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Recently, Boege and Janssen@J. Acoust. Soc. Am.111, 1810–1818~2002!# fit linear equations to
distortion product otoacoustic emission~DPOAE! input/output~I/O! functions after the DPOAE
level ~in dB SPL! was converted into pressure~in mPa!. Significant correlations were observed
between these DPOAE thresholds and audiometric thresholds. The present study extends their work
by ~1! evaluating the effect of frequency,~2! determining the behavioral thresholds in those
conditions that did not meet inclusion criteria, and~3! including a wider range of stimulus levels.
DPOAE I/O functions were measured in as many as 278 ears of subjects with normal and impaired
hearing. Nine f2 frequencies~500 to 8000 Hz in1

2-octave steps! were used, L2 ranged from 10 to 85
dB SPL~5-dB steps!, and L1 was set according to the equation L150.4L2139 dB @Kummeret al.,
J. Acoust. Soc. Am.103, 3431–3444~1998!# for L2 levels up to 65 dB SPL, beyond which L1

5L2 . For the same conditions as those used by Boege and Janssen, we observed a frequency effect
such that correlations were higher for mid-frequency threshold comparisons. In addition, a larger
proportion of conditions not meeting inclusion criteria at mid and high frequencies had hearing
losses exceeding 30 dB HL, compared to lower frequencies. These results suggest that DPOAE I/O
functions can be used to predict audiometric thresholds with greater accuracy at mid and high
frequencies, but only when certain inclusion criteria are met. When the SNR inclusion criterion is
not met, the expected amount of hearing loss increases. Increasing the range of input levels from
20–65 dB SPL to 10–85 dB SPL increased the number of functions meeting inclusion criteria and
increased the overall correlation between DPOAE and behavioral thresholds. ©2003 Acoustical
Society of America.@DOI: 10.1121/1.1570433#

PACS numbers: 43.64.Ha, 43.64.Jb@BLM #
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I. INTRODUCTION

The auditory system behaves nonlinearly under nor
conditions. Evidence of this nonlinearity can be found in
number of different phenomena, including the production
distortion product otoacoustic emissions~DPOAEs!.
DPOAEs are observed when two sounds (f1 and f2 , f2
slightly higher in frequency than f1) are presented to th
normal ear. These sounds interact in the cochlea at a p
close to the best place for the higher of the two frequenc
(f2), producing intermodulation distortion, the largest co
ponent of which occurs at a frequency equal to 2f1-f2 . It is
thought that these nonlinear phenomena are produced
forces exerted by the outer hair cells~OHCs! on basilar
membrane mechanical responses~e.g., Brownell, 1990!.
When cochlear damage exists that affects the OHCs, thr
olds are elevated and nonlinear behaviors are reduce
eliminated~e.g., Dalloset al., 1980!. Therefore, it is not sur-
prising that DPOAEs are reduced or eliminated by OH
damage as well. These observations have led to the app
tion of DPOAE measurements in efforts to determine au
tory status~e.g., Martin et al., 1990; Gorgaet al., 1993,
1997, 2000; Kimet al., 1996!. With few exceptions, DPOAE
measurements have been used to make dichotomous
sions, in which an ear is classified as having either nor
hearing or hearing loss. The results from these studies
similar in that DPOAE measurements classify ears dicho

a!Electronic mail: gorga@boystown.org
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mously with greater accuracy for mid and high frequenci
compared to the accuracy that is achieved at lower frequ
cies.

Several studies have attempted to go beyond this sim
two-state classification scheme and predict auditory thre
olds from DPOAE measurements. For example, Martinet al.
~1990! and Gorgaet al. ~1996! related DPOAE threshold to
audiometric threshold. While both studies showed a relati
ship between the two threshold measurements, these m
surements have not been applied clinically, presumably
cause estimates of DPOAE threshold require sev
measurements above and below threshold, and the condi
under which these measurements would be made are ch
terized by poor signal-to-noise ratios~SNR! because DPOAE
level is small. Thus, the reliability of direct DPOAE thres
old measurements is reduced by the increased uncertain
response measurements at threshold.

In other attempts to estimate pure-tone thresholds fr
DPOAE data, DPOAE level or SNR for suprathreshold el
iting stimuli have been correlated with behavioral thresho
for ears with normal hearing~Allen and Levitt, 1992; Dorn
et al., 1998! and for ears in which hearing loss existed~Mar-
tin et al., 1990; Gorgaet al., 1996, 1997, 2002; Jansse
et al., 1998; Kummeret al., 1998!. Typically, DPOAE level
was measured for fixed, moderate-level primaries that p
duced responses that were well above DPOAE threshold
least for ears with normal hearing. These DPOAE lev
and/or the SNR were then correlated with audiome
thresholds. While DPOAE level or SNR decreased as au
3275275/10/$19.00 © 2003 Acoustical Society of America
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metric thresholds increased, the relationship was varia
thus reducing the accuracy with which predictions of beh
ioral thresholds could be made from DPOAE level. Efforts
include several variables in a prediction model did not res
in significant improvements in predictive accuracy~Kimber-
ley et al., 1994, 1997!.

More recently~Boege and Janssen, 2002; Oswaldet al.,
2002!, DPOAE input/output~I/O! functions have been use
to provide estimates of DPOAE thresholds, which were th
correlated with behavioral thresholds. In this approa
DPOAE level~in dB SPL! was measured for levels rangin
from 20 to 65 dB SPL, with primary levels chosen to op
mize response level~Kummer et al., 1998; Janssenet al.,
1998!. If an SNR inclusion criterion~6 dB! was met for at
least three points on the I/O function, these data were c
verted into pressure~in mPa! and fit with a linear equation. If
the linear solutions met some additional inclusion crite
~related to slope of the best fit line and variability!, the data
were used to determine DPOAE threshold~defined as the
extrapolated DPOAE level at which the pressure equale
mPa!. Significant correlations were observed between pu
tone and DPOAE thresholds, although estimates of DPO
threshold were not possible in a percentage of cases. Os
et al. ~2002! noted larger discrepancies between DPOAE a
behavioral thresholds at 2000 and 8000 Hz, compared
other frequencies, although the effects of frequency were
described in detail. They also observed a tendency to un
estimate behavioral threshold by increasing amounts as
havioral threshold increased.

The present study was designed to replicate and ex
the work of Boege and Janssen~2002! and Oswaldet al.
~2002!. Specifically, DPOAE I/O functions were analyze
using the same stimulus conditions and inclusion criteria
those used in these previous studies. Following a replica
of the results observed by Boege and Janssen, the pre
study extended the previously reported findings by evalu
ing DPOAE predictions of pure-tone thresholds as a funct
of frequency. In addition, the audiometric thresholds of tho
ears not meeting inclusion criteria were evaluated in orde
provide information regarding the conditions under whi
the Boege and Janssen approach did not fit. Finally, a
tional stimulus conditions and inclusion criteria were tes
in order to determine if predictive accuracy could be i
proved.

II. METHODS

A. Subjects

Ninety-seven subjects with normal hearing and 130 s
jects with hearing loss participated in these studies. Depe
ing on frequency and level, DPOAE and audiometric d
were available on as many as 278 ears from these subj
All subjects had normal middle-ear function at the time
the DPOAE measurements, as determined by tympanom
For the subjects with hearing loss, the site of lesion w
assumed to be the cochlea, based on clinical history
other special audiological tests, including measures
speech reception, acoustic reflex thresholds, and aud
3276 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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brainstem responses. However, specific etiology was
quently undetermined, which is not an uncommon occ
rence for clinical studies.

B. DPOAE stimuli

Custom-designed software was used for data collec
~EMAV, Neely and Liu, 1994!. DPOAE stimuli were pro-
duced and responses were recorded by a high-quality so
card~CardDeluxe, Digital Audio Labs! housed in a PC. The
sampling rate was 32 kHz and the sample resolution was
bits. Separate channels of the soundcard were used to
duce each of the two primary tones. The outputs from e
channel were fed to separate loudspeakers housed in a p
microphone system~Etymotic ER-10C!, which had been
modified to remove 20 dB of attenuation. A micropho
housed in the same probe unit was used to calibrate stim
level and to record ear-canal responses and noise. While
calibration procedure may introduce errors associated w
standing waves~Siegel, 1994, 2002!, it represents common
practice for DPOAE measurements and was viewed as a
sonable compromise, given the current status of calibra
procedures~Neely and Gorga, 1998!.

DPOAEs were elicited in response to pairs of prima
tones (f1 ,f2), with f2 /f1 approximately equal to 1.22 for al
test conditions, which differs slightly from the 1.20 fre
quency ratio used by Boege and Janssen~2002!. The higher
frequency in each primary pair (f2) varied from 500 to 8000
Hz in 1

2-octave steps. These frequencies were chosen, in
because they correspond to the frequencies at which p
tone audiometric thresholds were measured in the cli
Given the sampling rate~32 kHz!, the duration of the buffer
~64 ms!, and the number of points in each sample~2048!, the
frequency resolution was 15.6 Hz. The f2 frequency was se
exactly at the octave and interoctave frequencies descr
above. The frequency of f1 , however, did not always exactl
equal the frequency defined by a primary ratio of 1.22,
was never more than 15.6 Hz away from that frequen
Primary levels (L1 ,L2) were set according to the equatio
L150.4 L2139 dB ~Kummer et al., 1998; Janssenet al.,
1998! for L2 levels up to 65 dB SPL. Beyond this leve
equal-level primaries were used (L15L2). L2 varied in 5-dB
steps from 10 to a maximum of 85 dB SPL. Measurement
four different cavities, validated against measurements
subjects with cochlear implants, were used to determine
level of system distortion@see Dornet al. ~2001! for a more
complete description of the approach that was taken to e
mate system distortion#.

C. Audiometric procedures

Pure-tone audiometric data were collected using rou
clinical techniques. All measurements were made in a sou
treated booth, using either TDH39 supra-aural earphone
ER-3A insert earphones. Both earphones were calibrated
cording to their respective standards~ANSI, 1996!. Audio-
metric test frequencies varied from 500 to 8000 Hz in1

2-
octave steps. The manner in which audiometric stimuli w
calibrated and the conditions under which audiome
thresholds were measured represent a potentially impor
Gorga et al.: Thresholds and DPOAE I/O functions
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distinction between the present results and those reporte
Boege and Janssen~2002!, who used the same system a
approach to calibration for both DPOAE and audiomet
measurements. Furthermore, they measured behav
thresholds with 1-dB precision, in contrast to the pres
measurements, in which 5-dB steps were used.

D. DPOAE procedures

DPOAE data were collected in the form of I/O fun
tions. For each f2 frequency, stimulus level was initiated a
the highest level (L2585 dB SPL). L2 was then decreased i
5-dB steps until the response was no longer measur
above the noise floor~or the level at which system distortio
occurred!. Both DPOAE and noise level were measured
the same frequency bin, using a subtraction technique
which data were collected into two separate buffers, alter
ing between the two on successive samples. The conten
the two buffers were summed in order to provide an estim
of DPOAE level. Their contents were subtracted in order
provide an estimate of the noise level. Both signal and no
were estimated at the 2f1-f2 distortion frequency. This ap
proach has the advantage of estimating signal and noise
els at the same frequency. However, it has the disadvan
of introducing greater variability in noise estimates, co
pared to paradigms in which noise is derived from the av
age level in several frequency bins on either side of 2f1-f2 .

Measurement-based stopping rules were used du
data collection. Data collection stopped if either of two c
teria were met. The first stopping criterion was met when
noise floor was less than225 dB SPL for L2 levels of 65 dB
SPL or less. For higher-level primaries, the test stopped o
the ‘‘noise level’’ was less than the level at which syste
distortion occurred~Dorn et al., 2001!. This level increased
with primary levels above 65 dB SPL. In both cases, the a
was to measure DPOAEs over the widest range poss
without running the risk of misinterpreting system distorti
for biological distortion. The second stopping criterion w
met when 32 s of artifact-free averaging time had been
voted to that condition, even if the noise-floor criterion w
not met. This stopping criterion was necessary to avoid p
longed averaging times for any one condition, as there w
many conditions for each subject.

E. Inclusion criteria

Boege and Janssen~2002! set four inclusion criteria for
their analyses, one of which related to the reliability of t
DPOAE measurements, the other three of which related
the characteristics of linear fits to the DPOAE I/O function
First, there needed to be at least three points on the DPO
I/O function with SNR>6 dB. If this criterion was not met
that function was not included in further analyses. If the SN
criterion was met, then DPOAE levels~dB SPL! were con-
verted into pressure~mPa!, and the data for each I/O functio
were fit with a linear equation. Data were included in t
next level of analyses only if the slopes of the individu
linear regressions were>0.2 mPa/dB,1 the variance ac-
counted for (r 2) was>0.8, and the standard error was<10
dB. If these criteria were met, the equations were solved
J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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the DPOAE stimlus level~in dB SPL! at which the DPOAE
amplitude equaled 0mPa. This stimulus level was defined a
DPOAE threshold, which was then correlated with beha
ioral thresholds. If these criteria associated with the linear
to the DPOAE I/O functions were not met, the data we
excluded from further analyses. We chose the same inclu
criteria in our first level of analyses in order to obtain resu
that were comparable to those observed by Boege and J
sen~2002!. In additional analyses, we varied these inclusi
criteria to determine if more accurate predictions of thresh
could be achieved.

III. RESULTS

A. Comparison to Boege and Janssen „2002…

Figure 1~a! plots behavioral pure-tone thresholds~in dB
HL! as a function of estimated DPOAE thresholds; rec
that DPOAE thresholds~in dB SPL! were defined as the
extrapolated stimulus level for which the DPOAE respon

FIG. 1. ~a! Behavioral threshold~dB HL! as a function of predicted DPOAE
threshold~dB SPL!. DPOAE thresholds were predicted from linear fits
individual DPOAE I/O functions~see text for details!. The solid line in the
figure represents the best-fit line to the behavioral and DPOAE thresh
Also shown is the correlation coefficient, the number of threshold comp
sons~i.e., the number of I/O functions meeting all inclusion criteria!, and the
standard error.~b! Cumulative proportions of the number of conditions th
failed to meet the SNR criterion~solid line! or the inclusion criteria associ-
ated with the linear regressions~dashed line! as a function of behavioral
threshold~dB HL!. See text for details regarding the inclusion criteria. Al
shown in this panel are the number of conditions represented on each
tribution, the mean behavioral thresholds, and the standard deviations.
3277Gorga et al.: Thresholds and DPOAE I/O functions
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was 0mPa. For this analysis, primary levels (L2) were re-
stricted to the range from 20 to 65 dB SPL, which is t
same range used by Boege and Janssen~2002!. The data
included in this figure were collapsed across all nine frequ
cies, and include only those cases meeting the inclusion
teria previously selected by Boege and Janssen and desc
above. Thus, these data were derived from DPOAE I/O fu
tions in which at least three points had SNRs>6 dB, and for
which the linear fits after converting DPOAE levels to pre
sure had slopes>0.2 mPa/dB,r 2>0.8, and standard error
<10 dB. After applying all of these inclusion criteria, on
827 of 2211 DPOAE I/O functions~37.4%! were selected for
further analyses. This percentage is less than the percen
of I/O functions that met criteria in the Boege and Jans
study. One reason for this difference might relate to the d
tribution of thresholds in the present study, which extend
to greater hearing losses, compared to the subjects in
Boege and Janssen study. It is likely that a high proportion
the cases with greater losses did not meet inclusion crite
especially the SNR criterion. A linear fit to these data
shown as the solid line in Fig. 1~a!. The correlation coeffi-
cient ~r! for these data was 0.70, which is similar to t
correlation previously observed by Boege and Janssenr
50.65). Thus, it would appear that, when analyzed in
same way, the present results are similar to those obtaine
Boege and Janssen~2002!.

Figure 1~b! plots the cumulative proportions of cond
tions in which either the SNR criterion was not met~solid
line! or, after meeting the SNR criterion, the inclusion crit
ria associated with the linear regressions were not
~dashed line!. These plots are noteworthy for several reaso
Of the total sample of 2211 DPOAE I/O functions, 97
~44.2%! failed to meet the SNR inclusion criterion~i.e., at
least three points on the I/O function with a SNR of at le

FIG. 2. Behavioral threshold~dB HL! as a function of DPOAE threshold
~dB SPL! for each of nine frequencies. Solid lines represent the best-fit
to the data in each panel. See Table I for information regarding correla
coefficients, standard errors, and the number of observations in each p
3278 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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6 dB!. Of these 978 I/O functions, 90%~880! had behavioral
thresholds exceeding 30 dB HL, with a mean threshold
these conditions of 62.9 dB HL (SD527.3 dB). Thus, it was
highly likely that an ear failing the SNR inclusion criterio
had hearing loss. An additional 406 DPOAE I/O functio
~18.4% of the total sample of 2211! failed to meet the inclu-
sion criteria associated with the linear regressions~slope,
correlation coefficient, standard error!. Behavioral thresholds
exceeded 30 dB HL in only 19% of these cases~77 out of
406 I/O functions not meeting the linear regression criter!.
This means that the linear regression inclusion criteria as
ciated with these fits were not met in 329 cases in wh
normal or near-normal hearing existed. This number rep
sents 14.9% of the total number of I/O functions that we
available for analyses. In order to provide a number t
shares some characteristics with the false-positive rate, t
ears could be added to the number that failed the SNR c
rion but had thresholds<30 dB HL ~98!. Thus, 427 condi-
tions with normal hearing failed to meet criteria; if the
cases can be viewed as false positives, then this trans
into a false-positive rate of 19.3%.

B. Frequency effects

Figure 2 plots behavioral thresholds~in dB HL! as a
function of the predicted DPOAE threshold~in dB SPL!
when the data were separated by frequency. Each p
shows the data for a different frequency, going from 500
~upper left panel! to 8000 Hz~lower right panel!. In all other
respects, the convention followed in Fig. 1~a! is followed
here. As a general rule, there were fewer DPOAE data av
able~and, therefore, fewer opportunities for comparisons
tween behavioral thresholds and DPOAE thresholds! at
lower frequencies. The reduced numbers at low frequen
is a direct result of the fact that noise levels increased
frequency decreased during DPOAE measurements. T
fewer DPOAE I/O functions were available that had thr
points meeting the SNR criterion for lower f2 frequencies. As
a consequence, data are sparse in some panels in Fig.~in
particular, those associated with 500 and 750 Hz!. Because
of this, caution should be exercised when interpreting dat
these cases. Reliable predictions are not possible, given
paucity of data at 500 and 750 Hz. At other frequenci
however, a relationship exists between behavioral a
DPOAE threshold estimates.

Table I provides a summary that includes the number
observations meeting inclusion criteria for each of the n
test frequencies, along with the slopes, correlations, in
cepts, and the standard errors for the linear regression
behavioral threshold onto DPOAE threshold. In addition
the increase in the number of conditions for which data w
available, the correlation between behavioral thresholds
predicted DPOAE thresholds increased as frequency
creased. With the exceptions of 500, 6000, and 8000 Hz,
standard errors were relatively constant as a function of
quency. The small standard error at 500 Hz likely resu
from the fact that, regardless of DPOAE threshold, the v
majority of the cases meeting inclusion criteria had norm
behavioral thresholds at this frequency. The reasons for
higher standard errors at 6000 and 8000 Hz are less obvi

e
n
el.
Gorga et al.: Thresholds and DPOAE I/O functions
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At 8000 Hz, this effect could be the result of the paucity
observations in which behavioral thresholds were betw
20 and 40 dB HL. In addition, the larger standard errors
6000 and 8000 Hz might have been due to standing-w
problems during DPOAE measurements, although one m
predict that these problems would be more likely at 4000
~Siegel, 1994, 2002!, a frequency at which performance wa
particularly good. In general, the correlations increase as
quency increases, achieving a maximum of 0.85 at 4000
decreasing slightly at 6000 and 8000 Hz.

Following the convention used in Fig. 1~b!, Fig. 3 plots
the cumulative proportions for those cases failing to meet
SNR criterion and the inclusion criteria associated with
results of the linear regressions. Table II provides a summ
of the number of conditions for which the SNR criterion w
not met, the percentage of cases in which inclusion crite
were not metand threshold<30 dB HL, and the mean
thresholds~and standard deviations! for these conditions.
The trends in Fig. 3 and Table II are similar to those o
served in Fig. 1~b!, when all of the data were combined. Th

TABLE I. The number of conditions meeting all inclusion criteria, alo
with the slopes, correlations, and standard errors when behavioral thres
were predicted from DPOAE thresholds at each of nine frequencies~see Fig.
2!.

Frequency
~Hz!

No. of
conditions meeting
inclusion criteria Slope Intercept Correlation

Standard
error ~dB!

500 27 0.6 214 0.57 9.0
750 48 0.7 210 0.49 13.8

1000 88 0.8 29 0.66 11.6
1500 98 0.8 210 0.68 11.2
2000 110 1.0 216 0.74 10.6
3000 103 0.8 26 0.74 12.5
4000 149 1.1 26 0.85 11.2
6000 118 1.3 219 0.74 16.3
8000 81 1.8 239 0.76 19.2

FIG. 3. Cumulative proportions of the number of conditions that failed
meet the SNR criterion~solid lines! or the inclusion criteria related to the
linear regressions of individual DPOAE I/O functions~dashed lines! as a
function of behavioral threshold~in dB HL!. See Table II for a listing of the
number of conditions represented on each function, along with the m
behavioral thresholds and their accompanying standard deviations.
J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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majority of ears that failed to produce at least three points
the DPOAE I/O function for which the SNR>6 dB had be-
havioral pure-tone thresholds exceeding 30 dB HL. A sma
number of cases were not included because they faile
meet the inclusion criteria associated with the linear fits
individual I/O functions. Thus, hearing loss existed in t
majority of conditions in which we could not reliably mea
sure DPOAEs above the noise floor for at least three po
on an I/O function.

This point is perhaps made more clearly in Fig. 4,
which the cumulative distributions describing the conditio
in which the SNR criterion was not met are superimposed
one plot for the octave frequencies from 500 to 4000 H
These are the same distributions that were shown in the
propriate panels of Fig. 3. Note that there is systematic s
of these distributions towards higher behavioral threshold
frequency increases. Thirty-three percent of the cases
which the SNR was not met at 500 Hz had thresholds be
than 30 dB HL, reflecting the difficulty in making DPOAE
measurements at such low frequencies. At 1000, 2000,
4000 Hz, this number was 16%, 7.5%, and 0%, respectiv

lds

an

TABLE II. The number of conditions failing to meet SNR criterion, th
percentage of conditions for which behavioral thresholds were less tha
equal to 30 dB HL, and the mean and standard deviations for these co
tions at each of nine frequencies~see solid lines, Fig. 3!.

Frequency
~Hz!

No. of
conditions

failing SNR
criterion

% of
thresholds

<30 dB HL
Mean

thresholds
Standard
deviation

500 88 33 44.2 31.3
750 73 12 57.7 26.3

1000 120 16 55.3 26.0
1500 122 7.5 59.4 24.6
2000 124 7.5 63.1 25.1
3000 122 5 67.5 23.8
4000 104 0 74.2 22.5
6000 120 3 73.3 25.0
8000 111 11 65.6 29.0

FIG. 4. Cumulative proportions of the behavioral thresholds for those c
ditions in which the SNR criterion~three points on the I/O function with
SNRs>6 dB) was not met. These functions are the same data as was s
in the appropriate panels of Fig. 3, only here they are superimposed fo
four octave frequencies from 500 to 4000 Hz.
3279Gorga et al.: Thresholds and DPOAE I/O functions
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Thus, the proportion of time the SNR criterion was not m
in normal ears decreased as frequency increased. At 4
Hz, every condition failing to meet the SNR criterion ha
thresholds exceeding 30 dB HL. As would be expected fr
these distributions, there also was a systematic, monot
increase in mean thresholds as frequency increased, g
from 44.2 dB HL at 500 Hz to 74.2 dB HL at 4000 Hz~see
Table II!.

In comparison to the number of times the SNR criteri
was not met, a smaller number of conditions did not meet
inclusion criteria associated with the linear regressions,
the majority of this subset of cases had normal hearing. Ta
III provides a summary of the number of times this occurr
the percentage of those cases with thresholds<30 dB HL,
and the mean and standard deviations of the behav
thresholds for these distributions at each of nine frequenc
In contrast to the behavioral thresholds for those DPOAE
functions not meeting the SNR criterion, the majority of t
subset of cases not meeting the inclusion criteria associ
with the linear regressions had normal hearing.

C. Extended analyses

Several additional analyses were performed in an ef
to ~1! improve upon the accuracy with which the data fro
DPOAE I/O functions predicted behavioral thresholds a
~2! increase the number of conditions in which the inclus
criteria were met. In the two analyses described below, d
were collapsed across the nine test frequencies. In this
spect, these analyses are similar to the approach taken in
1. Using the same stimulus conditions and inclusion crite
that were used by Boege and Janssen~2002!, data were re-
analyzed with three added constraints:~1! any DPOAE
threshold predictions that were less than 20 dB SPL w
arbitrarily set to 20 dB SPL,~2! any behavioral threshold
less than 0 dB HL were arbitrarily set to 0 dB HL, and~3!
any behavioral thresholds exceeding 60 dB HL were si
larly set to 60 dB HL. The DPOAE threshold limit was bas
on the view that DPOAE thresholds lower than this would
difficult to measure because of problems associated with
noise floor. The lower behavioral threshold limit was bas

TABLE III. The number of conditions failing to meet criteria associat
with linear regressions~LR! for individual DPOAE I/O functions, the per-
centage of conditions for which behavioral thresholds were less tha
equal to 30 dB HL, and the mean and standard deviations for these c
tions at each of nine frequencies~see dashed lines, Fig. 3!.

Frequency
~Hz!

No. of
conditions
failing LR

criteria

% of
thresholds

<30 dB HL
Mean

thresholds
Standard
deviation

500 43 93.0 3.1 15.7
750 37 97.0 20.3 14.9

1000 60 93.5 5.2 13.8
1500 51 94.0 3.9 13.4
2000 39 90.0 6.2 16.3
3000 47 87.0 12.4 21.9
4000 19 74.0 17.1 24.6
6000 31 55.0 32.1 31.3
8000 78 55.0 34.6 39.1
3280 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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on the view that it is uncommon to measure behavio
thresholds less than 0 dB HL. The upper limit on behavio
thresholds was based on the hypothesis that DPOAEs
produced by OHCs, and that complete loss of OHCs~with
completely normal inner hair cells! will produce no more
than about 60 dB of hearing loss. The combined effect
these three constraints was to restrict the threshold pre
tions to the range where the relation between DPOAE thre
olds and behavioral thresholds appears to be most linea
scatter plot depicting this analysis is shown in Fig. 5~a!. This
figure follows the convention that was used in Fig. 1~a!, with
behavioral thresholds plotted as a function of predic
DPOAE thresholds in Fig. 5~a!. Cumulative distributions for
the cases not meeting either the SNR criterion or the inc
sion criteria based on linear regressions are shown in
5~b!. As expected, there was no change in the numbe
conditions that met the inclusion criteria, as these crite
were not changed in this analysis. Thus, the percentag
ears with normal hearing failing to meet criteria are identi
to those described in association with Fig. 1~b!. However, the

or
di-

FIG. 5. ~a! Behavioral threshold~dB HL! as a function of predicted DPOAE
threshold~dB SPL!. The analysis here used the same inclusion criteria
was used in the analysis shown in Fig. 1. However, any DPOAE thres
prediction less than 20 dB SPL was arbitrarily set to 20 dB SPL, any
havioral thresholds less than 0 dB HL were set to 0 dB HL, and any beh
ioral thresholds exceeding 60 dB HL were set to 60 dB HL.~b! Cumulative
proportions for the conditions failing to meet the SNR criterion~solid line!
or the inclusion criteria associated with the linear regressions~dashed line!.
Also shown are the number of conditions represented on each distribu
the mean behavioral thresholds and their standard deviations.
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correlation increased to 0.82 and the standard error decre
to 10.1, both of which represent improvements over w
was achieved in the analysis summarized in the top pane
Fig. 1, where there were no constraints on either behavi
or predicted DPOAE thresholds.

In the final analyses, behavioral thresholds and predic
DPOAE thresholds were restricted to the same range
was used for the analysis described in Fig. 5. However,
primary levels (L2) were expanded to include the range fro
10 to 85 dB SPL. This rule was modified so that, for a
individual DPOAE I/O function, fits were performed for
maximum range of primary levels of 40 dB, starting at t
lowest L2 level that achieved a 10-dB SNR. The SNR crit
rion was increased to 10 dB, in part to assure that
DPOAE levels measured for high-level stimuli were not
fected by system distortion. The increase in SNR criter
from 6 to 10 dB and the inclusion of higher primary leve
might have resulted in a less frequency-specific respo
compared to conditions in which the SNR56 dB and pri-
mary levels were restricted to 65 dB SPL or less. Howev
as will be seen below, the correlation was unaffected by th
changes. Finally, the criteria based on the linear regress
were altered, such that the slope had to be at least 0.1mPa/
dB, the correlation coefficient had to be>0.7, and the stan
dard error had to be<9 dB. In total, these new criteria wer
selected such that more I/O functions would meet inclus
criteria while the correlation would remain the same or
crease. Other criteria also were evaluated~such as returning
to the SNR criterion of 6 dB!. While other criteria resulted in
the inclusion of more I/O functions, they did so at the e
pense of a reduction in the correlation.

The results of this analysis are summarized in Fig.
following the convention used in Figs. 1 and 5. This analy
resulted in the highest correlation~0.83! of any of the three
analyses that evaluated the data collapsed across frequ
while the standard error for this condition~10.7! was slightly
higher than the standard error observed in one of the pr
ous two analyses~10.1!. However, inclusion criteria were
met for more than 100 additional conditions in this ca
Thus, the inclusion of a wider range of stimulus levels an
slight alteration of the inclusion criteria resulted in an i
crease in the number of conditions in which the appro
proposed by Boege and Janssen~2002! could be applied.
Any loss in frequency specificity~due to the increased pri
mary levels and SNR criterion! did not negatively impact the
correlation.

IV. DISCUSSION

To summarize the results of the first part of this stu
the results reported by Boege and Janssen~2002! were es-
sentially replicated, using the same stimulus conditions
inclusion criteria that were used by them. When evaluat
the results collapsed across frequency, similar results w
observed for the present data compared to the previo
reported correlations between behavioral thresholds and
dicted DPOAE thresholds, based on linear regressions
DPOAE amplitude~mPa! onto DPOAE stimulus level~dB
SPL!. The previous results were extended in a number
different ways. First, we evaluated the auditory thresho
J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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among those ears that failed to meet inclusion criteria. T
majority of the cases failing to meet a SNR criterion h
hearing loss. A smaller number of ears failing to meet inc
sion criteria associated with the linear regressions of in
vidual DPOAE I/O functions also had hearing loss. In a
other extension of the previous work, we evaluated the ef
of frequency on the accuracy with which audiometric thre
olds could be estimated. The best performance was obse
at 4000 Hz. Best performance was defined as the freque
for which the correlation between threshold estimates w
highest, the standard error was the lowest, and the percen
of ears not meeting inclusion criteria that also had hear
loss was highest. At low frequencies, performance was p
ticularly poor, but poor performance also was observed
8000 Hz. Finally, inclusion criteria were adjusted in effor
to determine if better test performance could be achie
with a different set of rules than those proposed by Boe
and Janssen~2002!. Taking measurements for a wider rang
of levels and slightly altering the inclusion criteria resulted

FIG. 6. ~a! Behavioral threshold~dB HL! as a function of predicted DPOAE
threshold~dB SPL!. The range of stimulus levels was increased from 20–
dB SPL to 10–85 dB SPL; however, only a 40-dB range of stimulus lev
was used when fitting linear equations to individual DPOAE I/O functio
In addition, the SNR criterion was changed to 10 dB, and the criteria a
ciated with the linear regressions were relaxed~see text for details!. Both
DPOAE threshold prediction and behavioral thresholds were restricte
the same way as they were restricted for the analyses shown in Fig. 5~b!
Cumulative proportions for the conditions failing to meet the SNR criter
~solid line! or the inclusion criteria associated with the linear regressio
~dashed line!. Also shown are the number of conditions represented on e
distribution, the mean behavioral thresholds, and their standard deviati
3281Gorga et al.: Thresholds and DPOAE I/O functions
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an improvement in test performance. That is, a larger num
of conditions met inclusion criteria and a higher correlati
was observed between behavioral thresholds and pred
DPOAE thresholds.

It may be important to note that the present results co
be specific to the conditions of these measurements, e
cially the way in which L1 varied in relation to L2 ~Kummer
et al., 1998!. It is unclear whether similar results would b
observed if a constant primary-level difference of 0, 10,
15 dB were used. The present data do not allow us to add
this issue. In addition, audiometric threshold~in dB HL! was
predicted in the present study, whereas Boege and Jan
~2002! predicted behavioral thresholds in dB SPL. Audi
metric thresholds were chosen in the present study bec
of their use in clinical assessments. In addition, convert
the present audiometric thresholds to dB SPL would have
influence on the correlations for individual frequencies, sin
the conversion would amount to adding the same consta
audiometric thresholds in each panel of Fig. 2, even tho
that constant would vary across frequency. The threshold
erence could have had an influence on the correlations
tween behavioral and DPOAE thresholds when data w
collapsed across frequency~Figs. 1, 5, and 6!. However, in
the condition in which the most direct comparisons could
made between the present results and those reporte
Boege and Janssen~see Fig. 1!, similar correlations were
observed. Thus, there was no apparent detrimental affec
threshold reference on the correlation.

Boege and Janssen~2002! related their DPOAE I/O
pressure functions to previous measurements of bas
membrane motion, described by Ruggeroet al. ~1997!.
While it is attractive to relate the shape of the DPOAE fun
tions to underlying physiological response properties, it
unclear that such effort was necessary or adds to the prac
value of the observations they made. In the end, the suc
of their approach relies on an empirical evaluation of
extent to which behavioral thresholds can be predicted fr
DPOAE I/O functions. Their efforts in this regard make
important contribution to the continuing evolution of th
clinical application of DPOAE measurements.

Our approach has been to follow a similar empiric
evaluation of the extent to which DPOAE measurements
be used to predict behavioral pure-tone thresholds. We w
able to essentially replicate the work of Boege and Jans
If at least three points on the DPOAE I/O function are ch
acterized by a SNR>6 dB, DPOAE levels, converted t
pressure and fit with a linear equation of pressure onto sti
lus level, can be used to extrapolate to a DPOAE thresh
that itself can be used to predict behavioral pure-tone thre
olds. An advantage of using supra-threshold values on
DPOAE I/O function is that the measurements can be m
in conditions for which a favorable SNR might be observe
Contrast this case with one in which DPOAE thresholds
estimated from direct measurements in which stimulus lev
are used that range from being just above to just be
DPOAE threshold. Under these latter conditions, the SN
by definition, will be low in every case, which will affect th
reliability of the measurement and make response detec
difficult. Thus, supra-threshold DPOAE measurements p
3282 J. Acoust. Soc. Am., Vol. 113, No. 6, June 2003
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vide an opportunity for more reliable and potentially quick
measurements than DPOAE threshold measurements
turn, this could lead to behavioral threshold predictions t
might be accomplished under routine clinical conditions.

Our initial, combined-frequency correlation coefficie
~0.70! exceeded the correlation reported by Boege and J
sen~0.65! despite our having two additional sources of va
ability. First, we did not use the same earphone for beh
ioral threshold and DPOAE measurements, as was don
the previous study. Second, our subjects had a wider rang
hearing thresholds. Our observation of a higher correlat
may have been due to our use of measurement-based
ping rules, which resulted in longer averaging times for tho
DPOAE measurements in which the noise level was high

Several studies have examined the relationship betw
DPOAE measurements and behavioral thresholds~Martin
et al., 1990; Allen and Levitt, 1992; Kimberleyet al., 1994,
1997; Gorgaet al., 1996, 1997, 2002; Dornet al., 1998!.
These studies observed varying degrees of success in rel
the two measures. In the end, however, DPOAE meas
ments have been used almost exclusively to make a dich
mous decision as to whether hearing is normal or impair
without regard to the magnitude of the hearing loss~e.g.,
Gorga et al., 1993, 1997, 2000; Stoveret al., 1996; Kim
et al., 1996!. Most multivariate estimates also were co
cerned with determining if hearing was normal or impair
~Dorn et al., 1999; Gorgaet al., 1999!, although the work of
Kimberleyet al. ~1994, 1997! represents an exception to th
rule. The approach described by Boege and Janssen~2002!
and Oswaldet al. ~2002! makes use of the entire DPOAE I/O
function in deriving an estimate that goes beyond a dicho
mous decision and predicts behavioral threshold. Althou
variable, it was the case that behavioral thresholds could
predicted from DPOAE data, an observation that was re
cated in the first part of the present experiment.

Unfortunately, not all DPOAE data met the initial SN
inclusion criterion for a sufficient number of points. Clin
cally, it is of interest to understand what proportion of t
time this occurred and, more importantly, what was the
ditory status in those cases when the SNR criterion was
met. Using the same criterion that was used by Boege
Janssen~2002!, 44.2% of all DPOAE I/O functions~col-
lapsed across frequency! did not meet the SNR inclusion
criterion. However, 90% of these cases had accompan
behavioral thresholds greater than 30 dB HL, and the m
threshold for the entire group failing to meet the SNR cri
rion was 62.9 dB HL (s.d.527.3 dB)@see Fig. 1~b!#. While it
was not possible to predict behavioral threshold from
DPOAE data when the SNR criterion was not met, hear
loss was present in the majority of these cases. From a c
cal perspective, this is important information in that the he
ing loss was identified by the technique, even if it was n
quantified. On the other hand, 18.4% of the total sample
DPOAE I/O functions failed to meet the inclusion criter
associated with the linear regression of DPOAE press
~mPa! onto DPOAE stimulus level~dB SPL!. Eighty-one
percent of this subgroup~329 DPOAE I/O functions! had
thresholds better than 30 dB HL. In a sense, these c
represent a ‘‘false-positive’’ condition, in which normal ea
Gorga et al.: Thresholds and DPOAE I/O functions
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failed to meet criteria. When added to the number of con
tions for which the SNR criterion was not met among e
with thresholds less than or equal to 30 dB HL~98 condi-
tions!, one derives an overall ‘‘false-positive’’ rate of 19.3
((329198)/2211). Obviously, reducing this number wou
be of clinical interest.

Errors in prediction were not uniformly distribute
across frequency. The best performance was observed
mid-to-high frequencies, with poorer performance at low
frequencies, 8000 Hz, and perhaps 6000 Hz~see Figs. 2–4,
and Tables I–III!. For example, the correlations were high
and the standard errors were typically lower at 2000, 30
and 4000 Hz, compared to higher and lower frequenc
Furthermore, the percentage of cases with behavioral thr
olds less than or equal to 30 dB HL that did not meet
SNR criterion were lower at these frequencies~7.5% at 2000
Hz, 5% at 3000 Hz, and 0% at 4000 Hz!. Thus, there was a
smaller percentage of cases at 2000, 3000, and 4000 H
which the SNR criterion was not metand hearing was nor-
mal. Finally, one can also estimate something akin to
‘‘false-positive’’ rate by adding the number of cases w
behavioral thresholds<30 dB HL that failed to meet eithe
the SNR criterion or the inclusion criteria associated with
linear regression, and divide this number by the total num
of DPOAE I/O functions for these three frequencies. T
results in a ‘‘false-positive’’ rate of 12.9%, which is less th
the similarly calculated percentage collapsed across all
quencies~19.3%!. These observations are not unexpect
given previous results that have demonstrated that DPO
test performance in a dichotomous pass/fail decision is be
at mid and high frequencies, compared to lower frequen
~e.g., Gorgaet al., 1993, 1997, 2000; Kimet al., 1996; Sto-
ver et al., 1996!.

Finally, overall performance was improved if the ran
of predicted DPOAE thresholds and the range of behavi
thresholds were restricted. These restrictions resulted in
increase in the correlation from 0.70 to 0.82. Additional
including a wider range of stimulus levels and altering t
inclusion criteria associated with the linear regressions
sulted in a slight further increase in the correlation betwe
behavioral thresholds and predicted DPOAE thresho
More importantly, these changes in inclusion criteria allow
for predictions of behavioral thresholds in a larger perce
age of DPOAE measurements. Some of these manipulat
are based in an understanding of both DPOAE responses
behavioral thresholds, and others are more arbitrary. H
ever, these results suggest that further improvements in
curacy might be achieved through additional efforts to op
mize predictions of behavioral thresholds from DPOAE d
~see also Oswaldet al., 2002!.
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1This slope criterion value differs from the 0.1mPa/dB criterion reported by
Boege and Janssen~2002! in their Eq.~4!, but agrees with the value show
in their Fig. 8~b!. The slope criterion listed in their Eq.~4! ~0.1 mPa/dB!
represents a typographical error. The actual slope criterion was 0.2mPa/dB,
which is what was used in their Fig. 9~Boege, 2002!, which represents the
summary to which the present data are compared.
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