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Narrow-band transitory evoked otoacoustic emissiOiiEOAE) were recorded for nine normal
hearing subjects in the presence of a broadband tone complex suppressor. Introducing a spectral
notch at the frequency of the narrow-band stimulus causes the suppression effect to decrease, the
more so the wider the notch. This decrease in suppression permits an estimate of the size of one
critical band. One advantage of this approach is that no active participation of the subjects is
required. The estimated critical bandwidth is then compared with independent estimates based on a
simultaneous masking experiment, using the same stimuli. The two measures of the critical
bandwidth coincide well for those six subjects with spontaneous otoacoustic emissions. However,
the bandwidth estimate based on the OAE measurements is too large for the other three subjects
without spontaneous emissions. Simulations of the suppression effect with a driven van der Pol
oscillator with moderate undamping produce critical bandwidth estimates consistent with those
observed in the psychoacoustical experiments. This allows an estimate of the “effective” amount
of undamping on the basilar membrane that is required to produce the critical bandwidth observable
in psychoacoustic experiments. ®97 Acoustical Society of Amerid&0001-496627)01105-3

PACS numbers: 43.64.Jb, 43.66.[RDF]

INTRODUCTION critical bandwidth expressed as equivalent rectangular band-
width (ERB) for each of a set of subjects. The CBW was
The recording of otoacoustic emissions allows one tadetermined in a forward masking experiment using noise
obtain data on the peripheral hearing system without anynaskers with differing spectral notchwidth according to
active participation of the subject. Clinical interest in otoa-Patterson(1976. Brown et al. concluded that the DPOAE-
coustic emissions is typically focused on the determinationuning curve may serve as an estimate for the size of one
of hearing thresholds. The spectrum of transitory evokedritical band. One problem with these OAE experiments is
otoacoustic emission§TEOAE) or the distortion product that the stimuli and procedures to estimate the critical band-
otoacoustic emissionDPOAE, “DPgram”) usually serve idth differ considerably from those utilized in the psychoa-
as an estimate of the audiogram. However, otoacoustic emigopustical experiment. Since experimental paradigms as well
sions are mostly measured with stimuli well above theas the assumed shape of the auditory filter significantly in-
threshold of hearing so that they might relate better to suflyence the estimates of the CBVKollmeier and Holube,
prathreshold phenomena than to the audiogram. Thereforggg), a quantitative comparison between the CBW based on
otoacoustic emissions mlght help in determining fUnCtionalDPOAE and the CBW based on masking experiments seems
parameters of the inner ear that relate to parameters derivegd pe difficult for the experiments described so far.
from suprathreshold psychoacoustical tests. The experiments presented here therefore use the same
One of the most important parameters of this kind is thestimuyli for measurements of the suppression of narrow-band
critical bandwidth(CBW). It describes the width of the fre- TEQAE and for psychoacoustical CBW measurements. The
quency band within which spectral energy of a masker iISDAE experiments are based on the observation that TEOAE
integrated(Fletcher, 1940; Greenwood, 1961; Zwicker and¢can pe synchronized by additional tor{&emp, 1979; Kemp
Feldtkeller, 196Y. The size of one critical band also has gnd chum, 1980: Wilson, 1980: Wt al, 1981; Zwicker
great importance for experiments that study the interaction onq Schioth, 1984: Longt al, 1988. In the case of TEOAE
tones within the auditory system. For example, the level of g, synchronized spontaneous otoacoustic emisBAAE),
perceived cubic difference tone decreases for a ratio of thgye effect of an additional sinusoid decreases with increasing
primariesf, and f, larger than 1.2Goldstein, 1967; Hall, gpectral distance to the suppressed emission component. The
1972; Smoorenburg, 1972; Weber and Mellert, 19Bmi-  ariation of this distance allows the recording of character-
larly, the level of combination tones measured as distortiongtic “tuning curves” based on the level of the suppressed
produc_t otoacoustic emi_ssior(ﬁ)POAE) in_ the_ ear canal TEQAE (Uppenkamp and Kollmeier, 1994 This tuning
vary with the spectral distance of the primarigsand 1 cyrve exhibits a bandwidth that approximates one critical
(Harriset al, 1989; Gaskill and Brown, 1990 band, withQ; varying between 3 and 8 for subjects with
Brown et al. (1993 quantitatively compared this “char- goag andQ, varying between 1 and 3 for subjects without
acteristic of the DPOAE-filters” with the psychoacoustical goaE. However, the relation between this effect and the
critical bandwidth measured with psychoacoustical methods
dCorresponding author. is not yet completely understood.
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In contrast to the experiments described by Uppenkamp
and Kollmeier (1994, a broadband tone complex with a
variable spectral notch is used in this study. This tone com- 4B SPL
plex serves as suppressor in the TEOAE recordings and as
masker in the notched-noise masking experiments. In both
experiments, the width of the notch in the tone complex is
varied. In addition, the same tone pulse is used in both ex- ok -
periments. In the TEOAE experiments the tone is used to
evoke the otoacoustic emission, whereas in the psychoacous-
tical masking experiment it serves as the signal that the sub- sk
ject is requested to detect.
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I. METHODS -10 ! '
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A. Experimental setup for OAE measurements frequency (Hz)

Otoacoustic emissions are recorded in an IAC403-A G 1 Soont . i sS@OAD) from the left .
. . . . . L pontaneous otoacoustic emiss rom e left ear o

Tsound__lnSUIated_Champer' The acoustic Stlmu_latlon of the e{Hormal hearing subject BG. The ordinate gives the spectral power density in

is carried out with an insert ear phofigtymotic Research 4g spL. The component at 1058 Hz is 3.2 dB above the noise floor.

ER-2), which has a flat frequency response up to 10 kHz.

The acoustic signal is recorded in the sealed ear canal with@) Broadband stimulation of TEOAE to select a prominent

miniature electret microphon&nowles EA 1843. The mi- spectral component.

crophong sensitivity, including a pre-amplifier with a gain of (2) Recording of narrow-band-evoked TEOAE at a low

46 dB, is 1.55 V per Pa at 1000 Hz. The output of the  gtimylus level at the frequency of a prominent spectral

pre-amplifier is connected to a custom-designed amplifier  component.

with a gain of 20 dB. The signal is then passed through 33) syppression of the narrow-band TEOAE with suppres-
butterworth high-pass filter with a cut-off frequency of 200  gqys of variable notchwidths.

Hz to reduce low-frequency noise. The signal is digitized(4) Evaluation of the CBW from changes in the suppression
using a 16-bit A/D converter on a signal-processing board  gffect.

(Ariel corporation DSP-32Cand recorded in two separate ) ) - )
memory buffers. These four steps are described in detail in the following

The digital signal processor is used to calculate the rootsections and illustrated by exemplary measurements for a
mean-square of the signal in real time. Noise reduction ig!0rmal hearing subje¢BG). This subject has a spontaneous
carried out by an averaging technique that uses the inverse 8foacoustic emissio(SOAE) at 1058 Hz(cf. Fig. 1.
the rms value of the response to the signal as a weighting
factor. These segments have a duration of 46 ms, yielding & Broadband stimulation of TEOAE
stimulus rate of 21.6 Hz. Segments with high rms values are  |n the first step, a broadband TEOAE is recorded in
rejected and segments with little noise receive a high weightaonlinear averaging mode according to Bray and Kemp
Furthermore, the cross-Fourier-transform of the two buffer§1987 at a stimulus level of 40 dB SPL peak equivalent. The
is calculated concurrently. The real part of this cross-stimulation utilizes a short chirplet signal with spectral
spectrum is summed for all frequencies to serve as an estgower in the range of 500 Hz to 6000 Hef. Neumann
mate of the level of the otoacoustic emission. The noise levet al, 1994. In contrast to click stimuli, chirplet signals al-
is estimated by the rms of the difference of the two buffersjow an optimal stimulation of any frequency range, narrow
The time signals and TEOAE spectra are displayed on thgand as well as broadband. In addition, chirplet signals con-
host PC throughout the recording session. tain more energy than a click stimulus with the same maxi-

mum amplitude. Figure 2 shows the chirplet-evoked TEOAE
B. Subjects

Nine normal hearing subjects, aged from 23 to 34 years, ,, _ smisism  wosesams
5 male and 4 female, participated voluntarily in this study. |
They all exhibit normal hearing, as indicated by ear inspec- .|
tion and routine audiometry. Six subjects show spontaneous .|
otoacoustic emission§SOAE). For three subjects the level st
of the SOAE is more than 14 dB above the noise floor which s ——L—r—L—-—L—-—— 5 JA_LL— e

exhibits a spectral power density of approximately ’ time (ms) frequency (kHz
14uPa\Hz (i.e., —3 dB SPL/H2.

FIG. 2. Otoacoustic emissions from normal hearing subject BG. Left: time
signal of chirplet-evoked TEOAE, right: spectrum of the TEOAE. The insert

C. OAE experiments at the left panel shows the broadband chirplet stimulus employed. The
. . . TEOAE spectrum of this subject shows a typically peaked structure with

The experimental procedure can be subdivided into f':)ulrnajor components between 500 Hz and 3000 Hz. The component at 1058

steps: Hz is selected for narrow-band stimulation.
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FIG. 3. Narrow-band-evoked TEOAE from subject BG at low stimulus
level (same data representation as in Fig. Phe insert at the left panel ¢ | ith . | h .
shows the tone pulse stimulus employed. The carrier frequency of the tonElG' 4. Power spectrum of a tone complex with an incomplete harmonic

pulse is 1058 Hz. The SOAE clearly contributes to the transitory evokeoseries(10 components per critical band in tWO_ octavéisat is used as
otoacoustic emission in this case. suppressor signal. A spectral notch of 300 Hz is placed at 1000 Hz. The

omitted frequency components are added at the spectral boundaries. The
harmonics of the resulting tone complex extend from 380 Hz to 2180 Hz.
from subject BG and a sketch of the broadband chirplet

stimulus as an insert at the left panel. frames. In order to obtain a signal with a noise-like wave-
form within each period, the starting phagg is randomly
2. Narrow-band stimulation of TEOAE chosen for all frequency components. If the averaging pro-

In the second step, a prominent component is selecte_ﬂed“re is based_on pairs of ;uccgssive frames_, the suppressor
from the spectrum of the recorded broadband emission. 1§ ¢anceled out in the resulting signal. The weighted averag-
some cases this component is a synchronized spontanedtid for noise reduction is also based on the rms value_of pairs
otoacoustic emission. For example, the SOAE at 1058 Hz off successive frames. Thus, the suppressor has no influence
subject BG is visible as one major peak in the TEOAE specOn the weighted averaging and the noise reduction thus

trum. This component is selected for the subsequent narrovAchieved. Due to the logarithmic place-frequency transfor-
band stimulation. mation in the cochlea the tone complex described so far

The stimulation with a tone pulse is always a Compro_would concentrate most energy in the basal part of the basi-
mise between the limited maximal duration of the stimulus'@’ Mmembrane. In order to provide a uniform excitation by
and the concentration of the spectral power. An optimal tond€ SUPPressor, only an incomplete harmonic series is em-
pulse with a Gaussian envelope and a constant relative banRl0Y&d where the spacing of the harmonics is varied accord-
width of Af,45=0.17 is employed. These tone pulses areiNd tO the bark scal€Zwicker and Terhardt, 1980With this
theoretically described by Struk@989 and were utilized distribution of the harmonics, approximately the same power
for OAE recordings by Uppenkamp and Kollmeigi994). falls within each critical band. The tone complexes utilized

The time signal of such a tone pulse is given by in the exper?ments exhibit a spacing of 0.1 B&tk compo-
) nents per critical bandThe complexes extend across a mini-
s(t)=e 0009V coq wt). (1) mum spectral range of two octaves centered around the

The duration of this tone pulse varies with the centerpr.Obe.tone frequency. A spectral notch with variable bana-
frequency. For example, a 1000 Hz tone pulse has an ampl vidth is placed at the frequency of the tone pulse. In o_rder to
tude above 1% of the maximum for a duration of 9.7 ms. The‘ccP the total power of the suppressor constant for dlfferen.t
recording of the TEOAE is performed in linear averagingvalges of the notch, the spectral extent of the suppressor is
mode. The stimulus level is successively reduced until th aried. The same number of frequency components that is

emission disappears in the background noise. The outp ftted in the region of the noich is added symmetri_cqlly
level of the acoustic transducer is then set 10 dB above thi oth at the upper and lower spectral boundary of the original

level. As an example, Fig. 3 shows the narrow-band-evoke"® complex to keep the signal power constant. The width
emission for subject BG where a stimulus frequency of 105?:c the spectral notch was varied in the experiments from 0

Hz and a stimulus level of 18 dB SPL peak equivalent wa Z t0 400 Hz in 10 steps of increasing size. An example of
used the power spectrum of such a notched tone complex is given

in Fig. 4. To obtain a strong suppression effect, the level of
the suppressor is set higher than the level of the tone pulse.
Figure 5 shows the narrow-band TEOAE in the presence of a
In the third step, the TEOAE is suppressed with a broadsuppressor without notch for subject BG. As in Fig. 3, the
band tone complex. This suppressor is designed to cancel ostimulus frequency is 1058 Hz and the stimulus level is 18
during the averaging procedure in order not to interfere withdB SPL peak equivalent. The level of the suppressor was set
the recording procedure of the TEOAE. Therefore, a comio 44 dB SPL in this case.
plex of continuous tones is generated at frequencies that are

3. Suppression of the narrow-band TEOAE

odd harmonics of half the stimulus ratg2=10.8 Hz: 4. Bandwidth determination from otoacoustic
f emissions (CBW o)
tone complekt):E sin| 27 (2n+ 1)§rt+<pn .2 In the fourth and last step, the influence of the notch-
n

width on the suppressed TEOAE is used to evaluate the criti-
Each individual component of the tone complex shows acal bandwidth(CBWgag). The parameter observed is the
phase shift ofr at the beginning of successive averagingenergy of the TEOAE which is calculated within an octave
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FIG. 5. Narrow-band-evoked TEOAE from subject BG in the presence of a ] ) )
suppressor tone complex with a spectral range of two octaves without spec-  The roex-filter can be described by a single parameter

tral notch (same data representation as in Figs. 2 apd\®te that the  This parametea can be determined by fitting the roex-filter-
suppressor itself is not visible in the averaged time signal. In compariso

with Fig. 3 the level of the emission is reduced. rba}sed suppression _p'redlctlon to the ex.perllmental data. For
this purpose, a modified least-squares fit using a Lorentz er-

ror distribution is used which is more tolerant towards ex-
band centered at the tone pulse frequency. The TEOAE leVglomely deviating values than the standard least-squares fit.

decreases in the presence of_a suppressor witho_ut a spectjalize following, the CBW¢ is characterized by the value
notch, but recovers with increasing notchwidth. The s 45 This is the bandwidth of a rectangular filter with the
CBWpae is estimated from this date_l in a manner similar to o me total powefERB). For the concept of the equivalent
that well-known from psychoacoustics. For this purpose th‘?ectangular bandwidth cf. Moord 993 and Kollmeier and

suppression effect is calculated as the difference between t lube(1992. The solid line in Fig. 6 shows the roex-filter-

level of the unsuppressed TEOAE and the level of th&y,qeq suppression prediction for subject BG. An optimal fit
TEOAE in the respective suppressed condition. Figure G achieved fom=62.5, which corresponds to a CBYL of
shows the decrease of the suppression effect with growing, _»5q Hz.

notchwidth for subject BGrhombj). The filter describing the
influence of the notched suppressor on the narrow-band-
evoked TEOAE is assumed to be a symmetrical rounded
exponential filter roex f,f,,,a) centered at the frequency D. Psychoacoustical experiments
fm (cf. Glasberg and Moore, 1990The prediction of the In order to quantitatively compare the individual
suppression effect is based on the assumption that the SUBBW,,e With the psychoacoustical critical bandwidth
pression effect SE is proportional to the energy of the SUP{CBW;,s,), simultaneous masking experiments were per-
pressor in the auditory filter: formed that resemble the “classical” notched-noise experi-
:x: ments(Patterson, 1976 The acoustic stimuli are the same as
SE~f roexf,fm,a)- S f)df. (3)  those used in the TEOAE experiments. The stimuli are trans-
o formed to analog signals by a 16-bit D/A converter at a sam-
Here, Sy {f) is the spectrum of the employed tone complexpling rate of 22050 Hz. They were low-pass-filtered, ad-
suppressor and the roex-filter is defined as justed in level and monaurally presented to the subjects via a
headphone(Sennheiser HDA200in a soundproof booth.
The timing, stimulus presentation and the recording of the
Data and fit from suppression effect on TEOAE responses was computer-controlled by a Sun workstation.
' ' ' ' ' The subject’s task is to detect the probe tone in one out of
three intervals in each trigl3-IFC paradigm Subject re-
sponses were given via a computer keyboard.

The same harmonic tone complex that was used as sup-
pressor in the OAE experiments serves as masker, and the
same tone pulse stimulus serves as probe tone in these ex-
periments. The masker is set to a level of 30 dB above sub-
jective threshold(this threshold was determined in a pilot
experiment by three normal hearing subjects using the
method of adjustmeit As in the OAE experiments, the
! ! ‘ L ! spectral notch is centered at the frequency of the tone pulse.
0 200 400 600 800 In contrast to the OAE experiments, the tone pulse is placed

notchwidih in the suppressor tone complex (Hz) 60 ms after the start of the masker to avoid an overshoot

effect (Zwicker, 1965. The level of the probe tone is
FIG. 6. Suppression effect of different tone complexes on the narrow—bang:

TEOAE for subject BG. The suppression effect is expressed as the decreasg]a‘nge‘j In an One_uD_tWO_down parad|gm. The initial step
of the OAE level due to the suppressor within an octave band centere@!Z€ of 8 dB_ was rgdpped by a factor of 2 aftgr each upper
around the stimulus frequency. Abscissa: width of the spectral notch in théeversal during the initial phase of the track, with a minimal

tone complex. Ordinate: magnitude of the suppression effect in relation &tep size of 1 dB. The average level for the last six reversals
the maximal observed suppression, normalized to 0 dB. The suppressi

e . h i 9" each adaptive track was used as threshold estimate. The
effect decreases with increasing notchwidth. The solid line shows the pre- . . . . .
diction of the suppression effect based on a roex-filter with parametethreshold estimation is made three times for each of ten dif-
a=62.5. This value of corresponds to a CB¥\e of 4 a=250 Hz. ferent notchwidths.

5k

suppression effect on TEOAE (dB)
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: . : : : : , . . the TEOAE in presence of the different tone complexes as a
function of the width of the spectral notch in the suppressor
tone complex. The three right panels show the corresponding
psychoacoustic results, that is, the masked threshold of the
N test tone relative p.e. to the masker fixed at a sensation level
of 30 dB. The subjects are divided into three groups: subjects
. without SOAE(upper panels subjects with moderate SOAE
(middle panelsand subjects with strong SOA@ne or more
SOAE components more than 14 dB above the noise floor,
lower panel.
In the three left panels, the suppression effect decreases
(') 1(')0 2(')0 3(')0 4(')0 5(')0 6(')0 7(')0 8(')0 with increasing notchwidth for all subjects. The effect is
notchwidth in the masker tone complex (Hz) stronger for subjects with strong or moderate SOAE than for
subjects without SOAEupper left pangl Furthermore, the
. decrease of the suppression effect is not monotonic. Some
FIG. 7. Decrease in masked threshold of a 1058 Hz tone pulse presented 60 , . . .
ms after the onset of a notched tone complex with varying notchwidth,Sl‘IbJeC'[S show a local minimum of the ;uppressmn e.ffe(.:t
subject BG, right ear. The masking effect is normalized to the conditionbelow 200 Hz. The three panels on the right show the indi-
with the maximum effect=0 dB), i.e., suppressor without spectral notch. vidual masking effects in the psychoacoustical experiment.
The masking effect dgcreases with increasing notchv\‘/idth._ The ;olid IineAS expected from the literature on notched-noise masking
represents the roex-filter-based fit of the data which is optimal for . . .
a=54.5, corresponding to a CBMW, of 4a=218 Hz. experiments, all subjects exhibit a decrease of the masked
threshold with increasing notchwidth. For eight out of the
nine subjects, the interquartile ranges are smaller than 3 dB
in most conditions. One subject with strong SOAE had large
interquartile rangegsubject TB, lower right pangl This
Figure 7 shows the masking effect of the tone complexsubject reported difficulties in detecting the probe tone in a
on the detection of the test tone for subject BG. The maskegkeliable way. The level of the SOAE at 1553 Hz is 13.6 dB
threshold plotted on the ordinate is normalized to the condiSPL for this subject. This is in the range of the masked
tion with the highest masking effe¢t=0 dB). As expected, threshold, because the masker level employed in the psy-
the masked threshold strongly depends on the width of thehoacoustical experiments is 30 dB SL. The difficulties in
notch in the suppressor. The determination of the GBS  detecting the probe tone might thus originate from an inter-
based on this dependence. The data from Fig. 7 are used astion of the SOAE with the perceived probe tone.
input data to a roex-filter-based masking prediction. As de-  As described in the previous section, estimates of the
scribed in the previous section, the prediction of theCBW,,z and CBWsgy are derived from the data displayed
CBWesy is based on a Lorentz-fit to the experimental datain Fig. 8. Table | lists these values for all subjects. The
The parameter of the roex filtda=54.5 corresponds to a prediction of the suppression and masking effects displayed
CBWpsy of 4a=218 Hz in Fig. 7. The quality of the roex- in Fig. 8 exhibits values dB,, in the range between 0.96 and
filter-based fit is a useful value for determining how appro-1. Thus, the theoretical curves based on a roex-filter shape
priate the model assumptions are in predicting the measuregeld an accurate description of both sets of data.
data. For this purpose, the nonlinear deviation meagyre Table | also lists the relative critical bandwidth
was employed(Schach and Scher, 1978; Pressetal, (CBWpgy/f or CBWgae/f). These values are plotted as a
1992. Itis defined forN measured data poinys with mean  scatter diagram in Fig. 9. For all subjects the CRW f
y and the respective predicted valugs corresponds well with the value of 0.2 that is reported in the
SN (y-—f/-)z literature (cf. Glasberg and Moore, 1980However, the
_ "\71—'_'2 (5) CBWg,e/f varies substantially across subjects: While six
Z2(Yi—y) subjects with SOAEBG, AP, HG, HH, AS, and TBalso
In the case of a perfect B,=1. B, is zero if the mean show a CBWe/f value close to 0.2_, _the three su_bjects
yis used as predictiofni for all data points. If the prediction without SOAE (SU, TW, and ML) exhibit a substantially

of the measured data is worsB,, can be negative. The larger CBWpae/f 0f 0.4 10 0.5.

prediction of the masking effects displayed in Fig. 7 exhibits
a value ofB,=0.997. Thus, the model assumptions based o

-10

-15

20 F

masked threshold (dB SPL)

E. Bandwidth determination from psychoacoustical
experiments (CBW pgy)

Bn|:1

II. SIMULATIONS WITH A DRIVEN VAN DER POL

the roex-filter seems to provide a good description of the SCILLATOR

data. The generation of otoacoustic emissions can be modeled
with simulations of basilar membrane mechanics including

Il RESULTS active mechanism@avis, 1983; Koshigoe and Tubis, 1983;

Duifhuis et al,, 1986; Zwicker, 1986; Talmadget al., 1990;
Figure 8 gives the results of both experiments for allvan den Raadt and Duifhuis, 1990; Neely and Stover, 1993;
subjects. In contrast to Figs. 6 and 7, the “raw” data areKanis and de Boer, 1993 These models, however, have
shown in this figure to allow an estimate of the interindi- many free parameters and predict the detailed generation of
vidual differences. The three left panels show the levels oDAE by a variety of different mechanisms. Under the sim-
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FIG. 8. Results from both experiments for three sets of subjects: subjects without @@pét pane| subjects with weak SOAHnNiddle panel and subjects

with strong SOAEmore than 14 dB above the noise floor, bottom panadft: sound pressure level of the narrow-band TEOAE in dependence on the width

of the notch in the suppressor. Please note the reversed ordinate in the left column, that is, higher levels are plotted pointing downwards. Right:results of
notched-noise masking experiments. Threshold is given here relative p.e. to the masker set to a sensation level of 30 dB.

TABLE |. Values of the critical bandwidth in Hz determined from OAE-measurem@BVy,e) and from psychoacoustic experimef@BW,gy) for all
subjects. For comparison, the relative bandwidth is also gi@8Wpsy/f and CBW,,e/f). The goodness of fit is expressed by the nonlinear correlation
coefficientB,, that ranges between1 and 1(for perfect fij). The fifth and sixth column give the sound pressure levels of the stimuli applied in the OAE
experiment_ps level of evoking tone pulsd,g,; level of suppressor tone complexhe seventh columniLoag) gives the maximum suppression effect

in dB. The masker in the psychoacoustical task was set to a sensation level of 30 dB for all subjects.

Subject  Side SOAHKdB)  Frequency LpyddB) Lg,ddB) AlLoag CBWoae CBWope /f B CBWpgy CBWpgy/f B

ML right none 1000 26 47 9.9 408 0.41 0.963 192 0.19 1.000
SuU right none 1000 30 51 8.1 502 0.50 0.961 219 0.22 0.998
TW left none 2200 20 45 9.9 938 0.43 0.975 368 0.17 0.999
BG left 3.2 1058 18 44 18.7 250 0.24 0.993 218 0.21 0.997
HH left 5.1 910 25 47 10.4 160 0.18 0.997 150 0.17 0.984
HG right 111 1235 30 52 9.8 232 0.19 0.994 212 0.17 0.999
AS left 141 1666 30 51 9.8 234 0.14 0.966 292 0.18 0.994
AP left 15.1 1459 25 48 13.9 334 0.23 0.971 298 0.20 0.998
B left 18.0 1553 28 50 14.1 182 0.12 0.989 334 0.22 0.992
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FIG. 9. Comparison of CBW,e and CBW,sy. Subjects with SOAEBG, FIG. 10. Averaged output of a van der Pol oscillator witf/27=1000 Hz,

HG, TB, AP, HH, AS exhibit similar values of CBWsy/f and evoked by a 1000 Hz tone pulse. The value of the damping termas set

CBWpae/f, whereas subjects without SOAEBSU, ML, TW) exhibit a to 10 000 and the undamping terty was set to 100. The external force

CBWg,e/f that is twice as high as the CBW,/f. includes a tone pulse with an amplitude of G33and a noise term with an

amplitude of 0.3@3. Upper curve: simulated “emission” on an arbitrary

. . . . . scale. Lower curve: simulated suppressed “emission.” The time signal is

plifying assumption that the generation of otoacoustic emiSset to zero during the evoking tone pulse.

sions is a local oscillation process on the basilar membrane,

including some “negative damping,” a single van der Pol

oscillator may be used to model the main physical principleS

of OAE generation.

As shown befor¢Uppenkamp and Kollmeier, 1994he
ingle van der Pol oscillator can be utilized to model some
experimental findings in the interaction of narrow-band tran-
sitory evoked otoacoustic emissions with additional continu-
ous tones as well. In those simulations, the external force
E(t) consisted of the evoking stimulus tone pulse and one

The van der Pol oscillator equation is the simplest ex-continuous sinusoid that served as suppressor and canceled
ample of a nonlinear self-sustained oscillatorx(y denotes  out in successive averaging frames. The power of the simu-
the time-dependent elongation of the oscillator which islated emission showed a decline if the frequency of the ad-
driven by an external forcE(t), the van der Pol equation can ditional tone was near the circular frequency of the oscillator
be written as, wqg. Hence, the synchronization of the emission with the
. . original stimulus is reduced and the “response” of the sys-
X+ (—dy+dyx?)x+ ng: E(t), d;,d,=0. (6) ten% to the original stimulus is attenuated? ’

In Eqg. (6), the parameted; denotes a constant undamping In analogy to the experiments in Sec. Il, simulations of
term and represents the “active” properties of the oscillator.narrow-band-evoked otoacoustic emissions in presence of
The parameted, determines the nonlinear damping which tone complexes have now been perfomed using the simple
becomes dominant for large elongations. The parameger model of a single driven van der Pol oscillator.

is the characteristic circular frequency of the oscillator with-

out damping. Depending on the choice of the parameterg Numerical results

d,, d, and the forceE(t), the oscillator may produce a sta-

tionary sinusoidal oscillation, or even behave like a chaotic  Since the single van der Pol oscillator does not include
strange attractofParlitz and Lauterborn, 1987 the function of the middle ear and the wave propagation

The single van der Pol oscillator has been shown to be along the cochlear partition, the time functiogt) of the
suitable model for some properties of spontaneous otoacoudriven oscillator has to be interpreted in terms of movement
tic emissions, including suppression tuning curves and enef the basilar membrane at a certain place, characterized by
trainment to external toneg®.g., van Dijk and Wit, 1990a; its best frequency. This signal is segmented into sections of
Long et al, 1988, 199], and several time constants deter- 46 ms (the stimulus repetition rate The signal following
mining the relaxation dynamid¢3almadgeet al, 1990; Mur-  each tone pulse stimulus is interpreted as evoked otoacoustic
phy et al, 1995. A detailed analyis of amplitude and fre- emission. Thus, the time delay between the generation of the
guency fluctuations of spontaneous emissions illustrates th&AE and the signal at the recording microphone is ne-
a linear stiffness oscillator, as given in E@), cannot ac- glected. The temporal development of the system was com-
count completely for the experimental findingsn Dijk and  puted using a numerical integration proced(furth order
Wit, 1990h. Nevertheless, it has been sho@mlmadge and Runge-Kutta, cf. Presst al,, 1992. Figure 10 gives an ex-
Tubis, 1993 that a cochlear model with distributed damping ample of a simulated narrow-band TEOAE with and without
of the van der Pol type can account for even more complexhe suppressor tone complex. During the temporal extent of
properties of evoked and spontaneous otoacoustic emissiorthe stimulus the time signal is set to zero. The simulated
such as the approximate 0.4 Bark frequency periodicity.  otoacoustic emission is calculated for 17 different values of

A. The van der Pol oscillator as a model for OAE
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FIG. 11. Level of the simulated “emissions” in the presence of suppressor tone complexes with varying notdiswidkiols and the appropriate
roex-filter-based fit(solid lineg. The parameted; varies from a ratio ofd, /d,=0.08 tod, /d,= —0.08. For positive undampin@pper curvesa local

minimum of the suppression effect can be observed below 100 Hz. The dynamic range of the suppression effect as well as the level of the “emission” is
reduced in the case of undampitigwer curves.

the undamping parametdr ranging from—800 to 800 and in Fig. 11) for values ofd; /d, between 0 and 0.04 and thus
for 31 different notchwidths of the suppressor tone complexresults in a larger value of CBY),.

As shown in Fig. 11, the reduction of the level of the simu-

lated emission depends on the width of the spectral notch i}, piscussion

the suppressor tone complex and on the valuel,0fThe

dynamic range of the suppression effect is least for large The major results of this study can be summarized as
negative values of the undamping paramelerFor positive ~ follows:

values ofd;, a minimum of the “emission level” can be

observed for notchwidths in the suppressor tone complex 300 — : : , :
ranging between 50 Hz and 150 Hz. This might correspond
to the local minima found in the OAE-data for subjects with 250 | -

a strong SOAHCcT. lower left panel of Fig. 8

Similar to the method described in Sec. Il, the level of
the suppressed emissions can serve as input for a roex-filter-
based prediction. The estimates of the simulated critical
bandwidth(CBWs,,,) is based on the predictions shown as

200 | .

CBW,,, (Hz)
Q
o
1
1

solid lines in Fig. 11. Figure 12 gives the resulting values of 100 7
CBWg as a function ofl; /d,, i.e., the ratio of the undamp-

ing parameted; and the nonlinear damping parametst 50 ]
Apparently, CBW,,, decreases for positive valuesaf (un- o L , | , ,
damping, whereas the CBW, is larger for negative values 008  -0.04 0 0.04 0.08
(damping. In this aspect, the van der Pol oscillator behaves ratio d, /d,

as expected from a linear resonator. The local maxima of the
CBWgy near a value ol = 0 is due to the local minimum FIG. 12. Values of CBW,, for different ratiosd, /d,. The grade of un-

of the emission level for small nOtChWid(bee above This damping is changed while the parametigris kept at a constant value of
causes a reduced slope of the roex-filter-basg@dditd lines 10 00o.
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(1) The level of narrow-band TEOAE is reduced in the pres-is not surprising in view of the previous work by Loeg al.
ence of a suppressor tone complex. (1988, 1991, and Uppenkamp and Kollmeidf994, who

(2) The decline of this suppression effect with increasingshowed that the van der Pol equation with an appropriate
notchwidth in the suppressor allows one to estimate th&indamping yields a frequency-dependent suppression effect
width of one critical band. A similar bandwidth can be which resembles the well-known critical bandwidth effect.
obtained from simulations of the suppression effect usHowever, these authors did not derive critical bandwidth es-

ing a single driven van der Pol oscillator. timates in the same way as performed highat is motivated
(3) The values of CBWsy and CBW, e differ significantly by psychoacoustical bandwidth estimation procedurése
for subjects without SOAE. suppression effect simulated here has the same order of mag-

. i . nitude as that in the OAE experiments and depends on the
Wl.th respect to the first pF"”t it should be noted that thesize of the spectral notch in the suppressor tone complex
reduction of the TEOAE level in the presence ofasuppresso,gig_ 1. This figure also shows that the total range of the

canl bfggexpl_ﬁ‘ned as a synchronlzat|c|)n effﬁ@sumanrﬁ suppression effect is large for positive values of the undamp-
e_tﬁa ? 7)'f € suppressor tone complex 2)( tI1 |ts_ ap as‘:r’ng parameterd,, and limited for large negative values of
difference ofw in successive segments and the time segy 1y corresponds with the observation that the suppres-

ments are averaged in pairs of two. Thus, the SUppressor alth, effect is greater for subjects with SOAE whereas sub-
the synchronized portion of the otoacoustic emission Comjects without SOAE exhibit shallow slopeteft panels of

pletely cancels in the averaged signal. The strength of th'?ig. 8). A local minimum similar to the minimum of the

synchronization effect strongly depends on the spectral dis’éuppression effect in subjects without SOAE can be ob-
tance between the suppressed components of the emissigQad in the simulations for positive undampifuf. upper
and the components of the suppressor. In most cases, th& ces of Fig. 11 The size of the critical bands in the simu-
maximum suppression effect is a_chle_ved for a tone complexytions (cf. Fig. 12 is in the same range as found in the
without spectral notclfleft panels in Fig. & In some cases, 1,31 OAE experiments. The rate of undamping is the most
however, an additional local minimum of the SUPPressionmnortant parameter for the value of CBYY. The band-
effect occurs for a notchwidth between 40 Hz and 300 Hzygih estimate is large for positive damping,&0) and
(e.9., subjects ML, AS, TB, and BGSubjects with SOAE  gecreases in the case of positive undampidg>0). The
exhibit a strong suppression effect of 14 to 23 dB. The Supya|ye that corresponds to the critical bandwidth of a normal
pression effect levels off for notchwidths greater than abouhearing subject(CBWsy,/f~0.2) can be observed for
300 Hz. Subjects without spontaneous otoacoustic emissiong, /d,~0.02. Thus, the results from the simulations of a co-
on the other hand, exhibit only a small reduction of the emisnjear amplifier with moderate undampirige., amplifica-
sion level of 8 to 10 dB. Although the upper bandwidth limit tjony gain just above onere in good agreement with the data
for the suppression effect is less pronounced for these sulirom normal hearing subjects. It may even be argued that this
jects, the general dependence of the suppression effect on thgreement at small positive values provides an estimate of
notchwidth of the suppressor is comparable. the “effective” mechanical undamping at the basilar mem-
With respect to the second point it should be noted thaprane level that is required for a normal function of the au-
the decline of the suppression effect with increasing notchgitory system.
width shows the same general shape as the decline of the \with respect to the third point it should be noted that the
masked threshold in the psychoacoustical experiments. Bot@BWOAE is larger for subjects without SOAE than for sub-
experiments use the same acoustical stimuli and depend g&cts with SOAE(cf. Fig. 9. This result is visible in the
the interaction of energy in a localized region on the basilakhallow slopes of the suppression effect in the upper left
membrane. Both experiments are compatible with the Conpanel of Fig. 8. The CBWxe does not coincide with the
cept of auditory filters. It can be assumed that the spectratBwi,.,, since the CBWsyis approximately the same for
range within which an additional tone can suppress an otog|| subjects. For those subjects that do not exhibit a SOAE
acoustic emission is related to the range within which maskg|ose to the test frequency, the obtained CRWvalue over-
ing energy is integrated across frequency. The lower clustesstimates the actual CBW, value. There are several pos-
in Fig. 9 shows that values of CB¥{sand CBWhgy coin-  sible explanations of the divergence of CBY¥ and CBW
cide well for subjects with SOAE. Both estimates of the .4, values. In the first place, the level of narrow-band
critical bandwidth also agree with the value of TEOAE is comparably low in the absence of SOAE. As a
CBWpgy/f~0.2 given in the literaturéGlasberg and Moore, consequence, the maximal achievable suppression effect is
1990; Zwicker, 1982 However, within this cluster, the limited and the spread of the data might be too large to
variations of CBW,ezand CBW.sy seem to be independent. derive a valid estimate of the critical bandwidth. Neverthe-
In addition, the lack of a coincidence for subjects withoutless, this can not explain the observed systematic divergence
SOAE also shows that no strict relation can be found bebetween CBV¥,e and CBWgy.
tween CBW e and CBWhgy (see below The observation of greater interindividual variability in
The simulation of the suppression effect with a driventhe OAE dataleft panels of Fig. 8that cannot be found in
van der Pol oscillator can repeat most findings of the OAEhe masked threshold dateght panels of Fig. 8 supports
experiments. With an appropriate choice of the amount ofhe conjecture that both methods test a different subset of the
undamping, the results of the suppression experiments can Ipeoperties of the auditory system. The psychoacoustical de-
simulated for subjects with and without SOAE. This finding tection task might involve effects like “off-frequency listen-
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