

Traditional Audiometric Thresholds (0.25–8 kHz)

Average audiometric thresholds from 0.25 to 8 kHz of 
each age group are shown in panel A of Fig. 3. The inset 
figure shows the same average audiometric thresholds 
with a smaller y axis for easier visualization of group 
differences. Only thresholds from the test ear of each 
participant were included. Our inclusion criteria dictated 
that participants have audiometric thresholds ≤ 25 dB HL 
at all test frequencies from 0.25 to 8 kHz bilaterally to be 
included in this analysis. Thus, all participants, regard-
less of their age, would be clinically classified as having 
normal hearing (Olusanya et al. 2019).

Even so, audiometric thresholds differed between 
age groups within the clinically normal range. A two-
way ANOVA (frequency × age group) indicated a sig-
nificant main effect of frequency (F(7, 2511) = 10.28, 
p < 0.001) and a significant main effect of age group 
(F(4, 8047) = 57.64, p < 0.001). There was not a signifi-
cant interaction between frequency and age group (F(28, 
1171) = 1.20, p = 0.22). Post hoc pairwise multiple com-
parisons using a Bonferroni correction indicated signifi-
cant differences in audiometric thresholds between the 
youngest group (10–19 years) and the three oldest groups 
(30–39 years, 40–49 years, and 50 + years) and the second 

Fig. 2  Schematic of the slopes and breakpoints of the DPOAE 
growth function estimated by the three-segment piecewise linear 
fitting
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youngest group (20–29 years) and the same three oldest 
groups. Additionally, there were significant differences in 
thresholds between the 30–39-year group and the two 
oldest age groups. The effect size of threshold differ-
ences between age groups were estimated using Cohen’s 
d and ranged from small (d = − 0.29) between the young-
est group (10–19 years) and 30–39-year group to large 
(d = − 0.84) between the youngest group and 50 + year 
group.

Despite these statistical differences, the average thresh-
old differences between age groups were within the range 
of test–retest reliability of clinical behavioral audiometry 
(± 5–10 dB) (Studebaker 1967). Specifically, differences 
in average threshold between the youngest (10–19 years) 
and 30–39-year group were ≤ 5 dB at all test frequen-
cies. The most extreme average threshold difference was 
8.75 dB at 6 kHz between the youngest (10–19 years) 
and oldest group (50 + years). The largest threshold dif-
ferences between age groups at the DPOAE f2 frequencies 
of interest (2 kHz, 4 kHz, and 8 kHz) were 3 dB, 7 dB, 
and 6.5 dB, respectively.

Békésy Tracking Thresholds (0.125–20 kHz)

Average Békésy tracking thresholds from 0.125 to 20 kHz 
of each age group are shown in panel B of Fig. 3; the 
inset of this figure shows the same data with a linear x 
axis for better visualization of high-frequency differences 
between age groups. These data are a subset of tracking 
thresholds previously published in Lee et al. (2012). They 
are included here because they are a different subset of 
participants, as some participants in Lee et al. (2012) 
did not meet our audiometric inclusion criteria (thresh-
olds ≤ 25 dB HL from 0.25 to 8 kHz). Note that 105 dB 
SPL represents the maximum output limitations of the 
equipment and is equivalent to “no response.” Missing 
data were discarded prior to analysis.

To reduce the number of group comparisons, and 
therefore to increase statistical power, we collapsed 

tracking threshold data across five frequency ranges: 
low (0.125–0.75 kHz), mid (1–3 kHz), high (4–10 kHz), 
extended high (11.2–15 kHz), and ultra-high (16–20 kHz). 
The Kruskal–Wallis H test was used to assess for dif-
ferences in tracking thresholds between age groups 
within each frequency grouping. Results indicated 
no significant differences between age groups in the 
low (0.125–0.75 kHz) (H(4) = 0.94, p = 0.92) and mid 
(1–3 kHz) (H(4) = 1.98, p = 0.74) frequency ranges. 
There were statistically significant differences between 
age groups in the high, extended-high, and ultra-high-
frequency ranges (H(4) = 47.57, p < 0.001; H(4) = 98.93, 
p < 0.001; and H(4) = 99.75, p < 0.001, respectively). As 
such, post hoc Mann–Whitney tests with Bonferroni cor-
rection (to account for the number of comparisons) were 
performed to determine age group differences in the high, 
extended high, and ultra-high-frequency ranges. Table 2 
shows all post hoc test results; a summary is provided 
here. Briefly, differences in tracking thresholds between 
age groups increased with frequency. For example, in 
the high and extended-high-frequency ranges (4–10 kHz 
and 11.2–15 kHz, respectively), tracking thresholds of 
the two youngest groups were statistically significantly 
better than those of the two oldest groups. Results in 
the ultra-high frequencies (16–20 kHz) followed a similar 
pattern. However, differences between age groups were 
more prominent, with significant differences in thresholds 
emerging even between the two youngest groups. Specifi-
cally, the ultra-high-frequency thresholds of the youngest 
group (10–19 years, M = 69.35) were statistically signifi-
cantly better than the ultra-high-frequency thresholds 
of all other age groups, including the 20–29-year group 
(M = 105), U = 982, p = 0.001. The median threshold and 
interquartile range (IQR) in this frequency range of the 
two oldest age groups (40–49 years, 50 + years) were 105 
and 0, respectively, indicating that most participants in 
these age groups did not have a measurable threshold 
within this frequency range (note that 105 dB SPL cor-
responds to no response).

Though differences in tracking thresholds between age 
groups at higher frequencies (> ~ 11.2 kHz) are notable, 
differences at standard clinical test frequencies (< 8 kHz) 
were similar to audiometric threshold results. Differences 
in tracking thresholds between age groups within the 
standard clinical frequency range were even smaller than 
differences in audiometric thresholds, likely because of 
methodological differences between behavioral threshold 
measurement procedures. First, stimuli for the two pro-
cedures were calibrated using different methods, as speci-
fied in “Methods.” Additionally, audiometric thresholds 
were measured with a 5-dB step size, whereas tracking 
thresholds were measured with a 2-dB step size. Aver-
age tracking thresholds of all five age groups fell within 
a normative range (based on norms established by our 
laboratory) through 11.2 kHz. Additionally, differences 
in tracking thresholds between age groups within this 

Fig. 3  Average behavioral thresholds tended to decline with 
increasing age, particularly at frequencies > 8  kHz. All error bars 
indicate + / − 1 standard deviation from the mean. Thresholds are 
jittered at each test frequency for easier visualization. A Aver-
age audiometric thresholds measured using a modified Hughson-
Westlake procedure from .25 to 8  kHz decline with age, though 
these declines are not clinically significant. The dotted line indi-
cates 25 dB HL, which indicates both our inclusion criteria for this 
analysis and a standard cutoff for defining normal hearing over the 
.25–8 kHz frequency range. Inset shows the same thresholds with a 
condensed y axis for better visualization of age group differences. B 
Average behavioral thresholds measured using a modified Békésy 
tracking technique also decline with age, particularly at frequen-
cies > 10 kHz. Inset shows the same thresholds with a linear x axis 
for better visualization of age group differences in the high frequen-
cies. Note that 105 dB SPL represents the maximum output limita-
tions of the equipment and is equivalent to “no response”

◂
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frequency range were modest. The largest threshold dif-
ferences between age groups at the DPOAE f2 frequencies 
of interest (2 kHz, 4 kHz, and 8 kHz) were 1 dB, 5 dB, 
and 10.8 dB, respectively.

DPOAE Growth Functions

Average DPOAE growth functions and noise floors of 
each of the five age groups at f2 = 2, 4, and 8 kHz are 
displayed in Fig. 4. While average DPOAE levels are 
similar across age groups at L2 levels below ~ 25 dB SPL, 
differences between age groups emerge at higher L2 lev-
els. Specifically, the slope of the average DPOAE growth 
functions between L2 levels of ~ 25–45 dB SPL appears 
to systematically decline with increasing age. This effect 
is most apparent when f2 = 8 kHz. Additionally, the aver-
age DPOAE growth functions of all age groups display 
non-monotonic behavior at 2 kHz and 4 kHz, as evi-
denced by a characteristic bend in the function above 
an L2 level of ~ 50 dB SPL. In contrast, only the average 
DPOAE growth functions of the youngest two age groups 
(10–19 years, 20–29 years) display this non-monotonic 
behavior at 8 kHz. The DPOAE growth functions of the 

remaining age groups (30 + years) appear to show mono-
tonic behavior at this frequency.

Individual DPOAE growth functions across each age 
group and f2 frequency are displayed in Fig. 5. There is 
notable variability between individual DPOAE growth 
functions within each age group, particularly as frequency 
increases. However, the tendency for DPOAE growth to 
decline with age is still apparent. Variability in DPOAE 
growth is greatest for the two youngest age groups. Note 
that our inclusion criteria required that most — not all 
— points along an individual growth function meet noise 
floor (21 of 31 points) and SNR (15 of 31 points) criteria. 
Thus, it was possible for a growth function to be included 
in the analysis even with several aberrant points.

Group Level Three‑Segment Linear Fitting

To characterize group-level differences between our five 
age groups, aggregate DPOAE growth function data 
from each age group at each f2 frequency were fit with 
a three-segment continuous piecewise function. This fit-
ting procedure provides estimates of the slopes of each 
of the three linear segments of the function and of the 
two breakpoints, or L2 levels that correspond to a point 
of change between the segments. Figure 6 shows the 

TABLE 2

Post hoc test results comparing behavioral tracking thresholds (in dB SPL) between each age group across three frequency 
ranges

* p < 0.05; **p < 0.01; ***p < 0.001

Age group Median (IQR) 10–19 years 20–29 years 30–39 years 40–49 years 50 + years

High frequencies (4–10 kHz)

10–19 years 14.58 (10.14) -

20–29 years 14.42 (8.46) U = 1636 -

30–39 years 17.40 (9.03) U = 378.5 U = 640.5 -

40–49 years 20.80 (11.83) U = 310** U = 540*** U = 207 -

50 + years 23.40 (14.09) U = 126*** U = 260*** U = 89** U = 265 -

Extended‑high frequencies (11.2–15 kHz)

10–19 years 25.29 (15.00) -

20–29 years 28.03 (20.70) U = 1279 -

30–39 years 39.50 (31.41) U = 180*** U = 427*** -

40–49 years 54.73 (42.81) U = 94*** U = 189*** U = 166* -

50 + years 75.76 (51.38) U = 48*** U = 40*** U = 61*** U = 174* -

Ultra‑high frequencies (16–20 kHz)

10–19 years 69.35 (57.88) -

20–29 years 105.00 (42.70) U = 982*** -

30–39 years 105.00 (22.81) U = 161*** U = 477* -

40–49 years 105.00 (0) U = 70*** U = 284*** U = 221 -

50 + years 105.00 (0) U = 25*** U = 58*** U = 116*** U = 229* -
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resulting fitted values plotted against the average meas-
ured DPOAE growth functions from each age group. The 
fitted functions closely match the average measured data 
(in Pa) for all age groups.

Estimated breakpoints and associated 95 % confidence 
intervals were extracted from each fitted function and are 
shown in Fig. 7. The estimated breakpoints and associ-
ated 95 % confidence intervals suggest that both Break 
1 and Break 2 are similar across all age groups within 
a given f2 frequency, though variability increases with 
frequency and age. For example, at f2 = 2 kHz, the esti-
mated Break 1 and Break 2 values are similar between age 
groups. In the youngest group (10–19 years), Break 1 and 
Break 2 are L2 = 32.91 dB SPL and 54.83 dB SPL, respec-
tively. This is similar to the oldest group (50 + years), in 
which breakpoint estimates are L2 = 28.95 dB SPL and 
52.00 dB SPL. However, the confidence interval widens 
with increasing age for both Break 1 and Break 2 estimates 
at this test frequency, suggesting increased variability, 
particularly for the two oldest age groups. Addition-
ally, the confidence interval around Break 1 and Break 2 
widens for all age groups as f2 frequency increases. For 
example, the confidence interval around the youngest age 

group (10–19 years) Break 1 estimate at f2 = 2 kHz spans 
less than 5 dB SPL; in contrast, the confidence interval 
around the Break 1 estimate of the same age group at 
f2 = 8 kHz is almost 9 dB SPL. The confidence interval 
around the Break 1 estimate for the oldest age group 
(50 + years) spans ~ 8.5 dB at f2 = 2 kHz and increases to 
over 20 dB at f2 = 8 kHz.

Estimated slope values were also extracted from each 
fitted function. Slope 2 shows clear and systematic declines 
with increasing age at all f2 frequencies, as shown in 
Fig. 8. The estimated 95 % confidence intervals around 
Slope 2 of the three oldest age groups (30–39 years, 
40–49 years, and 50 + years) do not overlap with those 
of the youngest two age groups at 2 kHz and at 4 kHz. 
This suggests a consistent difference in Slope 2 between 
the youngest and oldest age groups at these two frequen-
cies. At f2 = 8 kHz, even the confidence intervals of the 
two youngest age groups (10–19 years, 20–29 years) are 
non-overlapping, with further declines in Slope 2 with 
increasing age. In contrast, Slopes 1 and 3 were similar 
across all age groups at a given f2 frequency, though 
there is variability across all frequencies and age groups. 
Because there were no systematic trends, Slope 1 and 

Fig. 4  Average distortion product otoacoustic emission (DPOAE) 
growth functions decline considerably with increasing age at all 
three frequencies tested: f2 = 2 kHz (left), 4 kHz (middle), and 8 kHz 
(right). Average noise floor levels are similar between age groups 

and are shown at the bottom of each panel. Average DPOAE and 
noise floor levels are plotted as a function of L2. Error bars indi-
cate + / − 1 standard error of the mean
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Slope 3 estimates and associated standard errors at each 
f2 frequency for each age group are shown in Table 3. 
Remarkably, relative to the youngest age group, the 
percentage decline in Slope 2 reaches 40–60 % by age 
30–39 years. These declines are exaggerated with increas-
ing age, with the percentage decline reaching 65–75 % 
across all f2 frequencies by age 40 + .

Taken together, these results suggest that the gen-
eral configuration of DPOAE growth functions is simi-
lar across all age groups, with the exception of Slope 2, 
which systematically declines with age. The first break-
point (Break 1) occurs roughly between L2 = 25–35 dB SPL 
across all frequencies and age groups, suggesting that Slope 
1 represents DPOAE growth at low L2 levels, including at 
threshold (where the measured DPOAE rises ≥ 3 dB above 
the noise floor). Though we did not directly estimate the 
threshold of the DPOAE growth functions, we would 
expect differences in threshold to manifest as a difference 
between age groups in Slope 1 and/or Break 1. The second 
breakpoint (Break 2) occurs roughly between L2 = 40–55  
dB SPL and defines the upper boundary of Slope  
2. Because Break 2 is also similar between age groups 

at each frequency, this further indicates that DPOAE 
growth functions flatten with increasing age without a 
shift in the entire function.

Individual Three‑Segment Linear Fittings

For an outcome measure such as DPOAE growth 
functions to have clinical utility for diagnosing ARHL, 
it must be able to detect and differentiate early signs 
of ARHL within an individual in a monitoring appli-
cation and between individuals when a contrast 
against norms is used. To that end, we repeated the 
same three-segment linear fitting procedure on each 
participant’s DPOAE growth function(s) and extracted 
estimated slope (Slope 1, Slope 2, Slope 3) and break-
point (Break 1, Break 2) values from each participant. 
Ultimately, this procedure was beneficial for several 
reasons. First, it allowed us to glean the efficacy of 
using a three-segment linear fit to characterize growth 
functions at the individual level. Second, it allowed us 
to characterize the individual variability in DPOAE 
growth. Third, it allowed us to make statistical com-
parisons of slopes and breakpoints across age groups.

Fig. 5  Distortion product otoacoustic emission (DPOAE) growth 
functions from individual participants (thin lines) show consider-
able variability across all age groups at all three frequencies tested: 
f2 = 2 kHz (top row), 4 kHz (middle row), and 8 kHz (bottom row). 
However, the general tendency for DPOAE growth to decline with 

increasing age is still apparent. Average DPOAE growth functions 
for each age group and frequency combination are overlaid with 
thick lines. Individual (thin, gray lines) and average (thick, gray 
lines) noise floors are similar between all age groups
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Of the 568 total growth functions included in the 
analysis after data cleaning, only two were unable to be 
fit using the segmented function with the selected fitting 
parameters. One of these growth functions was from a 
participant in the youngest age group (10–19 years) at 
8 kHz; the other growth function was from a participant 
in the 30–39-year age group at 2 kHz. This left 566 
growth functions for analysis (187, 195, and 184 at f2 = 2, 
4, and 8 kHz, respectively). Despite the aforementioned 
variability in measured growth functions, the fitted func-
tions closely matched the measured data across all age 
groups and frequencies. Fitted functions generally fell into 
one of three subjectively defined categories: (1) the fitted 
function closely matched the measured data and had the 
same general configuration as the average data, with or 
without measured data that was smooth (Fig. 9, panels A 
and B); (2) the fitted function closely matched the meas-
ured data but did not have the same configuration as the 
average data (Fig. 9, panel C); and (3) at least a portion of 
the fitted function deviated from the measured data and 
did not have the same configuration as the average data 
(Fig. 9, panel D). Visual inspection of fitted vs. measured 

growth function data from each participant indicated that 
the vast majority of fitted functions (> 90 %) both closely 
matched the measured data and had the same general 
configuration as the average data. The remaining 10 % 
of fitted growth functions were split equally between cat-
egories 2 and 3. There were no noticeable differences in 
the quality of fit or configuration of the growth functions 
across age groups or frequencies. No fitted functions were 
removed prior to analysis, primarily because deviations 
from fit were small, and because deviations in configu-
ration encapsulate the normal variability of measured 
DPOAE growth functions between individuals.

The breakpoint values were extracted from the indi-
vidual fits. Figure 10 shows violin plots of the estimated 
breakpoint values from each participant. Results followed 
the same trends as the average data, in that neither Break 
1 nor Break 2 was different between age groups. Spe-
cifically, both breakpoints were not significantly different 
between age groups at any f2 frequency, as assessed using 
a Kruskal–Wallis H test. Results indicated no significant 
differences in the value of Break 1 between age groups 
at f2 = 2 kHz (H(4) = 1.54, p = 0.82), 4 kHz (H(4) = 3.42, 

Fig. 6  Fitted DPOAE growth functions (solid, colored lines) closely 
match average measured DPOAE growth functions (gray, dashed 
lines) from each age group at each f2 frequency. DPOAE growth 
functions were fit using a three-segment piecewise linear function, 

which provided estimates of the slope of three linear segments of 
the function as well as two breakpoints that corresponded to slope 
changepoints between segments
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p = 0.49), or 8 kHz (H(4) = 2.16, p = 0.71). Results further 
indicated no significant differences in the value of Break 2 
between age groups at f2 = 2 kHz (H(4) = 5.74, p = 0.22), 
4 kHz (H(4) = 4.26, p = 0.37), or 8 kHz (H(4) = 7.64, 
p = 0.11). However, the breakpoint data from individual 
fits highlight the variability in DPOAE growth between 
individuals. The interquartile range (IQR) of each break-
point value at each f2 frequency spanned a relatively 
small range (~ 6.58–10.14 dB SPL). However, every age 
group had outliers.

Slope values from individual fits were also extracted 
and are shown in Fig. 11. Again, Kruskal–Wallis H tests 
were used to assess for differences in slopes between age 
groups at each f2 frequency. As expected based on results 
from the average data, results indicated significant dif-
ferences in the value of Slope 2 between age groups at 
all three f2 frequencies: 2 kHz (H(4) = 17.48, p = 0.002), 
4 kHz (H(4) = 22.60, p < 0.001), and 8 kHz (H(4) = 19.07, 
p = 0.001).

Post hoc Mann–Whitney tests with Bonferroni cor-
rections to account for the number of comparisons 
were performed to examine age group differences at 

each f2 frequency. Results with adjusted p-values are 
shown in Table 4. In summary, the youngest age group 
(10–19 years) had statistically significantly larger Slope 
2 values than the two oldest age groups (40–49 years, 
50 + years) at all three f2 frequencies. Additionally, the 
20–29-year age group had statistically significantly larger 
Slope 2 values than the two oldest age groups at 4 kHz 
and 8 kHz. Effect sizes of Slope 2 differences were esti-
mated using Cohen’s d. Effect sizes of the difference 
between the youngest (10–19 years) and 40–49-year age 
group ranged from small (d = 0.44) at 4 kHz, to medium 
(d = 0.67 and d = 0.75) at 2 kHz and 8 kHz, respectively. 
Effect sizes of the differences between the youngest 
(10–19 years) and oldest (50 + years) age groups ranged 
from small (d = 0.42) at 4 kHz to medium (d = 0.71) and 
large (d = 0.80) at 8 kHz.

Slopes 1 and 3 were also compared between age groups 
using the same methodology. Specifically, Kruskal–Wallis 
H tests were used to assess for group differences across 
each f2 frequency. In contrast to the results from the 
averaged fitting data, results suggested statistically sig-
nificant differences in Slope 1 values between age groups 

Fig. 7  Estimated breakpoints from the average fitted DPOAE level growth functions are similar across all age groups at each f2 frequency, 
as all 95 % confidence intervals overlap (indicated by error bars). However, the variability in estimated breakpoint values increases with fre-
quency and age
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at all three frequencies: 2 kHz (H(4) = 12.99, p = 0.01), 
4 kHz (H(4) = 17.17, p = 0.002), and 8 kHz (H(4) = 20.78, 
p < 0.001). Results further suggested statistically signifi-
cant differences in Slope 3 values between age groups at 
4 kHz (H(4) = 21.26, p < 0.001) and 8 kHz (H(4) = 12.30, 
p = 0.02), but not at 2 kHz.

Post hoc Mann–Whitney tests with Bonferroni cor-
rections were performed, as appropriate, to determine 
differences in Slopes 1 and 3 between each age group at 
each frequency. In short, the youngest age group tended 
to have higher Slope 1 values than the oldest age group 
(50 + years), particularly as frequency increased. This was 

Fig. 8  Estimated Slope 2 values from the average fitted DPOAE 
level growth functions decline with increasing age at each f2 fre-
quency. The 95 % confidence intervals (indicated by error bars) of 
the three oldest age groups (30–39, 40–49, and 50 + years, respec-
tively) do not overlap with the confidence interval around the 

youngest age group (10–19 years), suggesting a systematic and con-
sistent difference in Slope 2 between age groups. Slope 2 declines 
by 40–60 % (relative to the youngest group) by age 30–39 years. In 
contrast, Slopes 1 and 3 were similar across all age groups (shown 
in Table 3)

TABLE 3

Estimated Slope 1 and Slope 3 values (from group level three-segment fitting, in µPa) from each age group at three f2 frequen-
cies

Age group 2 kHz 4 kHz 8 kHz

Slope 1 estimate 
(SE)

Slope 3 estimate 
(SE)

Slope 1 estimate 
(SE)

Slope 3 estimate 
(SE)

Slope 1 estimate 
(SE)

Slope 3 estimate 
(SE)

10–19 years 0.311 (0.106)  − 1.716 (1.510) 0.154 (0.066)  − 0.430 (0.239) 0.180 (0.121)  − 0.375 (0.389)

20–29 years 0.210 (0.052)  − 0.445 (0.466) 0.126 (0.036)  − 0.477 (0.142) 0.123 (0.062)  − 0.320 (0.114)

30–39 years 0.038 (0.088)  − 1.133 (1.039) 0.086 (0.064)  − 0.354 (0.305) 0.121 (0.146)  − 0.274 (0.198)

40–49 years 0.066 (0.080)  − 0.413 (0.598) 0.079 (0.036)  − 0.123 (0.269) 0.054 (0.054)  − 0.110 (0.073)

50 + years 0.038 (0.083)  − 0.123 (0.624) 0.049 (0.042)  − 0.210 (0.151) 0.077 (0.108)  − 0.082 (0.214)
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inconsistent with findings from the average fitting, which 
suggested no differences in Slope 1 between age groups. 
However, differences between age groups were not as 
consistent as they were for Slope 2. More specifically, at 
2 kHz, post hoc testing suggested that there were no sta-
tistically significant differences in Slope 1 values between 
any age group. This null result may be due to the weakly 
significant global effect at 2 kHz coupled with the use 
of a conservative p-value correction. At 4 kHz, post hoc 
testing revealed that the Slope 1 values of the youngest 
age group (10–19 years, M = 0.10 μPa/dB SPL) were sta-
tistically significantly larger than those of the oldest age 
group (50 + years, M = 0.03 μPa/dB SPL) only (U = 853, 
p = 0.007). The effect size of this difference, assessed using 
Cohen’s d, was medium (d = 0.50). At 8 kHz, post hoc 
testing suggested that the Slope 1 values of the youngest 
age group (10–19 years, M = 0.13 μPa/dB SPL) were sta-
tistically significantly larger than Slope 1 values from the 
40–49-year age group (M = 0.02 μPa/dB SPL), U = 870, 
p = 0.001, and the 50 + year age group (M = 0.02 μPa/

dB SPL), U = 677, p = 0.01. The effect sizes of these dif-
ferences were small (d = 0.21) and negligible (d < 0.20), 
respectively.

Additionally, the youngest two age groups 
(10–19 years, 20–29 years) tended to have smaller Slope 
3 values than the two oldest age groups (40–49 years, 
50 + years). Though these findings are inconsistent with 
the results from the average fitting, it is not unexpected 
given that the average DPOAE growth data high-
light a “flattening” of growth in the older age groups 
above ~ 40 dB SPL. At 4 kHz, the only statistically sig-
nificant differences in the Slope 3 value were between 
the two youngest age groups (10–19 years, M = − 0.45; 
20–29 years, M = − 0.61) and 40–49-year age group 
(M = − 0.16); the younger groups have a smaller Slope 3 
than the older (U = 379, p = 0.04 and U = 560, p = 0.001, 
respectively). At 8 kHz, only the 20–29-year age group 
(M = − 0.36) had a statistically significantly lower Slope 
3 than the oldest age group (50 + years, M = − 0.05), 
U = 432, p = 0.02.

In summary, the declines in Slope 2 with increasing 
age were consistent between the average and individ-
ual fitted data. Specifically, Slope 2 showed systematic 
declines with increasing age in both cases (shown in 
Figs. 8 and 11, respectively). The decline was appar-
ent across all tested frequencies and increased both 
with age and with f2 frequency. In contrast, the aver-
age fitted estimates of Slope 1 and Slope 3 (shown in 
Table 3) indicated no meaningful differences between 
age groups, whereas there were several statistically sig-
nificant differences in Slopes 1 and 3 in the individual 
fitted estimates. These statistically significant differences 
also tended to be between the youngest (10–19 and/
or 20–29 years) and oldest (40–49 and/or 50 + years) 
age groups. However, the differences in Slopes 1 and 3 
were not as consistent or systematic as the differences 
in Slope 2. Given that the statistically significant differ-
ences appear only at some frequencies between some 
age groups, and only in the individual (and not average) 
fitted data, these differences may primarily reflect the 
variability in individual DPOAE growth functions and 
fitting procedures.

Behavioral Thresholds and DPOAE Growth

We also explored the relationship between behavioral 
thresholds and DPOAE growth. Specifically, we explored 
the relationship between behavioral thresholds and Slope 
2 of the DPOAE growth functions. Pearson’s correlations 
between behavioral tracking threshold and Slope 2 of the 
individual DPOAE growth functions at each f2 test fre-
quency ranged from very weak at 2 kHz (r(184) = 0.02, 
p = 0.83) and 4 kHz (r(188) = − 0.19, p = 0.01) to weak at 
8 kHz (r(179) = − 0.26, p = 0.000). These correlations are 

Fig. 9  Fitted individual DPOAE growth functions (dotted lines) 
generally matched the measured data (solid lines) closely across all 
age groups and frequencies. Fitted growth functions generally fell 
into one of three subjectively defined categories; exemplars from 
each of these categories are shown here. (A) The fitted function 
closely matches the measured data and follows the average config-
uration pattern (category 1). (B) The fitted function closely matches 
the measured data and follows the average configuration pattern 
(category 1), even when the measured data are not smooth. (C) The 
fitted function closely matches the measured data but does not fol-
low the average configuration pattern (category 2). (D) The fitted 
function deviates from the measured data across a portion of the 
function (category 3). Over 90 % of the 566 fitted functions fell into 
category 1, indicating that most fitted functions closely matched the 
measured data
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displayed in Fig. 12 in panels A (2 kHz), B (4 kHz), and C 
(8 kHz), respectively.

Additionally, we questioned if the same declines in 
DPOAE growth would be apparent if a stricter definition 
of “normal” hearing were used. Therefore, we also exam-
ined average DPOAE growth functions after modifying 
our inclusion criteria to include only participants with 
audiometric thresholds ≤ 15 dB HL from 0.25 to 8 kHz. 
We selected 15 dB HL because it is a more stringent, 
but less commonly used cutoff for defining “normal” vs. 
“impaired” hearing. This reduced our number of partici-
pants from 199 to 130 (34, 60, 13, 15, and 8 participants 
from the youngest to oldest age groups, respectively). 
However, declines in average DPOAE growth were still 
apparent, particularly at 8 kHz (Fig. 13).

DISCUSSION

We examined DPOAE growth in individuals aged 
10–65 years with clinically normal hearing. Results 
showed considerable declines in DPOAE growth, but 

modest differences in behavioral thresholds with age at 
frequencies ≤ 8 kHz. Additionally, behavioral thresholds 
at frequencies ≥ 10 kHz declined significantly with age.

Behavioral Thresholds

Our inclusion criteria allowed us to explore signs of 
auditory aging that occur before behavioral thresholds 
are severely affected, and the extent to which stand-
ard definitions of “normal” hearing detect these signs. 
Even “normal” ears showed subtle declines in behavio-
ral thresholds with age at frequencies ≤ 8 kHz. However, 
these declines were not clinically significant, reaffirming 
that behavioral thresholds ≤ 8 kHz and a 25 dB HL cutoff 
to define “normal” are poor markers of cochlear health 
(Gatlin and Dhar 2021). In contrast, behavioral thresh-
olds above ~ 10 kHz decline substantially with age. This 
suggests that a decline in sensory cell function and/or 
sensory cell loss is present in the cochlear base early in 
life and extensive by age 40 + (Hamernik et al. 1989; Lee 
et al. 2012).

Fig. 10  Estimated Break 1 (top panels) and Break 2 (bottom panels) 
values from the fitted DPOAE growth functions of individual par-
ticipants are similar across age groups at each f2 frequency, consist-
ent with results from the average fitted data (shown in Fig. 7). There 
were no statistically significant differences in Break 1 or Break 2 

between age groups at any f2 frequency. These data further highlight 
the variability in DPOAE growth between individuals across all age 
groups. Dots represent outlying values as defined by 1.5 times the 
interquartile range
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However, it is possible that small changes to thresh-
olds — even within the clinically normal range — are 
fully or partially driving changes in DPOAEs. Parsing 
out the effect of sensitivity from age-related changes 

to DPOAEs is challenging. While studies have shown 
DPOAE declines with age (e.g., Lonsbury-Martin et al. 
1991; Gates et al. 2002; Ueberfuhr et al. 2016), few 
have strictly controlled for sensitivity using stringent 

Fig. 11  *p < 0.05; **p < 0.01; ***p < 0.001. Estimated Slope 1 (top 
panels), Slope 2 (middle panels), and Slope 3 (bottom panels) val-
ues from individual participants in each age group at each f2 fre-
quency highlight both the variability in individual DPOAE growth 
functions and the consistent declines in Slope 2 with age. Like the 
average fitted estimates of Slope 2 (shown in Fig. 8), Slope 2 val-
ues from the individual fitted data consistently decline with age at 
all three f2 frequencies. These declines were statistically significant, 
specifically between the youngest groups (10–19 and 20–29 years) 
and the two oldest groups (40–49 and 50 + years). In contrast to the 

average fitted estimates of Slopes 1 and 3 (Table 3), which showed 
no meaningful differences between age groups, there were several 
statistically significant differences in Slope 1 and 3 values between 
age groups in the fitted data from individual participants. These 
statistically significant differences also tended to be between the 
two youngest (10–19 and 20–29 years) and two oldest (40–49 and 
50 + years) age groups. However, the differences in Slopes 1 and 3 
were not as consistent as the differences in Slope 2 and highlight 
the variability in individual DPOAE growth. Dots represent outlying 
values as defined by 1.5 times the interquartile range
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inclusion criteria and/or statistical techniques (e.g., 
Stover and Norton 1993; Uchida et al. 2008; Ortmann 
and Abdala 2016). For several reasons, threshold differ-
ences at frequencies ≤ 8 kHz may not be fully driving the 
declines in DPOAE growth seen here. First, differences 
in DPOAE growth are apparent even at 2 kHz, where 
the largest behavioral tracking threshold differences 
between age groups are negligible (1–3 dB). Second, 
substantial declines in DPOAE growth are apparent in 
the 30–39-year age group at all f2 frequencies, despite 
differences in behavioral tracking thresholds (re young-
est group) being < 1 dB at 2 and 4 kHz, and < 3 dB at 
8 kHz. Third, DPOAE declines occur in the mid-level 
region of the growth function (L2 = ~ 25–45 dB SPL), 
suggesting that it is not a threshold phenomenon. We 
expected changes in sensitivity to manifest as differ-
ences in either Slope 1 or Break 1; however, there were 
no considerable differences between age groups for 
either. Fourth, correlations between behavioral track-
ing thresholds ≤ 8 kHz and Slope 2 of DPOAE growth 
functions were weak (Fig. 12). Fifth, notable declines in 
DPOAE growth remain even with a stricter definition 
of “normal” hearing. Thus, even with stricter cutoffs, 

behavioral thresholds ≤ 8 kHz may be insufficient in 
detecting early age-related cochlear decline. However, 
more work is needed to explicitly define the relationship 
between behavioral thresholds and DPOAE growth.

DPOAE Growth Functions

Our data show that DPOAE growth is non-linear 
when L2 ≤ 25 dB SPL and more linear from ~ 25 to 
45 dB SPL across all age groups. Other studies sug-
gest that cochlear response patterns (e.g., Cooper and 
Rhode 1992; Nuttall and Dolan 1996; Ruggero et al. 
1997) and DPOAE growth (e.g., Dorn et al. 2001; 
Ortmann and Abdala 2016) are approximately linear 
below ~ 40 dB SPL. This difference in growth func-
tion morphology may be due, in part, to differences in 
measurement paradigms. Because we used a fixed L1/
varied L2 DPOAE measurement paradigm with an f2/f1 
ratio ≤ 1.3, level differences between the primary tones 
were large (up to 60 dB SPL) at low L2 levels, and the 
compression noted below ~ 25 dB SPL may have arisen 
from the suppressive effects of L1 on L2 and/or the f2 
place. This differs from the commonly used “scissors” 

TABLE 4

Post hoc test results comparing estimated Slope 2 values (from individual fittings, in µPa) from each age group at three f2 fre-
quencies

* p < 0.05; **p < 0.01; ***p < 0.001

Age group Median (IQR) 10–19 years 20–29 years 30–39 years 40–49 years 50 + years

2 kHz

10–19 years 2.60 (2.97) -

20–29 years 1.87 (2.13) U = 1931 -

30–39 years 1.50 (1.63) U = 592 U = 878 -

40–49 years 0.90 (1.64) U = 887* U = 1339 U = 314 -

50 + years 0.92 (1.27) U = 126* U = 1046 U = 246 U = 328 -

4 kHz

10–19 years 1.04 (1.16) -

20–29 years 0.96 (0.93) U = 1811 -

30–39 years 0.82 (0.80) U = 597 U = 976 -

40–49 years 0.48 (0.52) U = 916* U = 1539* U = 345 -

50 + years 0.38 (0.81) U = 850** U = 1384* U = 344 U = 412 -

8 kHz

10–19 years 0.96 (2.02) -

20–29 years 0.98 (0.99) U = 1726 -

30–39 years 0.56 (1.35) U = 568 U = 900 -

40–49 years 0.38 (0.53) U = 801* U = 1365** U = 322 -

50 + years 0.41 (0.65) U = 653* U = 1082* U = 262 U = 274 -
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paradigm (Dorn et al. 2001), where differences between 
primary tones are smaller (< 40 dB SPL). It also differs 
slightly from the fixed L1/varied L2 paradigm used in 
guinea pigs by Withnell and Yates (1998), where an 
f2/f1 ratio of 1.6 was chosen to minimize suppressive 
effects and level differences between primaries were 
smaller. Indeed, when they used an f2/f1 ratio of 1.2 
and a higher L1, their DPOAE growth functions more 
closely resemble ours, with linear growth from ~ 20 to 
40 dB SPL and a compression threshold resembling our 
Break 2. Additional differences between our data and 
basilar membrane growth data at low stimulus levels 
may be explained by the fact that we are measuring 
growth of the 2f1-f2 distortion product rather than BM 
gain. DPOAE and BM growth may be differentially 

influenced by various factors, including contributions 
from sources basal to the f2 place (Martin et al. 2009, 
2011), and/or the reticular lamina (Dewey et al. 2019; 
Ren and He 2020). However, the extent to which sup-
pression vs. differences in DPOAE/BM growth are 
driving this compressive behavior below ~ 25 dB SPL 
may be complicated to measure and interpret.

What is driving the age-related declines in DPOAE 
growth, if not sensitivity? The nature of these data only 
allows us to offer speculations. At least three age-related 
cochlear pathologies from Schuknecht’s framework are 
theoretically detectable using DPOAEs: sensory, meta-
bolic, and/or mechanical decline. While we can likely 
exclude extensive sensory cell loss apical to the 8 kHz 
place, metabolic and/or mechanical decline may be pre-
sent in our aged ears. Either may manifest at mid- to high 
stimulus levels, where a broader array of outer hair cells 
(OHCs) is activated.

Specifically, a subtle decline in metabolic function and 
subsequent reduction of the endocochlear potential (EP) 
could manifest as a premature saturation of the cochlear 
transduction current at higher stimulus levels. While stark 

Fig. 12  The correlations between Slope 2 of the individual DPOAE 
growth functions and behavioral tracking threshold from each par-
ticipant at the same f2 frequency ranged from very weak at 2 kHz 
(panel A) and 4  kHz (panel B) to weak at 8  kHz (panel C). This 
suggests that behavioral thresholds do not fully explain declines in 
Slope 2 that occur with age

◂

Fig. 13  Average distortion product otoacoustic emission (DPOAE) 
growth functions still decline considerably with increasing age at 
all three frequencies tested, f2 = 2  kHz (left), 4  kHz (middle), and 
8  kHz (right), even when stricter audiometric threshold inclu-
sion criteria are used (audiometric thresholds ≤ 15 dB HL from .25 
to 8 kHz). This suggests that behavioral thresholds ≤ 8 kHz may be 

insufficient for detecting subtle age-related auditory change, even 
if more stringent criteria for “normal” hearing were to be adopted. 
Average noise floor levels are similar between age groups and are 
shown at the bottom of each panel. Average DPOAE and noise 
floor levels are plotted as a function of L2. Error bars indicate + / − 1 
standard error of the mean
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declines in EP induced over a short experimental time 
course greatly reduce BM gain at low stimulus levels 
(e.g., Ruggero and Rich 1991), DPOAEs arise from a 
more distributed cochlear area and may be differentially 
affected. It is possible that our participants have declines 
in EP but still have normal behavioral thresholds below 
8 kHz, given that even large shifts in EP (up to 70 mV) 
in the apical region of the gerbil cochlea can lead to 
small (< 20 dB) shifts in compound action potential (CAP) 
threshold (Schmiedt et al. 2002). Even in the cochlear 
base, estimates suggest that a ~ 1 mV decline in EP leads 
to a ~ 1 dB decline in CAP threshold in cats (Sewell 1984) 
and gerbils (Schmiedt et al. 2002). This suggests that the 
EP could decline by ~ 20 mV or more over the course 
of a life span with behavioral thresholds remaining in 
the range of clinically normal (up to 25 dB HL). Nev-
ertheless, the relationship between EP and DPOAEs is 
more complex. Studies that have manipulated the EP 
and simultaneously recorded changes to the EP and the 
2f1-f2 DPOAE have demonstrated that DPOAEs follow a 
different time course of decline and recovery than the EP 
itself (Rebillard and Lavigne-Rebillard 1992). However, 
animals with chronically decreased EP (due to furosem-
ide) exhibit reduced DPOAEs (Schmiedt et al. 2002). 
Thus, DPOAEs may be sensitive to subtle age-related 
declines in the EP, even if the timeline and degree of 
decline between the two is not tightly coupled.

The presence of cochlear mechanical dysfunction in 
our older participants is also possible. Broadened fre-
quency selectivity (i.e., tuning) occurs with age (Lutman 
et al. 1991; Dubno and Ahlstrom 2001), and in the 
absence of clinical hearing loss (Badri et al. 2011). Puz-
zlingly, broadened tuning could suggest that increasing 
stimulus level would activate a broader array of OHCs 
in older than younger ears. Yet DPOAE amplitude and 
growth appear to decrease with age (e.g., Lonsbury-Mar-
tin et al. 1991; Uchida et al. 2008; Ortmann and Abdala 
2016). Broadened tuning with reduced DPOAEs in older 
ears could be explained by phase interference between 
DPOAE wavelets (e.g., Talmadge et al. 1999; Dhar et al. 
2002; Shera 2003), and/or if the number, or function 
(i.e., fidelity), of OHCs within the activated spatial region 
contributing to the measured DPOAE change with age. 
Evidence suggests that OHCs basal to the f2 place may 
contribute to DPOAEs (Martin et al. 2009, 2011); thus, 
damaged hair cells in extended high-frequency regions 
could cause the reduction of DPOAE growth that we see 
in our older ears (relative to younger ears), particularly 
at 8 kHz. Suggestive of this, the correlation between 
behavioral tracking thresholds at 10 kHz (~ 1/4 octave 
basal to the f2 place) and Slope 2 of DPOAE growth func-
tions at 8 kHz is − 0.31 (p < 0.001). This is slightly higher 
than correlations between Slope 2 and behavioral tracking 
thresholds at the f2 frequencies. Additional work is needed 
to explore potential differences in basal OAE generators 
between young and aged ears.

Individual DPOAE Growth Functions and 
Clinical Relevance

A tool with high clinical utility must detect subtle signs 
of dysfunction within individuals. While we successfully 
fit individual DPOAE growth functions, there was nota-
ble variability between individual participants (Fig. 5). 
Variability was smallest for the oldest age groups, pos-
sibly because we only included older ears with excellent 
sensitivity. It is tempting to wonder whether young ears 
with lower-than-average DPOAE growth already exhibit 
cochlear decline undetectable by current clinical tools, 
and/or if these ears will be more susceptible to future 
auditory insults. The latter possibility highlights the need 
for longitudinal work.

There was also variability in the estimated slope and 
breakpoint values between individuals, particularly in the 
oldest age groups. This may be because DPOAE growth 
function morphology was more variable in older indi-
viduals. More work is needed to better understand the 
factors that contribute to this variability. This includes 
factors intrinsic to an individual, such as differences 
in DPOAE component contributions, which were not 
considered here. While we assumed that the distortion 
component dominated DPOAE growth above ~ 30 dB 
SPL, the reflection component may have contributed 
at lower stimulus levels and may differ systematically 
with age (Abdala and Dhar 2012). Additionally, differ-
ences in cochlear micromechanics between individuals 
(e.g., number and health of stereocilia and/or OHCs) 
likely contribute to variability in DPOAE growth, though 
these are difficult to quantify in humans. Extrinsic factors, 
including calibration, signal processing, data fitting, and 
measurement paradigm, may also contribute to variability 
in DPOAE growth and require further exploration (e.g., 
Johnson et al. 2006).

CONCLUSION

Our data show age-related declines in DPOAE growth in 
individuals with clinically normal hearing. This challenges 
the notion that clinically “normal” hearing means a pris-
tine auditory system and suggests the need for a future 
where hearing-related monitoring and treatment precede 
communication difficulties. There may be potential in 
using DPOAE growth to detect early signs of cochlear 
aging, particularly if factors contributing to variability in 
DPOAE growth become better understood.
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