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Distortion product otoacoustic emission~DPOAE! levels in response to primary pairs~f 252 or 4
kHz, L2 ranging from 20 to 60 dB SPL,L150.4L2139 dB! were measured with and without
suppressor tones (f 3), which varied from 1 octave below to12 octave abovef 2 , in normal-hearing
subjects. Suppressor level (L3) varied from25 to 85 dB SPL. DPOAE levels were converted into
decrements by subtracting the level in the presence of the suppressor from the level in the absence
of a suppressor. DPOAE decrement vsL3 functions showed steeper slopes whenf 3, f 2 and
shallower slopes whenf 3. f 2 . This pattern is similar to other measurements of response growth,
such as direct measures of basilar-membrane motion, single-unit rate-level functions, suppression of
basilar-membrane motion, and discharge-rate suppression from lower animals. AsL2 increased, the
L3 necessary to maintain 3 dB of suppression increased at a rate of about 1 dB/dB whenf 3 was
approximately equal tof 2 , but increased more slowly whenf 3, f 2 . Functions relatingL3 to L2 in
order to maintain a constant 3-dB reduction in DPOAE level were compared forf 3, f 2 and for
f 3' f 2 in order to derive an estimate related to ‘‘cochlear-amplifier gain.’’ These results were
consistent with the view that ‘‘cochlear gain’’ is greater at lower input levels, decreasing as level
increases. ©2002 Acoustical Society of America.@DOI: 10.1121/1.1426372#

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

Distortion product otoacoustic emissions~DPOAEs! are
elicited when two pure tones, slightly different in frequenc
are presented to the ear. They are low-level signals, produ
within the cochlea, that propagate in the reverse direc
through the middle ear and into the ear canal, where they
be measured with a microphone. These responses are g
ated by normal nonlinear mechanisms within the cochlea
are associated with outer hair cell~OHC! function. These
nonlinear mechanisms are thought to provide amplificat
for low-level stimuli, in order to enhance the absolute sen
tivity and sharp frequency selectivity that are characteris
of normal auditory function. These normal nonlinear mec
nisms also provide compression as level increases, thus
abling the ear to encode stimulus level over a wide dyna
range. As a result of this association, it is common clini
practice to assume that the observation of DPOAEs would
consistent with normal nonlinear function and, therefo
normal hearing. Their absence would be consistent with
presence of cochlear~OHC-based! hearing loss, assumin
that middle-ear function is normal. Of course, this view
simplistic in that it ignores the fact that DPOAEs do n
completely disappear once any degree of hearing loss ex
rather, DPOAE level decreases as threshold increases,
though this relationship is variable~see below!.

These observations have led to the use of DPOAEs
tools for identifying the presence of cochlear hearing lo
both as part of universal newborn hearing screening p
grams and as part of more general clinical applicatio
Much of the focus of previous work regarding the clinic

a!Electronic mail: gorga@boystown.org
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utility of DPOAEs has been directed toward understand
the relation between these measures and auditory sensi
~e.g., Martin et al., 1990; Gorgaet al., 1993, 1996, 1997,
1999, 2000; Kimet al., 1996; Dornet al., 1999!. These ef-
forts have been designed mainly to make dichotomous d
sions in which, based on DPOAE findings, an ear is labe
as normal or impaired~as defined by pure-tone audiometr
tests!. As a result of these studies, it is now known th
DPOAEs can identify the presence of hearing loss accura
at mid- and high frequencies, but are less accurate predic
of auditory status for lower frequencies. These frequen
effects appear to be related to noise levels, which increas
frequency decreases. In addition, DPOAEs produce the f
est errors in diagnosis when moderate-level stimuli are u
to elicit the response~Stoveret al., 1996; Whiteheadet al.,
1992!.

In other studies, DPOAE level or signal-to-noise ra
~SNR! have been correlated with audiometric thresho
~Martin et al., 1990; Probst and Hauser, 1990; Gorgaet al.,
1997, 2002; Kimberleyet al., 1997; Kummeret al., 1998;
Janssenet al., 1998!, even within the range of hearing that
typically considered normal~Dorn et al., 1998; Kummer
et al., 1998!. Although there is some debate over the stren
of the relationship~see Harris and Probst, 1997, for a r
view!, these data showed that DPOAE level~or SNR! de-
creased as pure-tone thresholds increased up to thresho
about 50–60 dB HL. For greater losses, no relation was
served because DPOAEs typically are absent. Still ot
studies have shown that DPOAE threshold~defined as some
SNR! increases as audiometric threshold increases~Martin
et al., 1990; Gorgaet al., 1996; Dornet al., 2001!.

In all of the above efforts, the primary focus was
determine the extent to which DPOAEs could be used
27171/14/$19.00 © 2002 Acoustical Society of America
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dichotomously predict auditory status as normal or impair
or to estimate the degree of threshold elevation. This
proach is consistent with the view that DPOAEs are a
product of normal nonlinear cochlear behavior that reside
the OHC system. Since this nonlinear behavior probably
tied to normal threshold sensitivity~see Dalloset al., 1980,
for a review!, damage to the OHCs results in the loss
nonlinear behavior and threshold elevation. A reduction
loss of DPOAEs is one manifestation of these change
normal nonlinear function. In addition to threshold elevatio
other changes occur as a consequence of damage to O
including reduced frequency selectivity~e.g., Kianget al.,
1976; Dallos and Harris, 1978; Liberman and Dodds, 19!
and reduction or elimination of suppression and intermo
lation distortion~e.g., Dalloset al., 1980; Kim, 1980!. The
slopes of functions relating cochlear responses to stim
level ~i.e., response growth! apparently depend on cochle
integrity as well. For example, the slopes of single-unit r
versus level functions, whole-nerve action potential~AP!
masking functions, and basilar-membrane velocity ver
level functions increase as a consequence of permane
reversible cochlear insult~Evans, 1974; Sewell, 1984; Gorg
and Abbas, 1981a, b; Ruggero and Rich, 1991!. The majority
of studies examining changes in frequency selectivity a
increased response growth was conducted in animals.
all of these effects appear to be consequences of dama
the same underlying, nonlinear system.

The purpose of the present study is to determine whe
DPOAE measurements can provide estimates of suprathr
old response properties in humans that are at least qua
tively similar to physiological measurements made in low
animals. Specifically, we were interested in knowing whet
measures of response growth, derived from DPOAE supp
sion measurements, share similar characteristics with o
measures of response growth, such as single-unit rat
level functions. While DPOAE input/output functions als
provide a measure of cochlear response growth, DPO
suppression experiments have several advantages, in
they provide an opportunity to derive a measure of respo
growth for different frequencies at a fixed place along
cochlea. It is already known that DPOAE suppression tun
curves provide estimates of frequency selectivity and
useful in determining the generator site for DPOAEs~e.g.,
Brown and Kemp, 1984; Martinet al., 1987; Abdalaet al.,
1996!. Data from some of these same studies, as wel
others ~Harris et al., 1992; Kummeret al., 1995; Abdala,
1998, 2001!, reveal that DPOAE level varies with suppress
level, following trends that would be expected from mo
direct studies of suppression~Abbas and Sachs, 1976; Co
talupeset al., 1987; Delgutte, 1990; Ruggeroet al., 1992!
and/or other measures of response growth, including rat
level functions as a function of frequency for a fixed char
teristic frequency~CF! or place~CP!. We intend to extend
that work by determining if DPOAE suppression can be u
to describe response growth in much the same way de
ments have been used in single-unit studies~Smith, 1977,
1979; Smith and Zwislocki, 1975; Harris, 1979; Harris a
Dallos, 1979!, in measurements of the whole-nerve AP~Ab-
bas and Gorga, 1981; Gorga and Abbas, 1981a, b!, and in
272 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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auditory brainstem response~ABR! measurements~Gorga
et al., 1983! from lower animals. These data will be co
lected for a range of primary levels, with the additional go
of demonstrating changes in response growth and tuning
consequence of stimulus level.

Furthermore, it has been proposed that the differen
between the tip and the tail of a DPOAE suppression tun
curve provides an estimate that is related to the ‘‘gain of
cochlear amplifier’’ ~e.g., Mills, 1998; Pienkowski and
Kunov, 2001!. As a final aspect of the present study, we w
use a similar approach to provide this estimate as a func
of primary level.

II. METHODS

A. Subjects

Thirteen young adults with normal hearing served
subjects for this study. All 13 subjects participated in stud
in which f 254 kHz, while six of these subjects also partic
pated in studies in whichf 252 kHz. Each subject had
thresholds of 20 dB HL~ANSI, 1996! or better for the
octave- and half-octave frequencies from 0.25 to 8 kHz.
addition, each subject had normal middle-ear function
each day in which DPOAE data were collected. Norm
middle-ear function was defined as a normal 226-Hz tym
nogram. Approximately 15 h of data-collection time, divide
among 7 to 9 sessions, was required at eachf 2 for each
subject, thus introducing the possibility of variation in pro
placement across test sessions~see the description of calibra
tion below!.

B. Stimuli

All stimuli were produced by custom-designed softwa
~EMAV, Neely and Liu, 1993! that controlled a soundcar
~Fiji, Turtle Beach! housed in a PC. Separate channels of
soundcard were used to producef 1 and f 2 . The channel
producing the lower-level primary frequency (f 2) was also
used to produce a suppressor tone (f 3). These signals were
delivered to the ear with an Etymotic ER-10C probe
microphone system that had been modified to remove 20
of internal attenuation on the sound-delivery side. This pro
system includes two transducers for signal delivery and
microphone for recording signals in the ear canal.

Data were collected withf 2 frequencies of either 2 or 4
kHz. The ratio between primary frequencies (f 2 / f 1) was ap-
proximately 1.25. For each set of suppression measurem
at eachf 2 , the level of f 2 (L2) was fixed at one of three
levels ~40, 50, 60 dB SPL forf 252 kHz! or one of five
levels ~20, 30, 40, 50, 60 dB SPL forf 254 kHz!. Measure-
ments for lowerL2 levels were not possible on a routin
basis at 2 kHz, due to the increased variability observed
this frequency~see Figs. 3, 5, and 7 below!. For eachL2 , the
level of f 1 (L1) was set according to the equation,L1

50.4L2139 dB ~Janssenet al., 1998!. This approach results
in the largest DPOAE level in subjects with normal heari
~Whiteheadet al., 1995; Kummeret al., 1998, 2000; Jansse
et al., 1998!. In the context of the present measurements
may be helpful to think of each set of primary tones as
probe that elicits responses from thef 2 place, much the same
Gorga et al.: DPOAE suppression and response growth



(

o

e
cr
e
-
th

d

t
a

o
er
th
e
er

t

e

in
is

e
re
lly
ti

s
n

n-
s.
I

a
te
s
n

ro
di

el

en
-

hich
rge

tion,
hey
els

are

p-
ary
d at a

this
i-

ns
ach
ean

B.
the

ntral
ac-
an
t

ry
s

way as probe tones are viewed during psychoacoustic
physiologic masking experiments. The suppressor tonef 3)
varied from about 1 octave below to approximately1

2 octave
abovef 2 , with 16 f 3 frequencies for eachL2 . The level of
the suppressor tone (L3) was varied from25 to 80 or 85 dB
SPL in 5-dB steps. For eachf 2 , L2 combination, there were
336 conditions, including control conditions in which n
suppressor was presented.

C. Procedures

Prior to each data-collection session, signal levels w
calibrated in the ear canal, using the emission probe mi
phone. These levels subsequently were used to produc
specified levels forf 1 , f 2 , and f 3 . There are other calibra
tion techniques that might produce more reliable levels at
eardrum by avoiding problems such as standing waves~Sie-
gel, 1994, 2002; Neely and Gorga, 1998!. We have opted for
the simpler approach in which the emission probe is use
measure SPL because of its ease of implementation.

For each stimulus condition, data were collected in
two buffers. The contents of these buffers were summed,
the summed energy in the 2f 1– f 2 frequency bin was used t
estimate DPOAE level. The contents of the two buffers w
subtracted in order to derive an estimate of noise level in
2 f 1– f 2 frequency bin. This approach was followed in ord
to avoid problems associated with using the energy in sev
bins adjacent to 2f 1– f 2 , which would occur whenf 3 fre-
quencies are used that are close tof 2 . By using the subtrac-
tion technique to estimate noise level, it was possible
place suppressor tones closer tof 2 than would ordinarily be
possible if noise levels were estimated as the average en
in frequency bins surroundingf 2 .

During data collection, measurement-based stopp
rules were used, in which a run was terminated if the no
floor was below225 dB SPL or after 32 s of artifact-fre
averaging, whichever occurred first. This stopping rule
sulted in reliable estimates of DPOAE level for essentia
all quiet conditions, where the mean signal-to-noise ra
~SNR! ranged from about 20 dB~L2520 dB SPL for f 2

54 kHz; L2540 dB SPL when f 252 kHz! to 35 dB or
greater ~L2560 dB SPL for both f 2 frequencies!. These
SNRs represent the effective range over which change
DPOAE level could be measured as a result of the prese
of the suppressor.

For eachf 2 , L2 combination, a series of runs was co
ducted, in whichf 3 was fixed at each of 16 frequencie
Figure 1 provides a summary of the stimulus paradigm.
this example,f 254 kHz, f 153.2 kHz, andL2 andL1 were
fixed at 40 and 55 dB SPL, respectively. DPOAE levels~in
response to each fixedf 2 , L2 combination! were measured
while L3 was varied over its entire range, thus producing
function in which DPOAE level was related toL3 for each
f 3 . In each of these intensity series, the initial condition w
a control condition, in which no suppressor was presen
The final condition in each series off 3 frequencies also wa
a control condition. The DPOAE level from each experime
tal condition~i.e., eachf 3 , L3 combination! was subtracted
from the average DPOAE level from the two closest cont
conditions preceding and following the experimental con
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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tion. This process allowed us to convert DPOAE lev
changes due to the suppressor into a decrement~or amount
of suppression! in dB. These DPOAE decrements were th
plotted as a function ofL3 , resulting in a series of 16 dec
rement vsL3 functions for eachf 2 , L2 combination. Decre-
ments were chosen, based on previous neural work, in w
it was shown that decrements in either single-unit discha
rate~e.g., Smith, 1979!, whole-nerve APs~Abbas and Gorga,
1981!, or ABR amplitudes~Gorgaet al., 1983! could be used
as indirect measures of response to a masker. In addi
they represent the amount of suppression in dB. Finally, t
partially control for differences in absolute response lev
across subjects. In the present experiment, decrements
used to describe response growth tof 3 at the f 2 place.

III. RESULTS

Implicit in experiments associated with DPOAE su
pression measurements is the view that the two prim
tones are used as probes or signals that are represente
fixed cochlear place associated withf 2 , and that holding the
primary levels constant results in a constant response at
place. The repeatability of DPOAE levels for quiet cond
tions ~no suppressor! would support this view for bothf 2

frequencies. While the mean levels for control conditio
varied across subjects, these levels were stable within e
subject. When averaged across all subjects, the highest m
of the standard deviations~across subjects! for control con-
ditions was 1.6 dB, which occurred whenf 252 kHz and
L2540 dB SPL. For all otherf 2 , L2 combinations, the mean
standard deviations for control conditions were about 1 d
Thus, a relatively constant response was achieved for
control conditions in all subjects at bothf 2 frequencies and
at all L2 levels.

A. DPOAE decrement vs suppressor level functions

Figure 2 shows individual and median decrement vsL3

functions for the 16f 3 frequencies surrounding anf 2 of 4
kHz. Medians were chosen here as the measure of ce
tendency in order to reduce the influence of outliers. In
tuality, however, there was little difference between me
and median functions. In this example,L2 was presented a
40 dB SPL. The panel in whichf 354.1 kHz represents the

FIG. 1. Stimulus paradigm. In this example,f 254 kHz, f 153.2 kHz, L1

555 dB SPL, andL2540 dB SPL. For each primary frequency and prima
level combination, each of 16f 3 frequencies was selected, its level wa
varied, and the DPOAE level elicited by the primaries was measured.
273Gorga et al.: DPOAE suppression and response growth



,
FIG. 2. Individual~dashed lines! and median~solid lines! DPOAE decrements as a function ofL3 , with f 254 kHz andL2540 dB SPL. Within each panel
data are shown for a different suppressor frequency,f 3 , which is noted within each panel.
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condition in whichf 3 frequency was closest tof 2 . This con-
dition ( f 354.1 kHz) can be viewed as the on-frequency co
dition, when suppressor and probe frequencies are ne
equivalent. In the interest of space, individual data will
shown only for the case whenL2540 dB SPL, although
similar trends were observed for both lower and higherL2

levels. Within each panel, the heavy line represents me
data and the thin lines represent data from individual s
jects. The apparent increase in variability when the dec
ment functions ‘‘saturate’’~most evident whenf 3 was be-
274 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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tween 3.4 and 4.2 kHz! is due to the fact that the response
the primary ~f 254 kHz,L2540 dB SPL! has been decre
mented into the noise floor. Thus, the apparent variability
the saturated portion of these functions is actually due to
inherent variability in the noise.

Several trends may be observed in Fig. 2. First, the m
dian decrement functions provide reasonable description
the data from individual subjects, especially over the ran
of L3 levels in which the decrement is increasing. Seco
the lowest suppression threshold, defined as the lowest l
FIG. 3. Following the same convention used in Fig. 2, individual and median DPOAE decrements as a function ofL3 , with f 252 kHz, L2540 dB SPL, and
L3555 dB SPL.
Gorga et al.: DPOAE suppression and response growth
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at which the DPOAE level is first reduced by the suppres
occurs for f 3 frequencies close tof 2 . Thus, the onset o
suppression occurs at the lowest level whenf 354.2 kHz.
Higher L3 levels were required whenf 3 moved away from
this frequency. Third, the slopes of the decrement vsL3 func-
tions are frequency dependent. The steepest slopes occu
f 3 frequencies well belowf 2 . This trend is apparent in th
left column of Fig. 2, in whichf 3 was between about1

2 and 1
octave below f 2 . As frequency increases, the slope d
creases, with the most shallow slopes occurring forf 3 fre-
quencies higher thanf 2 ~most evident in the right column o
Fig. 2!. Although previous DPOAE studies have not report
suppression data in this form, these frequency-depen
trends were evident in previous data as well~e.g., Kemp and
Brown, 1983; Abdala, 1998, 2001; Kummeret al., 1995!.

Figure 3 shows decrement vsL3 functions when f 2

52 kHz andL2540 dB SPL, following the format that wa
used in Fig. 2. The trends evident in Fig. 2 can also be s
here, although the data were less orderly compared to
when f 254 kHz. One difference between decrement fun
tions at 2 kHz and those at 4 kHz was observed for lo
frequency suppressors. The median functions in the left
umn of Fig. 3~f 3 frequencies between12 and 1 octave below
f 2! were characterized by a saturating portion at higherL3

levels. This pattern was not observed for similarf 3 , f 2 rela-
tionships whenf 254 kHz ~left column, Fig. 2!. We cannot
explain these differences in response patterns. We initi
attributed the less-orderly results whenf 252 kHz to the in-
creased noise levels associated with measurements a
frequency. Evidence in support of this view was provided
the fact that longer averaging times were needed at 2 k
However, invoking increased noise levels to account for
differences in results is inadequate, since the stopping r
resulted in similar noise levels acrossf 2 frequencies. On the
other hand, there are similarities in results acrossf 2 frequen-
cies. For example, the median provided a reasonable des
tion of individual data, there was increased variability at t
saturating portion of the functions~representing the variabil
ity inherent in the noise!, and the slopes of the decreme
functions depended on the relation betweenf 3 and f 2 . This
latter observation was apparent on the high-frequency sid
f 2 ~right column of Fig. 3!. The low-frequency effects wer
less clear at thisf 2 , compared to 4 kHz.

Figure 4 shows median DPOAE decrements as a fu
tion of L3 when f 254 kHz andL2 was at each of five dif-
ferent levels, ranging from 20 dB SPL~top panel! to 60 dB
SPL ~bottom panel!. Data for f 3 frequencies less thanf 2 are
shown in the left column, while data forf 3 frequencies
higher thanf 2 are shown in the right column. Within eac
panel, the heavy line represents data for the condition
which f 3 was the closest tof 2 among thef 3 frequencies
represented in the panel. The thin lines moving towards
right side of each panel represent data for otherf 3 frequen-
cies; the further the lines move towards the right side,
greater the difference in frequency betweenf 3 and f 2 .

Several trends are obvious in this representation of
data. The lowest suppression thresholds are evident fof 3

frequencies close tof 2 . For example, anL3 of about 15 dB
SPL whenf 3 was either 4.1 or 4.2 kHz began to suppress
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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response whenL2520 dB SPL~left-most lines, top panel
right column!. As f 3 increased, the level that just began
suppress the response increased. The same trends wer
dent for f 3 frequencies lower thanf 2 . Second, decremen
~suppression! threshold increased withL2 . This can be seen
in the systematic migration of the decrement functions
wards the right asL2 increased down each column. Thir
the slope of the decrement vsL3 function depended on the
relationship betweenf 3 and f 2 as they had in the data sum
marized in Fig. 2. As in Fig. 2, the high-level portion o
some of these functions should not be viewed as evidenc
saturation; rather, these portions of the function represent
case when the response to the primary tones was suppre
into the noise floor.

In similar fashion, Fig. 5 represents median decrem
vs L3 data whenf 252 kHz, following the format used in
Fig. 4. Note here, however, that data are shown only for
cases whenL2540, 50, or 60 dB SPL. Once again, the low
est suppression thresholds were observed whenf 3 was close
to f 2 , and migrated to higherL3 levels asL2 increased~the
progression down each column in the figure!. In addition, the
slopes of these functions were steepest forf 3 frequencies on
the low side off 2 , decreasing asf 3 increases, much like the
results that were observed whenf 254 kHz. However, the
orderly progression of these decrement functions relative
f 3 , both in terms of threshold and in terms of slopes, w
not as evident whenf 252 kHz compared to the observatio
when f 254 kHz, especially forf 3 frequencies less thanf 2 .

FIG. 4. Median DPOAE decrement vsL3 functions for f 3 frequencies less
than f 2 ~left column! and for f 3 frequencies greater thanf 2 ~right column!,
when f 254 kHz. Within each panel, the parameter isf 3 , with the heavy
line representing data for thef 3 closest tof 2 . The level of f 2 (L2) varies
within each column from 20 dB SPL~top panel! to 60 dB SPL~bottom
panel!.
275Gorga et al.: DPOAE suppression and response growth
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B. Suppression tuning curves and slopes of
decrement functions

Figure 6 shows median DPOAE suppression thresho
~top row! and slopes of the DPOAE decrement vsL3 func-
tions~bottom row! as a function off 3 when f 254 kHz. Each
column represents data for a differentL2 . For the purposes
of these tuning curves, suppression threshold was define
the L3 that resulted in a 3-dB reduction in DPOAE lev
from what was measured when the primaries were prese
in the absence of a suppressor. This ‘‘threshold’’ was cho

FIG. 5. Following the convention used in Fig. 4, median decrement vsL3

functions whenf 252 kHz.
276 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
s
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because it could be estimated reliably, while it represents
level at which f 3 just begins to affect the response to t
primary tones. This suppression threshold, however, was
estimated visually from decrement vsL3 functions. Instead,
the median decrement vsL3 functions for eachf 3 were trans-
formed by the following equation:

D510 log~10decr/1021!, ~1!

and fit by a linear regression ofD onto L3 . Lines were fit
only to the range,25,D,20. Each of these linear equa
tions was then solved for theL3 that resulted in a 3-dB
decrement. According to the above equation,D50 when
decr53 dB. The same linear regressions were used to p
vide slope estimates for the decrement functions.

The DPOAE suppression tuning curves shown in Fig
have the lowest threshold whenf 3 was close tof 2 . This
observation is not new, as it was evident in other studies
measured DPOAE suppression tuning curves for the 2f 1– f 2

DPOAE~Martin et al., 1987, 1999; Harriset al., 1992; Cian-
froneet al., 1994; Kummeret al., 1995; Abdalaet al., 1996;
Abdala, 1998, 2001!. As f 3 moved away fromf 2 , the level
necessary to reduce the response by 3 dB increased. The
at which this increase occurred was more rapid on the h
frequency side of the tuning curve, compared to the lo
frequency side. Although difficult to see in this represen
tion, there was a slight shift in the frequency for which t
lowest suppression threshold was observed, moving tow
lower f 3 frequencies asL2 was increased. Although variable
the slopes of the decrement functions generally decrease
f 3 increased. The steepest slopes were observed whenf 3 was
ries
FIG. 6. Top: Suppressor level (L3) as a function of suppressor frequency (f 3) that resulted in a 3-dB reduction in the DPOAE level elicited when the prima
were presented in quiet. Each of these DPOAE suppression tuning curves represents data for a differentL2 . Bottom: Slopes of the decrement vsL3 functions
as a function off 3 . Each panel represents data for a differentL2 .
Gorga et al.: DPOAE suppression and response growth
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about an octave belowf 2 , decreasing asf 3 increased. The
shallowest slopes were observed for the highestf 3 frequen-
cies relative tof 2 . In most cases, there was a rapid transit
between steep and shallow slopes asf 3 frequencies moved
from below f 2 toward f 3 frequencies abovef 2 .

In comparison with previous DPOAE suppression da
Abdala~1998! reports a slope of between 1.2 and 1.4 dB/
for low-frequency suppressors whenf 253 kHz and L2

550 dB SPL, and Kummeret al. ~1995! show slopes be-
tween 1.5 and 2.0 dB/dB for low-frequency suppress
when f 254 kHz andL2540 dB SPL. In the present stud
the slopes for low-frequency suppressors ranged from 1.
2.5 dB/dB whenL2540 dB SPL and from 1.5 to 2.0 dB/dB
when L2550 dB SPL~see Fig. 6!. For high-frequency sup
pressors relative tof 2, all three studies reported rapid d
creases in slope to values much less than 1 dB/dB.

Figure 7 displays equivalent DPOAE suppression tun
curves and slopes of decrement vsL3 functions whenf 2

52 kHz. Note that data are only shown for primary leve
~L2 levels! of 40, 50, and 60 dB SPL. This primary-leve
limitation is not thought to reflect fundamental differences
cochlear response properties at 2 kHz, compared to 4 k
As stated earlier, however, we cannot invoke differences
noise levels to account for differences in response patt
between 2 and 4 kHz because the measurement-based
ping rules resulted in near-equivalent noise levels acrosf 2

frequencies.
Some of the trends evident at 4 kHz were also pres

here. The lowest suppression threshold was observed fof 3

frequencies close tof 2 . Higher thresholds were observed
f 3 moved away fromf 2 . Still, the pattern was more irregula
at 2 kHz, compared to 4 kHz, especially whenL2540 dB
SPL. The low-frequency side of the suppression tuning cu
for this condition was not monotonic. On the other hand,
two higher-level tuning curves at 2 kHz were similar in for

FIG. 7. Following the convention used in Fig. 6, DPOAE suppression t
ing curves ~top row! and slopes of DPOAE decrement vsL3 functions
~bottom row! for f 252 kHz.
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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to those observed at 4 kHz for similarL2 levels. In addition,
the most sensitive thresholds at 2 kHz occurred whenf 3 was
close to f 2 , and the relation betweenL2 and L3 at these
points was similar at 2 and 4 kHz.

The slopes of the decrement vsL3 functions were less
orderly when f 252 kHz compared to the case whenf 2

54 kHz. While a rapid decrease in slope was observed af 3

moved from just belowf 2 towards higher frequencies, ir
regular slope patterns were observed on the low-freque
side of the functions relating slope tof 3 . Thus, the data at 2
kHz showed the same frequency dependence that was
dent at 4 kHz, but mainly forf 3 frequencies approximately
equal to or higher thanf 2 . It is difficult to see any systematic
relationship between slope andf 3 for f 3 frequencies, f 2 .

Figure 8 reproduces the tuning curves from Figs. 6 a
7. The tuning curves at 4 and 2 kHz are shown in the top
bottom panels, respectively. The parameter within each p
is L2 . The slight migration of the tip towards lowerf 3 fre-
quencies asL2 was increased can be seen in this represe
tion of the data. In addition, 3 dB of suppression occurr
whenL3 was roughly equal toL2 for f 3 frequencies close to
f 2 . Similar trends were evident in other data, even thou
differences in the definition of ‘‘threshold’’ existed acros
studies ~e.g., Harris et al., 1992; Cianfroneet al., 1994;
Kummer et al., 1995; Abdalaet al., 1996; Abdala, 1998,
2001; Pienkowski and Kunov, 2001!. Note also that there

-

FIG. 8. The tuning curves from Figs. 6 and 7 are reproduced here.
f 254 kHz; bottom:f 252 kHz. Within each panel, the parameter isL2 .
277Gorga et al.: DPOAE suppression and response growth
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TABLE I. Q10 , slope of low-frequency segment~LF slope!, and slope of high-frequency segment~HF slope!
of suppression tuning curves. Data are provided from several previous studies, as well as from the prese
In addition to some differences in stimulus conditions, differences also existed across studies in how s
these estimates were obtained.

Study
f 2

~kHz!
L2

~dB SPL! Q10

LF slope
~dB/oct!

HF slope
~dB/oct!

Harris et al. ~1992! 4.0 40 2.97 38.9 128.3
Cianfroneet al. ~1994! 3.3 62 2.24 25 to 35 100 to 115
Kummeret al. ~1995! 3.975 40 3.5 43 234
Abdalaet al. ~1996! 3.0 50 3.2 39.5 82
Abdala ~1998! 3.0 50 3.3 37 125
Abdala ~2001! 3.0 45 3.5

65 2.5
Present study 4.0 20 3.5 59 67

30 3.4 52 89
40 2.9 42 89
50 2.7 37 82
60 2.0 37 38
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was a near-linear increase in suppression threshold withL2

when f 3 was close tof 2 . That is, the shift inL3 necessary to
result in a 3-dB reduction in DPOAE level was about 10
for every 10-dB increase inL2 . In contrast, the level neces
sary to reduce the response by 3 dB increased more slo
when f 3 was about an octave lower thanf 2 . This can be seen
in the small range ofL3 levels on the low-frequency tail o
the tuning curve, compared to the spacing whenf 3 was ap-
proximately equal tof 2 , at least whenf 254 kHz.

In general, there were fewer data whenf 252 kHz and
there were aspects of the data at thisf 2 frequency that were
difficult to explain. Having said this, it is not our contentio
that cochlear function fundamentally differs between
2-kHz and the 4-kHz places. Rather, we do not underst
the reasons underlying the differences in the present m
surements at these two frequencies. As a consequenc
differences in variability, the limited range ofL2 levels, and
the smaller number of subjects on whom data were availa
we are less confident in our observations at 2 kHz compa
to 4 kHz. Thus, the remainder of this paper will focus on t
results at 4 kHz, where more data were available and
variability was evident.

A quadratic function was fit to three points on the tuni
curves, including the point with the lowest threshold and o
point on either side of this frequency. The minimum of t
quadratic function was taken as the best frequency~the fre-
quency for which suppression threshold was lowest!. Based
on these fits, the best frequency systematically decrea
from 4.3 kHz whenL2520 dB SPL to 3.5 kHz forL2

560 dB SPL. That is, the best frequency decreased f
0.11 octaves above to 0.18 octaves belowf 2 asL2 increased
from 20 to 60 dB SPL. At 3 kHz, Abdala~2001! observed a
downward shift of about 0.07 octaves asL2 increased from
45 to 65 dB SPL.

Table I provides a summary of tuning-curve characte
tics from the present study and compares these estimat
similar estimates from previous DPOAE suppression tuni
curve studies. Stimulus conditions were chosen from th
previous studies that were close to the stimulus conditi
used presently. However, there was some variation in te
of f 2 ,L2 , the definition of suppression threshold, the ran
oc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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of f 3 frequencies, and the procedures used to estimate
and high-frequency slopes of the tuning curves, which co
affect agreement across studies. In the present study,
and high-frequency slopes were determined by fitting
points on the tuning curve between the best frequency~de-
fined by the quadratic function! and the point 20 dB above
the threshold at the best frequency.

There is good agreement across studies in terms ofQ10

~best frequency divided by the bandwidth at 10 dB abo
best threshold! and in the low-frequency slope of suppre
sion tuning curves. There is less agreement in estimate
high-frequency slope, with the present values being on
low end of these estimates. This difference may relate to
way these slope estimates were derived. In general, howe
there is good agreement among studies in terms of th
three descriptions of tuning-curve shape. From the pres
data, it can be seen that, as expected,Q10, and low- and
high-frequency slopes decrease asL2 increases. To the exten
that these measures represent the frequency dispersion
the cochlea, that dispersion increases as stimulus l
increases.

C. Growth of suppression as a function of L 2

Figure 9~A! plots theL3 necessary for a 3-dB reductio
in DPOAE level as a function ofL2 when f 254 kHz. The
parameter in this figure isf 3 , with solid lines representing
data forf 3 frequencies, f 2 , and dotted lines representin
data for f 3 frequencies. f 2 . These plots represent th
amount by which the suppressor level (L3) had to be in-
creased as the signal level (L2) was increased in order to
maintain a constant amount of suppression~3 dB!. Starting
from the lower-left corner of this figure, the four dotted line
clustered together represent conditions in whichf 3 was
slightly higher thanf 2 . Data for progressively higherf 3 fre-
quencies are represented by the dotted lines moving up
panel. In a similar fashion, the lowest solid lines repres
data for f 3 frequencies that were close to but slightly low
than f 2 . Data for progressively lowerf 3 frequencies are rep
resented by the solid lines moving up the panel. The low
L3 levels and the most linear~dB/dB! functions were ob-
Gorga et al.: DPOAE suppression and response growth
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served forf 3 frequencies close tof 2 , which can be likened
to on-frequency conditions. In contrast, higherL3 levels
were needed to achieve a 3-dB reduction in DPOAE le
when f 3 was higher thanf 2 ; however, theL3 level required
to maintain a constant amount of suppression increased m
rapidly, compared to the on-frequency case. Whenf 3 was
less thanf 2 , higher L3 levels also were needed. In the
cases, however, theL3 level necessary to maintain a consta
3-dB reduction in DPOAE level increased more slowly asL2

increased. The data shown in Fig. 9~A! are the same as th
tuning-curve data shown in the top panel of Fig. 8. He
however, the effects of level for individual suppressor f
quencies are more clearly shown.

Figure 9~B! plots the slope of theL3 vs L2 functions
shown in Fig. 9~A!. The slope is shallow at lowf 3 frequen-
cies relative tof 2 . As f 3 approachesf 2 , the slope increase
rapidly, with a slope close to 1 dB/dB whenf 3 and f 2 fre-
quencies are approximately equal. Asf 3 is increased further
the slope also increases. However, estimates of slope fof 3

frequencies above 5 kHz may not be reliable because
are based on fewer points. For some of these frequencies

FIG. 9. Top:L3 to produce a 3-dB reduction in DPOAE level as a functi
of L2 for f 254 kHz. The parameter isf 3 , with f 3 frequencies, f 2 shown
as solid lines andf 3 frequencies. f 2 shown as dotted lines. Bottom: Slope
of the L3 vs L2 functions~top panel! as a function off 3 frequency.
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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suppression criterion of 3 dB could be achieved only for lo
L2 levels @see the top dotted line in Fig. 9~A!#. There is a
transition in this slope function, such that the slopes are s
low and remain relatively constant at lowf 3 frequencies, and
then change abruptly and increase rapidly asf 3 increases
further. The significance of this abrupt transition, which o
curred at about 3.5 kHz, is unknown.

D. Tip-to-tail differences vs L 2

The top row of Fig. 10 plots theL3 necessary to produc
a 3-dB decrement as a function ofL2 for a frequency close to
f 2 ~4.1 kHz, dashed lines! and for a low frequency~2.2 kHz,
solid lines! relative to f 2 . Individual lines in the upper left-
hand panel represent data from individual subjects. The li
in the right-hand panel represent means of the data show
the left. The data shown here are equivalent to the d
shown in Fig. 9~A!. The representations in this figure diffe
from those shown in the previous figure, however, in th
individual and mean data are presented for only twof 3 fre-
quencies. Note that asL2 increases, the level necessary
reduce the response by 3 dB also increases. However
increase is more rapid whenf 3 is close tof 2 , compared to
when f 3 is much lower thanf 2 . This is another representa
tion of the changes in tip-to-tail differences that were evid
in the tuning curves of Fig. 6, in which there were grea
shifts in the tip versus the tail of the tuning curves asL2

increased.
It can be argued that the ‘‘cochlear amplifier’’ for a sp

cific place along the BM is active when that place is driv
by its CF. Furthermore, it can be argued that the coch

FIG. 10. Top row:L3 necessary to produce a 3-dB reduction in DPOA
level as a function ofL2 , when f 254 kHz. The parameter isf 3 frequency,
as indicated within each panel. The left panel shows data for individ
subjects, while the right panel shows mean data. Bottom: Gain as a fun
of L2 for individual subjects~left panel! and averaged across subjects~right
panel!. Gain was defined as the difference in dB between theL3 necessary to
achieve a 3-dB reduction in DPOAE level whenf 352.2 kHz and whenf 3

54.1 kHz.
279Gorga et al.: DPOAE suppression and response growth
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A. DPOAE decrements as measures of response
growth

Although previous studies reported DPOAE level~as
opposed to DPOAE decrement! as a function ofL3 for a
range of suppressor frequencies~e.g., Kemp and Brown
1983; Kummeret al., 1995; Abdala, 1998, 2001!, the present
results were similar to those reported previously. For
ample, Kummeret al. ~1995! used anf 2 of 3.975 kHz anL2

of 40 dB SPL, and anL1 of 55 dB SPL, stimulus condition
that were nearly identical to one set of conditions in
present study. While we observed slightly steeper slopes
low-frequency suppressors, the overall pattern in their d
@their Fig. 2~c!# was the same as we observed~present Fig.
6!. Across all studies, changes in DPOAE level occur
more rapidly with suppressor level when the suppressor
quency was belowf 2 , with more gradual changes i
DPOAE level whenf 3 was greater thanf 2 .

Our preference for converting these data to decrem
relates to the ease with which such conversions permit c
parisons between DPOAE data and data derived from o
measurements of cochlear response growth. In this fo
these functions share many characteristics with other m
sures of response growth, including direct measurem
from the BM, single-unit rate-level functions, whole-ner
AP decrement vs masker-level functions, and ABR dec
ment vs masker-level functions. For example, the suppre
levels at which threshold suppressive effects were obse
depended on the relationship betweenf 3 and f 2 . Assuming
that DPOAE decrements describe the representation off 3 at
the f 2 place, then this relationship reflects how different f
quencies are represented at a fixed place along the coch
much the same way as is evident in other measures of a
tory function.

The slopes of these DPOAE decrement functions a
share similarities with other measures of response gro
For example, the slopes of single-unit rate-level functio
depend on the relationship between driver frequency an
individual fiber’s CF ~e.g., Sachs and Abbas, 1974!. For
driver frequencies much lower than CF, the slope of the r
level function was steep, compared to the slopes when d
frequencies were higher than CF. Sachs and Abbas comp
their single-unit data to the Mo¨ssbauer measurements of c
chlear mechanics made by Rhode~1971!. While Rhode’s
1971 measurements were not as sensitive as more r
measures of cochlear mechanical responses, Sachs an
bas were able to relate the two different measures. M
recently, other direct measurements of BM motion ha
demonstrated a relationship between the slope of I/O fu
tions and frequency for a fixed place along the cochlea~Rug-
gero and Rich, 1991; Ruggeroet al., 1997!. These more re
cent data showed that when a particular place was drive
its CF, the slope of the I/O function was less steep compa
to the case when the same place was driven at freque
lower than CF. The present data, at least qualitatively, s
the same systematic relationship between the slopes o
decrement vsL3 functions and suppressor frequency, at le
at 4 kHz. These observations are consistent with prev
single-unit data~Sachs and Abbas, 1974; Schmiedt a
Zwislocki, 1980!, AP data in which the response to a pro
amplifier is less active when a specific place along the BM
driven by a frequency much lower than the CF for that pla
~e.g., Mills, 1998; Pienkowski and Kunov, 2001!. Thus, a
comparison of the ‘‘threshold’’ suppressor levels for a lo
frequency suppressor vs a suppressor close tof 2 ~i.e., the
tip-to-tail difference! should provide an estimate that is r
lated to the ‘‘gain’’ provided by the cochlear amplifier. The
estimates are presented in the bottom row of panels in
10. The method used to obtain the present estimate
threshold differed slightly from the one described above
that D50 was determined by linear interpolation instead
linear regression. The lines shown in the lower-left pa
were derived by subtracting theL3 for f 354.1 kHz from the
L3 for f 352.2 kHz, as a function ofL2 . Each line represent
the results for an individual subject. The line in the low
right panel represents the mean of these data. AsL2 in-
creases, the dB difference to maintain a constant respon~3
dB of suppression! at the f 2 place decreases, going fro
about 45 dB whenL2520 dB SPL down to 10 dB whenL2

560 dB SPL.

IV. DISCUSSION

We assume that the decrement in DPOAE level a
result of the suppressor~i.e., amount of suppression! is a
measure of response to the suppressor at thef 2 place. That
is, decrements provide indirect measures of response pro
ties for a fixed cochlear place as a function of the freque
and level of the suppressor. In many ways, therefore,
assumptions associated with DPOAE suppression parad
are similar to those made whenever physiological or psyc
physical masking experiments are performed. Thus,
might view the present fixed-frequency, fixed-level primar
and the variable-frequency and variable-level suppressor
way one would view probes and maskers in masking or s
pression studies. This framework might be useful as one
siders the context within which the work reported here
interpreted.

As noted above, response patterns were not identical
and 4 kHz. These differences in findings cannot be attribu
to differences in noise level, because the measurement-b
stopping rules resulted in near-equivalent noise levels
both f 2 frequencies. Control conditions were equally sta
as well, thus suggesting that differences in response pat
were not the result of greater variability in DPOAE leve
when f 252 kHz. Others have reported differences
DPOAEs from 2 kHz compared to 4 kHz. For example,
and Schmiedt~1993! noted that greater fine structure w
evident in DPOAEs surrounding 2 kHz compared to 4 kH
Konrad-Martin et al. ~2001! reported data that reveale
greater relative contributions to the ear-canal DPOAE fr
the reflection source~relative to the intermodulation source!
at 2 kHz~compared to 4 kHz!, an observation that is consi
tent with the greater fine structure noted by He a
Schmiedt. The source~s! of these differences, and how the
might influence the present results, are not known. For
purposes of simplicity, the discussion to follow will focus o
results obtained whenf 254 kHz. We remain perplexed
however, by the results whenf 252 kHz, especially in view
of the orderly behavior that was observed at 4 kHz.
Gorga et al.: DPOAE suppression and response growth
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was reduced by a masker~e.g., Abbas and Gorga, 1981!, and
direct BM measurements of response growth~Ruggero and
Rich, 1991!. Thus, it would appear that DPOAE decreme
vs L3 functions can be used as an indirect estimate of
chlear response growth as a function of frequency for a s
cific cochlear place. Quantitative comparisons, however,
not possible between the present data~in dB/dB! and either
single-unit data~in spikes/s/dB! or basilar-membrane~in
velocity/dB! measurements of response growth.

It may be possible, however, to compare the present
sults to previous single-unit~Abbas and Sachs, 1976; Cost
lupes et al., 1987; Delgutte, 1990! and basilar-membran
~Ruggeroet al., 1992! recordings of suppression. As a ge
eral rule, the trends evident in the present results are con
tent with the findings in these previous studies, including
dependence of slope on the relationship between suppre
frequency and best frequency~single-unit and basilar-
membrane measurements! or f 2 ~DPOAE suppression mea
surements!. In some of these cases, however, direct comp
sons are not possible because of differences in the w
suppression was measured. For example, Abbas and S
~1976! described the amount of suppression as a fractio
response, relative to the discharge rate when the suppre
was not present. In those cases where more direct com
sons are possible, the present data are not in exact agree
with findings from lower animals. For example, Rugge
et al. ~1992! observed slopes in the range from 0.65 to 1
dB/dB (mean50.97 dB/dB) for suppressors below best fr
quency and slopes of 0.28 to 0.48 dB/dB (me
50.36 dB/dB) for suppressors higher than the best
quency. The reduced slope of suppression observed for
basilar-membrane measurements may indicate reduced
sitivity of the animal preparation as a consequence of op
ing the cochlea. Alternatively, the differences in slope e
mates may be due to fundamental differences betw
basilar-membrane suppression and DPOAE suppress
Delgutte~1990! observed slopes of about 2 dB/dB for su
pressor frequencies 1 octave lower than CF and slope
about 0.25 dB/dB for suppressors about1

4 octave above CF
but shallower slopes when differences in suppressive eff
as a function of CF were taken into account. For one fi
with a CF close to the presentf 2 ~see Fig. 7, Delgutte, 1990!,
suppression grew with a slope less than 1.5 dB/dB fo
suppressor 1 octave below CF.

B. Suppression tuning curves

The tuning curves described in this paper are simila
form to other measures of peripheral tuning, especially p
viously described DPOAE suppression tuning curves~e.g.,
Kemp and Brown, 1983; Abdala, 1998, 2001; Abdalaet al.,
1996; Brown and Kemp, 1984; Harriset al., 1992; Martin
et al., 1987, 1999; Kummeret al., 1995; Cianfroneet al.,
1994!. These DPOAE suppression tuning curves can
viewed as estimates of level as a function of frequency
results in a constant response~3 dB of suppression in the
present study! at the f 2 place. While the data were mor
variable whenf 252 kHz, the present results showed the e
pected pattern in which the lowest suppressor levels w
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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needed whenf 3 and f 2 frequencies were similar, with greate
suppressor levels needed asf 3 moved away fromf 2 .

The most sensitive suppressor frequency shifted slig
towards lower frequencies as primary levels were increa
~Fig. 8!. Another way of stating this finding is that, for
given place, the frequency that is maximally represented
that place might change with level, an observation that
been made by others using more direct measurements o
chlear responses~e.g., Rhode and Recio, 2000!. For ex-
ample, Ruggeroet al. ~1997! observed about a 0.32-octav
downward shift in best frequency as level changed from
or 20 dB SPL to 60 dB SPL. We observed a shift of abo
0.30 octave~4.3 to about 3.5 kHz! over a similar range of
levels. Thus, a basal spread of excitation is evident in
chlear mechanical responses, whether measured direct
animals or indirectly in humans.

C. Growth of suppression

In the data summarized in Fig. 9~A!, an alternate ap-
proach was taken to describe response growth. Here, the
pressor~masker! level necessary to maintain a constant
sponse was plotted as a function ofL2 ~probe level!. In this
representation, it is evident that lower suppressor levels (L3)
were needed whenf 3 was close tof 2 , compared to when it
was nearly an octave belowf 2 . For the on-frequency case
L3 andL2 were related linearly, such that it was necessary
increaseL3 by 10 dB for every 10-dB increase inL2 . In
contrast, much smaller increases inL3 were needed whenf 3

was lower thanf 2 . Thus, the slopes of functions relatingL3

to L2 @Fig. 9~B!# were 1 for conditions in whichf 3 was
approximately equal tof 2 and less than 1 for conditions i
which f 3 was less thanf 2 . This means that the response
the suppressor (f 3) grew more rapidly than the response
the probe (f 2) at the f 2 place whenf 3, f 2.

D. Compression ratio in normal ears

The summary in Fig. 10 might provide an estimate
the amount of compression for the on-frequency conditi
When f 3' f 2 , both suppressor and probe are proces
through the same input–output~I/O! function. Even though
the I/O function is compressive, functions relatingL3 to L2

grow linearly because they are treated similarly by the n
linearity. In contrast, the response to a low-frequency s
pressor at thef 2 place is less affected by the compressi
nonlinearity, and probably grows more linearly. Thus, t
slope of the function relatingL3 to L2 for f 352.2 kHz ~top
row, Fig. 10! describes the interaction between responses
stimulus that grows compressively at thef 2 place and one
that grows linearly at the same place. In the present case,
slope estimate was 0.26 dB/dB, which compares favora
with values obtained from DPOAE I/O functions in norma
hearing humans~Dorn et al., 2001!, where the slope was
0.24 dB/dB, and is in the range of values~0.2 to 0.5 dB/dB!
reported by Ruggeroet al. ~1997! for direct measurement
from the chinchilla. The estimates from humans suggest
the normal ear compresses the input signal by a facto
about 4 from near-threshold levels to 60–70 dB SPL.
281Gorga et al.: DPOAE suppression and response growth
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E. Indirect estimates of ‘‘gain’’

While some have argued that the cochlear amplifier m
have a ‘‘gain’’ of 1 ~Allen and Fahey, 1992!, others sugges
that the mechanical responses of the cochlea are such tha
displacements at any place are increased when that pla
driven at its CF. Regardless of whether gain is provided
the cochlear amplifier, the fact remains that responses f
normal cochleae are fundamentally different when a spec
place is driven with an on-frequency stimulus, compared
responses when the same place is driven by a lower
quency. For example, Ruggero and Rich~1991! measured
lower mechanical thresholds to a 9-kHz tone at a basal
chlear place, compared to the threshold for a 1-kHz ton
the same place. In addition, the I/O function for the 9-k
tone was characterized by compression for moderate st
lus levels, whereas no compression was observed when
driver frequency was 1 kHz. Thus, the slope of the I/O fun
tion was steeper at 1 kHz. Furthermore, the I/O function a
kHz showed an elevated threshold and increased slope~ap-
proximating the slope at 1 kHz! when the animal was treate
with furosemide. However, threshold and slope of the
function did not change at 1 kHz following furosemide a
ministration.

Similar differences between on-frequency and lo
frequency responses for a fixed cochlear place have b
observed by others. For example, single-unit freque
threshold curves~FTCs! are characterized by low threshold
for CF tones, with increasing thresholds as driver freque
moves away from CF. Typically, these FTCs are charac
ized by a tail or low-frequency region, in which threshol
are elevated~relative to threshold at CF!, but remain rela-
tively constant. When OHC damage is sustained, thresh
for frequencies close to CF are elevated, with little or
change in the thresholds on the low-frequency tails of
FTC ~e.g., Kianget al., 1976; Liberman and Dodds, 1984
Dallos and Harris, 1978!. Stated differently, damage to th
OHCs, which are thought to be closely related to cochle
amplifier function, affected on-frequency responses m
than low-frequency responses. Furthermore, Ruggeroet al.
~1997! compared premortem and postmortem velocity-
level functions, taking the difference between these con
tions as a measure of gain~see their Fig. 16!, on the assump-
tion that the cochlear amplifier was functional prior to dea
and disabled following death. This procedure resulted in g
estimates of 54 or 69 dB.

Taken together, these data suggest that a measure re
to cochlear-amplifier gain may be obtained by compar
responses for on-frequency and low-frequency stimuli. I
sense, these two stimulus conditions may be viewed as
cluding one in which the cochlear amplifier is active~on-
frequency! and one in which it is not~low-frequency!. In-
deed, Mills~1998! took this approach in an effort to estima
cochlear-amplifier gain in gerbils. He compared tips and t
of DPOAE suppression tuning curves to derive gain e
mates, choosing the intersection between the steeply slo
initial low-frequency portion and the more distant, low
frequency shallow-sloped tail of the tuning curve to defi
the low-frequency condition. More recently, Pienkowski a
Kunov ~2001! took a similar approach in humans. The
282 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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showed that this estimate of gain decreased as threshol
creased~even within the range of ‘‘normal hearing’’!, but
studied only one primary level~L1560 dB SPL andL2

540 dB SPL!.
In the data from the present study, a sharp break on

low-frequency side of the DPOAE suppression tuning cur
was not apparent. Furthermore, completely flat lo
frequency tails were not observed. As a consequence,
used the lowestf 3 for which suppression was observed for
wide range ofL2 levels in the majority of subjects (f 3

52.2 kHz). The responses observed whenf 352.2 kHz were
viewed as responses that were not influenced by the coch
amplifier at the place wheref 254 kHz is represented~see
Fig. 10!. This approach results in a slightly larger estimate
gain compared to some of the other definitions that h
been used, but the differences are small because the
frequency tail has a shallow slope. We recognize the indir
nature of our overall approach, in addition to its limitatio
related to the somewhat arbitrary nature with which this f
quency was selected. However, the decision to use the
sponse to a low frequency relative tof 2 is not entirely arbi-
trary, given previous direct measurements of BM motio
single-unit FTCs, and DPOAE suppression data. Finally,
assumed that the cochlear amplifier was active for respo
when f 3 approximatedf 2 ( f 354.1 kHz).

A comparison of suppression thresholds whenf 3

52.2 kHz andf 354.1 kHz, therefore, was taken as an ind
rect estimate related to cochlear-amplifier gain. Examin
these threshold differences for a range ofL2 levels provided
an estimate that demonstrated that gain decreased as
increased~see Fig. 10!. Depending on the appropriateness
the assumptions underlying this approach, these data pro
an estimate related to cochlear-amplifier gain as a functio
level in humans.

In an effort to compare the present results to more dir
mechanical measurements, data reported by Ruggeroet al.
~1997! were used to estimate the dB difference betwe
velocity-level functions at CF~10 kHz! and at a frequency~5
or 6 kHz! one octave below CF~see their Fig. 7!. This ap-
proach to the mechanical data yielded gain estimates ran
from about 37 dB at 20 dB SPL to about 10 dB at 60 d
SPL, values that are close to the present, indirect estimate
humans.

In spite of the agreement between direct and indir
measures, there are other concerns with the conclusions
this study, beyond those associated with the underlying
sumptions leading to estimates of gain. As noted earlier,
sponse patterns were not as orderly at 2 kHz, compared
kHz. We assume that cochlear function at the places wh
these two frequencies are represented is similar. Furt
more, the measurement-based stopping rules helped
equate noise levels for the twof 2 frequencies. Therefore
explanations that account for the differences in responses
not obvious. Furthermore, the present measurements req
the use of a complex stimulus paradigm, with two tones se
ing as a probe signal, and a third tone serving as the supp
sor. Opportunities exist for the generation of multiple dist
tion products and mutual suppression, both among stimu
tones and perhaps even among multiple distortion produ
Gorga et al.: DPOAE suppression and response growth
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F. Potential clinical significance

The inherent problems associated with paradigms
the one used here are unavoidable because direct mea
ments of BM motion and/or single-unit recordings are n
possible in humans. While AP and/or ABR measurements
possible, both require a greater investment in recording t
compared to DPOAEs, related to problems associated
the SNR for these neural measurements in humans. Aver
including many samples, taking several minutes or long
might be needed for one data point on an ABR decremen
masker level function. While the SNR for AP measureme
can be improved by placing an electrode either on the ty
panic membrane or transtympanically on the promonto
such approaches are not routinely feasible in humans, inc
ing patients seen in the clinic. On the other hand, a sin
DPOAE decrement vs suppressor-level function can be
tained in 5–10 min or less, especially whenf 254 kHz, a
frequency for which the noise levels typically are low. Th
time could be shortened further if suppressor level were
cremented in steps larger than 5 dB. To the extent that th
DPOAE decrement functions provide an estimate of coch
response growth at a specific place, the present data~as well
as the data from others! suggest that objective estimates
response growth are possible in humans.

Furthermore, despite the complexity of the stimul
paradigm and the assumptions in the interpretation of th
data, the similarity with previous data from lower anima
suggest that estimates related to cochlear-amplifier gain
possible in humans. The work of Pienkowski and Kun
~2001! suggests that it might be feasible to design a pa
digm that could be used to make similar estimates in patie
whose hearing losses do not to completely eliminate
DPOAE. If successful under laboratory conditions, the
may be clinical applications to these measurements. For
ample, these data may lead to a more quantitative appro
to developing signal-processing schemes when fitting am
fication ~such as selecting a compression ratio!, especially
for infants and young children with hearing loss.
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