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Distortion product otoacoustic emissi0BPOAE) levels in response to primary paifs,=2 or 4

kHz, L, ranging from 20 to 60 dB SPLL ;=0.4L,+39dB) were measured with and without
suppressor tones{), which varied from 1 octave below tboctave above,, in normal-hearing
subjects. Suppressor leveld) varied from—5 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 lvg functions showed steeper slopes whiegx<f, and
shallower slopes whef,>f,. 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 animhlsinkseased, the

L; necessary to maintain 3 dB of suppression increased at a rate of about 1 dB/dB juas
approximately equal td,, but increased more slowly whég<<f,. Functions relating.; to L, in

order to maintain a constant 3-dB reduction in DPOAE level were comparethfof, and for

fz~f, 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 AmericdDOI: 10.1121/1.1426372

PACS numbers: 43.64.Ha, 43.64[R.M ]

I. INTRODUCTION utility of DPOAES has been directed toward understanding
the relation between these measures and auditory sensitivity
Distortion product otoacoustic emissio(BPOAES are  (e.g., Martinet al, 1990; Gorgaet al, 1993, 1996, 1997,
elicited when two pure tones, slightly different in frequency, 1999, 2000; Kimet al, 1996; Dornet al, 1999. These ef-
are presented to the ear. They are low-level signals, producégrts have been designed mainly to make dichotomous deci-
within the cochlea, that propagate in the reverse directiomjons in which, based on DPOAE findings, an ear is labeled
through the middle ear and into the ear canal, where they cagis normal or impairedas defined by pure-tone audiometric
be measured with a microphone. These responses are gengisty. As a result of these studies, it is now known that
ated by normal nonlinear mechanisms within the cochlea thghpOAEs can identify the presence of hearing loss accurately
are associated with outer hair céDHC) function. These  at mid- and high frequencies, but are less accurate predictors
nonlinear mechanisms are thought to provide amplificatiorbf auditory status for lower frequencies. These frequency
for low-level stimuli, in order to enhance the absolute sensieffects appear to be related to noise levels, which increase as
thlty and Sharp frequency SeleCtiVity that are CharaCteriStiC$requency decreases. In addition, DPOAEs produce the few-
of normal auditory function. These normal nonlinear mechawest errors in diagnosis when moderate-level stimuli are used
nisms also provide compression as level increases, thus efiy elicit the responséStoveret al, 1996; Whiteheadt al.,
abling the ear to encode stimulus level over a wide dynamig gg9).

range. As a result of this association, it is common clinical In other studies, DPOAE level or signal-to-noise ratio
practice to assume that the observation of DPOAEs would b?SNR) have been correlated with audiometric threshold
consistent with normal nonlinear function and, therefore,(Martin et al, 1990; Probst and Hauser, 1990; Gorgaal.,
normal hearing. Their absence would be consistent with thggg7, 2002: Kimberleyet al, 1997; Kummeret al, 1998;
presence of cochlealOHC-basedl hearing loss, assuming jansseret al, 1998, even within the range of hearing that is
that middle-ear function is normal. Of course, this view iStypically considered norma(Dorn et al, 1998; Kummer
simplistic in that it ignores the fact that DPOAEs do not et a1, 1998. Although there is some debate over the strength
completely disappear once any degree of hearing 10ss existg; the relationship(see Harris and Probst, 1997, for a re-
rather, DPOAE level decreases as threshold increases, eVBRw), these data showed that DPOAE level SNR de-
though this relationship is variableee below. creased as pure-tone thresholds increased up to thresholds of
These observations have led to the use of DPOAES agyout 5060 dB HL. For greater losses, no relation was ob-
tools for identifying the presence of cochlear hearing 10Ssgeryed because DPOAES typically are absent. Still other
both as part of universal newborn hearing screening progydies have shown that DPOAE thresh@défined as some
grams and as part of more general clinical applicationSgNR) increases as audiometric threshold increaéartin
Much of the focus of previous work regarding the clinical o 51 1990- Gorgzet al, 1996; Dornet al, 2001).
In all of the above efforts, the primary focus was to
3Electronic mail: gorga@boystown.org determine the extent to which DPOAEs could be used to
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dichotomously predict auditory status as normal or impairedauditory brainstem respong@&BR) measurementsGorga
or to estimate the degree of threshold elevation. This apet al, 1983 from lower animals. These data will be col-
proach is consistent with the view that DPOAEs are a bydected for a range of primary levels, with the additional goal
product of normal nonlinear cochlear behavior that resides iof demonstrating changes in response growth and tuning as a
the OHC system. Since this nonlinear behavior probably izonsequence of stimulus level.
tied to normal threshold sensitivitisee Dalloset al, 1980, Furthermore, it has been proposed that the differences
for a review, damage to the OHCs results in the loss ofbetween the tip and the tail of a DPOAE suppression tuning
nonlinear behavior and threshold elevation. A reduction oicurve provides an estimate that is related to the “gain of the
loss of DPOAESs is one manifestation of these changes toochlear amplifier” (e.g., Mills, 1998; Pienkowski and
normal nonlinear function. In addition to threshold elevation,Kunov, 2001. As a final aspect of the present study, we will
other changes occur as a consequence of damage to OHQse a similar approach to provide this estimate as a function
including reduced frequency selectivitg.g., Kianget al,  of primary level.
1976; Dallos and Harris, 1978; Liberman and Dodds, 1984
and reduction or elimination of suppression and intermodu4l. METHODS
lation distortion(e.g., Dalloset al, 1980; Kim, 1980. The A. Subjects
slopes of functions relating cochlear responses to stimulus
level (i.e., response growtrapparently depend on cochlear ~ Thirteen young adults with normal hearing served as
integrity as well. For example, the slopes of single-unit rateSubjects for this study. All 13 subjects participated in studies
versus level functions, whole-nerve action potentiaP) in which f,=4 kHz, while six of these subjects also partici-
masking functions, and basilar-membrane velocity versu®ated in studies in whictf,=2kHz. Each subject had
level functions increase as a consequence of permanent Brésholds of 20 dB HL(ANSI, 1996 or better for the
reversible cochlear insufEvans, 1974; Sewell, 1984; Gorga Octave- and half-octave frequencies from 0.25 to 8 kHz. In
and Abbas, 1981a, b; Ruggero and Rich, 29Fhe majority addition, egch sgbject had normal middle-ear function on
of studies examining changes in frequency selectivity an@ach day in which DPOAE data were collected. Normal
increased response growth was conducted in animals. Stilftiddle-ear function was defined as a normal 226-Hz tympa-
all of these effects appear to be consequences of damage #§9ram- Approximately 15 h of data-collection time, divided
the same underlying, nonlinear system. among 7 to 9 sessions, was requ_|r_ed at eﬁgk_ior _each
The purpose of the present study is to determine whetheubject, thus introducing thg possibility of \_/arlatlon in probe
DPOAE measurements can provide estimates of suprathresRlaceément across test sessigsme the description of calibra-
old response properties in humans that are at least qualitdon Pelow.
tively similar to physiological measurements made in lower o
animals. Specifically, we were interested in knowing whetheB: Stimuli
measures of response growth, derived from DPOAE suppres-  All stimuli were produced by custom-designed software
sion measurements, share similar characteristics with othgemav, Neely and Liu, 1998 that controlled a soundcard
measures of response growth, such as single-unit rate \&iji, Turtle Beach housed in a PC. Separate channels of the
level functions. While DPOAE input/output functions also soundcard were used to produée and f,. The channel
provide a measure of cochlear response growth, DPOAroducing the lower-level primary frequency,} was also
suppression experiments have several advantages, in thaded to produce a suppressor torfig) ( These signals were
they provide an opportunity to derive a measure of responsgelivered to the ear with an Etymotic ER-10C probe—
growth for different frequencies at a fixed place along themicrophone system that had been modified to remove 20 dB
cochlea. It is already known that DPOAE suppression tuningf internal attenuation on the sound-delivery side. This probe
curves provide estimates of frequency selectivity and argystem includes two transducers for signal delivery and one
useful in determining the generator site for DPOA@sy.,  microphone for recording signals in the ear canal.
Brown and Kemp, 1984; Martiet al., 1987; Abdalaet al, Data were collected witlh, frequencies of either 2 or 4
1996. Data from some of these same studies, as well akHz. The ratio between primary frequencids f,) was ap-
others (Harris et al, 1992; Kummeret al, 1995; Abdala, proximately 1.25. For each set of suppression measurements
1998, 2001, reveal that DPOAE level varies with suppressorat eachf,, the level off,(L,) was fixed at one of three
level, following trends that would be expected from morelevels (40, 50, 60 dB SPL forf,=2 kHz) or one of five
direct studies of suppressigAbbas and Sachs, 1976; Cos- levels (20, 30, 40, 50, 60 dB SPL fdr,=4 kHz). Measure-
talupeset al, 1987; Delgutte, 1990; Ruggeret al., 1992 ments for lowerL, levels were not possible on a routine
and/or other measures of response growth, including rate usasis at 2 kHz, due to the increased variability observed at
level functions as a function of frequency for a fixed charac-this frequencysee Figs. 3, 5, and 7 belgwFor each_,, the
teristic frequency(CF) or place(CP). We intend to extend level of f;(L;) was set according to the equatiob;
that work by determining if DPOAE suppression can be used=0.4L,+ 39 dB (Jansseret al, 1998. This approach results
to describe response growth in much the same way decrén the largest DPOAE level in subjects with normal hearing
ments have been used in single-unit studi®mith, 1977, (Whiteheadet al, 1995; Kummelet al, 1998, 2000; Janssen
1979; Smith and Zwislocki, 1975; Harris, 1979; Harris andet al, 1998. In the context of the present measurements, it
Dallos, 1979, in measurements of the whole-nerve A&b- may be helpful to think of each set of primary tones as a
bas and Gorga, 1981; Gorga and Abbas, 198laaihd in  probe that elicits responses from theplace, much the same
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way as probe tones are viewed during psychoacoustic or 80 T T | |
physiologic masking experiments. The suppressor tdgg ( - .
varied from about 1 octave below to approximatélyctave
abovef,, with 16 f5 frequencies for each,. The level of
the suppressor toné.§) was varied from-5 to 80 or 85 dB
SPL in 5-dB steps. For eadh, L, combination, there were
336 conditions, including control conditions in which no
suppressor was presented.

60 - f1=3.2 kHz, L,=55 dB SPL -
p

L3 varied f,=4.0 kHz, L,=40 dB SPL
~
|

20+ (——‘%——————— —>f3 varied -1

40F

Level (dB SPL)

|
C. Procedures {

Prior to each data-collection session, signal levels were Frequency (Hz)
calibrated in the ear canal, using the emission probe micro- _ _ _
1. Stimulus paradigm. In this examplie,=4 kHz, f,=3.2kHz, L,

phon.e_. These levels subsequently were used to produce tEl%S dB SPL, and.,=40 dB SPL. For each primary frequency and primary
;pecnﬁed !evels forf g, .f27 andfs. There are other calibra- jeyel combination, each of 16, frequencies was selected, its level was
tion techniques that might produce more reliable levels at thearied, and the DPOAE level elicited by the primaries was measured.
eardrum by avoiding problems such as standing wé8es
gel, 1994, 2002; Neely and Gorga, 1998/e have opted for tion, This process allowed us to convert DPOAE level
the simpler approach in which the emission probe is used tghanges due to the suppressor into a decrerfenamount
measure SPL because of its ease of implementation.  of syppressionin dB. These DPOAE decrements were then
For each stimulus condition, data were collected intop|otted as a function of 5, resulting in a series of 16 dec-
two buffers. The contents of these buffers were summed, angyment vsL_, functions for eacif,, L, combination. Decre-

the summed energy in thef2—f, frequency bin was used to  ments were chosen, based on previous neural work, in which
estimate DPOAE level. The contents of the two buffers wergt yas shown that decrements in either single-unit discharge
subtracted in order to derive an estimate of noise level in th?ate(e.g., Smith, 1979 whole-nerve AP$¢Abbas and Gorga,

2 f,—f, frequency bin. This approach was followed in order 1981), or ABR amplitudegGorgaet al, 1983 could be used

to avoid problems associated with using the energy in severgls indirect measures of response to a masker. In addition,
bins adjacent to 2;—f,, which would occur wherfs fre-  they represent the amount of suppression in dB. Finally, they
quencies are used that are closé 10 By using the subtrac- partially control for differences in absolute response levels
tion technique to estimate noise level, it was possible toycross subjects. In the present experiment, decrements are

place suppressor tones closerftothan would ordinarily be  ysed to describe response growthf foat thef, place.
possible if noise levels were estimated as the average energy

in frequency bins surroundinty,.

During data collection, measurement-based stoppiné“' RESULTS
rules were used, in which a run was terminated if the noise  Implicit in experiments associated with DPOAE sup-
floor was below—25 dB SPL or after 32 s of artifact-free pression measurements is the view that the two primary
averaging, whichever occurred first. This stopping rule retones are used as probes or signals that are represented at a
sulted in reliable estimates of DPOAE level for essentiallyfixed cochlear place associated wfth, and that holding the
all quiet conditions, where the mean signal-to-noise ratiqrimary levels constant results in a constant response at this
(SNR) ranged from about 20 dBL,=20dB SPL forf, place. The repeatability of DPOAE levels for quiet condi-
=4 kHz;L,=40dB SPL whenf,=2kHz) to 35 dB or tions (no suppressprwould support this view for botif,
greater (L,=60dB SPL for bothf, frequencies These frequencies. While the mean levels for control conditions
SNRs represent the effective range over which changes inaried across subjects, these levels were stable within each
DPOAE level could be measured as a result of the presencgibject. When averaged across all subjects, the highest mean
of the suppressor. of the standard deviationgcross subjectsfor control con-

For eachf,, L, combination, a series of runs was con- ditions was 1.6 dB, which occurred whep=2 kHz and
ducted, in whichf; was fixed at each of 16 frequencies. L,=40dB SPL. For all othef,, L, combinations, the mean
Figure 1 provides a summary of the stimulus paradigm. Instandard deviations for control conditions were about 1 dB.
this examplef,=4 kHz, f;=3.2kHz, andL, andL, were  Thus, a relatively constant response was achieved for the
fixed at 40 and 55 dB SPL, respectively. DPOAE lev@is  control conditions in all subjects at bofh frequencies and
response to each fixeth, L, combination were measured at all L, levels.
while L5 was varied over its entire range, thus producing a :
function3 in which DPOAE level was re?ated to; For eachg A. DPOAE decrement vs suppressor level functions
f5. In each of these intensity series, the initial condition was  Figure 2 shows individual and median decrement.ys
a control condition, in which no suppressor was presentedunctions for the 16f; frequencies surrounding afy of 4
The final condition in each series &f frequencies also was kHz. Medians were chosen here as the measure of central
a control condition. The DPOAE level from each experimen-tendency in order to reduce the influence of outliers. In ac-
tal condition(i.e., eachfs, L3 combination was subtracted tuality, however, there was little difference between mean
from the average DPOAE level from the two closest controland median functions. In this example; was presented at
conditions preceding and following the experimental condi-40 dB SPL. The panel in which;=4.1kHz represents the
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FIG. 2. Individual(dashed linegsand mediar(solid lines DPOAE decrements as a functionlof, with f,=4 kHz andL,=40 dB SPL. Within each panel,
data are shown for a different suppressor frequehgywhich is noted within each panel.

condition in whichf; frequency was closest . This con-  tween 3.4 and 4.2 kHZs due to the fact that the response to
dition (f3=4.1kHz) can be viewed as the on-frequency con-the primary (f,=4 kHz,L,=40dB SPL has been decre-
dition, when suppressor and probe frequencies are nearlyjented into the noise floor. Thus, the apparent variability on
equivalent. In the interest of space, individual data will bethe saturated portion of these functions is actually due to the
shown only for the case wheh,=40dB SPL, although inherent variability in the noise.

similar trends were observed for both lower and higher Several trends may be observed in Fig. 2. First, the me-
levels. Within each panel, the heavy line represents mediadian decrement functions provide reasonable descriptions of
data and the thin lines represent data from individual subthe data from individual subjects, especially over the range
jects. The apparent increase in variability when the decreef L3 levels in which the decrement is increasing. Second,
ment functions “saturate’{most evident wherf; was be- the lowest suppression threshold, defined as the lowest level

1l f3 =20 J fy =24 J
on—frequency condition .

DPOAE Decrement (dB)

T I -

-10 0 10 20 30 40 50 60 70 80 90 ~10 0 10 20 30 40

T T S T G T vres: WK AR

1 1 1 id preT Al SN 1 1
50 60 70 80 90 -10 0 10 20 30 40 50 60 70 80 90 —10 O 10 20 30 40 S0 60 70 80 90
Ly (dB SPL)

FIG. 3. Following the same convention used in Fig. 2, individual and median DPOAE decrements as a furictiowit f,=2 kHz, L,=40 dB SPL, and
L,=55dB SPL.
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at which the DPOAE level is first reduced by the suppressor, fg < 4 kHz fg > 4 kHz
occurs forf; frequencies close td,. Thus, the onset of i U

suppression occurs at the lowest level whegms-4.2 kHz. :2 e |
Higher L5 levels were required whefy, moved away from 20 1
this frequency. Third, the slopes of the decremerit yfunc- 1or 1
tions are frequency dependent. The steepest slopes occur fi 50 LA s e s B
f4 frequencies well below,. This trend is apparent in the “of T =30

left column of Fig. 2, in whichf; was between abogtand 1
octave belowf,. As frequency increases, the slope de-
creases, with the most shallow slopes occurringffpfre-
quencies higher thafy, (most evident in the right column of
Fig. 2). Although previous DPOAE studies have not reported
suppression data in this form, these frequency-depender
trends were evident in previous data as welf., Kemp and
Brown, 1983; Abdala, 1998, 2001; Kummet al, 1995.
Figure 3 shows decrement \s; functions whenf,

DPOAE Decrement (dB)

=2kHz andL,=40dB SPL, following the format that was 20}

used in Fig. 2. The trends evident in Fig. 2 can also be seer fof

here, although the data were less orderly compared to dat 5ot

when f,=4 kHz. One difference between decrement func- a0F

tions at 2 kHz and those at 4 kHz was observed for low- or ]
frequency suppressors. The median functions in the left col- fz

umn of Fig. 3(f5 frequencies betweehand 1 octave below ol AL N =S
f,) were characterized by a saturating portion at higher ~10 0 10 20 30 40 50 60 70 80 90 —10 0 10 20 30 40 50 60 70 80 90
levels. This pattern was not observed for similgs f, rela- L3 (dB SPL)

tionships whenf,=4 kHz (left column, Fig. 2. We cannot FIG. 4. Median DPOAE decrement ¥s functions forf; frequencies less
explain these differences in response patterns. We initialljhanf. (left column and forfs frequencies greater tha (right column,
atributed the less-orderly results whr-2 kHz 1o the in- 171524 K2 WA, sac P, e parmesris i e nea
creased noise levels associated with measurements at thighin each column from 20 dB SPltop panel to 60 dB SPL (bottom
frequency. Evidence in support of this view was provided bypane).
the fact that longer averaging times were needed at 2 kHz.
However, invoking increased noise levels to account for th@esponse whet.,=20dB SPL (left-most lines, top panel,
differences in results is inadequate, since the stopping rulesght column. As f5 increased, the level that just began to
resulted in similar noise levels acroksfrequencies. On the suppress the response increased. The same trends were evi-
other hand, there are similarities in results acrigsBequen-  dent for f5 frequencies lower thari,. Second, decrement
cies. For example, the median provided a reasonable descrigsuppressionthreshold increased with,. This can be seen
tion of individual data, there was increased variability at thein the systematic migration of the decrement functions to-
saturating portion of the functiorisepresenting the variabil- wards the right as, increased down each column. Third,
ity inherent in the noisg and the slopes of the decrement the slope of the decrement s function depended on the
functions depended on the relation betwdgrandf,. This  relationship betweeii; and f, as they had in the data sum-
latter observation was apparent on the high-frequency side @harized in Fig. 2. As in Fig. 2, the high-level portion of
f, (right column of Fig. 3. The low-frequency effects were some of these functions should not be viewed as evidence of
less clear at thi$,, compared to 4 kHz. saturation; rather, these portions of the function represent the
Figure 4 shows median DPOAE decrements as a funcease when the response to the primary tones was suppressed
tion of L; whenf,=4 kHz andL, was at each of five dif- into the noise floor.
ferent levels, ranging from 20 dB SRlop panel to 60 dB In similar fashion, Fig. 5 represents median decrement
SPL (bottom panel Data forf; frequencies less thaip are  vs L; data whenf,=2 kHz, following the format used in
shown in the left column, while data fof; frequencies Fig. 4. Note here, however, that data are shown only for the
higher thanf, are shown in the right column. Within each cases whem,=40, 50, or 60 dB SPL. Once again, the low-
panel, the heavy line represents data for the condition irest suppression thresholds were observed whemas close
which f; was the closest td, among thef; frequencies to f,, and migrated to highdrs levels asL, increasedthe
represented in the panel. The thin lines moving towards therogression down each column in the figuide addition, the
right side of each panel represent data for othefrequen-  slopes of these functions were steepestffofrequencies on
cies; the further the lines move towards the right side, thehe low side off,, decreasing ak; increases, much like the
greater the difference in frequency betwegrandf,. results that were observed whép=4 kHz. However, the
Several trends are obvious in this representation of therderly progression of these decrement functions relative to
data. The lowest suppression thresholds are evidenfsfor f;, both in terms of threshold and in terms of slopes, were
frequencies close th,. For example, ah 5 of about 15 dB  not as evident whef,=2 kHz compared to the observation
SPL whenf 3 was either 4.1 or 4.2 kHz began to suppress thevhenf,=4 kHz, especially foif; frequencies less thafy.
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FIG. 5. Following the convention used in Fig. 4, median decremerkt;vs

functions whenf,=2 kHz.

Ly (dB SPL)

B. Suppression tuning curves and slopes of

decrement functions

because it could be estimated reliably, while it represents the
level at whichfj just begins to affect the response to the
primary tones. This suppression threshold, however, was not
estimated visually from decrement s functions. Instead,
the median decrement i functions for each 5 were trans-
formed by the following equation:

D=10log 107" 1), 1

and fit by a linear regression @ onto L. Lines were fit
only to the range~5<D<20. Each of these linear equa-
tions was then solved for the; that resulted in a 3-dB
decrement. According to the above equati@® 0 when
decr=3 dB. The same linear regressions were used to pro-
vide slope estimates for the decrement functions.

The DPOAE suppression tuning curves shown in Fig. 6
have the lowest threshold whey was close tof,. This
observation is not new, as it was evident in other studies that
measured DPOAE suppression tuning curves for the-Z,
DPOAE (Martin et al,, 1987, 1999; Harrigt al,, 1992; Cian-
froneet al, 1994; Kummetet al, 1995; Abdalaet al., 1996;
Abdala, 1998, 2001 As f; moved away front,, the level
necessary to reduce the response by 3 dB increased. The rate

Figure 6 shows median DPOAE suppression thresholdat which this increase occurred was more rapid on the high-

(top row) and slopes of the DPOAE decrementlvsg func-
tions (bottom row as a function of ; whenf,=4 kHz. Each

frequency side of the tuning curve, compared to the low-
frequency side. Although difficult to see in this representa-

column represents data for a differdnf. For the purposes tion, there was a slight shift in the frequency for which the
of these tuning curves, suppression threshold was defined &swvest suppression threshold was observed, moving towards
the L3 that resulted in a 3-dB reduction in DPOAE level lower f; frequencies ak, was increased. Although variable,
from what was measured when the primaries were presentatie slopes of the decrement functions generally decreased as
in the absence of a suppressor. This “threshold” was chosefy increased. The steepest slopes were observed fghgas

90
80 -
0r
60 -
50 -
40 -
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© Ly (dB SPL) for
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FIG. 6. Top: Suppressor level §) as a function of suppressor frequenéy)(that resulted in a 3-dB reduction in the DPOAE level elicited when the primaries
were presented in quiet. Each of these DPOAE suppression tuning curves represents data for aldiff@&attdm: Slopes of the decrement lvg functions
as a function off;. Each panel represents data for a differept
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FIG. 7. Following the convention used in Fig. 6, DPOAE suppression tun- | |
ing curves(top row) and slopes of DPOAE decrement L5 functions 50
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) ) 0 T
about an octave beloW,, decreasing a$; increased. The
shallowest slopes were observed for the higligdtequen- 20~ 7]
cies relative tdf,. In most cases, there was a rapid transition 10 -
between steep and shallow slopesfadrequencies moved i 5 — é
from belowf, toward f; frequencies abové,. f3 (kHz)

In comparison with previous DPOAE SUpprESSion data'FIG. 8. The tuning curves from Figs. 6 and 7 are reproduced here. Top:
Abdala (1998 reports a slope of between 1.2 and 1.4 dB/dBf2=4 KHz: bottom:f,—2 kHz. Within each panel, the parameteiLis.
for low-frequency suppressors whefi=3 kHz and L,
=50dB SPL, and Kummeet al. (1995 show slopes be-
tween 1.5 and 2.0 dB/dB for low-frequency suppressorso those observed at 4 kHz for similhy levels. In addition,
when f,=4 kHz andL,=40dB SPL. In the present study, the most sensitive thresholds at 2 kHz occurred whewas
the slopes for low-frequency suppressors ranged from 1.5 tolose tof,, and the relation betweeh, and L5 at these
2.5 dB/dB whenL,=40dB SPL and from 1.5 to 2.0 dB/dB points was similar at 2 and 4 kHz.

whenL,=50dB SPL(see Fig. 6. For high-frequency sup- The slopes of the decrement ig functions were less
pressors relative td2, all three studies reported rapid de- orderly when f,=2 kHz compared to the case whdn
creases in slope to values much less than 1 dB/dB. =4 kHz. While a rapid decrease in slope was observefd as

Figure 7 displays equivalent DPOAE suppression tuningnoved from just belowf, towards higher frequencies, ir-
curves and slopes of decrement lvg functions whenf,  regular slope patterns were observed on the low-frequency
=2 kHz. Note that data are only shown for primary levelsside of the functions relating slope fg. Thus, the data at 2
(L, levels of 40, 50, and 60 dB SPL. This primary-level kHz showed the same frequency dependence that was evi-
limitation is not thought to reflect fundamental differences indent at 4 kHz, but mainly fof ; frequencies approximately
cochlear response properties at 2 kHz, compared to 4 kHzqual to or higher thafy, . It is difficult to see any systematic
As stated earlier, however, we cannot invoke differences imelationship between slope arfig for f; frequencies<f,.
noise levels to account for differences in response patterns Figure 8 reproduces the tuning curves from Figs. 6 and
between 2 and 4 kHz because the measurement-based st@p-The tuning curves at 4 and 2 kHz are shown in the top and
ping rules resulted in near-equivalent noise levels acfgss bottom panels, respectively. The parameter within each panel
frequencies. is L,. The slight migration of the tip towards lowég fre-

Some of the trends evident at 4 kHz were also presenmjuencies a&, was increased can be seen in this representa-
here. The lowest suppression threshold was observet;for tion of the data. In addition, 3 dB of suppression occurred
frequencies close t6,. Higher thresholds were observed aswhenL ; was roughly equal ta , for f5 frequencies close to
f3 moved away fronf,. Still, the pattern was more irregular f,. Similar trends were evident in other data, even though
at 2 kHz, compared to 4 kHz, especially whep=40dB  differences in the definition of “threshold” existed across
SPL. The low-frequency side of the suppression tuning curvetudies (e.g., Harriset al, 1992; Cianfroneet al, 1994;
for this condition was not monotonic. On the other hand, theKkummer et al, 1995; Abdalaet al, 1996; Abdala, 1998,
two higher-level tuning curves at 2 kHz were similar in form 2001; Pienkowski and Kunov, 20D1Note also that there
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TABLE I. Qq9, slope of low-frequency segmefitF slope, and slope of high-frequency segméhif- slope

of suppression tuning curves. Data are provided from several previous studies, as well as from the present study.
In addition to some differences in stimulus conditions, differences also existed across studies in how some of
these estimates were obtained.

f, L, LF slope HF slope
Study (kHz) (dB SPLD Q1o (dB/och (dB/och
Harriset al. (1992 4.0 40 2.97 38.9 128.3
Cianfroneet al. (1994 3.3 62 2.24 25to0 35 100 to 115
Kummeret al. (1995 3.975 40 3.5 43 234
Abdalaet al. (1996 3.0 50 3.2 395 82
Abdala (1998 3.0 50 3.3 37 125
Abdala (2001 3.0 45 35
65 2.5
Present study 4.0 20 3.5 59 67
30 34 52 89
40 2.9 42 89
50 2.7 37 82
60 2.0 37 38

was a near-linear increase in suppression threshold lwith of f; frequencies, and the procedures used to estimate low-
whenf; was close td,. That is, the shift inL; necessary to and high-frequency slopes of the tuning curves, which could
result in a 3-dB reduction in DPOAE level was about 10 dBaffect agreement across studies. In the present study, low-
for every 10-dB increase ih,. In contrast, the level neces- and high-frequency slopes were determined by fitting the
sary to reduce the response by 3 dB increased more slowlyoints on the tuning curve between the best frequedey
whenf; was about an octave lower théy. This can be seen fined by the quadratic functiorand the point 20 dB above
in the small range of 5 levels on the low-frequency tail of the threshold at the best frequency.
the tuning curve, compared to the spacing wiegmwas ap- There is good agreement across studies in tern(3,gf
proximately equal td,, at least wherf,=4 kHz. (best frequency divided by the bandwidth at 10 dB above

In general, there were fewer data whien=2 kHz and  best thresholdand in the low-frequency slope of suppres-
there were aspects of the data at thifrequency that were sion tuning curves. There is less agreement in estimates of
difficult to explain. Having said this, it is not our contention high-frequency slope, with the present values being on the
that cochlear function fundamentally differs between thelow end of these estimates. This difference may relate to the
2-kHz and the 4-kHz places. Rather, we do not understandiay these slope estimates were derived. In general, however,
the reasons underlying the differences in the present medhere is good agreement among studies in terms of these
surements at these two frequencies. As a consequence thiree descriptions of tuning-curve shape. From the present
differences in variability, the limited range &f, levels, and data, it can be seen that, as expect®dy, and low- and
the smaller number of subjects on whom data were availabldigh-frequency slopes decreasd asncreases. To the extent
we are less confident in our observations at 2 kHz comparethat these measures represent the frequency dispersion along
to 4 kHz. Thus, the remainder of this paper will focus on thethe cochlea, that dispersion increases as stimulus level
results at 4 kHz, where more data were available and lessicreases.
variability was evident.

A quadratic function was fit to three points on the tuningC G h of . functi —_—
curves, including the point with the lowest threshold and one™ rowth of suppression as a function o 2
point on either side of this frequency. The minimum of the Figure 9A) plots thel 5 necessary for a 3-dB reduction
quadratic function was taken as the best frequdtioy fre- in DPOAE level as a function of, when f,=4 kHz. The
quency for which suppression threshold was loweBased parameter in this figure i§;, with solid lines representing
on these fits, the best frequency systematically decreasethta forf; frequencies< f,, and dotted lines representing
from 4.3 kHz whenL,=20dB SPL to 3.5 kHz forL, data for f; frequencies> f,. These plots represent the
=60dB SPL. That is, the best frequency decreased fronramount by which the suppressor levél;f had to be in-
0.11 octaves above to 0.18 octaves befgvasL, increased creased as the signal level) was increased in order to
from 20 to 60 dB SPL. At 3 kHz, Abdalé200)) observed a maintain a constant amount of suppressi@ndB). Starting
downward shift of about 0.07 octaves lag increased from from the lower-left corner of this figure, the four dotted lines
45 to 65 dB SPL. clustered together represent conditions in whiigh was

Table | provides a summary of tuning-curve characterisslightly higher tharf,. Data for progressively highdy, fre-
tics from the present study and compares these estimates qoiencies are represented by the dotted lines moving up this
similar estimates from previous DPOAE suppression tuningpanel. In a similar fashion, the lowest solid lines represent
curve studies. Stimulus conditions were chosen from thesdata forf; frequencies that were close to but slightly lower
previous studies that were close to the stimulus conditionthanf,. Data for progressively lowefr; frequencies are rep-
used presently. However, there was some variation in termsesented by the solid lines moving up the panel. The lowest
of f,,L,, the definition of suppression threshold, the rangelL; levels and the most lineaidB/dB) functions were ob-
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FIG. 9. Top:L; to produce a 3-dB reduction in DPOAE level as a function
of L, for f,=4 kHz. The parameter if;, with f; frequencies<f, shown

as solid lines and; frequencies>f, shown as dotted lines. Bottom: Slopes
of the L5 vs L, functions(top panel as a function off ; frequency.

served forfs frequencies close tb,, which can be likened
to on-frequency conditions. In contrast, higheg levels
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FIG. 10. Top row:L; necessary to produce a 3-dB reduction in DPOAE
level as a function of.,, whenf,=4 kHz. The parameter if; frequency,

as indicated within each panel. The left panel shows data for individual
subjects, while the right panel shows mean data. Bottom: Gain as a function
of L, for individual subjectgleft pane) and averaged across subjegight
pane). Gain was defined as the difference in dB betweerltheecessary to
achieve a 3-dB reduction in DPOAE level whég=2.2 kHz and wherf

=4.1 kHz.

suppression criterion of 3 dB could be achieved only for low
L, levels[see the top dotted line in Fig(A)]. There is a
transition in this slope function, such that the slopes are shal-
low and remain relatively constant at |dw frequencies, and
then change abruptly and increase rapidlyfgsincreases
further. The significance of this abrupt transition, which oc-
curred at about 3.5 kHz, is unknown.

D. Tip-to-tail differencesvs L,

The top row of Fig. 10 plots the; necessary to produce
a 3-dB decrement as a functionlof for a frequency close to

were needed to achieve a 3-dB reduction in DPOAE levef, (4.1 kHz, dashed lingsand for a low frequency?2.2 kHz,

whenf; was higher tharf,; however, thd_; level required

solid lineg relative tof,. Individual lines in the upper left-

to maintain a constant amount of suppression increased mohand panel represent data from individual subjects. The lines

rapidly, compared to the on-frequency case. Wiigrwas

in the right-hand panel represent means of the data shown on

less thanf,, higherL; levels also were needed. In thesethe left. The data shown here are equivalent to the data
cases, however, tHe; level necessary to maintain a constantshown in Fig. $A). The representations in this figure differ

3-dB reduction in DPOAE level increased more slowlyLas
increased. The data shown in FigA9 are the same as the

from those shown in the previous figure, however, in that
individual and mean data are presented for only fwdre-

tuning-curve data shown in the top panel of Fig. 8. Herequencies. Note that ds, increases, the level necessary to

however, the effects of level for individual suppressor fre-

guencies are more clearly shown.

Figure 9B) plots the slope of thé.; vs L, functions
shown in Fig. 9A). The slope is shallow at low; frequen-
cies relative tof,. As f3 approaches,, the slope increases
rapidly, with a slope close to 1 dB/dB when and f, fre-
guencies are approximately equal. AAsis increased further,
the slope also increases. However, estimates of slopé;for

reduce the response by 3 dB also increases. However, the
increase is more rapid when is close tof,, compared to
whenf5 is much lower tharf,. This is another representa-
tion of the changes in tip-to-tail differences that were evident
in the tuning curves of Fig. 6, in which there were greater
shifts in the tip versus the tail of the tuning curveslas
increased.

It can be argued that the “cochlear amplifier” for a spe-

frequencies above 5 kHz may not be reliable because thegific place along the BM is active when that place is driven
are based on fewer points. For some of these frequencies, thy its CF. Furthermore, it can be argued that the cochlear
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amplifier is less active when a specific place along the BM isA. DPOAE decrements as measures of response

driven by a frequency much lower than the CF for that placegrowth

(e.g., Mills, 1998; Pienkowski and Kunov, 200IThus, a Although previous studies reported DPOAE levak
comparison of the “threshold” suppressor levels for a low- opposed to DPOAE decremerds a function ofL for a
frequency suppressor vs a suppressor closé,t@.e., the range of suppressor frequenciésg., Kemp and Brown,

tip-to-tail difference should provide an estimate that is re- 1983; Kummetet al, 1995; Abdala, 1998, 2001the present
lated to the “gain” provided by the cochlear amplifier. These results were similar to those reported previously. For ex-

estimates are presented in the _bottom row of pangls in Fi mple, Kummeet al. (1995 used arf, of 3.975 kHz arl,

10. The m_ethod US.Ed to obtain the present estimates of¢ 4q g4 SPL, and ah, of 55 dB SPL, stimulus conditions
threshold differed sllghtly from_ the one descr_lbed_ above Mhat were nearly identical to one set of conditions in the
t_hatD=0 was_determlngd by linear mterpolauon instead of resent study. While we observed slightly steeper slopes for
linear regression. The lines shown in the lower-left p"’"f]eﬁ)w-frequency suppressors, the overall pattern in their data
were derived by subtracting t_h% for f3=4.1!<Hz from the [their Fig. 2¢)] was the same as we observeresent Fig.

L for f3=2.2kHz, as a function df,. Each line represents 6). Across all studies, changes in DPOAE level occurred

thehtresultsl for an mdtlvu#:al subject.f'l;ﬂe Im% ”': Te _Iower'more rapidly with suppressor level when the suppressor fre-
right panel represents the mean of these datal Adn- quency was belowf,, with more gradual changes in

creases, the dB difference to maintain a constant resg8nse DPOAE level wherfs was greater thaf,.

dB of suppressionat the f, place decreases, going from Our preference for converting these data to decrements
ibOUt 45 dB when.,=20dB SPL down t0 10 dB wheh, g5t 10 the ease with which such conversions permit com-
=60dB SPL. parisons between DPOAE data and data derived from other
measurements of cochlear response growth. In this form,
these functions share many characteristics with other mea-
We assume that the decrement in DPOAE level as aures of response growth, including direct measurements
result of the suppressdi.e., amount of suppressipns a  from the BM, single-unit rate-level functions, whole-nerve
measure of response to the suppressor af fhelace. That AP decrement vs masker-level functions, and ABR decre-
is, decrements provide indirect measures of response propament vs masker-level functions. For example, the suppressor
ties for a fixed cochlear place as a function of the frequencyevels at which threshold suppressive effects were observed
and level of the suppressor. In many ways, therefore, thelepended on the relationship betwegnand f,. Assuming
assumptions associated with DPOAE suppression paradigniisat DPOAE decrements describe the representatidn af
are similar to those made whenever physiological or psychothe f, place, then this relationship reflects how different fre-
physical masking experiments are performed. Thus, onguencies are represented at a fixed place along the cochlea in
might view the present fixed-frequency, fixed-level primariesmuch the same way as is evident in other measures of audi-
and the variable-frequency and variable-level suppressors thery function.
way one would view probes and maskers in masking or sup- The slopes of these DPOAE decrement functions also
pression studies. This framework might be useful as one corshare similarities with other measures of response growth.
siders the context within which the work reported here isFor example, the slopes of single-unit rate-level functions
interpreted. depend on the relationship between driver frequency and an
As noted above, response patterns were not identical atiddividual fiber's CF (e.g., Sachs and Abbas, 1974or
and 4 kHz. These differences in findings cannot be attributedriver frequencies much lower than CF, the slope of the rate-
to differences in noise level, because the measurement-baskyel function was steep, compared to the slopes when driver
stopping rules resulted in near-equivalent noise levels fofrequencies were higher than CF. Sachs and Abbas compared
both f, frequencies. Control conditions were equally stabletheir single-unit data to the Msbauer measurements of co-
as well, thus suggesting that differences in response patterigblear mechanics made by RhodE971). While Rhode’s
were not the result of greater variability in DPOAE levels 1971 measurements were not as sensitive as more recent
when f,=2kHz. Others have reported differences inmeasures of cochlear mechanical responses, Sachs and Ab-
DPOAEs from 2 kHz compared to 4 kHz. For example, Hebas were able to relate the two different measures. More
and Schmied{(1993 noted that greater fine structure was recently, other direct measurements of BM motion have
evident in DPOAESs surrounding 2 kHz compared to 4 kHz.demonstrated a relationship between the slope of I/O func-
Konrad-Martin et al. (2001) reported data that revealed tions and frequency for a fixed place along the cockifaag-
greater relative contributions to the ear-canal DPOAE fromgero and Rich, 1991; Ruggesd al., 1997. These more re-
the reflection sourcérelative to the intermodulation soupce cent data showed that when a particular place was driven at
at 2 kHz(compared to 4 kHg an observation that is consis- its CF, the slope of the 1/0 function was less steep compared
tent with the greater fine structure noted by He andto the case when the same place was driven at frequencies
Schmiedt. The sour¢s of these differences, and how they lower than CF. The present data, at least qualitatively, show
might influence the present results, are not known. For théhe same systematic relationship between the slopes of the
purposes of simplicity, the discussion to follow will focus on decrement v& ; functions and suppressor frequency, at least
results obtained wherf,=4 kHz. We remain perplexed, at 4 kHz. These observations are consistent with previous
however, by the results wheip=2 kHz, especially in view single-unit data(Sachs and Abbas, 1974; Schmiedt and
of the orderly behavior that was observed at 4 kHz. Zwislocki, 1980, AP data in which the response to a probe

IV. DISCUSSION

280  J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002 Gorga et al.. DPOAE suppression and response growth



was reduced by a maske.g., Abbas and Gorga, 198&nd  needed wheifi; andf, frequencies were similar, with greater
direct BM measurements of response groRuggero and suppressor levels needed fasmoved away front,.

Rich, 199). Thus, it would appear that DPOAE decrement The most sensitive suppressor frequency shifted slightly
vs L3 functions can be used as an indirect estimate of cotowards lower frequencies as primary levels were increased
chlear response growth as a function of frequency for a spg¥ig. 8). Another way of stating this finding is that, for a
cific cochlear place. Quantitative comparisons, however, argiven place, the frequency that is maximally represented at
not possible between the present datadB/dB) and either that place might change with level, an observation that has
single-unit data(in spikes/s/dB or basilar-membrandin  been made by others using more direct measurements of co-
velocity/dB) measurements of response growth. chlear responseg¢e.g., Rhode and Recio, 2000For ex-

It may be possible, however, to compare the present reample, Ruggerat al. (1997 observed about a 0.32-octave
sults to previous single-uniAbbas and Sachs, 1976; Costa- downward shift in best frequency as level changed from 10
lupes et al,, 1987; Delgutte, 1990and basilar-membrane or 20 dB SPL to 60 dB SPL. We observed a shift of about
(Ruggeroet al,, 1992 recordings of suppression. As a gen- 0.30 octave(4.3 to about 3.5 kHzover a similar range of
eral rule, the trends evident in the present results are consitevels. Thus, a basal spread of excitation is evident in co-
tent with the findings in these previous studies, including thechlear mechanical responses, whether measured directly in
dependence of slope on the relationship between suppressamimals or indirectly in humans.
frequency and best frequencisingle-unit and basilar-
membrane measurements f, (DPOAE suppression mea-
surements In some of these cases, however, direct compari&- Growth of suppression
sons are not possible because of differences in the ways |n the data summarized in Fig(®), an alternate ap-

suppression was measured. For example, Abbas and Sagh®ach was taken to describe response growth. Here, the sup-
(1976 described the amount of suppression as a fractionghressor(maskey level necessary to maintain a constant re-
response, relative to the discharge rate when the suppress§onse was plotted as a functionlof (probe level. In this
was not present. In those cases where more direct Compaﬁepresentation, it is evident that lower suppressor leue}} (
sons are possible, the present data are not in exact agreemegre needed whefy was close tdf,, compared to when it
with findings from lower animals. For example, Ruggerowas nearly an octave belofy. For the on-frequency case,
et al. (1992 observed slopes in the range from 0.65 to 1.42 , andL, were related linearly, such that it was necessary to
dB/dB (mear-0.97 dB/dB) for suppressors below best fre- increaseL; by 10 dB for every 10-dB increase in,. In
quency and slopes of 0.28 to 0.48 dB/dB (meancontrast, much smaller increaseslinwere needed whefy
=0.36dB/dB) for suppressors higher than the best freyas lower tharf,. Thus, the slopes of functions relatihg
quency. The reduced slope of suppression observed for thg |, [Fig. 9(B)] were 1 for conditions in which; was
basilar-membrane measurements may indicate reduced Sedpproximately equal td, and less than 1 for conditions in
sitivity of the animal preparation as a consequence of openyhich f, was less tharf,. This means that the response to

ing the cochlea. AlternatiVE|y, the differences in Slope esti'the Suppressorfé) grew more rap|d|y than the response to
mates may be due to fundamental differences betweeghe probe ¢,) at thef, place whenf;<f.,.

basilar-membrane suppression and DPOAE suppression.

Delgutte (1990 observed slopes of about 2 dB/dB for sup-

pressor frequencies 1 octave lower than CF and slopes @. Compression ratio in normal ears
about 0.25 dB/dB for suppressors abguictave above CF, The summary in Fig. 10 might provide an estimate of
but shallower slopes when differences in suppressive effectﬂ;]e amount of compression for the on-frequency condition.
as a function of CF were taken into account. For one fibe h

: ! When fa~f,, both suppressor and probe are processed
with a CF close to the presefy (see Fig. 7, Delgutte, 1930 through the same input—outp(fO) function. Even though

suppression grew with a slope less than 1.5 dB/dB for Fne 1/0 function is compressive, functions relatibg to L,
suppressor 1 octave below CF. grow linearly because they are treated similarly by the non-
linearity. In contrast, the response to a low-frequency sup-
pressor at thd, place is less affected by the compressive
nonlinearity, and probably grows more linearly. Thus, the
The tuning curves described in this paper are similar inslope of the function relating; to L, for f;=2.2 kHz (top
form to other measures of peripheral tuning, especially prerow, Fig. 10 describes the interaction between responses to a
viously described DPOAE suppression tuning cur¢®g., stimulus that grows compressively at the place and one
Kemp and Brown, 1983; Abdala, 1998, 2001; Abdataal,  that grows linearly at the same place. In the present case, this
1996; Brown and Kemp, 1984; Harret al, 1992; Martin  slope estimate was 0.26 dB/dB, which compares favorably
et al, 1987, 1999; Kummeet al, 1995; Cianfroneet al,  with values obtained from DPOAE 1/O functions in normal-
1994. These DPOAE suppression tuning curves can béearing humangDorn et al, 2001, where the slope was
viewed as estimates of level as a function of frequency tha®.24 dB/dB, and is in the range of valu@s2 to 0.5 dB/dB
results in a constant respon&g dB of suppression in the reported by Ruggeret al. (1997 for direct measurements
present studyat the f, place. While the data were more from the chinchilla. The estimates from humans suggest that
variable wherf,=2 kHz, the present results showed the ex-the normal ear compresses the input signal by a factor of
pected pattern in which the lowest suppressor levels werabout 4 from near-threshold levels to 60—70 dB SPL.

B. Suppression tuning curves
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E. Indirect estimates of “gain” showed that this estimate of gain decreased as threshold in-

While some have argued that the cochlear amplifier ma reased(even within the range of “normal hearing” but
g P gtudied only one primary leve{lL;=60dB SPL andL,

have a “gain” of 1 (Allen and Fahey, 1992 others suggest

that the mechanical responses of the cochlea are such that tﬁe40 dB SPL).

displacements at any place are increased when that place is " the data from the present study, a sharp break on the
driven at its CF. Regardless of whether gain is provided byPW-frequency side of the DPOAE suppression tuning curves
the cochlear amplifier, the fact remains that responses froff@S Not apparent.  Furthermore, completely flat low-
normal cochleae are fundamentally different when a specifif ©9UeNCy tails were not observed. As a consequence, we
place is driven with an on-frequency stimulus, compared td*Sed the lowests for which suppression was observed for a
responses when the same place is driven by a lower fré¥ide range ofL, levels in the majority of subjectsf{
quency. For example, Ruggero and Ri99) measured ='2.2 kHz). The responses observeq wligs 2.2 kHz were
lower mechanical thresholds to a 9-kHz tone at a basal coviewed as responses that were not influenced by the cochlear
chlear place, compared to the threshold for a 1-kHz tone s@MPlifier at the place wheré,=4kHz is representedsee

the same place. In addition, the 1/O function for the 9-kHzFi9- 10. This approach results in a slightly larger estimate of
tone was characterized by compression for moderate stim@®in compared to some of the other definitions that have
lus levels, whereas no compression was observed when tfRgen used, but the differences are small because the low-
driver frequency was 1 kHz. Thus, the slope of the I/O func-ffequency tail has a shallow slope. We recognize the indirect
tion was steeper at 1 kHz. Furthermore, the I/O function at g1&ture of our overall approach, in addition to its limitations
kHz showed an elevated threshold and increased gkpe related to the somewhat arbitrary nature with which this fre-
proximating the slope at 1 kblavhen the animal was treated qUency was selected. However, the decision to use the re-
with furosemide. However, threshold and slope of the 1/OSPOnse to a low frequency relative fg is not entirely arbi-

function did not change at 1 kHz following furosemide ad- frary, given previous direct measurements of BM motion,
ministration. single-unit FTCs, and DPOAE suppression data. Finally, we

Similar differences between on-frequency and low-assumed that the cochlear amplifier was active for responses

frequency responses for a fixed cochlear place have beedhenfs approximated, (f;=4.1kHz).
observed by others. For example, single-unit frequency A comparison of suppression thresholds whég
threshold curve$FTCs are characterized by low thresholds =2.2kHz andf;=4.1kHz, therefore, was taken as an indi-
for CF tones, with increasing thresholds as driver frequencyect estimate related to cochlear-amplifier gain. Examining
moves away from CF. Typically, these FTCs are characterthese threshold differences for a rangeLgflevels provided
ized by a tail or low-frequency region, in which thresholdsan estimate that demonstrated that gain decreased as level
are elevatedrelative to threshold at OF but remain rela- increasedsee Fig. 10 Depending on the appropriateness of
tively constant. When OHC damage is sustained, threshold§€ assumptions underlying this approach, these data provide
for frequencies close to CF are elevated, with little or noan estimate related to cochlear-amplifier gain as a function of
change in the thresholds on the low-frequency tails of thdevel in humans.
FTC (e.g., Kianget al, 1976; Liberman and Dodds, 1984; In an effort to compare the present results to more direct
Dallos and Harris, 1978 Stated differently, damage to the mechanical measurements, data reported by Rugeeab
OHCs, which are thought to be closely related to cochlear{1997 were used to estimate the dB difference between
amplifier function, affected on-frequency responses morgelocity-level functions at CE10 kHz) and at a frequenctb
than low-frequency responses. Furthermore, Ruggerl.  or 6 kH2) one octave below Cksee their Fig. Y. This ap-
(1997 compared premortem and postmortem velocity-vs-proach to the mechanical data yielded gain estimates ranging
level functions, taking the difference between these condifrom about 37 dB at 20 dB SPL to about 10 dB at 60 dB
tions as a measure of gaisee their Fig. 15 on the assump- SPL, values that are close to the present, indirect estimates in
tion that the cochlear amplifier was functional prior to death,humans.
and disabled following death. This procedure resulted in gain  In spite of the agreement between direct and indirect
estimates of 54 or 69 dB. measures, there are other concerns with the conclusions from
Taken together, these data suggest that a measure relatéds study, beyond those associated with the underlying as-
to cochlear-amplifier gain may be obtained by comparingsumptions leading to estimates of gain. As noted earlier, re-
responses for on-frequency and low-frequency stimuli. In asponse patterns were not as orderly at 2 kHz, compared to 4
sense, these two stimulus conditions may be viewed as irkHz. We assume that cochlear function at the places where
cluding one in which the cochlear amplifier is actit@n- these two frequencies are represented is similar. Further-
frequency and one in which it is notlow-frequency. In-  more, the measurement-based stopping rules helped to
deed, Mills(1998 took this approach in an effort to estimate equate noise levels for the twiy frequencies. Therefore,
cochlear-amplifier gain in gerbils. He compared tips and tailexplanations that account for the differences in responses are
of DPOAE suppression tuning curves to derive gain estinot obvious. Furthermore, the present measurements require
mates, choosing the intersection between the steeply slopéle use of a complex stimulus paradigm, with two tones serv-
initial low-frequency portion and the more distant, low- ing as a probe signal, and a third tone serving as the suppres-
frequency shallow-sloped tail of the tuning curve to definesor. Opportunities exist for the generation of multiple distor-
the low-frequency condition. More recently, Pienkowski andtion products and mutual suppression, both among stimulus
Kunov (2001) took a similar approach in humans. They tones and perhaps even among multiple distortion products.
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The inherent problems associated with paradigms like pm. 92 178-188s.
the one used here are unavoidable because direct measureS! (1996. ANSI S3.6-1996, “Specifications for Audiometer§Ameri-
ments of BM motion and/or single-unit recordings are not_can National Standards Institute, New Yark

possible in humans. While AP and/or ABR measurements arg°"/™" A- M., and Kemp, D. T(1984. "Suppressibility of the 2f;—f,
stimulated acoustic emissions in gerbil and man,” Hear. R8s29-37.
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maSker Ievel funCt|0n Wh'le the SNR fOI’ AP measurementSDaHOS’ P. J., and Harris, D. ’\/[1978 “Properties of auditory_nerve re-
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ing patients seen in the clinic. On the other hand, a single stdies of Hearingedited by G. van den Brink and F. A. Bilsébelft
DPOAE decrement vs suppressor-level function can be ob-University Press, Delft, The Netherlandpp. 242-252.
tained in 5-10 min or less, especially whép=4 kHz, a Delgutte, B.(1990. “Two-tone rate suppression in auditory-nerve fibers:

. . . . Dependence on suppressor frequency and level,” Hear.49225-246.
frequency for which the noise levels typically are low. This Dorn, P. A, Konrad-Martin, D., Neely, S. T., Keefe, D. H., Cyr. E.. and

time could be shortened further if suppressor level were in- Gorga, M. P.(2003). “Distortion product otoacoustic emission input/
cremented in steps larger than 5 dB. To the extent that theseoutput functions in normal-hearing and hearing-impaired human ears,” J.
DPOAE decrement functions provide an estimate of cochlear Acoust. Soc. Am(in press.

iee Dorn, P. A., Piskorski, P., Gorga, M. P., Neely, S. T., and Keefe, D. H.
response gl’OWth ata SpeCIfIC place, the present(aatwell (1999. “Predicting audiometric status from distortion product otoacoustic

as the data from othersuggest that objective estimates of emissions using multivariate analyses,” Ear He4), 149-163.
response growth are possible in humans. Dorn, P. A., Piskorski, P., Keefe, D. H., Neely, S. T., and Gorga, M. P.

Furthermore despite the complexity of the stimulus (1998. “On the existence of an age/threshold/frequency interaction in
paradigm and the assumptions in the interpretation of thesegﬁomon product otoacoustic emissions,” J. Acoust. Soc. AG% 964 —
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possible in humans. The work of Pienkowski and Kunov Terhardt(Springer, New York pp. 118-129.
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