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The reliability of distortion-product otoacoustic emission (DPOAE) measurements and their rela-

tion to loudness measurements was examined in 16 normal-hearing subjects and 58 subjects with

hearing loss. The level of the distortion product (Ld) was compared across two sessions and resulted

in correlations that exceeded 0.90. The reliability of DPOAEs was less when parameters from non-

linear fits to the input/output (I/O) functions were compared across visits. Next, the relationship

between DPOAE I/O parameters and the slope of the low-level portion of the categorical loudness

scaling (CLS) function (soft slope) was assessed. Correlations of 0.65, 0.74, and 0.81 at 1, 2, and

4 kHz were observed between CLS soft slope and combined DPOAE parameters. Behavioral

threshold had correlations of 0.82, 0.83, and 0.88 at 1, 2, and 4 kHz with CLS soft slope. Combining

DPOAEs and behavioral threshold provided little additional information. Lastly, a multivariate

approach utilizing the entire DPOAE I/O function was used to predict the CLS rating for each input

level (dB SPL). Standard error of the estimate when using this method ranged from 2.4 to 3.0 cate-

gorical units (CU), suggesting that DPOAE I/O functions can predict CLS measures within the CU

step size used in this study (5). VC 2012 Acoustical Society of America. [DOI: 10.1121/1.3672654]

PACS number(s): 43.64.Jb [BLM] Pages: 1282–1295

I. INTRODUCTION

Distortion-product otoacoustic emissions (DPOAE)

result when two pure tones of slightly different frequency

are played to the ear at the same time. The interaction of

these tones results in the generation of several distortion

products, all of which are mathematically related to the fre-

quencies of the two primary tones. These low-level distor-

tion products are apparently dependent on the status of

OHCs (outer hair cells) (Brownell, 1990). Damage to the

OHCs invariably results in hearing loss and a reduction in

DPOAEs. As a result of these relationships, DPOAEs have

been used as an objective and noninvasive way to assess

cochlear status (e.g., Lonsbury-Martin and Martin, 1990;

Gorga et al., 1993, 1997). DPOAEs are currently used in

newborn-hearing screenings, ototoxicity monitoring, and dif-

ferential diagnoses, and although they are not routinely used

to predict behavioral threshold, a relationship has been dem-

onstrated between DPOAEs and audiometric threshold

(Boege and Janssen, 2002; Gorga et al., 2003; Oswald and

Janssen, 2003; Rogers et al., 2010).

The utility of DPOAEs requires that they are repeatable.

One way to examine the reliability of DPOAEs is to compare

the level of the distortion-product (Ld) for measurements

when both L1 and L2 levels (the levels of the two frequencies

making up the primary-frequency pair used to elicit the

response) are set to moderate intensities (i.e., 50–75 dB

SPL). These specific primary levels are commonly used in

the clinic. Several studies have shown that DPOAEs elicited

with moderate-level primaries can be measured reliably

(Franklin et al., 1992; Roede et al., 1993; Beattie et al.,
2003; Wagner et al., 2008; Keppler et al., 2010). It may be

important to note, however, that every subject included in

these studies had normal hearing. We are unaware of data

that describe the reliability of DPOAE measurements in sub-

jects with hearing impairment. Potentially, this is an impor-

tant limitation of previous work because subjects with

normal hearing typically produce large responses that are

well above the noise floor. Subjects with hearing loss pro-

duce smaller responses, resulting in DPOAE levels closer to

the noise floor, which may affect the reliability of these

measurements.

DPOAE reliability can also be examined through meas-

urements of Ld for a wide range of input levels, including

lower levels that are not in common clinical use, but would be

applicable for cases in which the data are used to predict be-

havioral thresholds. Franklin et al. (1992) measured DPOAE

input/output (I/O) functions in 12 normal-hearing adults

across short-term and long-term retest periods. DPOAE reli-

ability was high (r¼ 0.90 to 0.97) when responses were eli-

cited from moderate and high primary levels (L2> 55 dB

SPL), but repeatability decreased (r¼ 0.30 to 0.90) with lower

primary levels (L2< 45 dB SPL), a consequence of the fact

that Ld depends on primary level whereas noise levels are not

directly related to primary levels. As a result, the signal-to-

noise ratio (SNR) decreases as primary level decreases. Thus,

variance in noise level exerts a greater relative influence on

measured Ld at low primary levels, making the measured

response less reliable, compared to the results for higher pri-

mary levels. This finding has been observed in other studies

(Roede et al., 1993; Lasky et al., 1994; Stuart et al., 2009).
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However, like much of the previous work, every subject

included in these studies had normal hearing. Furthermore,

the observation of reduced repeatability at low primary levels

in normal-hearing subjects may portend what occurs in sub-

jects with hearing loss.

The reliability of DPOAE measurements can also be

assessed by comparing a variety of parameters that describe

I/O functions. Descriptions of the reliability of the entire

DPOAE I/O function (including low-level conditions) are

relevant to efforts to predict audiometric threshold from

DPOAE measurements (Boege and Janssen, 2002; Gorga

et al., 2003; Oswald and Janssen, 2003; Rogers et al., 2010).

Typically, DPOAE I/O functions are fit with a simple linear

regression (e.g., Kummer et al., 1998; Boege and Janssen,

2002; Gorga et al., 2003); however, fitting I/O functions

with two separate lines may be more appropriate, given their

shape. In fact, Neely et al. (2009) evaluated “best fits” to

1779 DPOAE I/O functions by comparing linear regression

fits with nonlinear, two-slope functions. These I/O functions

came from both normal-hearing and hearing-impaired sub-

jects. Overall, Neely et al. found that the nonlinear, two-

slope method provided a “better fit” to approximately 96%

of the I/O functions. Although this method may provide the

“best fit,” the repeatability of the parameters obtained from

this method has not been evaluated. Regardless of how it is

assessed, the reliability of DPOAE measurements will have

an impact on the extent to which these measurements can be

used to identify hearing loss, predict threshold, and provide

insights into underlying cochlear function in humans.

Another potential use of DPOAE measurements might be

to predict auditory response growth, such as growth of loud-

ness. In cases of mild hearing loss, such information may be of

clinical use in helping to determine the appropriate signal-

processing strategy in hearing aids, especially for infants,

young children, and patients with developmental disabilities

who may be unable to describe their percepts of loudness. This

application would be of interest clinically because one conse-

quence of cochlear hearing loss may be an abnormal growth of

loudness, sometimes referred to as loudness recruitment.

Loudness recruitment occurs when the range of levels

from threshold to uncomfortable loudness is reduced. The

exact cause underlying this abnormal response growth is

unknown. However, some studies (e.g., Scharf, 1978; Moore

and Glasberg, 1997; Moore et al., 1999) have attributed loud-

ness recruitment to changes in the basilar-membrane (BM)

mechanical response. Direct BM measurements in lower

mammals with normal auditory sensitivity have revealed I/O

functions that grow approximately linearly in response to

low-level inputs, but as sound levels increase, the response

becomes compressive (Robles and Ruggero, 2001). This pro-

cess allows the ear to respond to a wide range of levels. How-

ever, damage to the OHCs from cochlear insults, such as

noise exposure (Zhang and Zwislocki, 1995) or furosemide

treatment (Ruggero and Rich, 1991), alters the mechanical

response of the cochlea causing it to behave more linearly.

This linear response causes a reduction in the range of levels

to which the ear can respond, and supports the notion that

loudness recruitment is caused by damage to the OHCs. How-

ever, there are alternative theories about the underlying cause

of loudness recruitment. For example, Heinz et al. (2005) and

Cai et al. (2009) have suggested that changes occur in the au-

ditory system beyond its periphery and that these more central

changes are responsible for loudness recruitment. Regardless

of its source, loudness recruitment can be examined through

measures of loudness (Allen et al., 1990; Hellman and Meisel-

man, 1993; Buss et al., 1998). Hearing aids can be used to

compensate for elevated thresholds, while also compressing

the normal range of levels into the reduced dynamic range of

patients with hearing loss. Because abnormal perceptions of

loudness can impact a patient’s success with assistive technol-

ogy (including the patient’s willingness to use hearing aids),

loudness measurements are sometimes made clinically to

assist with hearing-aid fittings. Some patients (i.e., infants and

patients with developmental delays), however, may be unable

to provide reliable indications of the loudness of sound.

The compressive nonlinearity of the cochlea can be

observed indirectly through OAE measurements. In fact, I/O

measurements of both transient-evoked otoacoustic emissions

(TEOAEs) (Epstein et al., 2004) and DPOAEs (Withnell and

Yates, 1998) provide evidence of normal compression that is

similar to what has been observed in direct BM I/O measure-

ments (Rhode, 1971; Ruggero et al., 1996; Robles and Rug-

gero, 2001). In normal-hearing subjects, DPOAE I/O

functions are characterized by nonlinear, compressive growth,

but in ears with hearing loss, DPOAE I/O functions become

increasingly linear (Dorn et al., 2001; Neely et al., 2003;

Müller and Janssen, 2004; Neely et al., 2009). The change in

response growth seen in DPOAE I/O functions when hearing

loss exists is consistent with a loss of compressive nonlinear-

ity that may underlie loudness recruitment.

It is these observations that have led to the hypothesis that

there may be a relationship between growth of OAE level with

primary level and growth of loudness. For example, it has

been suggested that TEOAEs may provide a measure related

to BM motion in humans (Epstein et al., 2004). In fact, Epstein

and Florentine (2005) found that TEOAEs and psychoacoustic

measurements resemble estimates of BM responses when they

compared TEOAE I/O functions to data obtained from three

separate psychoacoustic tasks (temporal-integration measure-

ments, multitone loudness summation, and pulsation thresh-

olds) in eight normal-hearing subjects. These findings were

later supported by Epstein and Silva (2009), who compared

TEOAE measurements of six normal-hearing subjects to a

psychoacoustic loudness task known as cross-modality match-

ing (CMM). While a relationship between TEOAE and CMM

measures was observed at 1 kHz, a similar relationship was not

observed at 4 kHz. Overall, the results suggest that TEOAE I/

O functions may provide an objective way to measure BM

response growth, at least for 1 kHz. However, it is important to

note that these findings were based on a relatively small group

of subjects, all of whom had normal hearing.

There is also evidence to suggest that DPOAEs may pro-

vide information related to behavioral response growth (loud-

ness). In fact, Neely et al. (2003) described a relationship

between DPOAEs and loudness when they compared DPOAE

growth patterns to Fletcher and Munson (1933) loudness func-

tions plotted on a logarithmic scale. Both the averaged

DPOAE I/O data and the loudness functions in normal-hearing
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subjects demonstrated linear growth near threshold. As stimu-

lus levels increased, a more compressive growth was observed.

Similarities in these functions suggested that the same periph-

eral nonlinearity may determine the growth of both of these

measures of response growth, and that it may be possible to

predict loudness from DPOAE I/O functions. However, Neely

et al. observed intersubject variability in DPOAE measure-

ments, suggesting that individual I/O measurements may not

accurately predict loudness growth on a case-by-case basis.

Müller and Janssen (2004) extended the work of Neely

et al. (2003) by evaluating the relationship between DPOAEs

and loudness with the aim of investigating the use of DPOAE I/

O functions as an objective tool in hearing-aid fittings. DPOAE

I/O and categorical loudness scaling (CLS) functions were

measured in both normal-hearing and hearing-impaired sub-

jects. They observed a similar behavior between CLS and

DPOAE I/O functions when plotted on a logarithmic scale, con-

firming the findings of Neely et al. (2003). In addition, small dif-

ferences between gain estimates derived from normalized

DPOAE and CLS data were interpreted to mean that DPOAE

data relate to CLS measurements. Although these findings sup-

port the idea that DPOAE I/O functions may potentially be used

as an objective tool in hearing-aid fittings, this relationship was

based on data from ten normal-hearing subjects and nine sub-

jects with hearing impairment whose losses were categorized as

moderate. Further studies are needed to corroborate the pro-

posed relationship between CLS and DPOAE measurements.

The ability to predict behavioral response growth (such

as loudness) from OAE measurements may be useful in

patients who cannot provide reliable voluntary responses

about loudness. Although OAEs are not currently used to

make loudness predictions, a relationship between these

measures has been suggested (Neely et al., 2003; Müller and

Janssen, 2004; Epstein and Florentine, 2005; Epstein and

Silva, 2009). Thus, it may be possible to use OAE data to

objectively estimate growth of loudness. There may also be

benefit in combining information about audiometric thresh-

olds and OAE data to improve the accuracy of loudness pre-

dictions. Al-Salim et al. (2010) found that loudness growth

(based on CLS measurements) may be predicted from audio-

metric threshold, accounting for nearly 80% of the variance

in the slope of the CLS function. It is possible that combin-

ing behavioral threshold and OAE data may more accurately

predict loudness growth than either measure alone.

The purposes of the present study were two-fold. First,

the reliability of DPOAEs was assessed by comparing Ld

levels for a wide range of primary levels and by comparing

parameters derived from fits to the DPOAE I/O functions

from repeated measurements. Second, the relationship

between DPOAEs and CLS measurements was examined.

Specifically, the ability to estimate loudness growth using

DPOAEs, both independently and in combination with be-

havioral thresholds, was evaluated.

II. METHODS

A. Subjects

A total of 74 subjects, ages 11–76 years, participated in

this study. Sixteen subjects had normal hearing and 58 sub-

jects had hearing loss. Data were collected during two ses-

sions separated by as little as one week to as much as six

months. All measurements were made monaurally. Pure-

tone air-conduction thresholds were measured at octave and

inter-octave frequencies from 0.25 to 8 kHz while pure-tone

bone-conduction thresholds were measured at octave fre-

quencies from 0.25 to 4 kHz. Subjects with air-conduction

thresholds less than or equal to 15 dB HL were considered

normal hearing, whereas those with thresholds greater than

15 dB HL were categorized as hearing impaired. Hearing

loss did not exceed 75 dB HL at the test frequency for any

subject. Subjects were excluded from the study if air-bone

gaps were greater than 10 dB at any frequency. Middle-ear

function was assessed using 226-Hz tympanometry prior to

each session in which DPOAE measurements were made.

Static compliance between 0.3 to 2.5 cm3 and middle-ear

pressure ranging from þ25 to �75 daPa were considered

normal. Subjects not meeting these criteria were excluded

from the study.

B. DPOAE stimuli

DPOAE data were collected using custom-designed

software (EMAV version 2.89, Neely and Liu, 1994). Stim-

uli were produced and responses were recorded by a 24-bit

soundcard (CardDeluxe, Digital Audio Labs, Chanhassen,

MN) housed in a PC. Separate channels of the soundcard

were used to generate two primary tones (f1 and f2), which

were sent to two separate loudspeakers that were housed in a

probe-microphone system (ER-10C, Etymotic Research, Elk

Grove Village, IL). The probe-microphone system was

coupled to the ear using a foam tip. The ER-10C had been

modified to remove 20 dB of attenuation in order to present

stimuli up to 80 dB SPL during DPOAE measurements.

Stimulus calibration in sound pressure level (SPL) was com-

pleted in the ear canal using the ER-10C microphone.

Although there are concerns for potential errors associated

with standing waves when using this calibration method

(Siegel, 2002, 2007; Scheperle et al., 2008), recent data sug-

gest that DPOAE measurements are not affected by calibra-

tion method when DPOAEs are used either to make

diagnostic predictions (normal-hearing versus hearing-

impaired) (Burke et al., 2010) or to predict behavioral

thresholds (Rogers et al., 2010).

DPOAE I/O functions were recorded at three f2 frequen-

cies (1, 2, and 4 kHz). The level of f2 (L2) ranged from �20

to 80 dB SPL. The level of f1 (L1) was determined using the

formula suggested by Johnson et al. (2006a,b):

L1 ¼ 80þ 0:137 � log2 18=f2ð Þ � L2 � 80ð Þ:

The f2/f1 ratio was also determined using a formula sug-

gested by Johnson et al. (2006a,b):

f2=f1 ¼ 1:22þ log2 9:6=f2ð Þ � L2=415ð Þ2:

These parameters have been shown to result in the largest

DPOAE level, at least for normal-hearing subjects (Neely

et al., 2005; Johnson et al., 2006a,b).
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C. DPOAE measurement procedure

Data collection began at an L2 equal to 15 dB below a

subject’s audiometric threshold for each f2 frequency.

Because behavioral thresholds were measured in dB HL,

correction factors were applied to convert threshold data into

dB SPL (ANSI, 2004). L2 was increased in 5-dB steps until

L2 equaled 80 dB SPL. DPOAE data were collected into two

separate buffers. Collection alternated between the two buf-

fers on consecutive measurements. The level of the DPOAE

(Ld) was based on the level in the 2f1�f2 frequency bin and

was estimated by summing the contents of the two buffers.

The level of the noise (Ln) was estimated by subtracting the

contents of the two buffers and then averaging the level in

the 2f1�f2 frequency bin along with the level in the five bins

on either side of the 2f1�f2 frequency bin.

Measurement-based stopping rules were used during data

collection. Data collection was stopped if one of the three fol-

lowing criteria were met: the noise floor was less than or equal

to �25 dB SPL, artifact-free averaging time exceeded 64 s, or

the signal-to-noise ratio (SNR) was greater than 60 dB. These

rules were selected so that data collection never stopped on

the basis of the SNR criterion. The noise-floor criterion was

the primary stopping rule and was chosen as a conservative

estimate of the level at which system distortion occurred. In

this way, its use helped eliminate the misinterpretation of sys-

tem distortion as a biological response, while, at the same

time, it maximized the dynamic range of reliable DPOAE

measurements. Not all measurements terminated based on the

noise criterion alone because, for some subjects, some condi-

tions were characterized by high levels of noise; therefore, it

was necessary to include an averaging-time stopping rule to

avoid prolonged averaging times.

D. DPOAE analysis

A total of 442 I/O functions were available for analysis.

DPOAE reliability was assessed using two methods. First,

the Ld levels at each L2 were compared across visits for each

frequency. Analyses were performed with all Ld levels pres-

ent and then with all Ld levels��25 dB SPL excluded

because “responses” at these low levels may be a result of

system distortion and not a true biological response. After

eliminating those conditions for which Ld��25 dB SPL,

there were 2226 Ld levels available for comparison. The

mean absolute differences and the mean signed differences

in Ld levels, as well as the mean standard deviations for

these differences, were calculated for each frequency as one

way to assess the repeatability of these measurements. In

addition, correlations were computed by combing Ld levels

for each of the three frequencies.

DPOAE reliability was further examined by comparing

the parameters obtained when nonlinear fits were applied to

the DPOAE I/O functions, using a computer implementation

of the model described by Neely et al. (2009). This model

determines the “best” two-slope fit for the I/O functions. To

be included in the analysis, DPOAE I/O functions had to

have three or more consecutive points for which the Ld level

was >�25 dB SPL and had a SNR� 3 dB. The highest L2 at

which an acceptable SNR occurred marked the highest L2

level included in the fits. Any non-consecutive points below

this L2 level were excluded, including those for which the

SNR exceeded 3 dB.

The stopping rules, described above, were chosen to

assure that only biologically generated responses (as

opposed to system distortion) were included in the analyses

of DPOAE data. In a further effort to assure that only I/O

functions representing true biological responses were ana-

lyzed, measurements from subjects with audiometric thresh-

olds exceeding 50 dB HL were also excluded from this

portion of the analysis. In total, there were 384 I/O functions

that met all criteria and, therefore, were fit with the nonlin-

ear, two-slope method described by Neely et al. (2009).

Figure 1 shows an example of an I/O function that was fit

by this nonlinear, two-slope method. I/O parameters calcu-

lated for that specific I/O function are provided as insets.

These parameters include two estimates related to the slopes

of the function (S1, the slope of the low level portion of the

I/O function and S2, the additional compression that was

needed for the high level part of the function) and two values

associated with the break between these two segments (Li, the

L2 at the break point, and Lo, the Ld at the break point). Addi-

tional details regarding these four parameters and the extent to

which they describe DPOAE I/O functions have been pro-

vided previously (Neely et al., 2009), in which over 1700

individual DPOAE I/O functions were analyzed. We are

unaware of other models that account for more variability

than this two-segment, nonlinear model. As a consequence, it

was used to describe the present set of DPOAE I/O functions.

The reliability of the DPOAE I/O parameters from the model

fits were assessed across visits using correlation analyses.

E. CLS procedures

CLS measurements were obtained in the same groups of

subjects. Measurement procedures will be only briefly sum-

marized here because the data used in the present study were

previously analyzed and described by Al-Salim et al. (2010).

FIG. 1. Example of an I/O function fit by the two-slope, nonlinear model

described by Neely et al. (2009). The two-slope fit (solid line) is superim-

posed on the DPOAE measurements for an f2¼ 1 kHz. S1 represents the

low-level slope and S2 represents the additional compression that reduces

the slope at high levels. The breakpoint between S1 and S2 is represented by

two parameters: Li and Lo. Li represents the level of f2 (L2) that corresponds

to the breakpoint between S1 and S2 and was estimated at 40.6 dB SPL (rep-

resented by the vertical dashed line). Lo represents the Ld at which the

breakpoint occurred and was estimated at 4.5 dB SPL (represented by the

horizontal dashed line).
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Pure tones of varying intensity were generated using the

same 24-bit sound card (CardDeluxe; Digital Audio Labs,

Chanhassen, MN) used for DPOAE stimulus generation. For

the CLS measurements, the sound card was controlled by

custom-designed software (Behavioral Auditory Research

Tests, v2.3.32). The stimuli were routed through a head-

phone buffer (HB7; Tucker-Davis Technologies, Alachua,

FL) to a probe-microphone system (ER10-Bþ, Etymotic

Research, Elk Grove Village, IL). This system was chosen

because it allowed for the use of ER3A earphones which

enabled the production of higher level stimuli (up to 105 dB

SPL) which would not have been possible with the loud-

speaker built into the ER-10C probe-microphone system

used for DPOAE measurements. The stimuli were 1 s in du-

ration with 20 millisecond rise/fall times. Stimulus presenta-

tions were separated by a 2-s interstimulus interval. In-the-

ear calibrations were performed at each frequency before

and after each measurement. Subjects were asked to rate the

loudness of the tone immediately after each presentation by

selecting, on a touch-screen monitor, one of 11 colored hori-

zontal bars, which increased in length as the loudness cate-

gory increased. Six bars contained meaningful labels (such

as “Can’t Hear,” “Soft,” “Loud,” and “Too Loud”) and alter-

nated with five unlabeled bars. In addition, each bar also

included one of a set of arbitrary numbers from 0 to 50 in

steps of 5 that were used to represent categorical units (CU).

Subjects were asked to make judgments of loudness based

on each individual presentation. CLS measurements were

obtained at 1, 2, and 4 kHz (the same frequencies for which

DPOAE I/O functions were measured) and repeated three

times for each frequency. All of these measurements were

repeated during a second session that took place anywhere

from a week to six months after their first visit. In order to

construct the CLS functions, two steps were taken. First, the

three trials from each frequency for each visit were averaged

separately. Then, those values were averaged across both

visits in order to obtain one dB SPL value for each loudness

category. The CLS functions were constructed from those

averages. The CLS functions were then separated into two

portions. The low-level portion of the CLS function (referred

to as “soft slope”) was represented by CUs less than or equal

to 20 whereas CUs greater than 20 represented the high-

level portion. The reliability of CLS measurements and

details regarding the parsing of the CLS function into two

segments have been described previously in detail (Al-Salim

et al., 2010).

The current paper examined the relationship between

soft slope and DPOAE measurements in an effort to deter-

mine if objective measurements (such as measurements of

DPOAE I/O functions) can be used to predict subjective

judgments of loudness (such as CLS). To examine the rela-

tionship between soft slope and DPOAEs, two separate anal-

yses were performed. For both analyses, Ld levels obtained

from the DPOAE I/O functions were averaged across the

two sessions. In the first analysis, DPOAE I/O functions

were fit with two lines using the nonlinear method described

by Neely et al. (2009) and reviewed in Fig. 1. The four

DPOAE I/O parameters were used in several ways to assess

the relationship between DPOAEs and CLS soft slope. First,

each individual parameter was correlated with CLS soft

slope separately. Then, the DPOAE I/O parameters were

combined and correlated with CLS soft slope using multiple-

linear regressions. Next, the benefit of combining DPOAE

parameters with audiometric thresholds to predict loudness

was evaluated. Finally, threshold information was removed

from the correlational analyses to further examine the extent

to which DPOAE I/O parameters account for additional var-

iance beyond what is accounted for by behavioral thresholds.

In order to remove the influence of threshold, the predicted

CLS soft slope was calculated and then subtracted from the

actual CLS soft slope. This difference was referred to as re-

sidual soft slope. First, individual DPOAE I/O parameters

were correlated with residual soft slope and then DPOAE

I/O parameters were summed and correlations with residual

soft slope were determined using multiple-linear regressions.

The second analyses used to assess the relationship between

DPOAEs and CLS measures utilized a multivariate approach

in which the entire DPOAE I/O function was used to predict

the CLS rating for each input level (dB SPL) for each indi-

vidual subject.

III. RESULTS

A. Reliability of DPOAEs

One purpose of this study was to assess the reliability of

DPOAE measurements in both normal-hearing and hearing-

impaired subjects. The number of subjects per hearing loss

(HL) category for each frequency included in the analysis is

provided in Table I. DPOAE I/O functions were obtained at

all three test frequencies for each of the 74 subjects. For a sub-

ject to be included in the analyses at a test frequency, I/O

functions had to be available for both session 1 and session 2.

At 1 kHz, there are more normal-hearing subjects than there

are hearing-impaired subjects, whereas at 4 kHz, the pattern is

TABLE I. The number of subjects in each HL category for which DPOAE

I/O functions were collected. Subjects were only included if DPOAE I/O

functions were available for both session 1 and session 2. The number of

subjects per HL category is shown separately for each frequency.

dB (HL) 1 kHz 2 kHz 4 kHz

�5 1 1 2

0 2 4 3

5 10 6 6

10 13 8 4

15 11 9 4

20 11 10 6

25 6 4 6

30 5 3 5

35 2 8 2

40 4 5 6

45 3 6 3

50 5 6 14

55 1 3 8

60 – 1 2

65 – – 1

70 – – –

75 – – 1

Total 74 74 73
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reversed, with 2 kHz falling in between these two “extremes.”

When combined across frequency, there were about the same

number of observations from normal-hearing and hearing-

impaired ears.

Reliability was examined by calculating the mean dif-

ference in Ld across a range of primary levels for each f2 fre-

quency and calculating SDs of the mean Ld difference. In

addition, DPOAE reliability was assessed using correlations

of Ld from the two test sessions. Both the mean absolute Ld

difference and the mean signed Ld difference were calcu-

lated, and comparisons were made between measured

response levels from session 1 and session 2 for each pri-

mary level (L2). DPOAE analysis was first performed with

all Ld levels. Then, the process was repeated after Ld levels

��25 dB SPL were excluded from the analysis. These

exclusions are justified because measured Ld levels at these

low levels (even if the noise floor was much lower) may not

be reliable. They may be a manifestation of system distortion

and not a true biologic response. Including them, therefore,

would not be meaningful.

The above estimates, all of which were designed to pro-

vide information about the reliability of DPOAE measure-

ments for individual stimulus conditions, are summarized in

Table II for each of the three test frequencies. Overall,

DPOAE reliability was higher when all Ld levels ��25 dB

SPL were excluded from the analyses. Although the differen-

ces were small, the exclusion rule improved DPOAE reliabil-

ity and therefore, the results from the analyses in which the

exclusion rule was applied will be described below. The mean

absolute Ld difference, which was calculated by averaging the

difference between Ld levels measured at each L2 in session 1

and Ld levels for corresponding L2 levels in session 2, ranged

from 2.6 to 3.5 dB, with SDs of the mean absolute difference

also ranging from 2.6 to 3.5 dB. Not surprisingly, the mean

signed Ld difference was less than the absolute difference and

was <1 dB at all test frequencies, while the SDs of this differ-

ence ranged from 3.7 to 5.0 dB. Lower standard deviations

were observed, as expected, with absolute differences because

the sign of the difference was ignored during calculations. In

addition, the Ld measured at each L2 in session 1 was corre-

lated with Ld measured for the same L2 in session 2. Correla-

tions were �0.90 even when the exclusion rule was not

applied, as can be seen in the bottom row of Table II.

Figure 2 plots the Ld in session 2 as a function of the Ld

from session 1 for equivalent L2 levels. Data from both

normal-hearing and hearing-impaired subjects were combined

for each frequency and displayed within this figure, just as

they were in the analyses summarized in Table II. The corre-

lations shown as insets in each panel are reproduced from the

right columns, bottom row of Table II. This figure only

includes data after the exclusion rule was applied, which is

why the lower limits of the data on both the y-axis and x-axis

terminate at �25 dB SPL. Data for a different frequency are

represented in each panel. There is greater variability for con-

ditions in which Ld was small (for example, <0 dB SPL) com-

pared to the variability when Ld was large (>0 dB SPL).

Assuming the noise level was relatively constant regardless of

Ld, its influence on measured Ld is less for large responses

and greater for low-level responses, resulting in greater vari-

ability for Ld levels <0 dB SPL.

The correlation between each of the previously described

I/O parameters from session 1 and session 2 was used as

another way to assess the reliability of DPOAE measure-

ments. Figure 3 shows the repeatability of the two slope pa-

rameters; each data point represents a data pair from one

subject. In Fig. 3(A), S1 derived from data collected in session

2 is plotted as a function of S1 derived from data obtained in

session 1. In Fig. 3(B), S2 derived from data obtained in ses-

sion 2 is plotted as a function of S2 based on data collected

during session 1. The slope estimates from the two sessions

are plotted separately for each frequency. The highest correla-

tion in slope data was observed for S2 at 1 kHz (r¼ 0.52),

with lower correlations at 2 and 4 kHz (r¼ 0.44 and r¼ 0.20).

S1 correlations were the lowest at 2 kHz (r¼ 0.28), with

higher correlations at 1 and 4 kHz (r¼ 0.38 and r¼ 0.39).

Correlations of S1 and S2 are less than the correlations for

individual points on the I/O functions (see Table II and Fig. 2

for comparison).

TABLE II. Mean absolute and signed differences of the level of the distortion product (Ld) between sessions for each test frequency. Analyses were performed

with all measured Ld levels and after all Ld levels ��25 dB SPL were excluded. Mean absolute and mean signed differences, SDs of these differences, and

correlations of Ld from the two test sessions are provided in the table.

Ld no exclusion Ld��25 dB SPL excluded

1 kHz 2 kHz 4 kHz 1 kHz 2 kHz 4 kHz

Mean absolute Ld difference 4.59 3.66 4.08 3.51 2.62 2.88

SD of difference 4.90 3.95 4.47 3.53 2.62 2.75

Mean signed Ld difference �0.06 �0.45 0.14 �0.30 �0.36 �0.01

SD of difference 6.71 5.34 6.05 4.97 3.69 3.98

Correlation coefficient 0.90 0.93 0.91 0.91 0.95 0.94

FIG. 2. Ld level in session 2 as a function of the Ld from session 1. Each

data point represents an Ld recorded at one L2. Data are provided for each

frequency and correlations are provided as insets in each panel. Data from

normal-hearing and hearing-impaired subjects are combined in each panel.
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Correlations of Li and Lo across the two sessions are

shown in Figs. 4(A) and 4(B), respectively. The highest cor-

relation was observed at 1 kHz (r¼ 0.73), which was the

same for both Li and Lo and can be found as insets in Figs.

4(A) and 4(B). Lower correlations were observed at 2 and

4 kHz for both Li (r¼ 0.60 and r¼ 0.57) and Lo (r¼ 0.56 and

r¼ 0.54). Like the correlations for S1 and S2, Li and Lo had

lower correlations compared to those observed from individ-

ual values of Ld on the DPOAE I/O function (see Table II

and Fig. 2). However, Li and Lo had stronger correlations

than S1 and S2 (see Fig. 3).

Overall, the data summarized in Table II and Fig. 2 sug-

gests that DPOAE measurements are reliable when the level

of the distortion product is compared across sessions. How-

ever, the reliability of DPOAE measurements decreases

when the parameters derived from nonlinear fits to I/O func-

tions (S1, S2, Li, Lo) are compared across sessions as evi-

denced by lower correlations presented in Figs. 3 and 4.

B. Relationship between CLS measurements and
DPOAE I/O parameters

In addition to examining the reliability of DPOAE

measurements, we also wanted to evaluate the relationship

between DPOAE data and loudness. CLS and DPOAE data

were obtained in the same groups of normal-hearing and

hearing-impaired subjects from whom the data were

obtained to estimate the reliability of DPOAE measure-

ments. Because measurements were obtained during two ses-

sions, the data from the two sessions were averaged prior to

analyzing the relationship between CLS and DPOAE data.

Figure 5 shows the correlations between the four param-

eters describing DPOAE I/O functions and CLS soft slope

for each frequency plotted on a logarithmic scale. By plot-

ting soft slope on a log scale, the vertical spread of the slope

values was reduced. In Fig. 5, each point represents the data

from one subject. The left-most column describes the rela-

tionship between audiometric threshold and soft slope, based

on data taken from Al-Salim et al. (2010). Audiometric data

were included in this analysis because Al-Salim et al. found

a strong correlation between loudness growth (based on CLS

measurements) and audiometric threshold. Those data pro-

vide a baseline condition against which correlations between

CLS and DPOAE data can be compared. Our first goal in

this regard was to determine if the correlations between CLS

soft slope and parameters from the nonlinear fits to DPOAE

I/O functions were similar to those observed between CLS

soft slope and behavioral threshold. Audiometric threshold

had correlations with CLS soft slope of 0.82, 0.83, and 0.88

at 1, 2, and 4 kHz, respectively (see insets in the left column

of each panel of Fig. 5) and this indicates that threshold

accounts for as much as 77% of the variance in soft slope.

Of the four parameters describing DPOAE I/O functions, Li

had the strongest positive correlation with CLS soft slope;

however, these correlations were not as high as those

observed with audiometric threshold. Li correlations were

0.34, 0.47, and 0.72 at 1, 2, and 4 kHz, respectively. The

remaining parameters (S1, S2, and Lo) were characterized by

even lower correlations with soft slope. In general, DPAOE

I/O parameters obtained at 1 kHz had poorer correlations

with soft slope than those observed at 2 and 4 kHz. These

correlations are provided as insets in each panel in Fig. 5.

Overall, audiometric threshold had a stronger correlation

with CLS soft slope than any one parameter from the nonlin-

ear fits to the DPOAE I/O functions.

To further examine the predictive value of DPOAE I/O

parameters, an additional analysis was performed with thresh-

old dependence removed. To accomplish this, the predicted

CLS soft slope was subtracted from the actual CLS soft slope.

This difference was referred to as residual soft slope. Figure 6

FIG. 3. Repeatability of the parameters obtained from nonlinear fits to

DPOAE I/O functions. In the top row of panels (A), S1 from session 2 is

plotted as a function of S1 obtained in session 1. In the bottom row of panels

(B), S2 from session 2 is plotted as a function of S2 from session 1. In both

A and B, each data point represents a pair of parameter values from one sub-

ject. Data are provided for each frequency and correlations are provided as

insets in each panel. Data from normal-hearing and hearing-impaired sub-

jects are combined in each panel.

FIG. 4. Row A (top) plots Li in session 2 as a function of Li obtained in ses-

sion 1. In the bottom panel (B), Lo in session 2 is plotted as a function of Lo

from session 1. In both A and B, each data point represents a pair of parame-

ter values from one subject. Data are provided for each frequency and corre-

lations are provided as insets in each panel. Data from normal-hearing and

hearing-impaired subjects are combined in each panel.

1288 J. Acoust. Soc. Am., Vol. 131, No. 2, February 2012 Thorson et al.: Otoacoustic emissions and loudness



shows correlations of residual soft slope, plotted in log units,

to the four parameters describing the DPOAE I/O function as

well as with audiometric threshold. As expected, correlations

of zero were observed between residual soft slope and audio-

metric threshold because the calculation of residual soft slope

removed any dependence on audiometric threshold. DPOAE

I/O parameter correlations with residual soft slope at 4 kHz

were greater than zero and greater than those at 1 and 2 kHz,

with the exception of S1. Also, correlations for S1 at 1 kHz

and for S2, Li, and Lo at 4 kHz were greater than 0.15, sug-

gesting that parameters describing DPOAE I/O functions con-

tain some information about CLS soft slope beyond what can

be predicted from behavioral threshold alone. To further

examine this finding, we evaluated the predictive value of

combining all four DPOAE I/O parameters when the variance

accounted for by behavioral threshold was removed. Correla-

tions of 0.37, 0.10, and 0.32 at 1, 2, and 4 kHz were observed

between residual soft slope and combined DPOAE I/O param-

eters. These correlations are shown in Table III (bottom row).

In particular, correlations between residual soft slope and

combined DPOAE parameters observed at 1 and 4 kHz indi-

cate that DPOAEs, based on these four parameters, account

for approximately 10% to 14% of the variance in soft slope

and supports the notion that DPOAE I/O parameters contain

some information about CLS soft slope beyond that described

by audiometric threshold.

FIG. 5. CLS soft slope as a function

of five predictor variables. The left

column describes the relation

between soft slope and audiometric

threshold, based on data taken from

Al-Salim et al. (2010). Correlations

between CLS soft slope and the four

parameters describing DPOAE I/O

functions are provided in the

remaining four columns. Each data

point represents data from one sub-

ject. Data are provided for each fre-

quency and correlations are

provided as insets in each panel.

Data from normal-hearing and

hearing-impaired subjects are com-

bined within each panel.

FIG. 6. Residual soft slope, displayed on the Y-axis, as a function of five predictor variables. CLS residual slope was determined by subtracting the predicted

CLS soft slope (based on correlations with audiometric threshold) from the actual CLS soft slope. The first column describes the relation between audiometric

threshold and residual soft slope. Correlations of zero were observed, as expected, because this manipulation was intended to remove any dependence on

audiometric threshold. Relations of residual soft slope with the four parameters describing the DPOAE I/O functions are provided in the remaining four col-

umns. Each data point represents data from one subject. Data are provided for each frequency and correlations are provided as insets in each panel. Data from

normal-hearing and hearing-impaired subjects are combined within each panel.
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Given that individual DPOAE I/O parameters have

some correlation with CLS soft slope, we wanted to evaluate

the relationship between CLS slope soft and DPOAEs when

all four DPOAE I/O parameters were combined. Combining

these parameters resulted in correlations of 0.65, 0.74, and

0.81 at 1, 2, and 4 kHz which are shown in Table III (the row

referred to as soft slope, DPOAEs only). Although combined

DPOAE I/O parameters resulted in higher correlations with

CLS soft slope than any individual parameter, they were

lower than those between CLS soft slope and audiometric

threshold (see the first row of Table III).

Since audiometric threshold and DPOAE data both pro-

vide information about CLS soft slope independently, we

evaluated the benefit of combining the data from both of

these measurements. Together, behavioral thresholds and

DPOAE data may more accurately predict loudness growth

than either measure alone. However, when parameters

describing the DPOAE I/O functions were combined with

threshold data, there was little or no increase in correlation

when compared to behavioral threshold alone. Correlations

with CLS soft slope went from 0.82, 0.83, and 0.88 for

audiometric threshold alone to 0.85, 0.83, and 0.89 at 1, 2,

and 4 kHz when audiometric data were combined with

DPOAE data. These correlations are presented in Table III

(row one, soft slope, threshold only and row three, soft slope,

DPOAEsþ thresholds). Overall, our results suggest that

DPOAE I/O parameters correlate with CLS soft slope, but

not as strongly as behavioral threshold, and that combining

DPOAE I/O parameters and behavioral thresholds provides

little benefit over what is achieved when behavioral thresh-

old is used alone to predict CLS soft slope.

C. Relationship between CLS measurements and
DPOAEs using multivariate analyses

Previous observations of the relationship between loud-

ness measures and DPOAEs (Neely et al., 2003; Müller and

Janssen, 2004) as well as TEOAEs (Epstein and Florentine,

2005; Epstein and Silva, 2009) suggest that a stronger rela-

tionship exists between OAEs and loudness than was demon-

strated in our correlation analyses. In further efforts to

examine the relationship between DPOAEs and CLS meas-

ures, a multivariate approach was utilized in which the entire

DPOAE I/O function was used to predict the CLS rating for

each input level (dB SPL) for each subject.

Figure 7 shows examples of predicted CLS measures

based on DPOAEs using multivariate analyses and the actual

CLS measurements for 12 subjects. The first two columns

provide examples for six normal-hearing subjects whereas

the last two columns provide examples for six hearing-

impaired subjects. These 12 subjects were selected randomly

from the overall pool of 74 subjects. Behavioral thresholds

for each subject are provided as insets in each panel. Filled

symbols represent the measured CLS data for these 12 sub-

jects, while the open symbols represent the predicted CLS

function based on a multivariate linear regression in which

all of the DPOAE data were used as inputs. It is important to

note that the open symbols do NOT represent actual DPOAE

levels but are predicted CLS units based on a multivariate

prediction from DPOAE data. Qualitatively, it appears that

using a multivariate approach allows for accurate predictions

of CLS measures. The agreement between actual and pre-

dicted CLS units was further assessed by calculating the

standard error of the estimate (SEE) for each of these 12

TABLE III. Correlations between CLS soft slope, parameters describing

DPOAE I/O functions, audiometric threshold, and combinations of these vari-

ables. The top row describes the relationship between audiometric threshold

and CLS soft slope, based on data taken from Al-Salim et al. (2010). The sec-

ond row (soft slope, DPOAEs only) provides correlations between soft slope

and DPOAEs when all four DPOAE I/O parameters (S1, S2, Li, and Lo) were

combined. The third row (soft slope, DPOAEsþ threshold) shows correla-

tions between CLS soft slope and the combination of audiometric threshold

and all of the parameters describing DPOAE I/O functions. The last row (re-

sidual, DPOAEs) describes the predictive value of combing all four parame-

ters describing DPOAE I/O functions when the variance accounted for by

behavioral threshold was removed (see Fig. 6).

1 kHz 2 kHz 4 kHz

Soft slope, threshold only 0.82 0.83 0.88

Soft slope, DPOAEs only 0.65 0.74 0.81

Soft slope, DPOAEsþ threshold 0.85 0.83 0.89

Residual, DPOAEs 0.37 0.10 0.32

FIG. 7. Predicted categorical units

(CU) based on DPOAE measure-

ments using multivariate analyses

(open circles) from 12 individual

subjects plotted against actual CUs

(closed circles) obtained in the same

subjects. The first two columns pro-

vide examples for 6 normal-hearing

subjects whereas the last two col-

umns provide examples for 6

hearing-impaired subjects. Behav-

ioral thresholds and the standard

error of the estimate for individual

subjects are provided as insets in

each panel.
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subjects. In order to calculate SEEs (which is equivalent to a

standard deviation), a line was fit to the actual CLS function,

and then SEEs were calculated using that line and the pre-

dicted CLS measurements. Consequently, the number of

degrees of freedom in the SEE calculation was the number

of observations minus 2. The calculated SEE for each sub-

ject is provided as insets in Fig. 7. Based on both visual

inspection and the SEE for these 12 examples, it also appears

that this method provides more accurate predictions for sub-

jects with hearing impairment than it does for those with nor-

mal hearing.

Since the 12 examples shown in Fig. 7 suggest that

DPOAEs can accurately predict CLS measures when using

this multivariate approach, we further quantified the accuracy

of the prediction by calculating the SEE for the entire group

of 74 subjects. Table IV provides the mean calculated SEEs,

which were 2.9, 2.5, and 3.0 CUs at 1, 2, and 4 kHz when

hearing was normal and 2.4, 2.6, and 2.9 CUs at 1, 2, and

4 kHz when hearing loss existed. Overall, these results suggest

that applying a multivariate analysis to DPOAE data results in

an accurate estimate of loudness growth (as measured by

CLS), and that this method is nearly equally accurate for both

normal-hearing and hearing-impaired subjects. SEEs calcu-

lated with the data from all subjects combined were 2.7, 2.5,

and 2.9 CUs at 1, 2, and 4 kHz (Table IV). Interestingly, CUs

in this study were measured in steps of 5, which means that

with this analytical technique, DPOAEs can predict CLS

measurements, on average, within less than one CU step.

IV. DISCUSSION

A. Reliability of DPOAEs

DPOAE reliability was first determined by calculating

the mean differences in Ld across a range of primary levels.

Mean absolute differences fell within the range reported by

Lasky et al. (1994) who evaluated both the within-session

and between-session reliability of DPOAEs recorded at mul-

tiple frequencies and intensities. They reported between-

session mean absolute differences that ranged from 2 to

7 dB, which was larger than their within-session reliability

(2 to 4 dB). The mean absolute differences observed in the

present study were closer to the within-session reliability

reported by Lasky et al. (1994). In addition, they found that

DPOAE reliability decreased as frequency decreased which

is also demonstrated in the present study and can be

observed in Table II. This effect is likely a consequence of

the decrease in SNR as frequency decreases. Beattie et al.
(2003) examined test-retest reliability of DPOAEs by calcu-

lating the standard error of measurement over three time

intervals with fixed primary tones of 65 dB SPL (L1¼L2).

They reported standard errors of approximately 2.5 dB at 1,

2, and 4 kHz when combined across frequency. Overall,

Beattie et al. (2003) found that DPOAEs were reliable when

measured on the same day and across test sessions. The

repeatability of DPOAE measurements has been demon-

strated in other studies (Franklin et al., 1992; Roede et al.,
1993; Wagner et al., 2008; Keppler et al., 2010). All of these

studies reported data from normal-hearing subjects. In the

present study, data from normal-hearing and hearing-

impaired subjects were combined in the assessment of

DPOAE reliability. The small differences observed in the

present study were similar to those measured in normal-

hearing subjects and suggest that DPOAEs are reliable

across sessions for both normal-hearing and hearing-

impaired subjects for all three frequencies examined.

DPOAE reliability was further assessed using correla-

tions of Ld from two test sessions. Franklin et al. (1992)

reported similar reliability coefficients (0.90 to 0.97) to those

observed here when they examined DPOAE reliability across

short-term and long-term intervals. They measured DPOAEs

using fixed primary tone levels (L1¼L2) at 55, 65, and 75 dB

SPL across five test frequencies (1, 2, 4, 6, and 8 kHz). Note

that they did not include data from low primary-level condi-

tions like those included in the present study. Franklin et al.
reported correlations that varied from 0.80 to 0.97 at 2 kHz

and from 0.95 to 0.97 at 4 kHz, similar to values observed in

the present study. In addition, they found that DPOAEs

recorded at 1 kHz were less reliable, compared to higher test

frequencies, with correlations ranging from 0.70 to 0.91. The

lowest correlations for 1 kHz were observed for primary tones

fixed at 55 dB, and as the level of the primaries increased, the

reliability increased, a pattern also observed in the present

study. The level effect, like the frequency effect, is a conse-

quence of its effect on SNR. In general, Franklin et al. (1992)

found that correlations decreased with decreasing frequency

as well as decreasing primary level. Correlations obtained in

the current study were at the top end of those reported by

Franklin et al. (1992) and may have been a result of the

measurement-based stopping rules utilized here, which likely

resulted in relatively low noise levels that were more uniform

across conditions and across subjects, compared to the case

when other stopping rules are used. The noise-level stopping

rule (which was selected as a conservative estimate of system

distortion) increased the measured SNR and, by extension, the

reliability of the measurements. Overall, these findings sug-

gest that DPOAEs are reliable across sessions for both

normal-hearing and hearing-impaired subjects.

DPOAE variability was small for conditions in which Ld

was large (for example,> 0 dB SPL), compared to variability

observed when Ld was small (<0 dB SPL). In general, Ld

decreases with decreasing intensity level and when hearing

loss exists. In fact, many studies (Franklin et al., 1992; Roede

et al., 1993; Lasky et al., 1994; Stuart et al., 2009) have dem-

onstrated this effect. Efforts to predict audiometric threshold

from DPOAE measurements depend on low-level responses;

therefore, the greater variability observed for Ld levels <0 dB

SPL will affect estimates of threshold. DPOAEs produced

TABLE IV. Standard error of the estimate (SEE) of CLS functions from

DPOAE I/O functions using multivariate analyses. The top row describes

the SEEs when hearing was normal, the second row describes the SEEs

when hearing loss existed, and the bottom row provides SEEs when data

from all subjects were combined.

1 kHz 2 kHz 4 kHz

Normal hearing 2.9 2.5 3.0

Hearing-impaired 2.4 2.6 2.9

All subjects 2.7 2.5 2.9
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with mid-to-high intensity primaries (i.e., 50–75 dB SPL)

have high repeatability, but it is likely that this effect will be

reduced in subjects with hearing loss. These specific primary-

level conditions are commonly used in the clinic, where one

would expect similar results. An Ld-dependent reliability was

observed in the present study, in which these measurements

were made in normal-hearing and hearing-impaired subjects.

These results support the measurement of DPOAEs with

moderate-level stimuli for clinical procedures such as

newborn-hearing screenings, ototoxicity monitoring, and dif-

ferential diagnoses.

This study also investigated the reliability of the slopes of

DPOAE I/O functions. Traditionally, DPOAE I/O functions

are fit with a single line (e.g., Kummer et al., 1998; Boege

and Janssen, 2002; Gorga et al., 2003). Fitting DPOAE I/O

functions with a simple linear regression would be appropriate

if the function grew linearly; however, there are data to sug-

gest that DPOAE I/O functions grow non-linearly (e.g., Nel-

son and Kimberley, 1992; Beattie et al., 2004; Goldman

et al., 2006; Neely et al., 2009). Beattie et al. (2004) exam-

ined DPOAE slopes derived from different segments of the

I/O functions and found that the low-level segments

(40–50 dB SPL) were steeper than slopes derived from moder-

ate (50–65 dB SPL) and high-level (65–75 dB SPL) segments.

Goldman et al. (2006) had proposed that fitting DPOAE I/O

functions with segmented regressions may be superior to the

linear-pressure model in common use. Segmented regressions

may provide a better representation of DPOAE growth rate

over all primary levels. Neely et al. (2009) examined the use

of nonlinear, two-slope fits and found that this method pro-

vided a “better fit” over the typical single linear regression in

most cases. Therefore, the nonlinear, two-slope method

described by Neely et al. (2009) was used to fit DPOAE I/O

functions in the current study. This method resulted in four

parameters (S1, S2, Li, and Lo), the values of which were cor-

related across the two test sessions. Correlations of slope data

(S1 and S2) were less than the correlations for individual

points (Ld) on the I/O functions. The variability seen in slope

data was greater than the variability seen when Ld was com-

pared across sessions, suggesting that estimates of slope have

greater sensitivity to small changes in measured values. The

distributions of S1 and S2 seen in Fig. 3 are consistent with

those reported by Neely et al. (2009); however, repeatability

of these parameters was not assessed in that study. Beattie

et al. (2004) examined test-retest reliability of DPOAE slopes

at three frequencies (f2¼ 1, 2, and 4 kHz) for three intensity-

level segments (L2–L1¼ 40–50, 50–65, and 65–75 dB) and

found large intrasubject and intersubject variability in

DPOAE slope. Overall, slopes obtained from DPOAE data

appear to be less reliable than measurements of Ld.

Like the correlations seen with slope parameters, the pa-

rameters describing the breakpoint (Li and Lo) had lower cor-

relations compared to those observed for individual values of

Ld on the I/O functions. However, breakpoint parameters had

stronger correlations than slope parameters. Greater reliability

was observed with breakpoint parameters because they repre-

sent a single point on the I/O function, and as stated previ-

ously, the slope parameters are more sensitive to small

changes in measured values. It is surprising, however, that the

breakpoint parameters had lower correlations than Ld. Appa-

rently, the nonlinear fitting process has excessive sensitivity

to outliers.

Differences observed in DPOAEs across test sessions

may have been a result of changes in probe placement,

middle-ear status, and/or noise levels. Although middle-ear

status was assessed before each session, even small changes

in pressure that fell within the normal range may have resulted

in changes in DPOAEs (Naeve et al., 1992; Zhang and Abbas,

1997). Measurements may have also been affected by stimu-

lus calibration. Calibration was based on dB SPL measure-

ments in the closed ear canal. Although recent data suggest

that DPOAE test performance or predictions of threshold are

not affected by calibration (Burke et al., 2010; Rogers et al.,
2010), concerns have been noted for potential errors associ-

ated with standing waves when using the present calibration

method (Siegel, 2002, 2007; Scheperle et al., 2008; Kirby

et al., 2011). Therefore, it is possible that using either sound

intensity level or forward pressure level during calibration

may have reduced calibration errors (Neely and Gorga, 1998;

Scheperle et al., 2008; Kirby et al., 2011; Richmond et al.,
2011) and resulted in greater reliability.

Overall, DPOAEs were reliably measured for both

normal-hearing and hearing-impaired subjects when Ld was

compared across test sessions. DPOAE reliability was

greater for Ld levels> 0 dB SPL, while variability increased

for Ld levels< 0 dB SPL. Reliability of DPOAEs decreased

when the parameters obtained from the nonlinear, two-slope

fits were compared across sessions, suggesting that this non-

linear fitting process is sensitive to outliers.

B. Relationship between CLS measurements and
DPOAE I/O parameters

Cochlear compressive nonlinearity can be observed

indirectly through psychoacoustic loudness tasks (Hellman

and Meiselman, 1993; Buss et al., 1998; Moore et al., 1999)

and OAE measurements (Dorn et al., 2001; Epstein et al.,
2004; Epstein and Florentine, 2005; Withnell and Yates,

1998); therefore, it seemed reasonable to assume that

DPOAEs may provide information related to behavioral

response growth (loudness). In the present study, we wanted

to determine if DPOAE I/O parameters could be used to pre-

dict behavioral response growth as measured by CLS.

In the same way as we described the reliability of

DPOAEs, Al-Salim et al. (2010) described the reliability of

CLS measurements by comparing both the difference in SPL

assigned to each loudness category as well as the slope of the

CLS functions. Overall, Al-Salim et al. found that CLS meas-

urements were reliable from one session to the next. Al-Salim

et al. also evaluated the relationship between CLS measure-

ments and behavioral threshold, and found that loudness

growth (up to medium loudness level, which corresponded to

CU¼ 20) may be predicted from audiometric threshold,

accounting for as much as 77% of the variance in soft slope of

the CLS function.

Given the observations of Neely et al. (2003) and

Müller and Janssen (2004), who were able to demonstrate a

relationship between DPOAEs and loudness, we wanted to
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further examine this relationship and determine whether

DPOAEs, like behavioral threshold, could be used to predict

loudness growth. Using DPOAE I/O parameters, we were

able to demonstrate that DPOAEs correlate with CLS soft

slope; however, the correlation was less than expected based

on the relationship previously described between OAE meas-

urements and loudness functions (Neely et al., 2003; Müller

and Janssen, 2004; Epstein et al., 2004; Epstein and Floren-

tine, 2005). In the present study, DPOAE I/O functions

obtained from two separate visits were averaged and then fit

with the nonlinear, two-slope method. In an effort to control

for outliers that may impact the nonlinear fits, several analy-

ses were performed, but regardless of the method, the corre-

lation between DPOAE I/O parameters and CLS functions

remained similar to those reported in this paper and were

lower than originally expected.

Some correlation was observed between individual

DPOAE I/O parameters and CLS soft slope. However, these

correlations were poorer than those observed between behav-

ioral threshold and CLS soft slope reported by Al-Salim

et al. (2010) and reproduced in this paper. In fact, correla-

tions between behavioral threshold and CLS soft slope were

0.82, 0.83, and 0.88 at 1, 2, and 4 kHz. Combining the

DPOAE I/O parameters resulted in higher correlations (0.65,

0.74, and 0.81 at 1, 2, and 4 kHz) with CLS soft slope than

individual parameters but were lower than those observed

between behavioral threshold and CLS soft slope. Overall,

our findings suggest that if behavioral threshold is known, it

provides a better means of predicting loudness than either

individual or combined DPOAE I/O parameters.

A documented relationship between audiometric thresh-

olds and CLS functions (Lauer, 1995; Elberling, 1999;

Al-Salim et al. 2010) suggests that behavioral-threshold

measures can be used to predict growth of loudness. How-

ever, the variability observed in these studies also suggests

that threshold data alone would not accurately predict

response growth for every individual. In an effort to reduce

the variability, we tried combining DPOAE I/O parameters

and behavioral thresholds to determine if there was benefit

in using both sets of measurements to predict loudness

growth. Unfortunately, this provided little benefit over what

was achieved when behavioral threshold was used alone to

predict CLS soft slope. Thus, DPOAE I/O parameters and

behavioral thresholds may be useful in predicting CLS soft

slope independently, but when used collectively, little addi-

tional variance was accounted for.

C. Relationship between CLS measurements and
DPOAEs using multivariate analyses

Although we were able to demonstrate a relationship

between CLS measures and DPOAE I/O parameters, the

strength of the relationship, based on a nonlinear fit to the

slope of the DPOAE, was less than observed between behav-

ioral thresholds and CLS slope. This is a disappointing find-

ing because it was hoped that objective measures (like

DPOAE I/O functions) could be used to predict loudness

growth. In an effort to improve the predictive value of

DPOAE measurements, a multivariate analysis of DPOAE

data was used to predict the CLS function.

Multivariate analyses were performed, in which all

DPOAE data served as inputs, in an effort to provide an esti-

mate of the CLS function. With this approach, actual and

predicted CLS functions closely approximated each other,

based on a sampling of data from six normal-hearing and six

hearing-impaired subjects. Based on an analysis of the meas-

ured CLS function and the predicted CLS function using

DPOAE data from all 74 subjects, SEEs suggested that it is

possible to use DPOAE data to predict, on average, growth

of loudness (based on CLS measures) to within one CU step.

Multivariate analyses of DPOAEs have also been demon-

strated to improve the accuracy with which OAEs identify

auditory status for both DPOAEs (Dorn et al., 1999; Gorga

et al., 1999, 2005; Kirby et al., 2011) and TEOAEs (Hussain

et al., 1998; Vinck et al., 1998). Our findings suggest that

multivariate analyses may also be useful in efforts to predict

growth of loudness from DPOAE measurements. We are sur-

prised by this finding, given the relatively poor correlations

that were observed between CLS slope and parameters from

the fits to the DPOAE I/O functions. It is important to note,

however, that multivariate analyses can be idiosyncratic, in

that the choice of variables and coefficients may be unique

to a particular set of data. As a consequence, additional stud-

ies are needed to validate the present findings.

The ability to use DPOAE measurements to predict

response growth, such as growth of loudness, could be bene-

ficial in the clinic. In cases of mild hearing loss, such infor-

mation may be useful in determining individual signal-

processing strategies (such as compression ratio) in hearing

aids, especially for infants, young children and patients with

developmental disabilities who may be unable to describe

their percepts of loudness. This view is based on the assump-

tion that both response growth and DPOAE growth depend

on the same underlying compressive cochlear nonlinearity.

While direct predictions of loudness from DPOAE data may

be problematic, applying multivariate solutions to the same

data may result in predictions that are sufficiently accurate to

provide information that might be useful in setting hearing-

aid characteristics. Additional work is needed to validate the

multivariate approach and to determine the extent to which

these approaches lead to predictions of loudness that can be

used to set amplitude compression parameters for hearing

aids. Even if the multivariate solutions are validated in future

studies, it is likely that the application of this approach to

predict loudness growth will be restricted to cases of mild-

to-moderate hearing loss, as it is unlikely that DPOAEs will

be present in greater degrees of hearing loss.

V. CONCLUSIONS

The correlation of repeated measurements of DPOAE

level was >0.90 while lower correlations were observed

between repeated estimates of parameters fit to DPOAE I/O

functions. The correlation between CLS soft slope and

DPOAE I/O parameters seems mainly to be due to their mu-

tual dependence on behavioral threshold. Combining DPOAE

I/O parameters with behavioral threshold provided little
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additional predictive value. However, a multivariate predic-

tion of CLS based on the entire DPOAE I/O function pro-

duced accurate predictions of CLS functions, with standard

errors from 2.4 to 3.0 CUs, suggesting that DPOAE I/O func-

tions can be useful in prediction of CLS measures.
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