Distortion product otoacoustic emission suppression tuning
curves in normal-hearing and hearing-impaired human ears

Michael P. Gorga,? Stephen T. Neely, Darcia M. Dierking, Patricia A. Dorn,
Brenda M. Hoover, and Denis F. Fitzpatrick
Boys Town National Research Hospital, Omaha, Nebraska 68131

(Received 17 November 2002; revised 20 March 2003; accepted 21 March 2003

Distortion product otoacoustic emissigDPOAE) suppression measurements were made in 20
subjects with normal hearing and 21 subjects with mild-to-moderate hearing loss. The probe
consisted of two primary tones {,f;), with f, held constant at 4 kHz anid,/f;=1.22. Primary

levels (L,,L,) were set according to the equatibp=0.4L,+ 39 dB [Kummeret al, J. Acoust.

Soc. Am.103 3431-34441998], with L, ranging from 20 to 70 dB SP(normal-hearing subjedts

and 50—70 dB SPLsubjects with hearing logsResponses elicited by the probe were suppressed by

a third tone €5), varying in frequency from 1 octave below }mctave abové,. Suppressor level

(L3) varied from 5 to 85 dB SPL. Responses in the presence of the suppressor were subtracted from
the unsuppressed condition in order to convert the data into decrefaemsint of suppression

The slopes of the decrement verdusfunctions were less steep for lower frequency suppressors
and more steep for higher frequency suppressors in impaired ears. Suppression tuning curves,
constructed by selecting the that resulted in 3 dB of suppression as a functiorgfresulted in

tuning curves that were similar in appearance for normal and impaired ears. Although vaigple,
andQgcrg Were slightly larger in impaired ears regardless of whether the comparisons were made at
equivalent SPL or equivalent sensation lev&g). Larger tip-to-tail differences were observed in

ears with normal hearing when compared at either the same SPL or the same SL, with a much larger
effect at similar SL. These results are consistent with the view that subjects with normal hearing and
mild-to-moderate hearing loss have similar tuning around a frequency for which the hearing loss
exists, but reduced cochlear-amplifier gain. 2003 Acoustical Society of America.
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I. INTRODUCTION auditory status at mid- and high frequencies, performing less
accurately at lower frequencies. These efforts have focused
Distortion-product otoacoustic emissiofBPOAE) are  primarily on the ability of DPOAESs to identify auditory sta-
a byproduct of normal nonlinear cochlear processes. Theius, as defined by the pure-tone audiogram. As such, they
generation is linked to the status of the outer hair cellshave focused on dichotomous decisions in which DPOAE
(OHC). Recent findings, in which DPOAE data were col- measurements were used to classify an ear as having either
lected in mice for which the putative “motor” molecule normal hearing or hearing impairment. To a lesser extent,
(prestin was knocked out, are consistent with the view thatothers have described the relation between behavioral thresh-
DPOAEs are generated by OHC motilitibermanetal,  olds and DPOAEs, by relating DPOAE threshold and audi-
2002. Under appropriate stimulus conditions, the normal-tory thresholds(Martin et al, 1990; Gorgaet al, 1996;
hearing earthaving normal OHC functionproduces these Boege and Janssen, 2002; Goegal, 2003, or by relating
distortion products in response to pairs of primary tonesppPOAE level and auditory threshol@artin et al, 1990;
Because OHC damage results in a reduction or loss of noborn et al, 2001; Gorgaet al., 2002a.
mal nonlinear behavidie.g., Dalloset al, 1980; Kim, 1980, Threshold elevation, however, is only one of several
one manifestation of damage to the normal nonlinear systeonsequences of OHC damage. There are both mechanical
(i.e., the OHC systeiris the reduction or loss of DPOAESs. It and neural data from lower animals, indicating that fre-
also is known that damage to OHCs results in auditoryguency selectivity may be reduced and response growth may
threshold elevation. become more rapid when OHC damage existg., Evans,
The relationships among OHC status, auditory function; 974: Kianget al, 1976; Dallos and Harris, 1978; Liberman
and DPOAE levels have led to the application of DPOAE 5q Dodds, 1984; Sewell, 1984; Gorga and Abbas, 1981b;
measurements to the task of identifying hearing loss. Severqxiuggero and Rich, 1991 Frequency selectivity in these
studies have described DPOAE measurements in normalydies typically is defined by the parametrization of tuning
hearing and hearing-impaired edesg., Martinet al, 1990;  ¢ynes, using measures such@g and differences in thresh-
Gorgaetal, 1993, 1996, 1997, 2000; Kinetal, 1996. g4 4t the tip and on the tail of tuning curves. Response
These studies have shown that DPOAEs accurately 'de”t'%rowth refers to the rate at which either discharge t&de
single-unit studies displacement or velocityfor basilar-
3Electronic mail: gorga@boystown.org membrane studi¢sor masking(for whole-nerve action po-
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tential studies grows as stimulus level is increased. Theseabnormal growth of loudnegsso that eventually the percep-
“suprathreshold” effects may be related to perceptual phetual consequences can be predicted from the objective mea-
nomena such as the reduced speech-perception abilities sures. This long-term goal has clinical importance related to
loudness recruitment that sometimes are associated with ptie identification and the rehabilitation of hearing l¢éssch
ripheral hearing loss. For example, compensating for abno@s the selection of hearing-aid characterigtinsnfants and
mally rapid growth of loudness is the motivation for includ- young children who may be unable to provide behavioral
ing compression in many hearing aids. In one sense, theesponses to sound, especially subjective judgments such as
compression circuit of the hearing aid is attempting to comdoudness. While a great deal is already known about the re-
pensate for the loss of the compressive behavior of the notationship between DPOAE measurements and sensitivity
mal cochlea. loss (e.g., Martin et al, 1990; Gorgaet al, 1993, 1997,
While direct measurements of frequency selectivity or2000; Stoveret al, 1996; Kimet al, 1996; Boege and Jan-
response growth are not possible in humans, indirect measen, 200R the present work is viewed as an initial step
sures may provide insight into underlying properties relatedowards understanding the relationship between DPOAE
to cochlear processing. Psychoacoustic and electrophysineasurements and suprathreshold consequences of cochlear
ologic masking studies are motivated by a desire to indirectiyflamage. The primary aim is to determine whether DPOAE
estimate representations of cochlear properties that hav@easurements of frequency selectivity and response growth
been identified from more direct, invasive measurements ifre possible in subjects having hearing loss. This initial step
lower animals. Recently, for example, Oxenham and Placks needed prior to efforts to correlate DPOAE data with su-
(1997 related the growth of forward maskiriqeasured be- prathreshold perceptual phenomena because of the tendency
haviorally) to nonlinear cochlear processing, based on dor DPOAEs to be reduced or absent when hearing loss ex-
comparison of on-frequency and low-frequency masking efists. If DPOAE suppression studies can be performed in hu-
fects. mans with hearing loss, future work will determine the ex-
DPOAE measurements in a suppression paradigm hav&nt to which these measurements correlate with behavioral
also been used to describe peripheral response propertiesfiRdings.
humans. Several studies have shown that DPOAE suppres-
sion me_asurements provide informa_tion related_ to the site of METHODS
generation for DPOAEs and the tuning properties of the co- _
chlea at the plade) of DPOAE generation, at least for ears A- Subjects

with normal cochleage.g., Brown and Kemp, 1984; Martin Twenty-two ears of 20 subjects with normal hearing and
etal, 1987. Furthermore, studies in humans have showmg ears of 25 subjects with hearing loss participated in these
that the reductions in DPOAE levels in the presence of &tudies. The two subject groups differed in age, with the
suppressofAbdala, 1998, 2001; Abdalat al, 1996; Kum-  normal-hearing subjects being youngenean=24.9 years,
meret al, 1995; Gorgaet al, 2002h share a dependence on s.d=13.4 yearsthan the group of subjects with hearing loss
frequency that is similar to other measures of responsemean=57.3 years, s.¢:14.6 years It was difficult to re-
growth such as single-unit rate-level functiof®achs and cruit older normal-hearing subjects or younger hearing-
Abbas, 1974; Schmiedt and Zwislocki, 198nhd measure- impaired subjects, due to factors associated with subject
ments of basilar-membrane motiofRuggero and Rich, availability. Thus, there is concern that some of the results
1991; Ruggeret al, 1997, that were based on more direct reviewed below might have been influenced by age rather
measurements in lower animals. These similarities have leghan hearing loss. As will be seen, however, it is not obvious
us to pursue DPOAE suppression measurements in patienidw age could have affected the data in such a way as to
with cochlear hearing loss in order to determine whethefesult in the outcomes that were observed.
changes in response growth and tuning, evident in direct Normal hearing was defined as audiometric thresholds
measurements from lower animals, can be indirectly obiess than or equal to 15 dB Hlre: ANSI, 1996 at 4 kHz.
served in humans using the same noninvasive DPOAE techirhe mean threshold for subjects in the normal-hearing group
niques that have been applied with humans having normalt 4 kHz (the probe frequency; see belpwas 5.7 dB HL
auditory thresholds. (s.d=4.4 dB. Subjects with thresholds of 20 dB HL or
The present study describes our initial efforts to measurgreater at 4 kHz were classified as hearing impaired. It was
DPOAE suppression in human subjects with mild-to-assumed that the hearing losses in these subjects were of
moderate hearing loss. Subjects with normal hearing are incochlear origin, based upon their case histories, pure-tone
cluded for comparison purposes. Of primary interest was deaudiometry, acoustic immittance measures, and prior results
termining whether reduced frequency selectivity and/or moref any additional diagnostic tests. However, a precise diag-
rapid response growth, predicted from single-unit andnosis of etiology was not available for the majority of the
basilar-membrane studies in lower animals, can be observesiibjects with hearing loss. This “diagnostic ambiguity”
in indirect DPOAE measurements in humans. A long-termhighlights one of the issues that is confronted whenever stud-
goal of our research program has always been to determiries are conducted in humans. Whereas in animal studies, co-
whether there are relationships between objective measurehlear damage is typically induced and, therefore, controlled,
ments of cochlear functiofsuch as DPOAE and/or evoked such control is frequently impossible in studies that involve
potential (EP) measurementsand perceptual consequenceshumans with hearing loss. In fact, it is difficult to find a
of damage to the cochleguch as threshold elevation or homogeneous group of human subjects with hearing loss.
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Subjects with hearing loss were selected according tohese cavities may not provide a good model for individual
their thresholds at 4 kHz, which was tlig frequency that ears. The best solution might be one in which acoustic inten-
was used as the “probe frequency” during the DPOAE sup-sity is measuredNeely and Gorga, 1998 That approach,
pression experiments. Special efforts were made to includeowever, has not been implemented in any widely available
subjects for whom the magnitude of the loss was between 2@evice or software system. Thus, while it is recognized that
and 55 dB HL, on the assumption that it would be morereal-ear calibration measurements may introduce some er-
likely that DPOAE level would be too reduced or the re-rors, it is viewed as an acceptable compromise, given the
sponse would be completely absent for ears with hearingurrent state of calibration methods.
losses exceeding the upper limit of this range. Even so,

DPOAE suppression experiments were not possible in fou€. Procedures

of the 25 subjects with h‘?"’?“”g loss becausg th(_ey did n(_)t Both DPOAE and noise levels were estimated from the
produce responses of sufficient level to permit reliable esti-

. energy in the 2,—f, frequency bin. During data collection,
mates of the suppression of that response. Thus, the daé ch 2-s sample was alternately stored in one of two buffers.

reported below are based on measurements from 23 ears R order to estimate DPOAE level, the contents of the two

21 subjects with mild-to-moderate hearing loss, who FePrehLyffers were summed. Noise level was estimated by subtract-

tsﬁm a SUbS_ﬁt] of the p:)htent;]alldsubjtetzsk\évnr} he:[?lrlng loss i g the contents of one buffer from the contents of the other
IS range. 'he mean hresholds a z 1or e group of iter. This approach is attractive in that signal and noise are

subjects with hearing loss was 36.3 dB K.d=9.1 dB. estimated within the same frequency bin. However, it has the

Thus, on average, the SngeCts with hearing loss had thresﬁisadvantage of providing a more variable estimate of noise
olds that were 30.6 dB higher than thresholds for the normal[evel, compared to the case when noise levels are estimated

hearing group. from the contents of several bins adjacent to thg—Z,
(signa) frequency bin.
Measurement-based stopping rules were used during
DPOAE data were collected with custom-designed softDPOAE measurements. For each condition, averaging con-
ware (EMAV, Neely and Liu, 1994 This system controlled a tinued (1) until the noise floor was-25 dB SPL or less, or
sound card(CardDeluxe, Digital Audio Labsthat was (2) for 32 s of artifact-free averaging, whichever occurred
housed in a PC. Separate channels of the sound card wefiest. The noise-stopping rule allowed us to measure
used to output the two primary tonef; (and f,) that were DPOAEs(and, therefore, suppressjoover a wide dynamic
mixed acoustically in the ear canal. The channel that wasange and still be confident that measured responses were
used to generatb, was also used to generate the suppressoabove the level at which system distortion occurfsde
tone (f;). The output of the sound card was delivered to aDorn et al., 2001 for a more complete description of system
probe—microphone syste(&tymotic, ER 10Q. This system distortion for the present measurement systefhe time
was modified in order to remove 20 dB of attenuation fromlimit prevented data collection from continuing indefinitely
each channel, thus permitting the presentation of suppressdier any single stimulus condition.
at higher levels than would be otherwise possible. Separate In each subject, a DPOAE input/outp(tO) function
loudspeakers in the probe were used to transduce the outputgs measured whefy, =4 kHz. These initial measurements
from the two separate channels of the sound card. Thavere needed in order to select the rangé pfevels for each
probe’s microphone was used to measure levels at the plarseibject over which the suppression experiments could be
of the probe. conducted. Figure 1 shows mean DPOAE 1/O functions for
All DPOAE data were collected for the condition in both normal-hearing and hearing-impaired subjects. The
which f, was fixed at 4 kHz,f,/f;=1.22, the level of mean noise floor is also shown. Note that DPOAE levels
f,(L,) was varied from 20 to 70 dB SP({in 10-dB steps  were less in impaired ears at the sainglevels. The re-
and, for each_,, L, was set according to the equatidn,  sponse levels at 50—70 dB SPL in impaired ears were more
=0.4L,+ 39 dB(Kummeret al, 1998. A third tone,f;, was  like the levels observed at 20-40 dB SPL in normal ears.
used to suppress the response elicited by the primary toneSignificant differences in DPOAE level were observed when
Seventeen suppressor frequencies were used, ranging froomttrmal and impaired responses were compared at the same
octave below(2 kHz) to 3 octave abové5.6 kH2) f,. Sup-  SPL. Differences were not significant when the levels in im-
pressor level l(3) was varied in 5-dB steps from 5 dB SPL paired ears at 50-70 dB SPL were compared to the levels
up to a maximum level of 85 dB SPL. observed in normal ears at 20—-40 dB SPL. That is, if the
Prior to data collection, real-ear measurements at theesults are shifted in impaired ears by 30 @8 amount that
plane of the probe were used to calibrate the stimuli. Thigs nearly equivalent to the mean behavioral threshold differ-
calibration procedure may introduce errors, especially forence between groupsthe levels produced by both groups
frequencies close to the probe frequency used in the presewere similar. Another way of thinking about these findings is
experiment {,=4 kHz). These errors are a consequence othat normal and impaired ears produced different DPOAE
standing-wave problems introduced by an interaction belevels when comparisons were made at similar SPL, but not
tween the quarter wavelength of the probe frequency and thwhen comparisons were made at levels that were approxi-
dimensions of adult ear canals with a probe system in placeately equivalent in terms of sensation leygL). We will
(Siegel, 1994, 2002 However, the use of standard cavities return to this SPL/SL comparison when considering the pri-
for calibration also introduces errors related to the fact thamary findings of the present study.

B. Stimuli
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T T N T T DPOAE data into amount of suppressi@n dB), and they
Normal DPs partially account for variance in absolute DPOAE level
m’;‘r‘r‘l::sz:: across subjects. Decrement-versysfunctions for eachf 5
Impaired Noise were fit with a linear equation in order to provide an estimate
of response growth to the suppressor at the place wipege
sumably the 2f;—f, distortion product was initially gener-
] ated. The fits were restricted to conditions in which the
SNR=3 dB, at least one decrement was required to be in the
range from 3 to 15 dB, and, outside of this range, decrements
were required to increase monotonically with respedt 40
This combination of inclusion criteria prevented the inclu-
| sion of any conditions in the fits in which no suppression
occurred or in which the response was completely sup-
pressed. In an effort to include data points in the linear fits
for which the SNR was higfi.e., points for which the dec-
A . . . rement was as little as 1 dBthese data were transformed by
20 30 40 50 60 70 the equation

L, (dB SPL)

FIG. 1. Mean DPOAE and noise levalB SPL) as a function ofL, (dB D =10 log 10%°"10-1), (1)
SPL). Circles represent data from normal ears, while triangles represent data
from ears with hearing loss. Open and filled symbols represent DPOAE and

noise levels, respectively. Error bars represent 1 s.d. Data points were offset . .
slightly in theL, dimension to help visualization. WhenD =0, the decremenrt3 dB. This transformation had

the effect of linearizing the decrement functions. Finally, in

) ) _ _ ) order to reduce the influence of points with low SNRs, data
The mflqence of the stopping rule is evident in the_ CcoN-noints were weighted by the following equation:
stancy of noise levels acroks and between the two subjects

groups. For each subject, suppression experiments were per-
formed at those., levels for which at least a 10-dB signal- SNR weight= (108197110 /(1 gsignalilo; 1 gnoise/1g 2
to-noise ratio(SNR) was evident in the previously measured
I/O functions. As can be seen in Fig. 1, sufficient DPOAE
level was measured over the rangd.gflevels from 20 to 70 It should be noted, however, that there was little difference
dB SPL in subjects with normal hearing. The range of levelsbetween weighted and unweighted fits to the data. In fact, the
was more restricted in subjects with hearing loss, being limiwo fits superimposed for the majority of conditions. Figure
ited toL, levels of 50-70 dB SPL. 2 summarizes the effects of the above treatments to the data
In each set of suppression measuremdnjswas fixed for one subject with normal hearing. Circles represent the
at one of six levels in normal eaf@0-70 dB SPL, 10-dB unprocessed decrements with signal-to-noise ratios
steps or one of three levels in impaired eafS0—-70 dB  (SNR=3 dB, triangles represent the same data after trans-
SPL). Experimental conditions were then selected such thaformation by the above equation, and the lines represent the
f3 was fixed and its level was varied from 5 to 85 dB SPLweighted fits to the transformed data. The small filled circles
(5-dB steps DPOAE levels were measured for each of theserepresent conditions not meeting the SNR criteiBNR<3
17 suppressor levels at eathfrequency. However, the ini- dB). Thus, they represent conditions in which the DPOAE
tial condition prior to the presentation of eathiwas a con- was at a level that was nearly or completely suppressed. The
trol condition, in which no suppressor was presented. Oncéop, middle, and bottom panels show the data for the cases in
an L series had been completed for ofg a differentf;  which the suppressofrf§) was belom2.2 kH2), close to(4.1
was selected and the entire process was repeated. This dg4z), and above€4.8 kHz f,. As can be seen, the transfor-
proach continued until measurements were completed famation’s only effect was to extend the usable range of data,
each of 17 suppressor frequencies. For each subject, no maaad the weighted functions provide good fits to the data.
than 12 hours of data-collection time was required, dependfhese trends were evident for decrement functions in both
ing mainly on the range ot, levels for which reliable normal-hearing and hearing-impaired ears. The linear equa-
DPOAEs could be measured. This means that data-collectiotions were solved for the suppressor level that resulted in a
time was greater for subjects with normal hearifagy whom  decrement of 3 dB(i.e., D=0, or 3 dB of suppression
measurements were possible at up tolsjXevels, but less  These “threshold” decrements were plotted as a function of
time was required for subjects with hearing loss. f5 in order to generate DPOAE suppression tuning curves
Following data collection, DPOAE levels were con- (STC). Because of the differences in, conditions between
verted to decrement®r amount of suppressidpby subtract-  subject groups, these tuning curves were constructed for
ing the level measured in each suppressor condition from thievels from 20—-70 dB SPL in normal-hearing subjects, but
level measured in the preceding control condition. Therewvere restricted to probe levels of 50—-70 dB SPL in subjects
were several reasons why the data were converted into dewsth hearing loss, due to the smaller responses for the control
rements. Decrements have the advantage of converting tfo®ndition in hearing-impaired ears.

3

20

=
>

o

Level (dB SPL)
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r—r 1t T 1T 1 1t 1 T T 1 data for the opposite casé;(>f,). Each row represents data
for a different probe levell(,). The heavy line represents
data for thef; frequency closest td, for the set off; fre-
30k f3= 2.2 kHz o . guencies shown in each panel. Thinning lines represent data
for f4 frequencies that are increasingly distant frbm Con-
sistent with previous data describing DPOAE suppression
- (e.g., Martinet al,, 1987; Kummeet al, 1995; Abdaleet al,
1996; Gorgeet al., 20020, suppression occurred at the low-
est levels wherf; was close tdf,, with increasing suppres-
- sion “thresholds” asf; moved away fronf, in either direc-
tion. In addition, the functions for lowef; frequencies
relative tof, were steeper, compared to the functions when
f3>f,. These trends were evident at Bl levels, although
it became progressively more difficult to suppress the
DPOAE asL, increased. An estimate of the dynamic range
° of the measurements can be obtained by examining the level
30k f3= 4.1 kHz i at which the decrement functions “saturate.” When this oc-
g ° curs, the DPOAE was completely suppressed into the noise
hd floor. Examination of these decrement functions indicate that
the dynamic range of the present measurements varied from
about 20dB,=20dB SPL) up to more than 30 dB_4
=50, 60, and 70 dB SPL

40

20

10

o
T

0009000000060

1
1

40

20

10

Decrement (dB)

B. Decrement versus suppressor-level functions in
OOOOO _ hearing-impaired ears

i S

— In similar fashion, Fig. 4 presents mean decrements as a
function of L5 for subjects with hearing loss. In all respects,
the conventions followed in this figure are identical to those
30k f3= 4.8 kHz o | used in Fig. 3. However, data collection was restrictet 1o
° levels of 50 dB SPL or higher. Decrement functions from

impaired ears tended to saturate at lower levels, compared to
20} e o similar conditions in subjects with normal hearing. Thus, the
dynamic range of these measurements was reduced, which
probably is due to the same mechanisms that resulted in the
10+ . reducedL, range(of unsuppressed conditionsver which
measurable DPOAEs were observed. With the exception of

OOOO differences in terms of the probe levels,(s) for which the
0 [, OCI) T l" experiments could be performed and the reduced dynamic
—10 0 10 20 30 40 50 60 70 80 90 range, there were no apparent differences between these dec-
rement functions and those observed in subjects with normal

L (dB SPL) hearing. That is, thresholds were lowest far frequencies
3 close tof,, and the decrement functions appear steeper

FIG. 2. Decrementin dB) as a function of suppressor level4) for a Whenf3<f2' compared to the case Whé@>f2'
low-frequency(2.2 kHz, top, on-frequency(4.1 kHz, middle, and high-
frequency suppressa#.8 kHz, botton), relative to f, for one normal-
hearing subjectL,=30 dB SPL. Open circles represent the decrements forC' Sl.opes of decrement versus suppressor-level
which the SNR was at least 3 dB, small filled circles represent data for (:asefémcucmS

in which the SNR criterion was not met, triangles represent the transformed . - .
decrement data meeting the SNR criterigee the tejf and the lines rep- Each decrement versiis function was fit with a linear

resent linear fits after weighting data according to the SNR. Line fits werd €3re€ssion in order to provide an estimate of the slope of

]
1

40

restricted according to the rules described in the text. these functions, as described previously. Figure 5 plots the
mean slopes from these linear regressions as a function of
IIl. RESULTS f3. In all cases, solid lines are used to depict the estimated

slopes from ears with normal hearing and dotted lines are
used to represent the data from ears with hearing loss. Each
panel shows data for a differeht,. For the reasons de-

Figure 3 shows mean decrement-versydunctions for  scribed above, slope could be estimated.fptevels ranging
subjects with normal hearing. The left column representgrom 20 to 70 dB SPL in subjects with normal hearing, but
data for the case when the suppressor was lower in frequencpuld be estimated only for levels from 50 to 70 dB SPL in
than the probe fz<f,), while the right column represents subjects with hearing loss.

A. Decrement versus suppressor-level functions in
normal-hearing ears
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T L) i 1 T 1 ¥ 1 Ll T LB L 1 1 L)

401 T 1
30k Ly=20 + Lo=20 .

FIG. 3. Mean decrementin dB) as a
function of suppressor levelLg) for
subjects with normal hearing. The left
column shows data for the case when
the suppressor frequencis) was less
than the probe frequencyfy), while
the right column represents the results
when f; was greater tharf,. Each
row presents data for a different probe
level (L,), ranging from 20 to 70 dB
SPL. Within each panel, the heavy
lines represent decrements for the
closest tof, of the set off; frequen-
cies represented in each panel. Thin-
ning lines represent data fdr; fre-
guencies increasingly more distant
from f,.

Decrement (dB)

20 T T
1of + .
0 X

L L i 1 1 1 i 1 1 L

1 i H 1 1 |l [l 1
-10 0 10 20 30 40 50 60 70 80 90-10 O 10 20 30 40 50 60 70 80 90

Ls (dB SPL)

These slope estimates were variable acrbss but In order to analyze these frequency effects on slope of
tended to decrease &g increased both for normal and im- the decrement functions, frequency was divided into two
paired ears. For subjects with normal hearing, the slopegroups,f;<f, andf;>f,. Within these groups, the slopes
were generally greater than 1 fég frequencies below,, for individual f 5 frequencies were averaged to provide single
decreasing rapidly as; moved towards frequencies just estimates for low- and high-frequency suppressors. In addi-
abovef,. A similar pattern was observed in subjects with tion, stimulus level was treated in two different ways. In the
hearing loss, although the apparent differences in slope asfast analysis, average slopes for normal and impaired ears
function of frequency were less. Shallower slopes were obwere compared when stimulus levdl,) was constant for
served for the highedt; frequencies in both subject groups; the two groups. This means that data were compared when
however, the functions were not always monotonic with fre-L, was 50—70 dB SPL for both groups of subjects. In a
guency. The slopes of decrement functions in subjects witlsecond analysis, data for normal eard atlevels of 20—40
hearing loss appeared to be slightly shallower on the lowdB SPL were compared to data from impaired ears when
frequency side and slightly steeper on the high-frequency,=50-70dB SPL. Two observations from the present
side, compared to similar data from ears with normal hearstudy provide support for applying this 30-dB shift in the
ing. range of levels over which comparisons between the two
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FIG. 4. Same as Fig. 3, only here data are shown for subjects with hearing loss. Note that data are shown_gmyéts of 50, 60, and 70 dB SPL, for
the reasons described in the text.

L i [ L
-10 0 10 20 30 40

groups were made. Recall that the mean normal audiometrie. DPOAE suppression tuning curves  (STC)
threshold was 5.7 dB HL while the mean thresholds for the

subjects with hearing loss was 36.3 dB HL, a 30.6-dB dif- . .
ference. In addition, the DPOAE levels differed between th L5 that resulted in 3 dB of suppression for_ee[gl‘frequency.
hese levels were then plotted as a functioripfo produce

two groups when'these levels were compared at'the .San]fPOAE STCs, which are shown in Fig. 6 for one subject
SPL, but did not differ when the levels produced by impaired ith normal h:earing and three subjects with hearing loss.

ears at 50—70 dB SPL were compared to the levels produce}'&'{1 tor i h lis. Th bol ¢
by the normal-hearing group at 20—40 dB SPL, a 30-dB shift € parameler in each panellly. 1he Symbois represen

for the normal earg¢see Fig. 1 Thus, we consider the 30-dB the L3 necessary for 3 dB of suppression for edgh Also

shift as something akin to making the comparison at equivaS"OWn are the values @y, Qerg, and tip-to-tail differ-
lent SL, at least on average. ences for each ST@s were estimated from spline fits to the

Analysis of variancé ANOVA ) was used to evaluate the data, while tip-to-tail differences represent the dB differences

effects of frequencyeither above or below,), level, and ~Petween suppression thresholds Bf=2.2kHz and f,
hearing-status group on estimates of slope. For both equiva: 4-1 kHz. In the normal-hearing subject, sharp tuning was
lent SPL and equivalent SL, the outcomes of the ANOVAEvident around the tip, and the difference between thresholds
were the same. Significant effects were observed for fre@t the tip and on the low-frequency tail was 40 dB when
quency and for a frequensshearing-status group interac- L2=20dBSPL. For this subject, there was a systematic de-
tion. That is, the slopes were steeper for suppressors belo@f€ase inQo, Qerg, and tip-to-tail differences ak, in-

f, compared to the slopes for suppressors alfgvie both creased, primarily as a result of changes in suppression
groups, but the differences depended on hearing status. subreshold around the tip. Less change was evident on the tail.
jects with normal hearing had greater differences betweeRata from three subjects with hearing loss are shown in the
slopes above and belofy, compared to subjects with hear- next three panels. While the data from impaired ears were
ing loss. This occurred because there was less difference Igss orderly compared to the data from the subject with nor-
slope for low- and high-frequency suppressors in subjectghal hearing, the general patterns were similar. At the same
with hearing loss. This observation indicates that, at théSPL, the STCs from the impaired ears appeared similar, and
place where the DPOAE was generated, the growth of reQ- and tip-to-tail values were grossly in the range observed
sponse for off-frequency and on-frequency stimuli was mordor the subject with normal hearing.

similar in ears with hearing loss. Figure 7 shows mean STCs for both normal-hearing and

For eachL,, the linear regressions were solved for the
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* Normal “ " hearing losgbottom three panelsWithin each panel, the parameterlis.
i * Q10, Qere, and tip-to-tail differences for each tuning curve are given
0.0 --~-----------lmp?|red . ] within each panel.

1000 2000 4000 8000

f (HZ) in ears with hearing losgprimarily because there was a
3 smaller range oL, levels to consider the best frequency
FIG. 5. Mean slopes of decrement versus suppressor lewfignctions as &S0 shifted towards lower freque_nmeg-@sncreased- Ther_e
a function of suppressor frequencfs]. Each panel represents data for a was a tendency for the suppression thresholds on the tails of
different L,. Within each panel, data from normal-hearing subjects arethe STCs to occur at a lower level for ears with hearing loss,

shown as a solid line, and data from subjects with hearing loss are shown ?fompared to thresholds for similar frequencies in normal
a dotted line.
ears.

hearing-impaired subjects. Each panel represents data forEa

different L,, with solid lines representing data for normal — Q10 aNd Qere

ears, and dotted lines representing data for ears with hearing Figure 8 provides a scatter plot of the individual values

loss. As expected from the previous discussion, DPOABf Q¢ and Qgrg (top and bottom rows, respectivelas a

STCs could be constructed fap, levels ranging from 20 to  function of audiometric threshol® ., is defined as the best

70 dB SPL in ears with normal hearing and from 50 to 70 dBfrequency €5 frequency with the lowest suppression thresh-

SPL in ears with hearing loss. old) divided by the bandwidth at a level 10 dB above the
STCs in normal and impaired ears appeared to be similasuppression threshold at best frequeByf). Qgrg is de-

at the three absolute levels for which comparisons could béned as the BF divided by the equivalent rectangular band-

made. In the STCs from ears with normal hearing, there wawidth (ERB). For any filter, the corresponding ERB is the

a tendency for the best suppressor frequency to shift towardsandwidth of the rectangular filter with the same BF re-

lower frequencies as level increased. Although less obviousponse that passes the same total power. The DPOAE STCs
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L3 for 3 dB of Suppression (dB SPL)

FIG. 7. Mean DPOAE STCs for normal-hearing and hearing-impaired ear
plotted as the suppressor level in dB SPL for 3 dB of suppression as
function of f;. Each panel shows the STC for a differdnt. STCs for
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FIG. 8. Scatter plots o, (top row) and Qggg (bottom row as a function
of audiometric thresholddB HL) for the case when stimuli were presented
at a constant SPUeft column or constant Sk(right column).

right column similarly collapses data across thieelevels,
but includes data wheh, was more similar in SL. Thus, it
includes data from normal ears whén=20-40dB SPL,
but includes data from impaired ears wheh,
=50-70dB SPL. As can be seen in Fig. 8, there was con-
siderable overlap between normal and impai@&g] and the
relation between these values and audiometric thresholds
was not obvious. This was true, whether the relation was
evaluated at equivalent SPL or equivalent SL. Correlation
analyses were consistent with this observation at equivalent
SL (right column, Fig. 8. However, correlationsr(=0.34 or
0.31) were significant for bottQ,o and Qgrg at equivalent
SPL (left column, Fig. 8. In spite of these correlations, an
examination of the actual data suggests that a strong relation-
ship between tuning around the tip of the STC and audiomet-
ric threshold did not exist, at least for the data from the
present group of subjects.

Figure 9 shows mea@Q,, and Qggg in the top and bot-
tom panels, respectively, as a functionLgffor both normal
and impaired ears. Regardless of which estimate was used,

ihe sharpness of tuning decreased_asncreased for sub-

jects with normal hearing. MeaR,, values of about 4 were

subjects with normal hearing are shown as solid lines, while STCs for subobserved wherL, was 20 or 30 dB SPL, decreasing to a
jects with hearing loss are shown as dotted lines.

value of 2.6 at the highest probe levels. Similagrg de-
creased from average values of 6.5 at loylevels to about

were inverted for the purpose of computing the ERB. While4.4 for L, levels of 60 dB SPL or greater. For ears with
Q1o is the more common way of quantifying the sharpness ohearing loss,Q,o was slightly larger, compared to values
both neural and DPOAE tuning curve@ggg has been used observed in ears with normal hearing, when the estimates
to estimate the tuning in behavioral estimates of frequencyvere derived at the same absolutglevels. Qgrg €Stimates

resolution(e.g., Shera, Guinan, and Oxenham, 2002

also were slightly larger in ears with hearing loss. For both

The left column shows data from the two groups at con-Q,o and Qgrg, the differences between groups were small;

stant SPL, but lumps together the data for the thretevels

however, an ANOVA for constant SPL conditions revealed

summarized in each panel. Thus, it includes data from northat these differences, although small, were significant. No
mal and impaired ears whérp =50, 60, and 70 dB SPL. The significant differences were noted when the data for normal
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I 1 FIG. 10. Scatter plots of tip-to-tail differendeB) as a function for audio-
[ 1 metric thresholddB HL). Left panel: data for stimuli presented at a constant
1 SPL. Right panel: data for stimuli presented at a constant SL.

Figure 10 provides scatter plots of individual tip-to-tail
differences as a function of audiometric threshold, following
the convention that was used in Fig. 8. Thus, data are pre-
sented for equivalent SPL conditiofisft pane) and equiva-
lent SL conditions(right pane). Data are collapsed across
20 3'0 4'0 5'0 6.0 7'0 the threel, levels represented in e.ach'panel, ju;t as they

L (e SPL) were for 'FheQ values represented in Fig. 8 A significant
2 relationship was observed between tip-to-tail differences and
FIG. 9. MeanQ,, and Qugs as a function ofL, in the top and bottom aud@ometr?c thresholds,_in that these differences decreased as
panels, respectively. Error bars represert s.d. Data for subjects with ~audiometric thresholds increased, even though the data were
normal hearing are shown as circles, while data for ears with hearing losyariable at each audiometric threshold. Correlations ranged
are shown as triangles. from 0.38 for the equivalent SPL condition to 0.77 for the
equivalent SL condition. This represents a main observation
ears at 20—40 dB SPL were compared to data from impaireth the present study. While tuning around the tip of the STCs
ears at 50—70 dB SPL, which is the equivalent SL conditiondid not depend strongly on audiometric threshold, the rela-
Whether comparisons were made at constant SPL or SL, aritbnship between threshold at the tip and on the tail of the
in spite of the statistical observations, these estimates wet®TC decreased systematically as threshold increased.
variable in both normal and impaired ears, and the distribu-  The results shown in Fig. 10 are summarized in Fig. 11,
tions of normal and impaire®s overlapped, as can be seenwhere the top panel plots the mean suppressor lelvgl (
in plots of individual(Fig. 8) and meanFig. 9) data. necessary for 3 dB of suppression as a functiorl gffor
subjects with normal hearing. The parameterfis with
filled circles showing data for the case whigia=f, and open
circles showing the results whég<f,. Note that wherf,

Following an approach initially proposed by Mills ~f,, the suppressor level necessary to achieve 3 dB of sup-
(1998, based on data from animal studies, and since used kression was nearly equal to probe level), which also
Pienkowski and Kuno\2001) and Gorgaet al. (20020 to  means that criterion suppressor level increased linearly with
describe similar human DPOAE data, suppression thresholds,. In contrast, a highek; was required for 3 dB of sup-
were compared for a suppressor at the STGitg, close to  pression when the suppressor was 2.2 kHz, as expected from
f,) and for a suppressor on the low-frequency tail of thethe individual STCs shown in Fig. 6 and the scatter plots in
STC. The differences between these suppression threshol&gy. 10. For example, wheh,=20dB SPL, arlL ; of about
were estimated for the range bf levels at which the mea- 65 dB SPL was needed in order for the criterion suppression
surements were made in each subject group. This quantityp occur. Howeverl 5 increased at a slower rate, compared
which is specified in dB, is sometimes referred to as thdo L,, for this low-frequency suppressor.
tip-to-tail difference or the tip-to-tail ratio. The tails of the In similar fashion, the middle panel plots mean suppres-
STCs were not completely flat, meaning that suppressiosion thresholds as a function b} for the same on-frequency
threshold continued to slowly increasefasdecreased. As a and low-frequency suppressors in subjects with hearing loss.
consequence, the “tail” threshold was defined as the threshin this case, filled triangles represent results wiigs f,,
old for the 2.2—kHz suppressor because it was close to thand open triangles represent data wiigs 2.2 kHz. As ex-
lowest f5; used in the present experiment and it was a suppected from previous results, suppression was measurable
pressor frequency for which criterion suppression was measver a restricted range df, levels in impaired ears, com-
surable in the majority of cases. The tip-to-tail differencespared to ears with normal hearing, and data from impaired
were derived for normal and impaired ears atlglllevels at  ears were characterized by greater variability. However, for
which STCs could be measured. thoseL , levels at which suppression could be measured, the

F. Tip-to-tail differences (dB)
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c') f3='2.2 KMz suppression thresholds whedR=4.1kHz were subtracted

o o fi=4.] KHz 1 from the thresholds whefiy,=2.2kHz, and this quantity is

80 . plotted as a function of,. Thus, the bottom panel plots the

20l mean tip-to-tail difference in dB for both subject groups. In

sol normal-hearing ears, the tip-to-tail difference decreased as
L, increased, going from a maximum of about 42 dB (

50p 1 =200dBSPL) to a minimum of about 12dRj

40} 1 =70dB SPL). At the thred_, levels at which data were

30 ] obtained in impaired ears, tip-to-tail differences also system-

20l atically decreased with,. Ears with hearing loss, however,

0 Normal produced tip-to-tail differences that were 5—-6 dB smaller

than those produced by subjects with normal hearing at the
samel, levels, although variability in these measurements
90} A f3=2.2 kHz ; was large, especially among ears with hearing loss. An

L3 for 3 dB of Suppression (dB SPL)

go| X T3 Kz I ANOVA revealed significant effects for both, and group,
70l ] but no interactions betwedn, and group. This was true for
B both the constant SPL and the constant SL conditions.
60}
50} % E
0 ] IV. DISCUSSION
30} ] To summarize the results from the present experiment,
oo} threshold and growth of suppressi@measured in the form

of DPOAE decrement vk 5 functiong depended on the re-
1o Impaired 1 lationship between suppressor frequenty) @nd probe fre-
quency ,) both in normal-hearing and hearing-impaired
subjects (Figs. 3, 4, and b When f;<f,, suppression
Lz (dB SPL) threshold occurred at higher levels and the slope of the dec-
rement function was steeper, compared to cases when
~f,. While suppression threshold increased aicreased
abovef,, the slopes of the decrement functions decreased in
both subject groups. There were differences, however, be-
tween normal and impaired ears in that the differences in
slope between low-frequencyf{<f,) and high-frequency
suppressors fg>f,) were less in impaired ears. The
decrement-vé-; data were used to generate DPOAE STCs,
in which the suppressor level necessary for 3 dB of suppres-
: sion was plotted as a function &f (Figs. 6 and Y. While
©  Normal Hearing STCs were measurable over a more limited range of absolute
[ & Hearing Impaired probe levels [,) in ears with hearing loss, at the same ab-
20 30 40 50 60 70 solute probe levels, mean STCs in normal and impaired ears
L, (&8 SPL) were similar_ in appearance._These similarities were _noted
around the tips of the STCs, in that there was overlap in the
FIG. 11. Mean suppressor levdl{) necessary for 3 dB of suppressitin estimates 0fQ4, and Qggrg for the two groupgFigs. 8 and
dB SPL as a function of probe levelg) for an on-frequency suppressor  9). There was a tendency towards sharper tuning around the
(f32:24k-i| :Hé efn”':dmsbfl‘lbé’r'fofggrﬁg are'soé"’n'tfrleg‘ée“;oy S:zzflesri‘;fgéts tip of the STC in ears with hearing loss, although this effect
datt;l from'noF;mal-il\earing subjects; mizdle panel .sr;ows r?esultsr}or subject\élas Slgmflcam only fOI? conQ|t|0ns of equivalent absollte .
with hearing loss. Bottom panel: The tip-to-tail differer@e dB as a func-  |€Vels in normal and impaired ears. In contrast, ears with
tion of L,; data from subjects with normal hearing are shown as circles,hearing loss produced smaller tip-to-tail differences, com-
while data from subjects with hearing loss are shown as triangles. pared to subjects with normal hearing, with a larger effect for
comparisons in whicl., was presented at roughly equiva-
overall pattern of response for low- and on-frequency supient SL (Figs. 10 and 11
pressors appears to be similar for the two groups. That is, the The relationship between the slopes of decrement func-
“threshold” suppressor level approximated, and, thus, tions as a function of suppressor frequency in normal ears
grew linearly withL, whenfz~f,. Higher suppressor levels has been observed in several previous DPOAE studies,
were needed whem;=2.2kHz, while L; increased more Kemp and Brown, 1983; Kummet al, 1995; Abdala, 1998,
slowly for this condition, compared to the case whien  2001; Gorgeet al,, 20021. In turn, these data are consistent
~f,. with previous animal studies in which it was shown that the
The data shown in the top two panels are summarized inesponse at any point along the cochlea grows more rapidly
the bottom panel of Fig. 11, in which the mean levels forwhen that place is driven by a stimulus whose frequency is

20 30 40 50 60 70
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lower than the best frequency for that plag&hode, 1971; istered, there was little change at that same place when it was
Sachs and Abbas, 1974; Schmiedt and Zwislocki, 1980; Rugstimulated with a low-frequency tone.
gero and Rich, 1991; Ruggest al., 1997. It may be reasonable to assume, therefore, that the ef-
The observation that the slopes of these functions in earfects of the low-frequency suppressors were the same in nor-
with mild-moderate hearing loss were, in general, shallowemal and impaired ears. However, the response to suppressors
for low-frequency suppressors, compared to data in normahust be inferred from the changes their presentation causes
hearing ears was not expected. Previous studies in animal@ the response to the probe. Perhaps the slope patterns ob-
suggest that response growth changes as a consequencesefved in the present study are a consequence of the fact that
cochlear damagéEvans, 1974; Sewell, 1984; Gorga and Ab- our measures reflect the relative growth of response between
bas, 1981a,b; Ruggero and Rich, 1994 recent study in suppressor and probe. If the growth of response was more
animals with noise-induced hearing loss described besglike in impaired ears for low- and on-frequency conditions,
frequency rate-level functions that sometimes were shallowelhen differences in slope across frequency might be reduced,
than normal, normal, or steeper than norrtidkinz et al, not because the low-frequency slope has become more shal-
2003. They attributed the variation in slopes to differenceslow, but because the on-frequency slope has become more
in cochlear damagélHC damage, OHC damage, or some St€€p.
combination of IHC and OHC damaygealthough cochlear Measures of tuning, based on the present measurements,
status was not assessed directly. Likewise, the status of tfdSO revealed some interesting trends. DPOAE STCs in nor-
OHCs and the IHCs cannot be known in the present study. If"a! and mildly impaired ears appeared to be similar when
those studies that examined response growth for on- and off1€y Were compared at the same probe levels (In spite

frequency stimuli, however, little or no change in responseOf the statistical outcome indicating that impaired ears pro-

growth was observed following cochlear damage for a stimuduced largeiQ;o and Qegg than normal-hearing ears when

lus that was lower than the best or probe frequency. Statetii€ Probes were presented at equivalent SPL, it is difficult to

differently, the response to a low-frequency stimulus Was(:onsider the @ndividual data preser_lted in Fig. 8_and conclude
relatively insensitive to the status of the cochlea at a highth@t these differences are meaningful. That is, there was

frequency place. However, the slope of response-growt verlap betweerQi and Qgrg, regardless of audiometric

functions tended to increasgeelative to the normal cagéor tgesholg._T?ese resutlts, at one Ier\]/_elr,] a'rt(:} S|r|n|lar(;t_o thtpse
stimuli close to the best frequency when cochlear damag%glserve N WO recent papers n which either foop diuretics

existed. The present results appear, at least at face value, wairtl:ggé 6;'(; ilngdguigrtgr?]'sirz):pof:\:g:;\glzr(i?éi; ?r?ciﬁe co
differ from these previous findings. There was more similar- porary,

ity in the slope of these decrement functions for low- andchleae of rabbits. This group recently observed similar ef-

high-frequency suppressors in impaired ears. This occurrefge(:tS when more permanent noise-exposure damage was in-
g q Y supp P ) uced in rabbit§Howard et al, 2003. In all three studies,

because there was a small decrease n slope for. SUPPTESSH{R e \was little difference in the DPOAE STCs prior to and
below f, and perhaps an even smaller increase in slope fog

suppressors abov oon after cochlear insufelthough some STCs in impaired
PP ' . ears appeared more variable compared to the pre-exposure or
C[:5re—treatment caspdn fact, there may actually have been a

tions from studies in lower animals may be due to the dlffer'tendency for some STCs reported in these previous studies to

ences in the measurement paradigms used to collect the da come more sharply tuned after insult. In any case, Martin

Unlike previous animal experiments, in which responseg o and Howardet al. observed little or no change in either
growth can be examined directly by presenting a single ton€q o {in_to-tail differences following cochlear insult. As a
such measurements are not possible in humans. In studigs it of these findings, they concluded that DPOAE sup-
involving humans, a probgthe primaries in the present case ,egsion measurements do not provide the same information
must be presented and response growth to another(to@e 5,5t cochlear tuning as do other measurements, such as
suppressormust be mferrgd from the changes it causes Wsingle-unit frequency-threshold curves or direct measure-
the probe response. The integrity of the OHCs presumably,ents of basilar-membrane tuning. The present observation
should not influence the response to a low frequency at g jittie or no difference between the DPOAE STC sharpness
high-frequency place because the high-frequency place only,qound the tip(Q) in normal and impaired ears would be
responds nonlinearly when it is excited by frequencies closggnsistent with the observations made by Magtral. and

to its best frequency. Evidence in support of this view comegjowardet al. There are other physiological data in the form
from single-unit studies in animals where OHC damage exof single-unit frequency-threshold curvéBallos and Harris,
ists. Tail thresholds remain relatively ConStE(Dt perhaps 1978; Liberman and Dodds, ]_gBér forward-masking ac-
even hypersensitiyeso long as the damage is restricted totion potential(AP) tuning curvesGorga and Abbas, 1981b

the OHCs(Dallos and Harris, 1978; Liberman and Dodds, suggesting that tuning around the best frequesaygle-unit
1984. Further support for this view comes from studies instudie$ or probe frequencyAP studie$ may be similar in
which basilar-membrane motion was measured before angars with normal and impaired hearing, at least for ears with
after treatment with furosemide, an agent known to reversmild-to-moderate threshold elevations. Stated differently,
ibly impair cochlear function(Ruggero and Rich, 1991 hearing losgby definition causes an elevation of threshold
While the response from a high-frequency cochlear place tat best frequency, but not necessarily a decrease in tuning
best-frequency tones changed when furosemide was admiaround best frequency. Thus, the present observations in re-
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gard toQ are consistent with previous DPOAE data and withtatory representation to the probe and not the wider
the results of single-unit and AP masking studies in animalsepresentation due to suppressigee Sachs and Kiang,
with induced lesions. While the present findings in relation to1968, for a classic description of excitatory and suppressive
tip-to-tail differences are also in agreement with previousregions in the responses of auditory neujoiihis would be
single-unit and AP data, they differ from DPOAE data in the case because suppression is memoryless, occurring only
animals with induced cochlear damage that showed navhen the probe and suppresdar maskey are on at the
change in tip-to-tail difference@artin et al,, 1998; Howard same time. In contrast to the paradigm used by Skes,
et al, 2002, 2003 the present measurements were derived from suppression
Conclusions about tuning at the tip in normal and im-measurements, and thus would be expected to result in wider
paired ears might be modified by examining level effects. Inestimated bandwidths. In addition, the probe in the present
the present dat& ;o and Qegrg (in addition to tip-to-tail dif-  study consisted of two tones, slightly different in frequency.
ferencey decreased as level increased, an observation th&oth tones contribute to the generation of the DPOAE, and,
was more pronounced in ears with normal hearing. La@ger because of this, it is possible that a wider range of suppres-
were seen at low probe levelk{ levels of 20—40 dB SP).  sors is effective in reducing the response. While both factors
compared td_, levels at and above 50 dB SPL. Less sys-may account for the differences @ estimates between the
tematic changes with level were observed in impaired eargresent study and the data reported by Sle¢ra., it is un-
However, this may have occurred because of the restrictedertain how this distinction would impact the present com-
range of possible measurements in impaired ears. Hearingarisons between normal and impaired ears. Perhaps an ef-
loss in these subjects increased DPOAE threshold and/or réect of hearing status would have been obsertied), and
duced DPOAE levelsee Fig. 1 Because suppression ex- Qggrp) if the data were derived from a paradigm that did not
periments require an unsuppressed response of some levetlude the effects of suppression. A paradigm in which only
that subsequently will be reduced by the suppressor, it wathe excitatory regions were evaluated might have resulted in
necessary to perform the experiments in impaired ears onlgharper tuninghigher Q) in normal ears because the sup-
at the higher_, levels for which some reduction in tuning pression region would not have been outlined, but might
occurs in normal ears. This suggests that the lack of differhave had no effect on the tuning in impaired ears. Unfortu-
ences betwee®s in normal and impaired ears might repre- nately, isolating the excitatory region in normal ears is not
sent a level effect. Thus, the observation of differences bepossible for measurements like those used in the present
tween normal and impaired ears might depend on the wagtudy.
the level is chosen at which comparisons will be made. This  In normal ears, it is assumed that nonlinear processing
argument, however, is not supported by the observation thaiccurs at a specific place when that place is driven by its best
the overlap inQs was similar, regardless of whether normal or characteristic frequency. In suppression experiments like
and impaired data were compared at equivalent SPL othe present study or psychophysical masking stugie&n-
equivalent SL(see Fig. 8 The present data, therefore, sug- ham and Plack, 1997the growth of suppressiofr mask-
gest thatQ is relatively insensitive to probe levelL§) or  ing) with probe level is linear when probe frequency ap-
audiometric threshold, at least among subjects with no worsproximates suppressor frequency because both the
than a moderate hearing loss, statistical results@onot-  suppressofor maskey and the probe are being processed
withstanding. through the same nonlinear mechanism. In contrast, low-
The present estimates Qfzrg in human ears with nor- frequency suppressofsr maskersare processed more lin-
mal hearing are less than the values recently reported bgarly at the place where the probe is primarily represented.
Sheraet al. (2002, whose estimates were based on stimulus-Thus, a high-frequency probe is processed nonlingadyn-
frequency otoacoustic emissiofSFOAE and behavioral pressively at its characteristic place, while a low-frequency
forward-masking measurements in humans. For exampleuppressor is processed linearly at the same place. As a con-
their SFOAE estimates @grg Wwere 15—-20 at 4 kHz, while sequence, functions relating suppressor level to probe level
their behavioralQgrg estimates were close to 15 at 4 kHz. grow at a slow rate when suppressor frequency is well below
Their measurements were made with a 40-dB SPL probe. Aprobe frequency, reflecting the compressive processing for
this level, the current estimates Q@:rg, On average, were the probe, but not for the low-frequency suppressee the
about 6.5. This value is closer to the valyabout 8 or 9 at  top two panels of Fig. 11
4 kHz) observed in a number of other papéas summarized These effects were explored further in the present study
by Glasberg and Moore, 1980n which simultaneous mask- by estimating tip-to-tail difference@-igs. 10 and 11 Tip-to-
ing techniques were used. Thus, the differences between otail differences decreased as either level or audiometric
estimates and the recent estimates by Skeéwd. might re-  threshold increased. When grouped dichotomously according
late to the fact that the data reported by Sredral.represent  to hearing status, normal and impaired results differed sig-
the excitatory response area, while the present measurememigicantly, regardless of whether comparisons were made at
(as well as those summarized by Glasberg and Moiore  the same SPL or the same SL. These data suggest that one
clude suppressive, as well as excitatory, areas in the reeffect of hearing loss might be to cause more upward spread
sponse. The SFOAE measurements of Sle¢ra., although  of excitation in ears with hearing loss, even if the tuning
derived in a suppression paradigm, represent the unsuplose to the best frequency  in the present experiment
pressed response to a single tone. Similarly, their forwarddoes not differ between normal and impaired ears. These
masking behavioral data presumably describe only the excresults are consistent with single-unit dééag., Dallos and
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Harris, 1978; Liberman and Dodds, 198 which the dif- mal and impaired ears are reduced when compared at the
ferences in tip and tail sensitivity decreased as the extent afame absolute levels because of changes with level to the
the cochlear lesioitand the amount of threshold elevatjon nonlinear processing in ears with normal hearing. Added to
increased. In addition, they are consistent with forward-this level effect is the effect of hearing loss. Thus, the small
masking AP data, in which tip-to-tail differences in normal differences between normal and impaired datsequivalent
ears were larger than those observed in ears with nois&SPL) relate to the fact that comparisons could be made only
induced hearing loss, regardless of whether the probe in thier high-level responses, with their attendant reduced gain
normal ears was presented at the same SL or the same SPLwgler normal conditions. The further reduction in the tip-to-
was used in impaired eaf§orga and Abbas, 1981b tail differences in ears with hearing loss might reflect an
The influence of stimulus level appears to be consistenadditional consequence of hearing loss, namely an increase
with data reported by Rubsamest al. (1995, in which  in upward spread of excitation.
DPOAE levels and neuronal thresholds were correlated be- There are several potentially important differences be-
fore and after administration of furosemide. At low and mod-tween the way single-unit frequency-threshold cur{f€sC)
erate primary levels, the DPOAE level decreased and thand psychophysical tuning curv@®TC) are measured, com-
neuronal threshold increased synchronously. Decreases pared to how the present DPOAE STCs were derived. In the
DPOAE level of 30 dB or more and increases in unit thresh-case of single-unit FTCs, “threshold” typically is defined as
olds of 50 dB or more occurred at essentially the same timethe stimulus level that results in a specified increase in dis-
As the primary levels increased, however, the size of theharge rate above the spontaneous (&be example, see
reduction in DPOAE level decreased. At primary levels of 80Liberman, 1978 Thus, the threshold represents a level that
and 70 dB SPLI(; andL,, respectively, smaller changes in causes a small response on the nerve fiber. PTCs typically
DPOAE level were observetsee Fig. 5, Rubsamest al, are measured by setting a probe tone slightly above its
1995, for an example of these effectStated differently, threshold, and then presenting maskers that render this barely
changes in DPOAE level were more apparent when lowaudible sound inaudible. In contrast, DPOAE STCs typically
level primaries were used to elicit these responses, comparede measured by presenting the probgdndf,) at a level
to the case when higher-level stimuli were used. This effecthat produces a response well above its threshold. This su-
is consistent with other reports that have shown that the semprathreshold response is then suppressed by some criterion
sitivity of DPOAE measurements to hearing loss is greateamount(i.e., decrementin order to produce a DPOAE STC.
for lower level primariege.g., Whiteheactt al, 1995; Sto- It may be an important distinction that both FTCs and PTCs
ver et al, 1996. are measured at near-threshold leyelgher as an increase in
Mills (1998 described an approach in which DPOAE discharge rate or as the masking of a low-level pyoiadile
STCs were used to calculate differences between orDPOAE STCs are measured as reductions in level for a su-
frequency and low-frequency thresholds, and proposed thagtrathreshold response that typically is elicited by moderate
these differences related to the “gain of the cochlear amplifevel probes. Howarcet al. (2002 made this point when
fier.” As stated above, this idea is based on the notion thahoting the unexpected finding that DPOAE STCs in ears
active nonlinear processes occur when a given place in thexposed to noise did not show changes in tuning-curve prop-
cochlea is driven by its “best” or “characteristic” frequency erties that might be predicted from FTCs measured at the
(CF), and these nonlinear processes are absent when thevel of an auditory neuron. Perhaps more similarity would
same place is driven by a frequency much lower than CFoe observed if DPOAE STCs were measured in paradigms
Pienkowski and Kunou 2001 applied this approach with more skin to the paradigms used in FTC or PTC measure-
humans whose audiometric thresholds fell within broad norments.
mal limits, using a single set of moderate-level primaries. We  Another important difference relates to the levels in the
further explored this application by measuring tip-to-tail dif- auditory system that are assessed during DPOAE measure-
ferences for a wide range of primary levels in humans withments, compared to either single-unit or psychophysical
normal hearingGorgaet al, 2002h. The tip-to-tail differ-  studies. It is reasonable to assume that DPOAE studies de-
ences previously observed by us decreased with primary lexscribe only OHC function, and are uninfluenced by the status
els in a manner that was similar to what was observed foof the IHCs, auditory nerve, or higher levels of the auditory
normal-hearing subjects in the present study. One interpretaystem(admittedly ignoring influences from the efferent sys-
tion of these data might be that the gain of the cochleatem). In contrast, single-unit studies provide information re-
amplifier (if that is what is being estimated by measurementdated to both OHC and IHC status, and psychophysical
of tip-to-tail differencegdecreases as level increases. It is agnasking studiegalthough dominated by the status of the
if the need for amplification of low-level stimuli decreases asauditory periphery also may be affected by more central
level increases. If this notion is correct, it might provide aphenomena.
framework for interpreting the present results. Specifically,  Finally, there is perhaps a parsimonidiasd less inter-
both hearing status and probe level might be exerting amesting explanation for the present findings, related to subject
influence on the tip-to-tail difference in impaired ears. Theselection criteria. Special effort was made to recruit subjects
“gain” in ears with hearing loss could only be measured for with mild-to-moderate hearing loss at 4 kHz. However, this
L, levels of 50—-70 dB SPL, for the reasons described previinclusion criterion alone was insufficient. It was necessary
ously. These are levels for which, under normal circum-that each ear produce a DPOAE of sufficient level in order to
stances, less gain is evident. Thus, differences between naenduct these suppression studies. A total of 29 ears of 25
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subjects with mild-to-moderate hearing loss was recruitedGorga, M. P., Neely, S. T., Bergman, B. M., Beauchaine, K. L., Kaminski, J.
but DPOAE Suppression experiments were possib|e in On|y R., Peters, J., and Jesteadt, Y¥993. “Otoacoustic emissions from

; ; ormal-hearing and hearing-impaired subjects: Distortion product re-
23 ears of 21 of these subjects. These subjects produce@ponses'”l Acoust. Soc. Ar93, 2050—2060.

responses of sufficient level to permit measurements of SURsorga, M. P., Neely, S. T., Dorn, P. A., and Hoover, B. (@003. “Further
pression of that response. Thus, the subjects with hearingefforts to predict pure-tone thresholds from distortion product otoacoustic
loss included in the study constitute a biased sample in thatemission input/output functions,” J. Acoust. Soc. Afin press.

they produced Iarger DPOAEs than the excluded Subjecté‘;_orga, M. P., Neely, S. T., Ohlrich, B., Hoover, B., Redner, J., and Peters, J.

While thi . d d . (1997. “From laboratory to clinic: A large-scale study of distortion prod-
lle this was necessary In order to conduct SUPPIESSION ¢t groacoustic emissions in ears with normal and ears with hearing loss,”

experiments, it suggests the possibility that the present sub-gar Hear.18, 440—455.
jects are NOT entirely representative of patients with mild-Gorga, M. P., Nelson, K., Davis, T., Dorn, P. A., and Neely, S(ZD00.
to-moderate hearing loss. This caveat regarding bias in the Distortion product otoacoustic emission test performance when both

. . . . 2f,—f, and 2f,—f, are used to predict auditory status,” J. Acoust. Soc.
selection of subjects with hearing loss may be unnecessary,, ;0. 5106 5135

given the fact that the majority of ears with miId-to—moderateGorga, M. P., Stover, L. J., and Neely, S.(T996. “The use of cumulative
hearing loss produced responses. distributions to determine critical values and levels of confidence for clini-
cal distortion product otoacoutic emission measurements,” J. Acoust. Soc.
Am. 100, 968-977.
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