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Previous studies have shown a high within-subject correspondence between distortion product
otoacoustic emission �DPOAE� input/output �I/O� curves and behaviorally inferred basilar
membrane �BM� I/O curves for frequencies above �2 kHz. For lower frequencies, DPOAE I/O
curves contained notches and plateaus that did not have a counterpart in corresponding behavioral
curves. It was hypothesized that this might improve by using individualized optimal DPOAE
primary levels. Here, data from previous studies are re-analyzed to test this hypothesis by comparing
behaviorally inferred BM I/O curves and DPOAE I/O curves measured with well-established
group-average primary levels and two individualized primary level rules: one optimized to
maximize DPOAE levels and one intended for primaries to evoke comparable BM responses at the
f2 cochlear region. Test frequencies were 0.5, 1, and 4 kHz. Behavioral I/O curves were obtained
from temporal �forward� masking curves. Results showed high within-subject correspondence
between behavioral and DPOAE I/O curves at 4 kHz only, regardless of the primary level rule.
Plateaus and notches were equally common in low-frequency DPOAE I/O curves for individualized
and group-average DPOAE primary levels at 0.5 and 1 kHz. Results are discussed in terms of the
adequacy of DPOAE I/O curves for inferring individual cochlear nonlinearity characteristics.
© 2010 Acoustical Society of America. �DOI: 10.1121/1.3377087�
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I. INTRODUCTION

Humans can perceive sounds over a wide range of sound
pressure levels �SPLs� most likely thanks to the functioning
of the outer hair cells and their effect on the basilar mem-
brane �BM� vibrations �e.g., Oxenham and Bacon 2003�. In-
deed, the healthy BM is sensitive to very low-level sounds
and the magnitude of its response grows compressively with
increasing sound level, thus accommodating a range of
�120 dB SPL to a narrower range of physiological re-
sponses �e.g., Robles and Ruggero, 2001�. The damaged BM,
by contrast, shows reduced sensitivity and linearized re-
sponses, which likely explains why hearing-impaired listen-
ers show abnormally high thresholds and narrower dynamic
ranges �e.g., Moore, 2007�.

Despite its importance to hearing, the input/output �I/O�
characteristics of the human BM response are not completely
understood. Human BM responses cannot be measured di-
rectly so indirect techniques are used to infer I/O curves.
There exist various methods to infer BM I/O curves from
perceptual data �e.g., Lopez-Poveda and Alves-Pinto, 2008;
Nelson et al., 2001; Oxenham and Plack, 1997; Plack and
Oxenham, 2000�. These behavioral methods are reasonably
well grounded �e.g., Bacon and Oxenham, 2004; Oxenham
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and Bacon, 2004�. The different methods yield similar
within-subject results �Lopez-Poveda and Alves-Pinto, 2008;
Nelson et al., 2001; Rosengard et al., 2005� and they are
replicable across different measurement sessions. Unfortu-
nately, they are time consuming and require active participa-
tion from the listeners and their training. Therefore, they are
unsuitable in clinical contexts or for non-cooperative patients
�e.g., infants and the elderly�.

Distortion product otoacoustic emission �DPOAE� I/O
curves are on average broadly similar to BM I/O curves, both
for healthy and damaged cochleae �e.g., Dorn et al., 2001;
Neely et al., 2009�. Their measurement does not require ac-
tive participation from the listeners and so it has been sug-
gested that DPOAEs could provide a useful alternative to
behavioral methods to infer BM I/O curves �e.g., Janssen and
Müller, 2008; Johannesen and Lopez-Poveda, 2008; Lopez-
Poveda et al., 2009; Müller and Janssen, 2004�. Unfortu-
nately, it is still uncertain that DPOAE I/O curves constitute
reasonable estimates of BM I/O curves on an individual basis
�e.g., Johannesen and Lopez-Poveda, 2008; Williams and
Bacon, 2005�. The long-term goal of the present research is
to define DPOAE stimuli and conditions that would allow
using DPOAE I/O curves as a reliable alternative to behav-
ioral methods for inferring individualized, frequency-specific
BM I/O curves.

In an earlier study �Johannesen and Lopez-Poveda,
2008�, we assessed the within-subject correspondence be-
tween behaviorally inferred BM I/O curves and DPOAE I/O

curves obtained with typical DPOAE parameters �see be-
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low�. We observed a reasonably high correspondence only
for test frequencies above �2 kHz. The correspondence
was, however, poorer at lower frequencies �0.5 and 1 kHz�
because DPOAE I/O curves showed notches and plateaus
that did not occur in corresponding behavioral curves. The
reason for the notches and plateaus was uncertain. Two ex-
planations were suggested. First, notches and plateaus could
be due to the DPOAE fine structure �Gaskill and Brown,
1990�, despite our attempts to reduce it by spectral averaging
�Kalluri and Shera, 2001�. Second, they could be due to our
using suboptimal DPOAE stimulus parameters.

The term “fine structure” is used to refer to rapid and
local variations present in the graphical representation of
2f1− f2 DPOAE level against test frequency �f2� �known as
the DP-gram�. These variations are thought to arise by vector
summation of DP contributions generated by various mecha-
nisms from spatially distributed regions within the cochlea,
which give rise to peaks and notches in the DP-gram �for a
review, see Shera and Guinan, 2008�. The same interference
mechanism also influences DPOAE I/O curves �He and
Schmiedt, 1993, 1997; Mauermann and Kollmeier, 2004�.

The fine structure is equally common across test fre-
quencies �Fig. 2 of Mauermann et al., 1999; Fig. 3 of Dhar
and Schaffer, 2004�, although this evidence is based on
rather small sample sizes �N=4 and N=10, respectively�.
The notches and plateaus of our I/O curves were, by contrast,
present only for low test frequencies. Johnson et al. �2006b�
reported a higher notch incidence at 2 than at 4 kHz based on
a larger subject sample �N=12–22�, which might be taken as
suggestive of greater incidence of plateaus and notches at
low frequencies, consistent with the results of our previous
study. The evidence of Johnson et al. �2006b�, however, was
based on low primary levels �L2=30 dB SPL�, for which the
fine structure is known to be more pronounced �He and
Schmiedt, 1993, 1997; Mauermann and Kollmeier, 2004;
Johnson et al., 2006b�. Therefore, it is uncertain that the
results of Johnson et al. �2006b� may be generalized to
50–60 dB SPL, the range of levels where plateaus and
notches were observed in our previous study �Johannesen
and Lopez-Poveda, 2008�. Furthermore, it is also uncertain
that the results of Johnson et al. �2006b� can be generalized
to 0.5 and 1 kHz, the frequencies where plateaus and notches
were more frequent in our data. Additionally, the plateaus
and the majority of the notches in the I/O curves of our
previous study extended over a wider input level range �ap-
proximately 20–30 dB� than that of the notches caused by
interference from several DP source contributions �about 10
dB, as estimated from the I/O functions in Figs. 6–8 of He
and Schmiedt �1993��. Lastly, the DPOAE I/O curves re-
ported in our previous study were the mean of several �typi-
cally five� I/O curves for adjacent f2 frequencies in an at-
tempt to reduce the influence of the fine structure by spectral
averaging �Kalluri and Shera, 2001�. This number was suffi-
cient to account for the fine structure for test frequencies
above 2 kHz and so it seems reasonable to assume that it also
accounted for the fine structure influence at low frequencies.

Altogether, this suggests that the fine structure explanation
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for the poor correspondence between behavioral and DPOAE
I/O curves at low frequencies is possible but may not be
sufficient.

Indeed, a complementary explanation may be that the
DPOAE I/O curves of our previous study were measured
with suboptimal stimulus parameters �Johannesen and
Lopez-Poveda, 2008�. DPOAE primaries had frequencies �f1

and f2� with a ratio of f2 / f1=1.2 �Gaskill and Brown, 1990�
and their levels conformed to the rule of Kummer et al.
�1998�: L1=39+0.4L2, with L1 and L2 being the levels of
primaries f1 and f2, respectively. These parameters were
group-average optimal values and were constant across test
frequencies; hence it is unlikely that they were optimal on an
individual basis. Evidence exists that the primary frequency
f2 / f1 ratio has only a small effect on the shape and slope of
I/O curves �Johnson et al., 2006a�. By contrast, there is sig-
nificant evidence that primary levels have a stronger influ-
ence on the shape and slope of I/O curves. First, individual-
ized optimal level rules vary significantly across listeners
and test frequencies �Neely et al., 2005�. Second, only 10%
of the subjects have non-monotonic I/O curves in the fre-
quency range from 1 to 8 kHz when using individually op-
timized DPOAE primary levels �Kummer et al., 2000�.
Third, numerical simulations shown in Appendix A and else-
where �Lukashkin and Russell, 2001� suggest that �1� subop-
timal primary levels may lead to non-monotonic DP I/O
curves, even in the absence of secondary DP sources; and �2�
the use of optimal primary levels improves the correspon-
dence between DP I/O curves and I/O curves measured using
single tones. Lastly, Lopez-Poveda and Johannesen �2009,
2010� have confirmed that individualized optimal rules for
the subjects of their first study �Johannesen and Lopez-
Poveda, 2008� differ from the rule of Kummer et al. �1998�.
Altogether this suggests that the correspondence between
DPOAE and behaviorally inferred BM I/O curves could im-
prove by using individualized optimal primary levels.

The use of individualized DPOAE optimal levels may
also reduce the fine structure. It is known that varying the
primary levels can change the relative contribution from the
various DP cochlear sources �He and Schmiedt, 1993�. To
the authors’ knowledge, the details are uncertain but one pos-
sibility is that individualized optimal primary levels maxi-
mize the DPOAE levels by emphasizing the contribution
from the “distortion” �f2� source at the ear canal, which
might yield a comparatively smaller “reflection” component
and thus reduce the magnitude of the fine structure. If this
were the case, then DPOAE I/O curves measured with indi-
vidualized optimal primary levels may reflect more closely
the underlying BM I/O curve at the f2 cochlear site, and
hence improve the match with its corresponding behaviorally
inferred I/O curves.

In summary, the fine structure cannot be dismissed as an
explanation for the poor correlation between DPOAE and
behaviorally inferred BM I/O curves at low frequencies, but
the use of individualized DPOAE optimal primary levels
would likely improve the correspondence between the results
of the two methods.

This study is a re-analysis of previously published data

aimed at testing this possibility for a fixed primary frequency
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ratio of f2 / f1=1.2. An attempt is made to minimize fine
structure effects by averaging DPOAE I/O curves for a num-
ber of f2 frequencies around the test frequency of interest. If
successful, such an approach would be more time consuming
than DPOAE I/O curve measurement procedures with stan-
dard parameters but still advantageous over behavioral meth-
ods for estimating individualized, frequency-specific BM I/O
curves. Furthermore, it could be put in practice with current
advanced DPOAE clinical devices.

II. METHODS

A. Approach

The approach involved within-subject comparisons of
DPOAE I/O curves for optimal stimuli with BM I/O curves
inferred behaviorally from temporal masking curves
�TMCs�.

A TMC is a graphical representation of the level of a
pure tone forward masker required to just mask a fixed, low-
level pure tone probe, as a function of the time interval be-
tween the masker and the probe. It is assumed that the slope
of a TMC reflects the rate of increase of the BM response to
the masker at the BM place tuned to the probe frequency and
the post-cochlear decay rate of the internal masker effect
�Nelson et al., 2001�. There is evidence that the latter is
approximately constant across masker frequencies and over a
wide range of masker levels �Lopez-Poveda and Alves-Pinto,
2008; Wojtczak and Oxenham, 2009�. Hence, approximate
BM I/O curves may be inferred by plotting the levels of a
linear reference TMC �i.e., the TMC for a masker that evokes
a linear BM response� against the levels for the TMC for the
frequency of interest paired according to time interval �Nel-
son et al., 2001�.

Individualized optimal DPOAE stimuli may be found
empirically; that is, by searching combinations of primary
frequencies and levels that maximize the level of the 2f1

− f2 DPOAE �e.g., Kummer et al., 2000; Johnson et al.,
2006a�. Optimal stimuli differ across individuals and test fre-
quencies. In the present study, the primary frequency ratio
was fixed at f2 / f1=1.2. Therefore, the terms “optimal
DPOAE stimuli” and “optimal DPOAE level rule” are used
here to refer to the individualized combination of primary
levels L1 and L2 that evokes the maximal level of the 2f1

− f2 DPOAE component for any test frequency f2.
It has been conjectured that primary levels are optimal

when both primaries evoke comparable responses in the f2

BM region �Kummer et al., 2000�. We have recently pro-
vided support for this conjecture by comparing empirical op-
timal levels with levels of equally effective primaries as in-
ferred from TMCs �Lopez-Poveda and Johannesen, 2009�.
We measured TMCs for two masker frequencies, fm1 and
fm2, equal to the DPOAE primary frequencies �fm1= f1 and
fm2= f2� for a probe frequency �fP� equal to the DPOAE test
frequency �fP= f2�. Based on the TMC interpretation ex-
plained above, the levels of two equally effective pure tones
were inferred by plotting the levels of the fm1 masker, Lm1,
against those of the fm2 masker, Lm2, paired according to time
interval. The resulting Lm1−Lm2 functions overlapped rea-

sonably well with corresponding plots of empirical DPOAE
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optimal L1−L2 levels for the same subject, thus supporting
the conjecture of Kummer et al. �2000�. The overlap was,
however, restricted to L2 levels below �65 dB SPL.

Our former reports did not address the main question of
the present study but contained a great deal of the data nec-
essary to do it. Therefore, for convenience, the approach here
consisted of re-analyzing the data of our earlier reports �Jo-
hannesen and Lopez-Poveda, 2008; Lopez-Poveda and Jo-
hannesen, 2009, 2010� with the aim of testing if the corre-
spondence between behavioral and DPOAE estimates of BM
I/O curves improves when DPOAEs are measured with indi-
vidualized optimal primary levels. For completeness, the
present study extended to DPOAE I/O curves measured us-
ing individualized TMC-based primary level rules �from
Lopez-Poveda and Johannesen �2009�� and the group-
average level rule of Kummer et al. �1998�. Methodological
details have been amply described in the relevant earlier
studies �summarized in Appendix B� and only a brief de-
scription is provided here.

B. Subjects

Fifteen normal-hearing listeners participated in the
study. Their ages ranged from 20 to 39 years. All of them had
thresholds within 20 dB hearing level �HL� �ANSI, 1996� at
the frequencies considered in this study �0.5, 1, and 4 kHz�.
They are identified here as in our earlier studies �see Appen-
dix B�.

C. TMC stimuli

TMCs were measured for probe frequencies �fP� of 0.5,
1, and 4 kHz and for masker frequencies �f2� equal to the fP.
TMCs were also measured for a probe frequency of 4 kHz
and a masker frequency of 1.6 kHz. The latter were regarded
as the linear reference �Lopez-Poveda and Alves-Pinto,
2008�. These TMCs were used to infer BM I/O curves for all
probe frequencies �Lopez-Poveda et al., 2003�. Additional
TMCs were measured for probe frequencies of 0.5, 1, and 4
kHz and for masker frequencies �f1� equal to fP /1.2. These
TMCs, together with those for masker frequencies f2, were
used to infer individualized DPOAE primary rules so that the
two primaries evoked equal-BM excitation at the f2 site �see
Secs. II A and II F�.

Probe level was fixed at 9 dB sensation level �SL� �i.e.,
9 dB above the individual’s absolute threshold for the probe�.

D. TMC procedure

Masker levels at threshold were measured using a two-
interval, two-alternative, forced-choice, procedure. Feedback
was provided to the listener. Masker level was changed ac-
cording to a two-up, one-down adaptive procedure to esti-
mate the 71% point on the psychometric function �Levitt,
1971�. The initial step size was 6 dB. The step size was
decreased to 2 dB after three reversals. A total of 15 reversals
were measured. Threshold was calculated as the mean of the
masker levels for the last 12 reversals. A measurement was
discarded if the associated standard deviation �SD� exceeded
6 dB. Three threshold estimates were obtained in this way

and their mean was taken as the masker level at masked
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threshold. If the SD of these three measurements exceeded 6
dB, a fourth threshold estimate was obtained and included in
the mean.

Listeners were trained in the forward-masking task for
several hours; at first with a higher probe level of 15 dB SL,
and later with a probe level of 9 dB SL, until performance
became stable.

E. Inferring BM I/O functions from TMCs

BM I/O functions were inferred from TMCs by plotting
the masker levels for the linear reference TMC against the
levels for a masker equal in frequency to the probe and
paired according to masker-probe time interval �Nelson et
al., 2001�. The linear reference TMCs were fitted �using a
least-squares procedure� with a double exponential function
and extrapolated to longer masker-probe time intervals to
infer BM I/O functions over the wider possible range of lev-
els.

F. Inferring DPOAE primary level rules from TMCs

A least-squares procedure was used to fit TMCs for the
f1 and f2 maskers with an ad-hoc function �see Lopez-
Poveda et al., 2005�. Individualized DPOAE level rules were
then obtained by plotting the fitted levels for the f1 masker
against the fitted levels for the f2 masker paired according to
the masker-probe time intervals �Lopez-Poveda and Johanne-
sen, 2009�. Under the assumption that the post-cochlear re-
covery from masking is independent of masker frequency,
and given that the two masker frequencies were equal to the
DPOAE primary frequencies, the resulting curves provided
the level relationships for two pure tones of frequencies f1

and f2 that evoke comparable excitation levels at the f2 re-
gion of the BM �for a full justification, see Lopez-Poveda
and Johannesen, 2009�. These will be referred to as TMC-
based primary levels.

G. DPOAE stimuli

DPOAE I/O curves were obtained by plotting the mag-
nitude �in dB SPL� of the 2f1− f2 DPOAE as a function of
the level L2 of primary tone f2. I/O curves were obtained for
a fixed primary frequency ratio of f2 / f1=1.2 and three dif-
ferent level rules.

• Individualized optimal levels. These were obtained by
searching the �L1 ,L2� space to find the value of L1 that
produced the highest DPOAE response level for each
value of L2. L2 was varied in 5-dB steps within the range
35–75 dB SPL. For each fixed L2, L1 was varied in 3-dB
steps and the individual’s optimal value was found.

• TMC-based levels. These were derived from the TMCs for
maskers f1 and f2 as explained in Sec. II F. Recall that
with these levels the two primaries are presumed to evoke
comparable responses in the f2 cochlear region �Lopez-
Poveda and Johannesen, 2009�.

• The level rule of Kummer et al. �1998�: L1=0.4L2+39,
with L1 and L2 in dB SPL. This group-average rule was
originally designed for L2�65 dB SPL, but here it was

extrapolated to L2=75 dB SPL. When this rule was ap-
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plied, L2 ranged from 20 to 75 dB SPL in 5-dB steps,
except for f2=0.5 kHz for which it ranged from 45 to 75
dB SPL.

DPOAE I/O curves were measured for test frequencies
of 0.5, 1, and 4 kHz for all three level rules. Not all rules
were applied to all participants. Indeed, at 0.5 kHz, I/O
curves for optimal rules were measured for only three par-
ticipants due to time restrictions.

A spectral averaging approach �e.g., Kalluri and Shera,
2001; Mauermann and Kollmeier, 2004� was used in an at-
tempt to reduce DPOAE I/O variability due to the fine struc-
ture. DPOAE I/O curves were measured for five close f2

frequencies around the text frequency of interest, and the
resulting I/O curves were averaged �details may be found in
Johannesen and Lopez-Poveda, 2008; Lopez-Poveda and Jo-
hannesen, 2009�. For instance, the final DPAOE I/O curve at
4 kHz was the mean of five I/O functions for f2=3920, 3960,
4000, 4040, 4080 Hz. When optimal levels rules were con-
sidered, the I/O curves of only three adjacent frequencies
�e.g., f2=3960, 4000, 4040 Hz� were averaged due to time
constraints.

H. DPOAE stimulus calibration and system artifacts

DPOAE primary levels were calibrated with a Zwislocki
DB-100 coupler for each pair of primary frequencies �f1 , f2�.
No further in-situ adjustment of this calibration was applied.

Instrument artifactual DP responses were controlled for
by prolonged measurements in a DB-100 Zwislocki coupler
and a plastic syringe with a volume of �1.5 cc. Tests were
performed for high L2 levels ��50 dB� and under the same
conditions as real ear-canal measurements. Ear-canal mea-
surements were rejected if they were less than 6 dB above
the coupler DP response. This is a stricter criterion than com-
monly used in clinical contexts �for a comprehensive justifi-
cation, see Johannesen and Lopez-Poveda, 2008�.

I. DPOAE procedure

DPOAE measurements were made with an IHS Smart
system �with SMARTOAE software version 4.52� equipped
with an Etymotic ER-10D probe. During the measurements,
subjects sat comfortably in a double-wall sound attenuating
chamber and were asked to remain as steady as possible.

The probe fit was checked before and after each mea-
surement session. The probe remained in the subject’s ear
throughout the whole measurement session to minimize mea-
surement variance from altering the position of the probe in
the ear canal. DPOAEs were measured for a fixed measure-
ment time ranging from 10 to 60 s. A DPOAE measurement
was considered valid when it was 2 SD above the measure-
ment noise floor �defined as the mean level over ten adjacent
frequency bins in the spectrum�. When a response did not
meet this criterion, the measurement was repeated and the
measurement time increased if necessary. The probe re-
mained in the same position during these re-measurements.
If the required criterion was not met after successive tries,

the measurement point was discarded.
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When measuring optimal level rules, system artifacts
sometimes occurred for high L2 levels �70–75 dB SPL� and
some of the higher L1 values. A data point for a certain L2

level was discarded when an optimal L1 level could not be
found within the range of L1 levels whose DPOAE responses
passed the artifact criterion. In other cases, DPOAE re-
sponses passed the artifact criterion for the whole range of L1

levels but no optimal L1 value could be found because the
instrument limits it to 80 dB SPL. That is, the optimal L1

would have been almost certainly above 80 dB SPL. In these
cases, the true DPOAE response would be higher. These
points were noted and included in the correspondence analy-
ses �see below�.

J. Analysis of the correspondence between
behavioral and DPOAE I/O curves

The degree of within-subject correspondence between
BM I/O curves inferred from TMCs and DPOAEs was as-
sessed by least-squares fitting third-order polynomials to all
I/O curves �e.g., Johannesen and Lopez-Poveda, 2008�. The
first derivative of the polynomials was calculated analytically
and evaluated for the range of input �behavioral� or L2

�DPOAEs� levels for which experimental data were avail-
able. The similarity between behavioral and DPOAE I/O
curves was then assessed by the root mean square �rms� dif-
ference between the slopes of the behavioral and DPOAE
I/O curves for a corresponding range of input levels. Con-
sidering the difference between the first derivatives instead
of the polynomials themselves has the advantage of account-
ing for the large disparity between behavioral and DPOAE
output levels while preserving the information about the
shape of the I/O curves. In other words, a first-derivative rms
difference of zero indicates I/O curves that may be vertically
shifted from each other but are otherwise identical.

Two additional measures were employed to assess the
similarity between the degree of BM compression suggested
by behavioral and DPOAE I/O curves. First, a linear regres-
sion �LR� analysis was applied to the minimum value of
slope of the third-order polynomials fitted to the I/O curves.
Second, a LR analysis was applied to the slope of straight
lines fitted by least-squares to I/O curves segments for input
�or L2� levels between 40 and 65 dB SPL. This level range
was considered because it typically covered the compressive
portion of the I/O curves �Johannesen and Lopez-Poveda,
2008�.

These LR analyses were applied to the three sets of
DPOAE I/O curves obtained with the three primary levels
rules considered in the present study �i.e., optimal, TMC-
based, and Kummer�.

III. RESULTS

A. TMCs

Except for the linear references of subjects S11–S15, all
other TMCs have been reported elsewhere for different pur-
poses. Detailed interpretations of their characteristics can be

found in the relevant studies �summarized in Appendix B�.
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B. DPOAE primary level rules

Individualized TMC-based primary level rules were de-
rived from the TMCs for the f1 and f2 maskers as described
in Sec. II F. Individualized optimal levels were also found as
described in Sec. II G. These level rules have been reported
and described in great detail elsewhere �see Appendix B�.

C. DPOAE I/O curves

Figures 1–3 illustrate DPOAE I/O curves for test fre-
quencies of 0.5, 1, and 4 kHz, respectively. Curves are
shown for individualized optimal primary levels �open tri-
angles�, individualized TMC-based primary levels �open
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FIG. 1. Behavioral �filled circles� and DPOAE �open symbols� I/O curves at
0.5 kHz for three different primary level rules, as indicated by the inset.
Continuous lines illustrate third-order polynomial fits to the experimental
points. Each panel illustrates the result for a different participant. The panel
for participant S2 also illustrates the mean DP noise floor and its corre-
sponding 2 SDs. Thin dotted lines illustrate a linear response for compari-
son. Gray symbols illustrate conditions for which primary level L1 was
likely suboptimal because the optimal value would have been higher than
the maximum value allowed by the OAE system �80 dB SPL�.
circles�, and the group-average level rule of Kummer et al.,
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1998 �open squares�. Each panel shows the results for a dif-
ferent listener. DPOAE noise levels �crosses� plus two SDs
are shown for participant S2 �top-right panels� as a represen-
tative example of the noise levels for all other participants.
Solid lines illustrate third-order polynomials fitted to the
DPOAE I/O curves. Dotted lines illustrate linear responses
with a slope of 1 dB/dB. Gray-filled symbols indicate re-
sponses whose associated L1 level could still have been sub-
optimal �included in fitted curves�.

As expected, DPOAE levels for the optimal stimuli
were, with very rare exceptions, comparable or higher than
DPOAE levels for TMC-based or Kummer stimuli. The very
few exceptions �e.g., S11 at 1 kHz and L2=50 dB SPL in
Fig. 2� were possibly due to changes in the position of the
probe across DPOAE measurements for the three level rules.

DPOAE I/O curves could be typically �but not always�
described as having a steep segment �approaching linearity�
at low L2 levels, followed by a shallower segment at
midrange levels. Some curves showed a steeper segment at
high L2 levels that approached linearity. This general trend is
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FIG. 2. As Fig. 1 but for a frequency of 1 kHz.
characteristic of BM I/O curves �e.g., Robles and Ruggero,
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2001�. It is noteworthy that the shallower segments of many
curves showed plateaus �i.e., regions with a slope of
�0 dB /dB� or notches �i.e., regions with negative slopes�,
some of which were very sharp. These features were very
common at 0.5 �e.g., S1, S6, S8, S10, S11, S13, and S15 in
Fig. 1� and 1 kHz �e.g., S1, S2, S8, and S14 in Fig. 2� but
virtually nonexistent at 4 kHz. Table I summarizes the num-
ber of I/O curves having plateaus or negative-slope segments
for each of the three level rules and test frequencies. Rather
surprisingly, notches and plateaus occurred at 0.5 and 1 kHz
not only for the group-average level rule of Kummer et al.
�1998� but also for individualized levels, even for optimal
levels �e.g., S1, S2, or S8 at 1 kHz�.
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FIG. 3. As Fig. 1 but for a frequency of 4 kHz.

TABLE I. Incidence of plateaus and notches in DPOAE I/O curves across
test frequencies and primary level rules. The numbers between parentheses
indicate the total number of I/O curves measured for each condition.

Frequency �kHz� 0.5 1 4
Kummer rule 5 �8� 5 �8� 2 �8�
TMC-based 5 �8� 4 �8� 2 �8�
Optimal 2 �3� 4 �8� 1 �8�
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It is interesting to compare the I/O curves obtained with
the three primary level rules. At 0.5 kHz �Fig. 1�, I/O curves
for optimal levels were available for three participants only
�S1, S2, and S8� and individualized TMC-based levels often
did not cover a sufficient level range to allow a useful com-
parison. At 1 and 4 kHz �Figs. 2 and 4�, where data points
were more numerous, visual inspection revealed that I/O
curves for the three level rules had reasonably similar shapes
�e.g., S1, S8, S11, and S13 at 1 kHz; S1, S2, S7, S9, and S10
at 4 kHz� but with some exceptions �S4 and S14 at 1 kHz; S6
and S8 at 4 kHz�. For most of these exceptions, I/O curves
for optimal �open triangles� and TMC-based levels �open
circles� generally shared many characteristics and they both
differed from the curves measured with Kummer’s rule
�open squares�. Optimal levels and to a lesser extent also
TMC-based levels tended to produce a rapid increase of
DPOAE levels for levels L2� �65 dB �e.g., S2, S8, and
S11 at 1 kHz; S9 and S10 at 4 kHz�, although there were
exceptions �S1 at 1 kHz; S6 at 4 kHz�. Such rapid increases
were much rarer for I/O curves measured with Kummer’s
rule �S2 at 4 kHz�.

D. Correspondence between behavioral and DPOAE I/
O curves

Behavioral I/O curves �filled circles in Figs. 1–3�
showed the same general trend as DPOAE I/O curves, hav-
ing steep, shallow �compressive�, and steep segments at low,
moderate, and high input levels, respectively. Unlike for
DPOAE I/O curves, however, behavioral I/O curves rarely
showed plateaus or notches.

Visual inspection revealed a reasonable correspondence
between behavioral and DPOAE I/O curves for the three
level rules at 4 kHz �Fig. 3�. This was expected for the Kum-
mer rule because the present data had already been reported
by Johannesen and Lopez-Poveda �2008�. The question is
whether the match improved for any of the individualized
primary levels �optimal or TMC-based�. Optimal levels did
improve the correspondence sometimes �e.g., S6 and S7�.
Other times, however, the correspondence decreased �e.g.,
S8 and S9�. TMC-based levels did not improve the corre-
spondence between DPOAE and behavioral I/O curves.

At 0.5 and 1 kHz �Figs. 1 and 2�, however, the corre-
spondence between behavioral and DPOAE I/O curves was
disappointing even for DPOAEs measured with individual-
ized optimal or TMC-based levels. With a few exceptions
�S11 and S12 at 1 kHz in Fig. 2�, behavioral I/O curves were
strikingly different from all DPOAE I/O curves. The differ-
ence could generally be attributed to the above mentioned
plateaus and notches that only occurred for DPOAE I/O
curves.

Figure 4 provides quantitative support to the preceding
qualitative description. It illustrates rms differences between
the slopes of DPOAE and behavioral I/O curves �see Sec. II�
against test frequencies, with primary level rules as the pa-
rameter �as indicated by the inset�. Each open symbol illus-
trates the rms difference for a given participant. Filled sym-
bols illustrate mean values across participants. Mean
differences �filled symbols� were statistically identical across

test frequencies and rules. Mean differences tended to be
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smaller for the Kummer and optimal level rules at 4 kHz
than at 0.5 kHz �unpaired t-test, 0.05� p�0.10�. Indeed, the
mean difference for all three rules tended to decrease with
increasing frequency. The range of individual differences
was comparable for DPOAE I/O curves measured with the
rule of Kummer et al. �1998� and the optimal rule and they
were always narrower than the TMC-based rule.

E. Correspondence of compression estimates

Some authors regard the slope of I/O curves over their
nonlinear �compressive� segments as a useful description of
the physiological status of the cochlea �reviewed by Robles
and Ruggero �2001��. Others suggest, by contrast, that it
does not change with amount of hearing loss �Plack et al.,
2004�. In any case, given that DPOAE I/O curves sometimes
show plateaus and/or notches, which may be absent in their
behavioral counterparts, the slope of I/O curves over their
compressive segments constitutes a useful variable for as-
sessing their correspondence between behavioral and
DPOAE I/O curves. Slopes have been often calculated as the
average value over the I/O curve compressive region �e.g.,
Lopez-Poveda et al., 2003; Plack et al., 2004�. Sometimes,
however, the slope changes smoothly over the compressive
region �e.g., Nelson et al., 2001� and so the minimum, in-
stead of the average, slope is used �e.g., Johannesen and
Lopez-Poveda, 2008�. Another consideration is that average
slope may prove less sensitive to sharp notches, like those
present in DPOAE I/O curves. Here, the two descriptors
�minimum and average slope values� were considered for
assessing the correspondence between DPOAE and behav-
ioral I/O curves over their compressive regions �see Sec. II�.

Figure 5 and 6 show, respectively, plots of minimum and
average slopes of DPOAE I/O curves against corresponding
slopes for behavioral curves. Each panel is for a different test
frequency. Each point illustrates results for a single partici-
pant. Different symbols illustrate results for DPOAEs mea-
sured with different levels rules, as indicated by the inset in
the top panels. Thick lines illustrate LR functions fitted by
least-squares to the experimental data points, as indicated by
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FIG. 4. Root mean square differences between the slope of behavioral and
DPOAE I/O curves for different primary level rules, as indicated by the
inset. Open and filled symbols illustrate individual and mean values across
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the inset. The diagonal represents perfect correspondence �il-
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lustrated by thin dotted lines�. Tables II and III summarize
the results of LR analysis on these compression estimates.
The correspondence can be regarded as good when the LR
slope �a� and intercept �b� are close to one and zero, respec-
tively, and the F-statistics allow rejecting the null-hypothesis
�there is no statistical association between the two data sets�.

Correspondence between DPOAE and behavioral com-
pression estimates was clearly poor at 0.5 and 1 kHz regard-
less of the compression descriptor �i.e., minimum or average
slope� or the level rule used to measure DPOAEs. For both
compression descriptors �Tables II and III�, the linear regres-
sion slope and intercept were far from 1 and 0.

At 4 kHz, reasonably high correspondence was observed
for the minimum slope estimate �Fig. 5� for DPOAEs mea-
sured with the Kummer rule �slope=1.55; intercept=−0.06;
r2=0.86; p�0.01�. Correspondence was lower for individu-
alized level rules and was not significant �Table II�. For the
average slope estimates �Fig. 6�, there was moderate corre-
spondence for DPOAEs measured with the Kummer rule and
the optimal rule, but it did not reach significance �both p
=0.11�. The two individualized rules �optimal and TMC-
based� yielded reasonably similar minimum compression es-
timates �slope=1.72; intercept=−0.08; r2=0.89; p�0.005;
data not shown�. This is not surprising given that both indi-
vidualized rules were very similar, presumably because they
reflect levels of equally effective primaries at the f2 cochlear
site �Lopez-Poveda and Johannesen, 2009�.

IV. DISCUSSION

The long-term goal of the present research is to define
DPOAE stimuli and conditions that would allow using
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DPOAEs as a universal and faster alternative to behavioral
methods to infer individualized, frequency-specific BM I/O
curves. Previous studies have shown that this is possible us-
ing typical DPOAE stimuli �specifically, the rule of Kummer
et al., 1998 and a frequency ratio of f2 / f1=1.2� for test fre-
quencies above �2 kHz but not for lower frequencies �Jo-
hannesen and Lopez-Poveda, 2008�. The main reason for the
lack of correspondence at these lower frequencies seemed to
be the presence of notches and plateaus in DPOAE I/O
curves that did not have a counterpart in behavioral curves.
The present study aimed at testing whether the correspon-
dence between the I/O curves inferred with the two methods
would improve by using DPOAE individualized optimal pri-
mary levels. Two individualized level rules have been con-
sidered: one optimized to maximize DPOAE levels and one
intended for primaries to evoke comparable BM responses at
the f2 cochlear site. It has been shown that this approach
does not improve the correspondence between behavioral
and DPOAE I/O curves at low frequencies with respect to
the group-average levels of Kummer et al. �1998�. Indeed, it
has been shown that plateaus and notches are equally com-
mon in DPOAE I/O curves for individualized and group-
average DPOAE primary levels at 0.5 and 1 kHz �Table I�.

The similar morphology of DPOAE I/O curves mea-
sured with different primary levels �Figs. 1–3� suggests a
lower dependency on individualized levels than expected
�see Introduction and Appendix A�. For example, all DPOAE
I/O curves suggested similar compression thresholds, as well
as similar slopes below and above the compression threshold
�Fig. 1–3�. This was true for most participants �the only ex-
ceptions were S4 at 1 kHz, and S6 and S8 at 4 kHz�. How-
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ever, the tendency to a rapid increase in the DPOAE re-
sponse at high levels �L2� �70 dB SPL� seemed peculiar
to individualized �optimal and TMC-based� levels. Such a
tendency was rarely observed in I/O curves measured with
the rule of Kummer et al. �1998�. The slight influence of the
level rule on slope may also explain the rather surprising
result that the match between behavioral and DPOAE I/O
curves was closest for the Kummer rule even though it is a
group-average estimate that disregards individual idiosyncra-
sies. Despite their modest influence on the shape of DPOAE
I/O curves, individualized primary levels may nevertheless
be important to maximize the DPOAE absolute levels, and
thus to maximize the sensitivity of DPOAEs as a potential
clinical diagnostic tool �Kummer et al., 2000�.

TABLE II. Results of linear regression analysis between the minimum
slopes of third-order polynomials fitted to behavioral and DPOAE I/O
curves for the three level rules. a: slope; b: intercept; r2: predicted variance;
N: number of data points; p=probability of observed regression occurring
by chance �i.e., p�0.05 indicates a statistically significant regression�; n.a.:
not applicable �LR statistics were not calculated if N�4�.

Frequency �kHz� 0.5
Level rule a b r2 N p
Kummer 0.47 �0.08 0.13 7 0.42
TMC-based �3.99 0.29 0.38 4 0.39
Optimal n.a. n.a. n.a. 3 n.a.

Frequency �kHz� 1
Level rule a b r2 N P
Kummer 0.22 �0.03 0.03 8 0.70
TMC-based 0.45 �0.09 0.13 7 0.43
Optimal �0.09 0.13 0.00 8 0.87

Frequency �kHz� 4
Level rule a b r2 N P
Kummer 1.55 �0.06 0.86 7 0.0025
TMC-based 1.25 0.02 0.43 6 0.16
Optimal 1.72 �0.03 0.27 8 0.18

TABLE III. As Table II, but for linear regression analysis between the
slopes of straight lines fitted to the compressive segments of behavioral and
DPOAE I/O curves �Fig. 6�.

Frequency �kHz� 0.5
Level rule a b r2 N P
Kummer �0.35 0.20 0.10 8 0.45
TMC-based �0.67 0.27 0.06 8 0.57
Optimal n.a. n.a. n.a. 3 n.a.

Frequency �kHz� 1
Level rule a b r2 N P
Kummer 0.10 0.12 0.01 8 0.78
TMC-based �1.01 0.48 0.33 8 0.13
Optimal �0.97 0.48 0.31 8 0.15

Frequency �kHz� 4
Level rule a b r2 N P
Kummer 0.74 0.00 0.36 8 0.11
TMC-based �0.03 0.28 0.00 7 0.98
Optimal 0.78 0.12 0.38 8 0.11
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A. The causes of low-frequency plateaus of notches

It has been shown that plateaus and notches are equally
common in DPOAE I/O curves for individualized and group-
average DPOAE primary levels at 0.5 and 1 kHz �Table I�.
The present study was not intended to provide an explanation
for the low-frequency notches and plateaus, but the present
results, in combination with existing evidence, provide inter-
esting insights. As argued in the Introduction, plateaus and
notches could be due to the fine structure and the use of
suboptimal DPOAE stimuli. Further, it was conjectured that
these two explanations need not be independent of each other
in so far as the fine structure changes with changing primary
levels �He and Schmiedt, 1993�.

Regarding the suboptimal parameter explanation, a fixed
primary frequency ratio of f2 / f1=1.2 has been used in the
present study based on early evidence that it maximizes �on
average� DPOAE levels �Gaskill and Brown, 1990�. Accord-
ing to more recent reports, however, the optimal f2 / f1 ratio
increases slightly with decreasing f2 frequency and with in-
creasing L2 level �Johnson et al., 2006a�, particularly for low
frequencies. To the best of the authors’ knowledge, the opti-
mal ratio for a test frequency of 0.5 kHz is yet to be deter-
mined. There is evidence, however, that human cochlear pro-
cessing in apical BM regions may be significantly different
from that of basal zones �e.g., Lopez-Poveda et al., 2003;
Plack et al., 2004�, which suggests that the optimal fre-
quency ratio at 0.5 kHz likely differs from 1.2. Therefore, a
better correspondence between behavioral and DPOAE I/O
curves might have been obtained by considering not only
optimal primary levels but also optimal primary frequencies.
On the other hand, variations of the f2 / f1 ratio seem to have
only a small effect on the slope of average I/O curves below
65 dB SPL �e.g., Fig. 3 of Johnson et al., 2006a�, at least in
the frequency range from 1 to 8 kHz. This casts doubts that
optimizing the frequency ratio would improve the correspon-
dence between behavioral and DPOAE I/O curves, but the
benefit it could have on an individual basis is yet to be in-
vestigated.

Regarding the fine structure explanation, arguments
have been given in the Introduction to suggest that this ex-
planation is possible but may not be sufficient. The argu-
ments provided were based on existing evidence for test fre-
quencies equal to or greater than 2 kHz. The importance of
the fine structure for frequencies below 1 kHz is still uncer-
tain but the present results suggest that it could more signifi-
cant than was thought at the outset of the present study. If
this were the case, it would explain why the spectral averag-
ing method employed here to minimize the fine structure
seemed more efficient for high �4 kHz� than for low �0.5 and
1 kHz� test frequencies. The reason for this is uncertain. If
the interference between the DP contributions from various
cochlear regions �Shera and Guinan, 2008� was more pro-
nounced and less sensitive to primary levels and f2 frequen-
cies for low than for high-frequency DPOAEs, this might
explain the relatively higher incidence of plateaus and
notches at low frequencies and for all level rules considered.
By extension, it might also explain the observed discrepan-

cies between behavioral and DPOAE I/O curves. It is uncer-
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tain why destructive interference would be more pronounced
or less sensitive to primary levels at low than at high fre-
quencies. Interestingly, however, both outer hair cell disorga-
nization �e.g., Lonsbury-Martin et al., 1988� and compres-
sion bandwidth appear comparatively greater for apical than
for basal cochlear regions �e.g., Rhode and Cooper, 1996;
Lopez-Poveda et al., 2003; Plack and Drga, 2003�. As a re-
sult, the generation region of DPOAEs by both “reflection”
and “distortion” mechanisms is likely broader in the apex
than in the base and hence potential interactions between
DPOAE contributions from adjacent regions could be more
significant for low test frequencies. This, however, is only a
conjecture, whose detailed formulation and verification re-
main to be developed.

The present data do not support the relationship between
the two explanations �fine structure and suboptimal param-
eters� that has been conjectured in the Introduction. In prin-
ciple, varying DPOAE primary levels could change the rela-
tive contribution from the various DP sources �as measured
in the ear canal� and hence the magnitude of the fine struc-
ture. It was hypothesized in the Introduction that individual-
ized primary levels could maximize DPOAE levels by em-
phasizing the contribution from the “distortion” �f2� source
relative to that of the “reflection” �2f1− f2� source, which
would contribute to reduce the fine structure magnitude. The
present results show that the incidence and magnitude of
notches and plateaus is not reduced by using individualized
optimal primary levels and so they do not support the con-
jecture in question. If anything, the present data would sug-
gest that the magnitude of the contributions from the “reflec-
tion” �2f1− f2� source is proportional to that of the
“distortion” �f2� source.

B. Remarks

The TMC method of inferring behavioral BM I/O relies
on several assumptions �see Sec. II and the Discussion of
Johannesen and Lopez-Poveda, 2008�. The majority of them
have received experimental support for a wide range of con-
ditions �e.g., Lopez-Poveda and Johannesen, 2009; Lopez-
Poveda and Alves-Pinto, 2008; Wojtczak and Oxenham,
2009�. Nevertheless, behavioral curves cannot be taken as an
undisputed “golden standard” �e.g., Stainsby and Moore,
2006; Wojtczak and Oxenham, 2009�, particularly at low fre-
quencies where there is a lack of correspondence between
behavioral and DPOAE I/O curves. In other words, it re-
mains unclear which of the two sets of I/O curves, behavioral
or DPOAEs, best represents the underlying BM I/O curves at
0.5 and 1 kHz.

V. CONCLUSIONS

For a fixed primary frequency ratio of f2 / f1=1.2,
DPOAE levels vary moderately depending on primary level
rule but the fundamental morphology of DPOAE I/O curves
hardly changes.

The incidence of plateaus and notches in DPOAE I/O
curves was comparable for individualized primary level rules
and for the group-average rule of Kummer et al. �1998�.

These features were more frequent at low �0.5 and 1 kHz�

J. Acoust. Soc. Am., Vol. 127, No. 6, June 2010 P. T. Johannesen a
than at high �4 kHz� frequencies and remain the most likely
reason for the low correspondence between behavioral and
DPOAE I/O curves at low frequencies.

The correspondence between behavioral and DPOAE
I/O curves was reasonably high at 4 kHz. The group-average
primary level rule of Kummer et al. �1998� is sufficient to
estimate individualized BM I/O curves at high frequencies.

It is uncertain which of two approaches �DPOAEs or
behavioral methods� is more appropriate to infer individual-
ized BM I/O responses at 0.5 and 1 kHz, but DPOAEs may
not be used as an alternative to behavioral methods, even
considering individualized optimal primary levels.
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APPENDIX A

In the present study, as in many previous ones �e.g.,
Dorn et al., 2001; Williams and Bacon, 2005; Johannesen
and Lopez-Poveda, 2008; Neely et al., 2009�, it is implicitly
assumed that the I/O curve for the 2f1− f2 DPOAE would be
a reasonable description of a BM site’s I/O curve �as mea-
sured using pure tones at the site’s characteristic frequency-
CF� for a site with CF� f2. In other words, that it would be
possible to infer on-CF BM I/O curves by measuring the
growth of the 2f1− f2 DPOAE component with increasing L2,
for f2=CF. This section provides evidence that this assump-
tion stands a better chance of being reasonable when optimal
L1 levels are considered. Evidence is also shown that subop-
timal L1 levels may produce non-monotonic 2f1− f2 DP I/O
curves even in the absence of secondary DP sources �fine
structure�.

Ideally, the assumption in question should be demon-
strated in analytical mathematical form for the nonlinearity
underlying BM responses. This, however, is not possible be-
cause nonlinear systems do not have exact analytic transfer
functions and because the actual form of the BM nonlinearity
is, to the authors’ knowledge, yet to be confirmed. The
present section provides only a crude numerical demonstra-
tion of the claims made in the preceding paragraph for two
kinds of time-invariant compressive nonlinearities: a broken-
stick nonlinear �Meddis et al., 2001� and a double-
Boltzmann gain function �e.g., Lukashkin and Russell, 1998,
2001�. These nonlinearities have been successfully used to
account for BM and outer hair cell responses in computa-
tional models. For simplicity, no concurrent filtering effects
are considered here.

Let x�t� and y�t� be the time-domain input and output
waveforms to/from the nonlinearity. The broken-stick non-

linearity has the form
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y�t� = min�ax�t�,bxc�t�� , �A1�

where a and b are gain parameters and c is the compression
exponent. Likewise, the double-Boltzmann nonlinearity has
the form

y�t� = GM�1 + exp� x1 − x�t�
s1

�	1 + exp� x2 − x�t�
s2

�
�−1

,

�A2�

where GM, x1, x2, s1, and s2 are parameters. Here, the input
was arbitrarily assumed in units of �Pa and the parameters
of the two functions were set to the following arbitrary val-
ues: a=1, b=437, c=0.2, GM =7, x1=41, x2=24, s1=62.5,
and s2=15.38.

The I/O response characteristics of these two nonlineari-
ties were obtained considering one- and two-sinusoid digital
input waveforms �sampling frequency=48 kHz�. These will
be referred to as pure tone �PT� and DP I/O curves, respec-
tively. PT I/O curves were obtained using single sinusoids of
a fixed frequency �f2� and amplitudes �A2� that varied from
20 to 20�105 �Pa in steps of 2 dB. A fast Fourier transform
�FFT� was applied to the output waveforms and the ampli-
tude at the f2 frequency was noted and plotted as a function
of A2 in a log-log scale to obtain the I/O curve. DP I/O
curves were obtained presenting two simultaneous sinusoids
of frequencies f2 and f1= f2 /1.2. The amplitude of the f2

sinusoid, A2, was the same as in the one-sinusoid evalua-
tions. For each value of A2, the amplitude of the f1 sinusoid,
A1, varied in 1-dB steps. A FFT was applied to the output
waveform and the amplitude of the 2f1− f2 �DP� frequency
component was noted.

The top and bottom panels of Fig. 7 illustrate the results
for the broken-stick and Boltzmann nonlinearity, respec-
tively. The left and right panels illustrate I/O curves and A1
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FIG. 7. Simulated I/O curves �left panels� for different amplitude rules
�right panels� and two non-linearities: a broken stick �upper panels� and a
Boltzmann function �lower panels�. ��A� and �B�� Bold continuous lines
illustrate I/O curves based on single-sinusoid inputs. Symbols illustrate I/O
curves for the 2f1− f2 DP for three different amplitude rules: A1=A2, A1

=optimal, and A1=A1 optimal �5 dB �as indicated in the inset�. ��C� and
�D�� A1−A2 amplitude rules corresponding to the I/O curves of �A� and �B�.
−A2 amplitude rules, respectively. PT I/O curves are shown
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as bold continuous lines. DP I/O curves are shown for three
A1−A2 combinations: equal-amplitude primaries �A1=A2�
�crosses�, optimal A1 �circles�, and A1 5 dB lower than opti-
mal �triangles�. Optimal A1 are defined here as the A1 ampli-
tudes that produced the highest DP amplitudes for each value
of A2.

Simple visual inspection to the I/O curves of Fig. 7 re-
veals that PT I/O curves are most similar to DP I/O obtained
with optimal A1 amplitudes. The figure also reveals that sub-
optimal A1 amplitudes can produce non-monotonic DP I/O
curves �e.g., triangles�. Furthermore, the broken-stick nonlin-
earity DP I/O curve obtained with slightly suboptimal A1

amplitudes shows shallow notches. These results are consis-
tent with those of Lukashkin and Russell �2001� and support
the claims made at the beginning of this section.

Several things are to be noted. First, the present results
do not imply that the maximal correspondence between DP
and PT I/O occurs for optimal primary amplitudes; they
show that optimal primary amplitudes lead to a reasonable
correspondence between DP and PT I/O curves. This result is
useful in practice because the A1−A2 combination that maxi-
mizes the correspondence between the two I/O curves will
typically be unknown a priori. Second, the main conclusions
of this exercise are independent of the nonlinearity parameter
values. Third, the present models are very simplistic and do
not consider concurrent filtering. For this reason, the present
simulations do not depend on the actual frequency of the
sinusoids or the parameters of the nonlinearities. Filtering,
however, would almost certainly produce different optimal
amplitude combinations than those illustrated in Figs. 7�C�
and 7�D�.

Despite its being an oversimplification, this modeling
exercise demonstrates that �1� primary levels strongly influ-
ence the shape of the DP I/O curve; �2� suboptimal levels can
produce non-monotonic DP I/O curves with plateaus and
wide, shallow notches; and �3� the use of optimal levels may
enhance the similarity between PT and DP I/O curves.

APPENDIX B

The original data can be found in the following refer-
ences: the absolute thresholds for the maskers and the probes
in Lopez-Poveda and Johannesen �2009�; linear reference
�fm=0.4fp� and on-frequency TMCs �fm= fp� for subjects
S1–S10 in Johannesen and Lopez-Poveda �2008�; the linear
reference TMCs for subjects S11–S15 have not been pub-
lished before. On-frequency TMCs �fm= fp� for subjects
S11–S15 were taken from Lopez-Poveda and Johannesen
�2009�. Behavioral I/O curves have been published before
for subjects S1–S10 only and are reproduced here for com-
pleteness �Figs. 1–3�. The TMCs for masker frequencies
equal to DPOAE primary frequencies f1 and f2 �f2= fP and
f1= fp /1.2, respectively� were taken from Lopez-Poveda and
Johannesen �2009�, and were used to infer TMC-based
DPOAE level rules.

DPOAE I/O curves measured with the rule of Kummer
et al. �1998� can be found in Johannesen and Lopez-Poveda
�2008�; TMC-based DPOAE primary level rules in Lopez-

Poveda and Johannesen �2009�; individualized optimal pri-
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mary level rules for 1 and 4 kHz in Lopez-Poveda and Jo-
hannesen �2009�; and individualized optimal primary level
rules for 0.5 kHz in Lopez-Poveda and Johannesen �2010�.
In the case of TMC-based and individualized optimal rules,
only mean DPOAE I/O curves have been published previ-
ously �Lopez-Poveda and Johannesen, 2009�.
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