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Objectives: Cochlear reflectance (CR) is the cochlear contribution to 
ear-canal reflectance. CR is a type of otoacoustic emission (OAE) that is 
calculated as a transfer function between forward pressure and reflected 
pressure. The purpose of this study was to compare wideband CR to 
distortion-product (DP) OAEs in two ways: (1) in a clinical-screening 
paradigm where the task is to determine whether an ear is normal or has 
hearing loss and (2) in the prediction of audiometric thresholds. The goal 
of the study was to assess the clinical utility of CR.

Design: Data were collected from 32 normal-hearing and 124 hearing-
impaired participants. A wideband noise stimulus presented at 3 stimu-
lus levels (30, 40, 50 dB sound pressure level) was used to elicit the CR. 
DPOAEs were elicited using primary tones spanning a wide frequency 
range (1 to 16 kHz). Predictions of auditory status (i.e., hearing-thresh-
old category) and predictions of audiometric threshold were based on 
regression analysis. Test performance (identification of normal versus 
impaired hearing) was evaluated using clinical decision theory.

Results: When regressions were based only on physiological measure-
ments near the audiometric frequency, the accuracy of CR predictions 
of auditory status and audiometric threshold was less than reported 
in previous studies using DPOAE measurements. CR predictions were 
improved when regressions were based on measurements obtained at 
many frequencies. CR predictions were further improved when regres-
sions were performed on males and females separately.

Conclusions: Compared with CR measurements, DPOAE measurements 
have the advantages in a screening paradigm of better test performance 
and shorter test time. The full potential of CR measurements to predict 
audiometric thresholds may require further improvements in signal-pro-
cessing methods to increase its signal to noise ratio. CR measurements 
have theoretical significance in revealing the number of cycles of delay 
at each frequency that is most sensitive to hearing loss.

Key words: Cochlear reflectance, Distortion product otoacoustic emis-
sions, Sensorineural hearing loss.

(Ear & Hearing 2018;XX;00–00)

INTRODUCTION

Otoacoustic emissions (OAEs) are acoustic signals that orig-
inate within the cochlea as by-products of its normal function 
(Kemp 2002). OAEs are generated within the cochlea by either 
(1) intermodulation distortion due to nonlinearity in outer hair 
cells (OHCs) or (2) wave reflection due to slight irregularities 
in the mechanical properties of the basilar membrane (Shera 
& Guinan 1999). Both of these mechanisms are dependent on 
the viability of OHCs (Brownell 1990) and both generate retro-
grade pressure waves that travel toward the base of the cochlea, 
through the middle ear, and into the ear canal where they may 
be recorded by a microphone. In some individuals, OAEs are 
produced spontaneously (SOAEs), in the absence of a stimulus 
(Burns et al. 1992). In most normal-hearing (NH) ears, OAEs 
can be evoked using one of several different types of stimuli. 

Click-evoked OAEs (CEOAEs) are measured using clicks and, 
thus, provide information for a wide range of frequencies. Tone 
burst–evoked OAEs (TBOAEs) are measured using short-dura-
tion sinusoids, and thus, provide information that spans the fre-
quency range of the tone burst stimulus. CEOAEs and TBOAEs 
are examples of transient-evoked OAEs. Band-limited noise 
has been used to evoke OAEs that mimic CEOAEs (Maat et al. 
2000). Stimulus-frequency OAEs (SFOAEs) typically use sinu-
soidal stimuli and provide information from a narrow frequency 
range around the frequency of the stimulus. Distortion-product 
OAEs (DPOAEs) are evoked by a pair of primary tones ( f

1
 and f

2
)  

that interact within the cochlea to produce other frequencies 
that are arithmetic combinations of the primary tones, such as 
2 1 2f f− . DPOAEs are mostly generated near the cochlear place 
that responds best to f2 , and so provide information about that 
frequency, but contributions to DPOAEs from other places may 
not be negligible.

Damage to the OHCs results in a reduction in OAEs 
(Brownell 1990). In several studies, relationships have been 
demonstrated between audiometric threshold and OAE level. For 
example, such relationships have been observed for DPOAEs 
(Gorga et al. 1993; Stover et al. 1996; Boege & Janssen 2002; 
Johnson et al. 2010; Kirby et al. 2011), CEOAEs (Gorga et al. 
1993; Prieve et al. 1993; Hussain et al. 1998; Goodman et al. 
2009; Mertes & Goodman 2013), SFOAEs (Ellison & Keefe 
2005), and TBOAEs (McPherson et al. 2006; Jedrzejczak et al. 
2012). OAEs are clinically useful, including in newborn hearing 
screening, because of their noninvasive nature. The most com-
monly used OAE types in the clinic are DPOAEs and CEOAEs. 
Clinical benefits of OAE measurement includes the short test 
time and low cost. OAEs can provide an assessment of hearing 
status when behavioral responses are unobtainable or a cross-
check for validity when behavioral responses are unreliable. 
Furthermore, subclinical reduction in OAEs may be observed 
before seeing permanent threshold shifts in the audiogram.

Cochlear reflectance (CR) is an alternative measure of 
cochlear response that was suggested by Allen (1997). Specifi-
cally, CR is the cochlear contribution to ear-canal reflectance 
(ECR)*. Alternatively, CR may be defined by a transfer function 
between the forward-propagating component of pressure mea-
sured in the ear canal and the component of the reflected pres-
sure that comes from the cochlea. The CR properties that allow 
its separation from contributions that come from the middle 
ear, ear canal, and measurement system are its longer latency 
and dependence on stimulus level (Rasetshwane & Neely 2012; 
Rasetshwane et al. 2015). Our procedure for measuring CR 
is described in the Materials and Methods section. The use of 
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*  ECR is the complex ratio of reflected acoustic pressure to forward pres-
sure measured in the ear canal (Voss & Allen 1994). ECR has been shown 
to differentiate between normal ears and ears with specific middle ear dis-
orders (Voss et al. 2012).
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wideband noise (WBN) to evoke CR prevents the entrainment 
of SOAEs (Harte & Elliott 2005). In addition, the use of a WBN 
allows for the invocation of de Boer’s (1997) nonlinear equiva-
lence (EQ-NL) theorem. According to the EQ-NL theorem, 
for a given class of nonlinear systems (of which the cochlea is 
an example), there is an equivalent linear system that has the 
same WBN response. Having a stimulus and a system (i.e., the 
cochlea) that conform to the EQ-NL theorem is advantageous 
because it supports inferences based on a linear model. Thus, a 
potential advantage of WBN CR measurements over other types 
of OAEs is an interpretation based on a linear cochlear model.

Clinical decision theory (Swets 1988; Fawcett 2006) has 
been used previously to test the accuracy of dichotomous deci-
sions regarding auditory status based on OAE measurements 
(Gorga et al. 1993; Prieve et al. 1993; Stover et al. 1996; Boege 
& Janssen 2002; Ellison & Keefe 2005; Goodman et al. 2009; 
Johnson et al. 2010). Our use of multivariate analyses parallels 
previous efforts in which these techniques were applied to CEO-
AEs (Hussain et al. 1998; Mertes & Goodman 2013), DPOAEs 
(Dorn et al. 1999; Gorga et al. 2005; Kirby et al. 2011), and 
SFOAEs (Ellison & Keefe 2005).

This study extends our previous study on the relationship 
between CR and auditory status (Rasetshwane et al. 2015). The 
main goals of this study were to (1) compare the accuracy of CR 
and DPOAEs in terms of identification of auditory status (i.e., 
normal versus impaired), which we refer to as test performance 
and (2) compare the accuracy of CR and DPOAEs in their pre-
diction of audiometric thresholds. Another useful result of this 
study was refinement of the region in time-frequency space in 
which CR appears to be most sensitive to hearing threshold.

MATERIALS AND METHODS

Participants
A total of 156 participants were enrolled in this study (91 

females and 65 males). All participants were recruited from a 
database of potential research participants that is maintained by 
Boys Town National Research Hospital. Participants were paid 

for their participation. Data collection was conducted under a 
protocol that had been approved by the Boys Town National 
Research Hospital’s Institutional Review Board and informed 
consent was obtained before testing each participant.

Audiometric thresholds were measured at 12 octave and 
interoctave frequencies (0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 
11.2, and 16 kHz) using Sennheiser HDA 300 headphones 
(Wedemark, Germany). Thresholds were measured by an 
audiometer (GSI AudioStar Pro, Grason-Stadler) following a 
Modified Hughson-Westlake procedure that used a 2-dB step 
size (instead of the usual 5 dB) for the final determination of 
threshold. The range of observed thresholds was −10 to 102 dB 
hearing level (HL); however, some participants had no response 
at higher frequencies due to equipment limitations. The head-
phones were calibrated by a commercial service (Audiology 
Systems Inc.). The maximum output of the audiometer was 94 
dB HL at 11.2 kHz and 60 dB HL at 16.0 kHz. All participants 
had normal middle ear function based on otoscopic inspection, 
tympanometry, and bone conduction threshold. The inclusion 
criteria for tympanometry (Otoflex 100, Madsen) required a 
peak-compensated static acoustic admittance between 0.3 and 
2.5 mmhos and peak tympanometric pressure between −100 
and +50 daPa. The upper limit of the admittance range is higher 
than typically used but was selected for consistency with previ-
ous studies in our laboratory (Rasetshwane et al. 2015; Sieck 
et al. 2016). The inclusion criterion for bone conduction (B71, 
Radioear) required air-bone gaps ≤10 dB.

The auditory status at each frequency was said to be hearing 
impaired (HI) when the threshold at that frequency was >20 
dB HL. Otherwise, the auditory status was said to be NH. The 
number of HI and NH participants at each frequency is shown 
in Table  1. An effort was made to represent a wide range of 
thresholds. Table  2 shows the number of participants at each 
frequency that had thresholds in each of 5 ranges of hearing 
loss: ≤10, >10 to ≤30, >30 to ≤50, >50 to ≤70, and >70 dB HL. 
Note that the midpoints of these threshold ranges (with approxi-
mations at the highest and lowest ranges) are 0, 20, 40, 60, and 
80 dB HL.

TABLE 1.  Distribution of auditory status by frequency

Threshold 
(dB HL)

Frequency (kHz)

0.5 0.75 1 1.5 2 3 4 6 8 11.2 16

≤20 95 95 86 80 72 53 55 50 49 30 8
>20 61 61 70 76 84 103 100 103 101 113 79
NR 0 0 0 0 0 0 1 3 6 13 69

The number of participants is given for each threshold category at each frequency. NR indicates the number of participants who did not hear the tone at the highest level that the audiometer 
could produce. These participants were not included in any frequency-specific analysis.

TABLE 2.  Distribution of hearing threshold by frequency

Threshold (dB HL) Frequency (kHz)

Range Midpoint 0.5 0.75 1 1.5 2 3 4 6 8 11.2 16

≤10 0 54 59 58 62 49 33 36 36 34 23 5
>10 to 30 20 62 54 50 40 42 45 33 28 25 14 9
>30 to 50 40 22 20 27 26 36 41 41 30 31 17 10
>50 to 70 60 12 17 15 19 15 23 30 39 37 37 57
>70 80 6 6 6 9 14 14 15 20 23 52 6

The number of participants is given for each hearing-threshold category at each frequency. Each category is defined by its range; however, its midpoint provides a more convenient label.



Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

	 Neely et al. / EAR & HEARING, VOL. XX, NO. XX, 00–00	 3

Participants were classified as overall HI (OHI) when their 
thresholds were >20 dB HL for at least 1 frequency in the range 
from 1 to 8 kHz. There were 124 OHI participants (72 females 
and 52 males). The average age for OHI participants was 60.2 
years (range = 19 to 75 years, SD = 12.3 years). Participants 
who were not OHI were classified as overall NH (ONH). There 
were 32 ONH participants (19 females and 13 males). The aver-
age age for ONH participants was 39.1 years (range = 19 to 66 
years, SD = 12.8 years).

All CR measurements were made monaurally. If both ears 
met the inclusion criteria in ONH participants, the ear with 
better hearing was selected for testing. Thresholds at all fre-
quencies were considered when determining the better ear. If 
thresholds differed by more than about 10 dB at more than one 
frequency, then the ear with better thresholds was selected. Oth-
erwise, an ear was selected randomly, although there was some 
attempt to equalize the number of left and right ears. If both 
ears met the inclusion criteria in OHI participants, the ear with 
audiometric thresholds in the mild-to-moderate range above 
1 kHz was tested to increase the likelihood of a CR response 
above the noise floor. If both ears had thresholds in this range, 
the test ear was selected randomly. Only 1 ear of each partici-
pant was tested. In all, data were collected from 17 left and 15 
right ears of ONH participants and 64 left and 60 right ears of 
OHI participants.

Equipment
The sound-delivery system for CR and DPOAE data col-

lection was an ER-10X probe-microphone system (Etymōtic 
Research, Elk Grove Village, IL) and a 24-bit sound card (Ham-
merfall DSP Multi-Face II, RME, Germany). For CR, each 
stimulus condition was presented on each of two receivers 
(which we will refer to as sound sources) consecutively, provid-
ing two independent measurements. The ER-10X is well suited 
for measuring CR at high frequencies because it has a wide 
bandwidth, low distortion, and low cross-talk compared with 
other emission probes. The measurement system was calibrated 
daily before data collection to determine the Thévenin-equiva-
lent source impedance and pressure (Allen 1986; Keefe et al. 
1992; Rasetshwane & Neely 2011). Thévenin-equivalent source 
parameters are required in the transformation of ear-canal pres-
sure to CR and in calculation of forward pressure level (FPL) 
used in DPOAE stimulus calibration. Evanescent waves in the 
ER-10X calibration waveguide were reduced by modifying the 
multilumen tubes that are inserted into the ER-10X eartips such 
that the front surface was beveled at approximately a 45° angle 
instead of the normally perpendicular front surface (Siegel & 
Neely 2017). Further compensation for the possible presence 
of evanescent waves was included in the calculation of the 
Thévenin-equivalent source parameters (Nørgaard et al. 2017). 
Stimulus delivery and data collection were controlled using 
locally developed software (EMAV v 3.33; Neely & Liu 1994).

Measurement of CR
The CR stimuli were (1) a WBN and (2) a wideband linear 

-sweep chirp (LSC), both digitally generated at a sampling rate 
of 48 kHz. The LSC and WBN digital stimuli both contained 
equal levels of all frequencies from 0 to 24 kHz. The duration 
of each stimulus/response buffer was 171 msec. Data were col-
lected in response to the LSC stimulus at 60 dB sound pressure 

level (SPL) and in response to the WBN stimulus presented at 
3 levels (30, 40, 50 dB SPL). These stimulus levels were deter-
mined using a sound level meter (System 824, Larson Davis, 
Provo, UT) with C weighting. Following Rasetshwane and 
Neely (2012), longer averaging times were used at the lower 
stimulus levels to improve the signal to noise ratio (SNR) of the 
measured response. The stimulus conditions are summarized 
in Table  3. Artifact rejection based on the root-mean-square 
(RMS) amplitude of the recordings of time-domain pressure 
was utilized. In this procedure, if two consecutive sweeps dif-
fered by a criterion amount, both sweeps were rejected, a proce-
dure that is effective for rejecting transient artifacts. In a single 
visit, data collection using the complete set of stimulus condi-
tions was repeated three times on each of the two sound sources. 
The three sets of responses were combined into a single average 
for all analyses. The measurement probe was not reseated at 
the beginning of each set of measurements unless the previous 
measurement showed evidence of an acoustic leak (Groon et al. 
2015). The test times listed in Table 3 only include artifact-free 
responses. Additional time was required for (1) artifact rejec-
tion, (2) software inefficiency, and (3) probe reinsertion to cor-
rect air leaks (or other issues). CR data-collection time was, on 
average, 35 min per session.

CR measurements were made following procedures 
described by Rasetshwane et al. (2015). Thévenin-equivalent 
source parameters for the ER-10X were determined before data 
collection. The source parameters allow ear-canal impedance 
to be computed from the pressure recorded in the ear canal in 
response to each stimulus (LSC and WBN). ECR Γec is cal-
culated from ear-canal impedance Zec  and the characteristic 
impedance of the ear canal Z0 , which can be estimated from 
Zec  (Scheperle et al. 2011):

	 Γec
ec

ec

=
−
+

Z Z

Z Z
0

0

.� (1)

The ECR in response to the LSC stimulus is expected to have 
little, if any, contribution from the cochlea for two reasons: (1) 
the LSC stimulus level is at least 10 dB higher than the WBN 
stimuli and (2) the chirp is more frequency specific within 
short time intervals, which is expected to produce larger local 
responses within the cochlea that are more likely to saturate 
OHC feedback forces. CR Γc is calculated as the difference 
between ECR in response to the WBN stimulus Γec wbn,  and ECR 
in response to the LSC stimulus Γec lsc, :

	 Γ Γ Γc ec wbn ec lsc= −, , .� (2)

TABLE 3.  Stimulus type, level, number of averages per sound 
source, and test time for CR measurements

Stimulus  
Condition Type

Level  
(dB SPL)

Number  
of Averages

Test  
Time (s)

1 WBN 30 32 96
2 WBN 40 16 48
3 WBN 50 8 24
4 LSC 60 2 6

The stimulus type was either WBN or LSC. Note that the test time listed only includes 
responses that did not contain artifacts.
CR, cochlear reflectance; LSC, linear-sweep chirp; WBN, wideband noise.
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A time-domain representation of CR was computed as the inverse 
Fourier transform of Γc. To allow removal of residual ear-canal 
and middle ear contributions, a time-frequency analysis was per-
formed by using a complex gammatone filterbank with 49 chan-
nels (Patterson & Holdsworth 1996; Hohmann 2002). The center 
frequencies were logarithmically spaced from fc = 0 0625.  to 
16 kHz in 1/6-octave steps, and the tuning of each filter was Qerb

= 3, where Qerb  is defined as the center frequency divided by the 
equivalent rectangular bandwidth of the filter (Shera et al. 2010). 
The focus of our algorithm on the extraction of signal properties 
that are characteristic of the cochlea increases the likelihood that 
the CR we observe is of biologic origin; however, observation of 
its sensitivity to hearing-threshold category provides additional 
evidence for this conclusion. For additional theoretical and mea-
surement details, please see Rasetshwane and Neely (2012).

To improve SNR, the CR magnitude (CRM) at each fre-
quency was calculated over a time span that was defined by 
(1) minimum and maximum time-delays ( τH  and τL ) and 
(2) minimum and maximum cycle-delays ( NL  and NH ). The 
region in time-frequency space that is delimited by these four 
parameters is illustrated in Figure 1. The values of these four 
analysis parameters were adjusted for the present study before 
the reported data analysis to yield better test performance, 
which was defined as having larger receiver operating charac-
teristic (ROC) area averaged over all frequencies and all par-
ticipants. Adjustments were made by increasing or decreasing 
each parameter one at a time (manually) in small increments, 
which was a time-consuming and somewhat inefficient process. 
Subsequent to this adjustment, the same parameter values were 
used to quantify all CR data reported here.

The steps outlined above for the calculation of CR were car-
ried out independently for measurements from the two sound 
sources. The mean of the two measurements was used to esti-
mate the CRM and the mean of the difference between the two 
measurements was used to estimate the CR noise (CRN). CR 
SNR was subsequently calculated using CRM and CRN.

Measurement of DPOAEs
The same measurement system was used for DPOAE and 

CR data collection. For DPOAE data collection, the two primary 
tones, f

1
 and f

2
 were routed through separate channels of the 

sound card and presented from separate sound sources of the Ety-
motic ER-10X probe-microphone system. The buffer length was 
8192 samples and the sampling rate was 32 kHz. This resulted in 
a 3.9 kHz frequency resolution. DPOAE responses were collected 
in two separate buffers. The level of the DPOAE was obtained 
by summing the contents of the two buffers in the frequency bin 
containing the 2f

1
 − f

2
 frequency. The noise was calculated by 

averaging the level in the 2f
1
 − f

2
 frequency bin and the five bins 

on either side of the 2f
1
 − f

2
 frequency bin for each buffer and then 

subtracting the noise estimates in the two buffers.
Before DPOAE measurement, in-situ calibration was used to 

determine stimulus levels. To minimize the effects of standing 
waves, all stimuli were specified using FPL rather than SPL (Neely 
& Gorga 1998; Scheperle et al. 2008). In FPL measurements, the 
forward wave is isolated from the reflected wave thus preventing 
inaccuracies in specifying the level of the stimulus at the eardrum 
that can result from destructive or constructive interactions of the for-
ward and reflected waves in the ear canal. To specify stimulus level 
in FPL, Thévenin-equivalent source characteristics (impedance and 
pressure) were determined using the techniques previously described 
in the Equipment section. Then, in-situ sound pressure measure-
ments were made in each participant’s ear canal. Those measure-
ments, combined with source impedance and pressure, were used to 
calculate ear-canal impedance. Then ear-canal impedance, ear-canal 
pressure, and source impedance were used to convert SPL to FPL. 
The EMAV software then adjusted the voltage applied to the sound 
sources to produce the desired level at the eardrum.

DPOAEs were elicited using the primary frequencies, f
1
 and 

f
2
. The primary frequency ratio (f

2
 /f

1
) was set to 1.22. The fol-

lowing equation was used to set the level of f
1
 (L

1
) for each level 

of f
2
 (L

2
; Kirby et al. 2011):

	 L L f1 2 2 280 0 1 80 64= + −( ) ( ). /⋅ ⋅ log � (3)

Data collection continued until 1 of 2 measurement-based stop-
ping rules were met: (1) the noise floor reached a level less than 
or equal to −20 dB SPL or (2) 32 sec of artifact-free averaging 
time was completed. The noise-floor stopping rule was chosen to 
ensure that DPOAE levels were above the level at which system 
distortion could compromise the data. The measurement-time 
stopping rule ensured that the total time did not exceed what 
was considered an acceptable amount of time for data collection. 
DPOAE data were collected for a single L

2
 of 55 dB FPL for 9 f

2
 

frequencies (1, 1.414, 2, 2.828, 4, 5.656, 8, 1.1312, 16 kHz).

Analyses
Single-frequency analyses utilized ear-canal measurements at 

a single frequency for predictions of either auditory status (i.e., 
greater or less than 20 dB HL) or auditory threshold at the match-
ing audiometric frequency. Logistic regressions were used for 
auditory-status predictions and linear regressions for auditory-
threshold predictions. For DPOAE measurements, the two pre-
dictor variables were DPOAE response level and DPOAE noise 
level. For CR measurements, the three predictor variables were 
ECR, CRM, and CRN. Because CR test performance was similar 
across the three stimulus levels, only one representative level is 

Figure 1. Time-frequency representation of cochlear reflectance. The 
region that was determined to be most sensitive to hearing loss is delim-
ited (dashed lines) by (1) minimum and maximum time-delays (τH and τL ) 
and (2) minimum and maximum cycle-delays (NL and NH). For comparison, 
estimated stimulus-frequency otoacoustic emission delay (Shera & Guinan 
2003) is superimposed (solid line).
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reported. The representative level was selected to be 50 dB SPL, 
the highest level, because this level had the smallest p value for 
threshold when a three-way analysis of variance (ANOVA; fre-
quency, threshold, sex) was performed on each level separately†.

Clinical decision theory (Swets 1988; Fawcett 2006) was used 
for the assessment of test performance (identification of normal 
versus impaired hearing). A description of CR test performance 
was obtained by computing hit rates (sensitivity), which is the pro-
portion of HI ears that were correctly identified, and corresponding 
false-alarm rates (1 − specificity), which is the proportion of NH 
ears incorrectly identified as HI. The assignment of hearing cate-
gory (NH or HI) was conducted on a frequency-by-frequency basis. 
The number of ears classified as NH and HI at each frequency are 
provided in Table 1. ROC curves (plots of hit rate versus false-alarm 
rate) were constructed, and the area under each ROC curve (A

ROC
) 

was computed. A
ROC

 provides a single estimate of hit rate averaged 
over all possible false-alarm rates. A value of A

ROC
 = 0.5 indicates 

that hit and false-alarm rates are equal (chance performance), while 
a value of A

ROC
 = 1.0 indicates that the hit rate is 100% for all false-

alarm rates, including a false-alarm rate of 0% (perfect test perfor-
mance). A

ROC
 values were calculated for all audiometric frequencies 

at the stimulus level with the smallest RMS dB prediction error.
Multifrequency analyses incorporated ear-canal measure-

ments at many frequencies to predict the auditory status or audi-
tory threshold at each audiometric frequency. The prediction of 
auditory threshold (dB HL) used an ordinal five-category logistic 
regression model (mnrfit, MATLAB). Multifrequency analyses 
are reported only for CR measurements. The 5 threshold catego-
ries were the same as described in Table 2: ≤10, >10 to ≤30, >30 to 
≤50, >50 to ≤70, >70. The CR variables included in the regression 
were ECR, CRM at the highest two levels and CRN at the highest 
two levels. ECR was quantified as a response to the LSC stimulus, 
which was only presented at one level. The inclusion of multiple 
levels of CRM and CRN allowed representation in the regression 
of growth rate. Each of these 5 variables was represented at 10 fre-
quencies, which were half-octave intervals from 0.7 to 16 kHz, for 
a total of 50 predictor variables. Because some regressions failed 
to converge with this large number of predictor variables, which 
was not unexpected, a principal component analysis (Jolliffe 2002) 
was performed and regressions were subsequently based on only 
the 15 most significant components. This number of components 
was selected because it is less than a tenth of the number of partici-
pants (156), which reduces the risk of overfitting the data. Another 
advantage of using principal component analysis is that it avoids 
problems with multiple collinearity in the data because the prin-
cipal components are orthogonal by definition. Probabilities were 
obtained for each of the five hearing-threshold categories at each 
frequency. The algorithm for obtaining median threshold predic-
tions and interquartile ranges (IQR) was to compute a cumula-
tive sum of probabilities across categories and then perform linear 
interpolation between category boundaries to estimate thresholds 
associated with 25th, 50th, and 75th percentiles.

RESULTS

DP and CR Levels
Figure  2 shows the dependence of CR and DPOAE mea-

surements on hearing loss. Each symbol represents an average 

over all participants in a particular hearing-threshold category. 
For brevity, the hearing-threshold categories are labeled in the 
legend by their midpoints. CR is shown only for the highest 
stimulus level (50 dB SPL). The lower stimulus levels produced 
higher response levels but had similar frequency dependence 
and similar SNR. The two upper panels show a trend for the 
response levels of both CR (left) and DPOAE (right) to decrease 
with either increasing hearing-threshold category or increasing 
frequency. The lower panels show a similar trend for CR and 
DPOAE SNR to decrease with hearing-threshold category, but 
the SNR was greater in the midfrequencies due to the spectrum 
of the noise floor. The SNR for DPOAE was higher than the 
SNR for CR for participants in the first 2 hearing-threshold 
categories (0 and 20 dB HL). The SNRs for the other hear-
ing-threshold categories were close to zero for both CR and 
DPOAEs. Overall, DPOAE level provided a better separation 
of hearing-threshold categories and had higher SNR than CR.

The dotted lines in the upper two panels of Figure 2 repre-
sent the noise levels for each of the hearing-threshold catego-
ries. There appears to be a trend for the CRN level to increase 
with hearing-threshold category at frequencies below 1.5 kHz 
and above 4 kHz. Also, there is a trend for DPOAE noise to 
increase with hearing-threshold category at frequencies below 
4 kHz. The measurement-based stopping rule for noise level 
prevented observation of this trend for DPOAE measurements 
at frequencies above 3 kHz. Although the tendency for noise 
levels to increase with hearing-threshold category has been 
observed previously (Rasetshwane and Neely 2012), the rea-
sons for this trend are not understood.

Figure 3 replots the data from Figure 2 to show the sensi-
tivity of CR and DPOAE measurements to hearing-threshold 
category. Sensitivity is defined as the difference in CR or 
DPOAE measures between adjacent hearing-threshold cat-
egories divided by 20 dB, which is the difference between the 

Figure 2. CR and DPOAE measurements. Response levels (upper panels) 
and SNR (lower panels) of CR (left panels) and DPOAE (right panels) mea-
surements averaged across participants in five hearing-threshold categories. 
The dotted lines in the upper two panels represent the corresponding noise 
levels. CR is shown for the 50 dB SPL stimulus level. The legend identifies 
the hearing-threshold categories by their midpoints in dB HL. CR indicates 
cochlear reflectance; SNR, signal to noise ratio.

†  In general, an ANOVA partitions the total variance in a data set into the vari-
ance contributed by each of the factors and the p value indicates the probability 
that the variance contributed by a particular factor occurred by chance.
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midpoints of the categories. For example, the sensitivity of CR 
response level between the hearing-threshold categories 0 and 
20 is computed as

	 SCR

CR CR
, ,0 20

0 20

20− =
−

� (4)

where CR0  and CR20  represent the average CR response lev-
els (shown in Fig.  2) for hearing-threshold categories 0 and 
20, respectively. The largest DP response-level sensitivities are 
SDP,0 20−  and SDP,20 40−  and are about 0.5 dB/dB in the frequency 
range from 1 to 11 kHz. A sensitivity of 0.5 indicates that the 
response level decreases about 1 dB for every 2 dB increase in 
hearing threshold. CR response levels were (on average) less than 
half as sensitive to hearing threshold compared with DP response 
levels. Neither DP nor CR showed consistent hearing-threshold 
sensitivity for transitions between the other hearing-threshold 
categories, which is presumably because of poorer SNR (Fig. 2). 
The lower panels of Figure 3 show SNR sensitivities. Note that 
although SNR sensitivities are similar to their corresponding 
response-level sensitivities, they are not identical because the 
estimated noise levels were not independent of stimulus level. 
Comparison of the hearing-threshold sensitivities in Figure 3 sug-
gests that DP measures might provide more accurate predictions 
of auditory status and audiometric thresholds compared with CR 
measures. However, the clinically relevant quantification of this 
expectation is the ROC-area statistic, which is described next.

CR and DP Predictions Based on Single-Frequency 
Measurements

Prediction of auditory status at a particular frequency as HI 
was defined by predicted threshold (THR) >20. Single-frequency 

DP predictions were based on the linear regression model THR 
~ DPL + DPN, where DPL is the DPOAE level and DPN is 
the DPOAE noise at a measured f

2
 frequency that matches the 

audiometric frequency. Similarly, CR predictions were based on 
the linear regression model THR ~ ECR + CRM + CRN, where 
ECR is the ear-canal reflectance, CRM is the CR magnitude, 
and CRN is the CRN. CR predictions were most accurate at the 
highest of the three stimulus levels (i.e., 50 dB SPL), so only 
results at that level are presented.

Three types of CR predictions are considered. Predictions 
based on CR at a single frequency that approximated the audio-
metric frequency always combined males and females and are 
labeled as CR

1
. Predictions based on CR at multiple frequencies 

used a principal component are labeled as CR
2
 when males and 

females were combined and as CR
3
 when independent predic-

tions were made for males and females.
Figure 4 compares test performance of DP (circles) and CR 

(upward triangles) for single-frequency prediction of auditory 
status. CR predictions based on single-frequency measure-
ments are labeled as CR

1
 in the figure legend. The A

ROC
 average 

across frequency was 0.852 for DP prediction and 0.758 for CR
1
 

prediction. Neither type of measurement performed as well at 
16 kHz as at 8 kHz. In the frequency range from 3 to 11 kHz, DP 
prediction was better than CR

1
 prediction, which is consistent 

with DP measures having higher hearing-threshold sensitivity. 

Figure 3. Sensitivity to hearing threshold for response levels (upper pan-
els) and SNR (lower panels) of CR (left panels) and DPOAE (right panels) 
measurements. Sensitivity is the difference in CR or DPOAE measurements 
between adjacent hearing-threshold categories (shown in Fig. 2) divided by 
20 dB. The legend identifies pairs of hearing-threshold categories by their 
midpoints. CR indicates cochlear reflectance; DPOAE, distortion-product 
otoacoustic emission; SNR, signal to noise ratio.

Figure 4. ROC areas (AROC) as functions of frequency for prediction of fre-
quency-specific auditory status based on DPOAE and CR measurements. 
Higher is better. The DPOAE prediction (circles, DP) was based on linear 
regression of the DP variables (DP level and DP noise) at each frequency 
onto threshold at the matching frequency. For comparison, the first CR 
prediction (upward triangles, CR1) was based on linear regression of the 
reflectance variables (ear-canal reflectance, CR magnitude, and CR noise) 
at each frequency onto threshold at the matching frequency. The second 
CR prediction (downward triangles, CR2) was based on logistic regression 
of the reflectance variables at 10 frequencies onto threshold at each fre-
quency. The third CR prediction (squares, CR3) is the same as the second 
prediction except that the logistic regressions were performed separately 
for males and females. AROC indicates area under each receiver operating 
characteristic curve; CR, cochlear reflectance; DPOAE, distortion-product 
otoacoustic emission.
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In the 1 to 2 kHz range, CR
1
 prediction is better than DP predic-

tion, which is unexpected because the DP measures had higher 
hearing-threshold sensitivity in this frequency range. Below 
1 kHz, CR

1
 test performance is not as good as in the 1 to 2 kHz 

range. However, comparison with DPOAE prediction cannot be 
made due to the lack of DPOAE measurements below 1 kHz. 
Figure 4 also contains two other types of CR predictions labeled 
CR

2
 and CR

3
 that will be discussed below.

Figure  5 compares the accuracy of DP (circles) and CR 
(upward triangles) single-frequency prediction of audiomet-
ric threshold. CR predictions based on single-frequency mea-
surements are labeled as CR

1
 in the figure legend. Prediction 

accuracy is quantified by its RMS error (RMSE) at each fre-
quency in dB. The RMSE average across frequency was 18.7 
for DP prediction and 20.2 for CR

1
 prediction. The RMSE of 

CR predictions was similar to DP predictions in the frequency 
range from 1 to 6 kHz and at 16 kHz but was much larger at 
8 and 11 kHz.

CR Predictions Based on Multiple-Frequency 
Measurements

The test performance advantage of using many frequency 
measurements in the prediction of each audiometric status has 
been described previously for DPOAE measurements (Dorn et 

al. 1999; Gorga et al. 2005). Multiple-frequency predictions are 
reported here only CR predictions to demonstrate their advan-
tage over single-frequency CR predictions.

Test performance of CR for multiple-frequency prediction of 
auditory status is superimposed on the single-frequency predic-
tions in Figure 4. CR predictions based on multiple-frequency 
measurements are labeled as CR

2
 (downward triangles) for 

regressions that combined males and females and CR
3
 (squares) 

for regressions that separated males and females. The A
ROC

 aver-
age across frequency was 0.896 for CR

2
 prediction and 0.944 

for CR
3
 prediction. At every frequency, A

ROC
 for CR

2
 predic-

tion was higher than for CR
1
 prediction, which is evidence of 

the expected advantage of multiple-frequency predictions over 
single-frequency predictions. At every frequency, A

ROC
 for CR

3
 

prediction was higher than for CR
2
 prediction, which indicates 

the importance of considering males and females separately 
when making predictions about hearing status. A

ROC
 for CR

3
 

prediction was not only higher than for CR
2
 prediction, it was 

also higher than for DP single-frequency prediction. So, the 
advantage of using multiple frequencies for prediction of audi-
tory status was more than sufficient to compensate for the dis-
advantage of CR measurements having less hearing-threshold 
sensitivity compared with DP measurements.

Accuracy of CR for multiple-frequency prediction of audio-
metric threshold is superimposed on the single-frequency 
predictions in Figure  5. CR predictions based on multiple-
frequency measurements are labeled as CR

2
 (downward trian-

gles) for regressions that combined males and females and CR
3
 

(squares) for regressions that separated males and females. The 
RMSE average across frequency was 17.0 for CR

2
 prediction 

and 15.8 for CR
3
 prediction. At every frequency, RMSE for CR

2
 

prediction was lower than for CR
1
 prediction, which is evidence 

of the expected advantage of multiple-frequency predictions 
over single-frequency predictions. At every frequency, RMSE 
for CR

3
 prediction was lower than for CR

2
 prediction, which 

indicates the importance of considering males and females sep-
arately when making predictions about hearing status. RMSE 
for CR

3
 prediction was nearly equal to RMSE for DP predic-

tion at 8 and 11 kHz and was lower at other frequencies. So, the 
advantage of using multiple-frequencies for prediction of audi-
tory status was sufficient to compensate for the disadvantage 
of CR measurements having less hearing-threshold sensitivity 
compared with DP single-frequency measurements.

Logistic regressions not only provided a prediction of audio-
metric threshold as the median of the hearing-threshold-cate-
gory probability distribution but they also provided an estimate 
of the IQR with each threshold prediction. The IQR could be 
clinically useful as a means of quantifying the uncertainty asso-
ciated with the predicted threshold. This idea is illustrated in 
Figure 6 by plotting the IQR of threshold predictions for 2 NH 
participants (upper panels) and 2 HI participants (lower pan-
els). The IQR in each panel is shown as a shaded region that 
is bisected by the median of the distribution, which is the best 
single estimate of threshold. The actual audiometric thresholds 
for these 4 participants are superimposed over the IQR plots 
as circles. Although the accuracy of these threshold predic-
tions may be less than required for selecting hearing aid gain, 
they could provide useful information beyond auditory status 
whenever a traditional audiogram is not possible or not reliable. 
Such cases could include infants, toddlers, adults with cognitive 
impairments, and suspected malingerers.

Figure 5. RMSE as functions of frequency for prediction of frequency-spe-
cific hearing threshold based on DPOAE and CR measurements. Lower 
is better. The DPOAE prediction (circles, DP) was based on linear regres-
sion of the DP variables (DP level and DP noise) at each frequency onto 
threshold at the matching frequency. For comparison, the first CR predic-
tion (upward triangles, CR1) was based on linear regression of the reflec-
tance variables (ear-canal reflectance, CR magnitude, and CR noise) at each 
frequency onto threshold at the matching frequency. The second CR pre-
diction (downward triangles, CR2) was based on logistic regression of the 
reflectance variables at 10 frequencies onto threshold at each frequency. 
The third CR prediction (squares, CR3) is the same as the second prediction 
except that the logistic regressions were performed separately for males 
and females. CR indicates cochlear reflectance; DPOAE, distortion-product 
otoacoustic emission; RMSE, root-mean-squared-error.
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Prediction of Overall Auditory Status
The hearing-screening paradigm requires a single pass/refer 

decision, which needs a definition of overall auditory status. If 
we adopt the definition of OHI described previously (i.e., HL 
>20 at any frequency from 1 to 8 kHz), then the DPOAE predic-
tion of OHI only requires measurement at a single frequency. 
By comparing the accuracy of DPOAE predictions of overall 
auditory status at every f

2
 frequency, it was determined that the 

frequency with the best DPOAE prediction of overall auditory 
status was 6 kHz. The linear regression equation for the esti-
mated threshold at 6 kHz is

	 THR DPL DPN= − ⋅ + ⋅38 03 1 506 0 772. . . . � (5)

For example, if the measured DPOAE response level when f
2
 = 

6 kHz is DPL = 5 dB SPL and the noise level is DPN = −10 dB 
SPL, then the regression equation gives us THR = 22.8. This 
estimated threshold is predictive of OHI; however, the criterion 
value for the OHI prediction depends on the desired trade-off 
between specificity and sensitivity. The average sensitivity over 
all possible specificities is A

ROC
, which for the OHI prediction 

(from a DPOAE measurement at 6 kHz) is 0.942. For compari-
son, A

ROC
 for multiple-frequency CR prediction of OHI is 0.908 

when males and females are combined and 0.964 when males 
and females are separated. DPOAE prediction has the distinct 
advantage (over CR prediction) of shorter test time, which may 
be only 4 sec at 6 kHz compared with 4 or 5 min for the CR 
measurement.

The cumulative probabilities in Figure 7 show the distribu-
tions of single-frequency DPOAE predictions for OHI and ONH 
participants. These are the distributions for which the A

ROC
 is 

0.942. These distributions illustrate the trade-off between sensi-
tivity and specificity when the pass/refer criterion is set to any 
particular predicted threshold. For example, if the pass/refer cri-
terion is set to 28.8 dB, then 95% of the ONH participants and 
18% of the OHI participants would pass. So, a single DPOAE 
measurement at 6 kHz, which only requires a few seconds, 
could achieve a 95% specificity and 82% sensitivity in a hear-
ing screening paradigm. The significance of this observation is 
that there is sufficient information at a single DPOAE frequency 
to allow predictions to be made regarding audiometric status 
defined over a range of frequencies.

DISCUSSION

Although the main goal of this study was to assess clini-
cal utility, the results also reveal basic properties of cochlear 
mechanics by identifying the region in time-frequency space 
that is most sensitive to hearing loss. This region (Fig.  1) is 
delimited by (1) minimum and maximum time-delays ( τH  and 
τL ) and (2) minimum and maximum cycle-delays ( NL  and 
NH ). The limits that produced the greatest sensitivity to hear-
ing loss were τH msec= 1 , τL msec= 16 , NL = 10  cycles, and 
NH = 24  cycles. A line that bisects this region would have a 
delay of NCR = 17  cycles at all frequencies. For comparison, 
the delay of SFOAEs is estimated to be N fSFOAE = 11 0 37.  (Shera 
& Guinan 2003), which equals 11, 18, and 31 cycles at 1, 4, and 
16 kHz, respectively. The agreement between CR and SFOAE 
latency is good at 4 kHz. The mismatch at higher and lower 
frequencies suggests that it might be possible to obtain better 
hearing-threshold sensitivity from CR measurements using a 
different region for time-frequency analysis.

The repeatability of CR measurements was established in a 
previous study (Rasetshwane et al. 2015). Initial assessments 

Figure 6. Examples of threshold predictions based on cochlear reflectance 
measurements for 2 NH (upper panels) and 2 HI (lower panels) participants. 
The shaded region represents the interquartile range (i.e., from 0.25 to 0.75 
cumulative probability) of the threshold prediction at each frequency. The 
line that bisects the shaded region represents the median of the prediction. 
For comparison, the actual thresholds (circles) for these participants are 
superimposed. HI indicates hearing impaired; NH, normal hearing.

Figure 7. Cumulative distributions for ONH and OHI participants of pre-
dicted thresholds at 6 kHz. These predictions were based on distortion-
product otoacoustic emission level and noise measurements at 6 kHz. The 
vertical dashed line at 28.8 dB HL intersects the ONH distribution at 0.95 
and intersects the OHI distribution at 0.18. OHI indicates overall hearing 
impaired; ONH, overall normal hearing.
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of CR test performance, however, were disappointing in 
comparison to DPOAE test performance. The present study 
replicates the finding of poorer test performance for single-
frequency predictions but emphasizes the potential of multi-
ple-frequency CR prediction of audiometric threshold. IQR 
plots based on CR measurements (Fig. 6) would provide more 
information to the audiologist regarding auditory status than 
what is currently provided from DPOAE measurements. The 
test time required for the CR measurements from which the 
IQR plot is determined would require about 4 or 5 min, which 
would be a reasonable amount of time for a clinical measure-
ment. However, for the prediction of overall auditory status in a 
hearing-screening paradigm, a DPOAE measurement at 6 kHz 
achieves better test performance in less time compared with 
CR measurements.

In current clinical practice, hearing thresholds are sometimes 
estimated from auditory brainstem response (ABR) measure-
ments. For example, estimates of threshold at 1 kHz from a tone 
burst–evoked ABR at the same frequency have been reported to 
have an error with a standard deviation of about 9.5 dB (Gorga 
et al. 2006). Suppose that the error distribution for ABR pre-
diction is approximately Gaussian, which means 2 SDs span 
68% of the distribution. A rough estimate of the IQR for ABR 
prediction, which spans 50% of a distribution, would be a little 
less than 19 dB. For comparison, the average IQR across all fre-
quencies and all four of the examples of CR prediction shown 
in Figure 6 is about 20 dB, which is not very different than the 
span of the ABR prediction error. Thus, with further refinement, 
it might be reasonable to expect the accuracy of CR threshold 
prediction to be similar to that of ABR threshold prediction.

Because the utility of DPOAE measurements in the predic-
tion of auditory status has already been established (Johnson 
et al. 2010; Kirby et al. 2011), the role that DPOAE measure-
ments served in the present study was mainly as a familiar ref-
erence for comparing the accuracy of predictions based on CR 
measurements. The fact that the DPOAE measurements were 
made in the same ears helped to ensure the validity of such 
comparisons. Single-frequency DPOAE prediction of auditory 
status outperformed single-frequency CR prediction. The aver-
age (over frequency) was A

ROC
 = 0.852 for DPOAE prediction 

and A
ROC

 = 0.785 for CR prediction (for the participants in this 
study). Although multifrequency, separate-sex CR prediction 
(average A

ROC
 = 0.944) exceeded single-frequency, combined-

sex DPOAE prediction, it did not exceed multifrequency, sepa-
rate-sex DPOAE prediction (average A

ROC
 = 0.975). Regression 

coefficients have been previously published for multifrequency 
DPOAE prediction (Dorn et al. 1999; Gorga et al. 2005), but 
this approach has not been adopted in standard clinical prac-
tice. With further development of signal processing and analysis 
methods, CR predictions may have clinical utility in predic-
tion of audiometric thresholds. However, the longer test time 
required to make CR measurements makes them unlikely to 
ever replace DPOAE measurements for the prediction of audi-
tory status.

Predictions based on CR measurements of both auditory 
status and audiometric thresholds improved when predictions 
were made separately for males and females. Similar improve-
ments were observed for predictions of auditory status based on 
DPOAE measurements. These results suggest that sex should be 
considered whenever hearing assessments are based on physi-
ological measurements. Sex differences have been previously 

reported for prevalence of SOAEs (Bilger et al. 1990), but have 
not been reported for OAE test performance. It has been sug-
gested that the greater prevalence of SOAEs in females is due to 
reduced MOC efferent activity (McFadden 1993). In our mea-
surements, CR SNR was larger for females, which is consistent 
with having larger cochlear-amplifier gain, which conceivably 
could be due to reduced MOC efferent activity.

The reason for the poorer performance of single-frequency 
predictions at 16 kHz for both CR and DP measurements is not 
well understood. DPOAE primary levels might not have been 
optimal for achieving the highest test performance. The tempo-
ral limits for the computation of CRM might not have been opti-
mal. Measurement of audiometric threshold was more difficult 
at 16 kHz, so measurement error was likely to be higher. Finally, 
the equipment could not produce a 16 kHz tone at a level high 
enough to be heard by some subjects, which reduced the num-
ber of data points at this frequency.

Some aspects of the signal-processing methods used to 
extract information from CR measurements should be reas-
sessed. Using a gammatone filterbank to perform time-fre-
quency analysis has some desirable properties but is unlikely to 
be optimal for this purpose because it is impossible to exactly 
match filterbank properties to individual cochlear proper-
ties. Furthermore, instead of limiting the CRM calculation 
to a specific region in time-frequency space, a more efficient 
approach might be to perform a principal component analysis 
on the entire time-frequency space. Further research is needed 
to address these signal processing issues.

CONCLUSIONS

CR measurements were made at three WBN stimulus levels 
to determine which level was best for distinguishing ear with 
NH from ears with hearing loss. Test performance, quantified by 
A

ROC
, was similar for the three levels. We recommend using the 

highest level, 50 dB SPL, based on a comparison of ANOVAs 
at each level. However, test performance at the lower levels (30 
and 40 dB SPL) may be similar.

For audiometric status predictions based on single-frequency 
measurements, CR did not perform as well as DPOAE measure-
ments. However, there is potential for improvement of CR sen-
sitivity to hearing threshold by defining CRM differently. One 
possible alternative would be to compute principal components 
that represent a larger region of time-frequency space instead of 
the horn-shaped region used in the present study.

An unexpected outcome of this study was the additional 
improvement in test performance when the sex of the listener 
was considered. This observation serves as a reminder that sex 
should be included as a biological variable in future research 
studies. Furthermore, clinical assessments of hearing based on 
physiological measurements may benefit from having different 
criteria for each sex.

CR measurements offer greater potential when the entire 
frequency range of the response is included in predictions of 
auditory thresholds. Further improvements in CR sensitivity 
could increase the reliability of hearing-threshold predictions, 
which could facilitate the fitting of hearing aids in cases when 
a traditional audiogram is not possible. In addition, CR has the 
potential to be simulated by a linear cochlear model, which has 
the potential to provide new approaches to difference diagnosis 
of cochlear dysfunction.
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