Evidence for the distortion product frequency place as a source
of distortion product otoacoustic emission (DPOAE) fine
structure in humans. I. Fine structure and higher-order
DPOAE as a function of the frequency ratio f2/f1%

Manfred Mauermann® and Stefan Uppenkamp®
AG Medizinische Physik, Universit®ldenburg, D-26111 Oldenburg, Germany

Peter W. J. van Hengel
BCN, Rijksuniversiteit Groningen, 9747 AG Groningen, The Netherlands

Birger Kollmeier
AG Medizinische Physik, Universit®ldenburg, D-26111 Oldenburg, Germany

(Received 10 January 1999; accepted for publication 24 August)1999

Critical experiments were performed in order to validate the two-source hypothesis of distortion
product otoacoustic emissiofBPOAE) generation. Measurements of the spectral fine structure of
DPOAE in response to stimulation with two sinusoids have been performed with normal-hearing
subjects. The dependence of fine-structure patterns on the frequendy, fdtiovas investigated by
changingf, or f, only (fixed f, or fixed f, paradigm, respectivelyand by changing both primaries

at a fixed ratio and looking at different order DPOAE. Whigyif, is varied in the fixed ratio
paradigm, the patterns off2—f, fine structure vary considerably more if plotted as a function of

f, than as a function of5p. Different order distortion products located at the same characteristic
place on the basilar membra(®M) show similar patterns for both, the fixéd-andf p paradigms.
Fluctuations in DPOAE level up to 20 dB can be observed. In contrast, the results from &fpxed-
paradigm do not show any fine structure but only an overall dependence of DP level on the
frequency ratio, with a maximum forf2—f, atf,/f; close to 1.2. Similar stimulus configurations
used in the experiments have also been used for computer simulations of DPOAE in a nonlinear and
active model of the cochlea. Experimental results and model simulations give strong evidence for a
two-source model of DPOAE generation: The first source is the initial nonlinear interaction of the
primaries close to thd, place. The second source is caused by coherent reflection from a
re-emission site at the characteristic place of the distortion product frequency. The spectral fine
structure of DPOAE observed in the ear canal reflects the interaction of both these sources.
© 1999 Acoustical Society of Amerid&0001-49669)02812-X]

PACS numbers: 43.64.Jb, 43.64.KBLM ]

INTRODUCTION jects with hearing loss up to 50 dB H{Smurzynskiet al,

Narrow-band distortion product otoacoustic emissionslggq' Because of the narrow-band nature of both stimull

(DPOAE) are low-level sinusoids recordable in the occludedand emissions, they provide a frequency-specific method to

ear canal at certain combination frequencies during continu€XPIore cochlear mechanics. Therefore, DPOAE are of great

ous stimulation with two tones. They are the result of thelnterest not only in laboratory studies but also as a diagnostic
nonlinear interaction of the tones in the cochlea. In humarte©! for clinical audiology. However, since it is not as yet
subjects, DPOAE typically exhibit a pronounced Spectrapompletely understood which sources along the cochlear par-
fine structure when varying the frequencies of both primarie§iti0” contribute to the emission measured in the ear canal,
simultaneously {;,f,) at a fixed frequency raticf,/f, the applicability of DPOAE for, e.g., “objective” audiom-
(Gaskill and Brown, 1990; He and Schmiedt, 1893he  etry is limited at present.
variations of DPOAE level with frequency show a periodic- ~ For DPOAE with frequencies below the primary fre-
ity of about 3/32 octave$He and Schmiedt, 1993; Mauer- quencies2 f,—f,,3f,-2f,, etc), it is widely accepted that
mannet al, 19970 in a depth up to 20 dB. DPOAE can be the generation site is the overlap region of the excitation
recorded in almost any normal-hearing subject and in subpatterns of the two primaries, which has a maximum close to
the characteristic site arourfd. Although the generation of

dparts of this study were presented at the 1998 short papers meeting of ttgelsmrtlon prOdUCts due to the interaction of the two primaries

British Society of Audiology in LondofiUppenkamp and Mauermann, Br. IS in principle spread over the whole cochlea, a region of
J. Audiol. 33, 87-88(A) (1999]. about 1 mm around the characteristic placef pthas been
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It is still a point of discussion whether the generationprimary frequencies. Three *“critical” experiments have
site is the only source or to what extent other sources mighbeen performed, using different experimental paradigms, that
also contribute to the emission. The DPOAE fine structureaim to clarify where and how DPOAE fine structure is gen-
found in human subjects is closely related to this question oérated. Experiment 1 investigates DPOAE fine-structure pat-
DPOAE sources. The fine structure might reflect local BMterns for differentf,/f, to determine whether the fine struc-
properties of either the generation site or of the re-emissioture is dominated by local properties of theregion or if a
site. It could also result from the interference between two osupposed re-emission site arouiys is of some importance.
more sources or even from a combination of both local propExperiment 2 is designed to test the influence of the relative
erties and interference effects. Studying the properties aphase between the suggested emission sites by investigating
DPOAE fine structure may result in further insight into BM the patterns of different order DPOAE. Finally, in experi-
mechanisms and the location of DP sources. ment 3 the DPOAE patterns fromfap-fixed and af ,-fixed

The patterns of DPOAE fine structure get shifted alongparadigm are compared to find out if DPOAE fine structure
the frequency axis when the primary levels are incregisied  is mainly influenced by one of these two sites.
and Schmiedt, 1993; Mauermam al., 1997hH or the fre- In addition to the recordings from subjects, all experi-
quency ratio of the primaries is changédauermanret al, mental paradigms were also assessed with a computer simu-
19974. On one hand, these shifts may cause some problemation of DPOAE using a nonlinear and active transmission
in the interpretation of DPOAE measurements, especialljine model of the cochlea. This model includes an impedance
DPOAE growth functions. Peaks may change to notches ditnction as suggested by Zwe{@991) which produces ex-
vice versa. This is most probably the reason for the notchegitation patterns with a broad and tall peak. Within the
found in human DPOAE growth functiongHe and model, statistical fluctuations of stiffness along the cochlear
Schmiedt, 1998and is critical for a direct correlation of partition are sufficient to create quasiperiodic OAE fine-
DPOAE level to hearing threshold. On the other hand, thestructure patterns, as reported by Zweig and Sk&8895.
correct interpretation of these fine-structure shifts can aid in
a detailed understanding of BM mechanisms. I. METHODS

He and Schmiedt(1993 showed that the level- A gypjects
dependent shift of DPOAE fine structure is consistent with ) ) -
the results of Ruggero and Ri¢i991) on the shift of the Seven normal-hearing subjects, ranging in age from 25
maximum basilar-membrane response in the chinchilla. The§P 30 years, participated in this study. Their hearing thresh-
interpreted the fine structure as an effect of local BM prop-0!ds were better than 15 dB HL for all audiometric frequen-
erties in the region of the primaries and the level-dependerfti€S in the range 250 Hz—8 kHz, and none of the subjects had
shift as a result of the shift of the primary excitation on the@ history of any hearing problems. Spontaneous otoacoustic
BM (He and Schmiedt, 1993; St al, 1994a, b. Varying emls'smns(SOAE) were observed in only one of the subjects
only one primary level while holding the other fixed causes'SUPiect SE DPOAE were recorded from one ear of each
pattern shifts in different directions, dependent on whethepuPiect during several sessions lasting 60~90 min. During
the primary level aff, or atf, is varied. He and Schmiedt the sessions, the subjects were seated comfortably in a
(1997 argued that these effects strongly support the idea thatound-insulated bootAC-1200 CT).
the DPOAE fine structure might reflect mechanical proper- . _ _
ties of the overlapping area of the primary excitation. B. Instrumentation and signal processing

However, Heitmanret al. (1998 showed that the fine An insert ear probe, type ER-10C, was used to record
structure disappears when the DPOAE is measured with BPOAE. The microphone output was connected to a low-
third tone close to the distortion product frequenéyd) asa noise amplifier, type SR560, and then converted to digital
suppressor. This result is interpreted as evidence for an aderm using the 16-bit A/D converters on a signal-processing
ditional second source around the characteristic place djoard(Ariel DSP-32Q in a personal computer. All stimuli
2 f,—f,, which has a major influence on the fine-structurewere generated digitally. After D/A conversion by the 16-bit
pattern. The contribution of a second source at the place db/A converters on the Ariel board and low-pass filtering
2 f,—f, is also supported by several experiments on DPOAEKemo VBF44, 8.5 kHxthey were presented to the subjects
suppression. Kummeet al. (1995 reported that in some via a computer-controlled audiometer. The DSP was used for
cases a suppressor close tb,;2f, results in more suppres- on-line analysis and signal conditioning of the recorded
sion than one close tb,. Gaskill and Brown(1996 also  emissions, including artifact rejection, averaging in the time
found that the DP level is still sensitive to a suppressor neadomain to improve the signal-to-noise ratio, and fast Fourier
2 f,—f,, although the major suppression effects they ob-transform(FFT). For each signal configuration, at least 16
served were for suppressor frequencies closé,toBrown  but usually 256 frames were averaged, using a frame length
et al. (1996 showed “that it may be legitimate to analyze of 186 ms(4096 samples If required, the number of aver-
DP as vector sum of two gross component&town et al,, ages could be increased during the recording to get a suffi-
1996, p. 3268 cient signal-to-noise ratio for the frequencies of interest.

Throughout the present paper, experimental results from  Two sinusoids were generated as even harmonics of the
normal-hearing subjects and computer simulations will bedrame rate(5.38 H2 at a sampling rate of 22050 Hz. The
presented examining in detail the properties of DPOAE fingones were presented continuously to the subject. To com-
structure for equal-level primaries and varied ratios of thepensate for the ear-canal transfer function, an individual ad-
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justment of the primaries to the desired sound-pressure leve fi f fi f

of 60 dB SPL was performed automatically before each run, =12 2f1|—f2 ‘ flfi=1.22 2f"|f2

taking into account the transfer function of the probe micro-

phone. The variations of attenuation within and between sub- fi b fi h

. . S 3-2 3f1-2h

jects were approximately within a range of 5 dB. Ff=1137 I l ff=111 |

C. Experimental paradigms i3k ho h giap
£Ifi=1.099 Flfi=1.073 )

1. Dependence of the 2f ;—f, DPOAE on frequency l E 1

ratio Apex Base Apex Buse

In experiment 1, the effect of the frequency ratid'f, o 1 suetch of stimulus configuration for the comparison of different
on the fine-structure patterns of the DPOAE &4 2f, was  order DPOAE fine-structure patterns. For the condition of idenfigaind
investigated. Fine-structure patterns for this distortion prod+ g, frequenciesf,/f, was set to 1.22, 1.137, and 1.099 to get identical DP
uct were recorded in all subjects for seven different fre-:_reqluergie_ff DIP:tO-?“Iffg”ft?: 2f1;_ft_z, 31;1_;2?, ?nd écljffl—Sffz, respec-
quency ratiod,/f,, fixed at 1.07, 1.1, 1.13, 1.16, 1.19, 1.22, tvely. similarly, to Iullill the condition ot identical, andipp Irequencies,
and 1.25. Due to the additional requirement to select thé2/f was setto 1.22, 1.1, and 1.073, resultind gp=0.78, .
primaries as harmonics of the frame rate, minor deviations
up to 0.002 from the desired frequency ratio were presents rived f, s fixed f pp
Recordings were taken covering a frequency range of two
octaves {,=1-4 kHz), divided into four sessions covering An additional test for investigating the source of the fine
half an octave each for all of the different frequency ratiosstructure was performed during experiment 3. DPOAE were
specified above. The frequency step between adjacent singiecorded in keeping eithégp or f,, fixed. This was achieved
recordings was 1/48 octave. by varying bothf; andf, while keepingfyp fixed at 2 kHz

It is assumed that the small changes in the frequencygr varying f; and keepingf, fixed at 3 kHz resulting in
ratio cause only small changes in the fine-structure patterngarying fpp. Both paradigms result in a varying frequency
i.e., the patterns remain comparable. Consequently, if theatio f,/f;.
fine-structure patterns are mostly influenced by the local The comparison of the two paradigms should reveal the
properties of the generation site near the characteristic plagelative contribution of the two supposed sources. If the fine-
of f,, the patterns for different,/f, should show a high structure pattern of the DPOAE is dominated by the contri-
stability when plotted as a function df,. If, however, the bution from the characteristic place of the distortion product
local properties of a presumed re-emission site near the chaftrequency, it is expected that the observable pattern shows
acteristic place of the DPOAE frequency play a major role,much less variation between minima and maxima whg#
the stability of the patterns should be greater when plotted ais held constant.
a function offpp.

2. Different order DPOAE

In experiment 2, fine-structure patterns for different or-
der DPOAE(e.g., 2f,—f,, 3f;—2f,, and 4 ,—3f,) were For further analysis, the frequencies in all experiments
recorded from six of our seven subjects. The frequency ratiowere transformed to their characteristic plasg$) on the
were chosen to get identical frequency pairs eithefjcand  BM using the place—frequency map proposed by Greenwood
2f,-f,, f, and ¥;—-2f,, andf, and 4f,—3f,, or for f; (1991). Although the frequencies used are almost equally
and 2f,-f,, f; and 3f,-2f,, andf,; and 4f,—3f,, re- spaced on the Greenwood map, there are some deviations
spectively. The condition for identicé) andfp frequencies from this. These deviations are mainly due to the fact that the
is fulfilled for the frequency ratio$,/f;=1.22, 1.137, and primaries were selected as harmonics of the frame rate. To
1.099. Similarly, the required identity ¢f andfpp frequen-  compensate for that, the data were interpolated using a cubic
cies is fulfilled at frequency ratio$,/f;=1.22, 1.11, and spline algorithmMATLAB 5.1) and resampled at 1024 points
1.073(see Fig. 1L equally spaced on the Greenwood map. Cross-correlation

If the DPOAE fine structure is mainly caused by two functions(CCF) were calculated using the data from experi-
sources, one at the generation site and the other one at theent 1 to quantify the shift between two different fine-
distortion frequency site, measurements for different ordestructure patterns. The correlation lag giving the maximum
DPOAE with identicalf, and fpp frequencies should result of the CCF within the ranget1 mm was taken as shift
in very similar patterns, since both and the observed DP between two fine-structure patterns with adjacent frequency
frequency are the same, i.e., the characteristic places of thatios. It is assumed that small changes in frequency ratio
two assumed sources and hence the phase relation betwesill cause only small shifts of the overall fine structure.
the two is almost identicalsee Fig. 1, left columin With  Therefore, the range to look for maxima of the CCF was
identical f; and fpp frequencies, a small variation in the limited to avoid ambiguities which could be caused by the
pattern is expected, indicating the influence of the change iquasiperiodic shape of the patterns. The computation of CCF
the relative phase of the, and fpp componentgsee Fig. 1, was always restricted to the area of actual overlap between
right column). the compared patterns.

D. Analysis
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Il. EXPERIMENTAL RESULTS lll. SIMULATIONS IN A NONLINEAR AND ACTIVE
COCHLEA MODEL

A. Description of the model

A. Experiment 1: Dependence on f,/f;

Figure 2 shows the effect of variation &§/f; (seven
different f,/f, ratio9 on the DP fine-structure patterns for For computer simulations of the observed effects, a one-
the 2f,—f, distortion product for four different subjects. dimensional nonlinear and active model of the cochlea was
The left column shows the results plotted as a functiof,of used, based on a model described in previous Ween
place, and the right column shows the same data as a funtiengel et al, 1996; van Hengel and Duifhuis, 1999n
tion of 2f,—f,. The labeling of the ordinate holds for the these papers it was shown that the model, which operates in
bottom trace only . Each successive trace that corresponds tee time domain, is very useful to study nonlinear phenom-
a differentf,/f, ratio is shifted by 20 dB. Note the pro- ena such as OAE. The basis for such models has been de-
nounced shift in the basal direction of successive patternscribed in more detail in Duifhuist al. (1989 and van den
when plotted as a function of,. This contrasts with the Raadt and Duifhuis(1990. In previous simulations of
small shift in the apical direction when plotted as a functionDPOAE, it turned out that a possible shortcoming of the
of 2f,—f,. This is illustrated by the lines in the middle model was that it did not produce a high and broad excitation
column showing the cumulative sum of correlation lag forpeak for pure-tone stimulvan Hengel and Duifhuis, 1999
the maxima in the CCF between successive patterns. THéis claimed by various authors that such a peak is necessary
similarity between adjacent patterns is relatively high forto properly simulate cochlear behavior at low stimulus levels
small differences inf,/f,. However, the patterns become (e.g., Zweig, 1991; de Boer, 19p5Furthermore, it was
more different when the changes in frequency ratio get bigclaimed by Shera and Zweid993 and shown by Talmadge
ger. et al. (1993, 1998 that the impedance function suggested by

Zweig (1991, which produces a high and broad excitation
peak, also produces a fine structure in various types of simu-
lated emissions when it is combined with a “roughness” in
the mechanical parameters of the cochlear partition. This
B. Experiment 2: Fine structure of different order roughness is a random fluctuation(ohe of the parameters
DPOAE describing the mechanics of the sections of the cochlear par-

Figure 3 shows fine-structure patterns for different ordefition used in the model, and reflects random inhomogeneity

DPOAE characterized by the same distance along the basilf} the placement and behavior of cells along the cochlea,
membrane betweef, and f pp (right column or f; andfpp espemally the quter hair cells. The |mpedance func.tlon de-
(left column) for the same four subjects as in Fig. 2. As Fig. SCTibed by Zweig(199]) was therefore incorporated in the
3illustrates, the patterns for sarhgandfpp frequencies are  M0del, as well as the possibility of introducing roughness.
very similar, suggesting that the relative phase between th&h€ resulting model consists of 600 sectr’oequal_ly spaced
DP components contributing from the characteristic places of/0nd the length of the cochlg85 mm. The motion of the

f, andfpp plays an important role in the DPOAE fine struc- pochlear part|t|on in each section is described by the follow-
ture. For identicaff, and fpp the patterns still look similar. N9 €quation of motion:

However, for most of the subjects the CCF indicates a slight .. .

shift in the basal direction for the higher-order DPOAE. Thismy(x) +d0CV)Y0 +800LY(X) + (V)Y (X)] i 7] =P(X).
is consistent with the movement of tlig place in the apical

direction with increasing order in this case. This is a normal second-order differential equation of
motion for a harmonic oscillator with mass, damping
d(x,v), and stiffnesss(x), driven by a pressure forge(x)
(x is the position of the oscillator measured from the stapes
along the cochleg; is the displacement, and=y the veloc-
ity of the cochlear partition in the vertical directiprexcept
While the results from experiments 1 and 2 indicate thathat there is an additional “delayed feedback stiffness” term
the DPOAE observed in the human ear canal stems from twe(x)c(v)y(X)|;_,. This term was derived by Zwei.991)
sources along the cochlea partition, one close tofthsite  from fits to experimental data on BM excitation patterns. It
and one at thep site, a separation of the contribution of serves to stabilize the motion of the oscillator, counteracting
these two sources cannot be achieved using these data. Faghegative damping term(x,v). In order to do so, and to
ure 4 shows DPOAE patterns for four subje@tso of them  arrive at the desired high and broad peak in the excitation
as in Figs. 2 and)3obtained with a fixed, (gray line and  caused by a pure tone, the time delagnust depend on the
with a fixed fpp (black ling. The use of a fixed, results in  resonance frequency,.<= vs(x)/m of the oscillator asr
patterns very similar to the ones observed before, using the 1.742X 27/ w,es (ZWeig, 199). The values of the param-
fixed-ratio paradigm. In contrast, the use of a fixggy  eters d(x,v) and c(v) determined by Zweig were
greatly reduces the fine structure. There remains only ar-0.1214/mg(x) and 0.1416, respectively. It is important to
overall dependence of DP level on frequency ratio, with anote that these values are derived from estimated excitation
maximum for 2f—f, atf,—f, around 1.2, as reported, e.g., patterns in the cochlea of the squirrel monkey at low levels
by Harriset al. (1992. of stimulation and in the frequency range around 8 kHz.

@

C. Experiment 3: Fixed f, vs fixed fpp
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FIG. 2. Experiment 1: Dependence off 2-f, DPOAE fine structure on the frequency rafig/f, for four different subjectgfrom top to bottom: Ki right,

MG left, MK right, and MM righY). Each row shows DPOAE fine-structure patterns for seven different figtids (from bottom to top: 1.07, 1.1, 1.13, 1.16,

1.19, 1.22. Left column: DP level as a function df, place. 10-mm distance to base corresponds to a frequbney358 Hz, and 20 mm distance
corresponds td,=986 Hz. Right column: same data as a function df;2f,. 12 mm corresponds tbyp=3270 Hz, and 22 mm corresponds ftge

=713 Hz. The labeling of the ordinate holds for the bottom trace only. Each successive trace is shifted up by 20 dB. Middle column: shift between the
different DPOAE patterns when plotted as a functiorf pfblack line and when plotted as a function off2—f, (gray line. This overall shift is quantified

by the correlation lag for the maximum of the cross-correlation function between adjacent patterns. Each data point results from cumulatioe stitheati

shifts between adjacent patterfas indicated by the numbers “1.07 to 1.1,” “1.1 to 1.13,” etcstarting at the frequency ratio 1.07.
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B(dn—d)|v|

dix,v)=|d,+ T+ Alv] Vyms(x)
B with d,= —0.12, d,=0.5, (2a)
é c(v)=c+ i"v' c;=0.1416 (2b)
a i+ glv] U '

In these equations the nonlinear behaviod@f,v) and
c(v) is chosen to be the same, with the damping going to a
value ofd,ymg(x) and the delayed feedback stiffness dis-
appearing at high excitation levels. The region in which the
nonlinearity plays a role is determined by the paramgtén
all simulations presented here, a value of 0.01 ms/nm was
used for this parameter, leading to a compressive growth of
the excitation at the characteristic place for a pure-tone
stimulus of around 0.3 dB/dB over the range from about 20
to 80 dB SPL stimulus level. Because the mas#as cho-
sen to be 0.375 kg/fn independent of the positior, the
stiffness controls the place—frequency map of the cochlear
partition. The place—frequency map chosen was

f(x)=Axe ®, A=22508 kHz, a=150m % (3)

Following the work of Shera and Zweid993 and Tal-
madge and Tubi$1993, the random fluctuations necessary
to obtain a fine structure in the emissions were introduced in
the stiffness as

S(X)=s(X)[1+ror(x)], 4

wherer (x) is a random variable with a Gaussian distribution
andrg is a scaling parameter that controls the amount of
roughness. For the results presented here, a value of 1% was
used forry. The equations of motiofEq. (1)] for all sec-
tions were coupled through the fluid, which was assumed
linear, incompressible, and inviscid. The coupled system was
solved by Gauss elimination and integrated in time using a
Runge—Kutta 4 time-integration scheme with a sampling fre-
quency of 150 kHz. Reducing the sampling frequency could
0 . . ; lead to instabilities in certain cases, but increasing it did not
125 13 1356 14 145 15 . . . . . . . .

Distance to base (f,) ~ mm give significantly different resultédifferences in emission
levels were below 0.5%

DP level - dB SPL

DP level - dB SPL

DP level — dB SPL

FIG. 4. Experiment 3: DP level as a function faf for four subjects. Black To simulate OAE. the motion of the cochlea sections is
lines: fixedfpp paradigm, i.e., varying botii, and f, while keepingfpp '

fixed at 2 kHz. Gray lines: fixed, paradigm, i.e., varying, andfpp while COUp,qu to the outside ,World via a Slmp!lfleq mlddl? ea,r’
f, is fixed at 3 kHz. Note the fine structure for the fixedparadigm, which ~ Consisting of a mass, stiffness, and damping in combination
is similar to the patterns observable with the fixed-ratio paradigm, whilewith a transformer. This produces a sound pressure that
there is no fine structure when using the fidgg paradigm. Subjects from  \yould result at the eardrum in an open ear canal. Previous
top to bottom: MK right, MM right, OW right, and SE right. studies with this model have shown that emission levels are
highly sensitive to conditions at the eardrum. SOAE level

These values certainly cannot be used in the vicinity of bot{@ vary up to 30 dB when different loading impedances are
stapes and helicotrema, since this would lead to instabilitpdded(van den Raadt and Duifhuis, 1993

(van Hengel, 1998 It is also clear that these values do not

hold for higher stimulus levels. Both the negative dampingB Simulations

term and the stabilizing delayed feedback stiffness term are’
thought to result from active, i.e., energy producing, behav-  All the experiments described in Sec.(dxcept experi-

ior of the outer hair cells. This active behavior must saturatanent 2 for the condition of samé, and fpp frequenciep

at higher levels. It is therefore logical to capture the nonlin-were simulated using this computer model. In contrast to the
earities present in cochlear mechanics in the tedfisv) experiments, all simulations were performed with primary

andc(v).2 The nonlinearity was introduced by assuming thelevels of 50 dB SPL. The model output is the sound-pressure
following dependence ad(x,v) andc(v) on the velocityv level at the eardrum taken from a 30-ms interval beginning
of the section: 20 ms after stimulus start to avoid onset effects. The data
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FIG. 5. Computer simulation of experiment 1: Dependence 6f-X, DPOAE fine structure on the frequency rafig/f,. Left column: DP level as a
function of f, place. 10 mm distance to base corresponds to a frequiene$027 Hz, and 16-mm distance correspond$te 2045 Hz, according to the
exponential place—frequency map used in the cochlea model. Right column: same data as a functforfgf face. 11 mm corresponds tg)e
=4327 Hz, and 19 mm correspondsftg:-= 1304 Hz. As in Fig. 2, the shift between adjacent patterns is illustrated by the lines in the middle column of the
figure based on cross correlation.

were analyzed using the least-squares-fit method describefisappears in a fixetpp paradigm, similar to the experimen-
by Long and Talmadgél997) to get an estimate of the spec- tal results, while the model still produces a fine structure for
tral power of the frequency components of interest. The furfixed f,. The only discrepancies between simulations and
ther analysis of pattern shifts was performed using cross coexperimental results in the fine structure are the reduced dy-
relation as described for the experimental data. namical range between maxima and minima in the model for
The simulation results are given in Figs. 5-7. Analogoussmall frequency ratios and the slightly smaller period of the
to the experimental data in Fig. 2, Fig. 5 shows SimU|atedrequency-dependent level Variatio'ﬁs_
DPOAE fine-structure patterns for different frequency ratios  Simulations have also been performed omitting the
of the primaries plotted as a function 6f (left pane) and  roughness in the model’s stiffness function in eitkiyr the
fop (right pane). The main experimental result, i.e., the shift frequency region above 2 kHz, ¢2) below 2 kHz, or(3)
of fine-structure patterns when varying the frequency ratio, isvith no roughness at all, to get a better understanding of the
replicated very well, both qualitatively and quantitatively. mechanism creating the fine structure in the model. DPOAE
Figure 6 shows fine-structure patterns for three different frewith a high frequency resolution were computed over a fre-
quency ratios, which were chosen to get the same frequemuency range forf, from 2483 to 3084 Hz at a frequency
cies for f, and 2f,—f,, 3f,-2f,, or 4f,-3f,, respec- ratiof,/f;=1.22. This ensured that the characteristic places
tively. As in the experiments, the patterns for different orderof f, always fell in model sections with characteristic fre-
DPOAE were almost identical in all these stimulus condi-quencies below 2 kHz, while the characteristic frequencies of
tions. Figure 7 shows that, in the model, the fine structure

2fish
Rlfi=1.22

31212
flfi=1.137

41-3f2
flfi=1.099

DP level - dB SPL
DP level — dB SPL

14 15 16 17 18 19 20 21 13.5 14 14.5 15 15.5 16
Distance to Base(fDP) - mm Distance to base () - mm

FIG. 6. Computer simulation of experiment 2: Comparison of different or- FIG. 7. Computer simulation of experiment 3: DP level as a functioh, of

der DPOAE fine-structure patterns for identi¢aland f o frequencies. The  Black line: fixed fpp paradigm, i.e., varying both; and f, while keeping
frequency ratios, /f; were chosen according to the scheme in Fig. 1. Note fpp fixed at 2 kHz. Gray line: fixed, paradigm, i.e., varying,; and fpp

the very similar patterns for all orders of DPOAE. The labeling of the while f, is fixed at 3 kHz. Note that, as for the experimental results, the fine
ordinate holds for the bottom trace only. Each successive trace is shifted bstructure for the fixed-, paradigm is similar to the patterns observable with
20 dB. 14 mm corresponds fig,p=2760 Hz, according to the exponential the fixed-ratio paradigm, while there is no fine structure when using the
frequency map used in the model. fixed-f pp paradigm.
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FIG. 8. Computer simulations at a frequency rdtdf,=1.22, but omitting the roughness in different parts of the model cochlea. The primary levels were
L,=L,=50dB SPL. Line 1 is the reference simulation, a DPOAE fine structure for roughness over the whole (siufteh 3 dB up. Line 2 shows the

DPOAE levels for a model cochlea without any roughness in the stiffness function. No fine structure can be observed here. Line 3 shows the DPOAE fine
structure using a model cochlea without any fine structure in the region of the primaries. This has no effect on the fine structure, which is atrabgi identi

that for the reference simulation. Line 4 shows DPOAE levels produced by a model cochlea with no roughnefsyatitibe only and the same roughness

as in the reference in the primary region. Note that for this condition the DPOAE fine structure disappears completely.

the primaries always fell into sections above 2 kHz. Figure &onically while the generation site is held fixed, whereas the
shows the simulation results in these three conditions as wetjuasiperiodic variation in DP level disappears in the case of
as in the reference condition with roughness over the whola fixed re-emission site and a sweep of fhdrequency. In
length of the cochlea. The DPOAE fine structure is unafterms of a vector summation of two components, this indi-
fected by the presence or absence of the roughness in thgtes that the component generated at the primary place must
primary region, while it disappears when the roughness ige almost constant in level and phase least locally re-
omitted in the distortion product frequency region. This em-gardiess of the frequency. To explain the quasiperiodic varia-
phasizes the interpretation of the experimental results thajgns in the sum of the two components, we have to assume
the DPOAE fine structure is mainly influenced by the re-hat the re-emission component varies either in phase or in
emission components from the characteristic DP placegeye| with increasing frequency. Shera and Zwéikp93
while emission from the primary component places is almoskpoywed that the fine structure of stimulus frequency otoa-

constant in level and phase over frequency. coustic emission§SFOAB can be interpreted as interfer-
ence of the incoming and outgoing traveling waves with a
IV. DISCUSSION periodic rotating phase of the cochlear reflectance. It appears

reasonable to treat the DPOAE re-emission component in a

"Similar way to SFOAE generation. Therefore, a periodically

. varying ph f the re-emission component is the m

et al, 1997a; Heitmanret al,, 1998; Talmadgest al, 1998, /arying phase o the re-emissio compone tist € ost
: . : : . likely explanation for the DPOAE fine structure. Following,

1999, our experiments and simulations give further evi- . . .,
. : furthermore, the arguments of the “Gedankenexperiment

dence that the fine structure is the result of two sources

Furthermore, the idea is supported that the underlying phy3|gescrlbe<j by Shera and GuingtB98, the different charac-

cal mechanisms of these two sources are different or at leag%nstlcs of the two componentgotating phase of thé.DP
act in a different way(e.g., Shera and Guinan, 1999 component, almost constant phase of theeomponent in-

To illustrate this, the results presented in this paper willdicate that the underlying mechanisms for these two DPOAE
be interpreted in three steps. The results of experiment omPonents are different. These auth@&era and Guinan,
show that the DPOAE fine structure is not caused by locat998, 1999 distinguished two classes of OAE mechanisms,
mechanical properties of the primary region, but rather that!inear coherent reflection” and “nonlinear distortion,”
the characteristic site of the distortion product frequencyVhereby DPOAE are a combination of both a nonlinear dis-
plays a crucial role. Experiment 2 shows that independent giortion at the generation site and a coherent reflection from
the distortion product order, fine-structure patterns are verfh€ characteristic site dfpp.
similar as long as the characteristic sitesf pfind of the DP The disappearance of fine structure during the fikgsl
frequencies are the same, i.e., the relative phase between tB¥periment shows that there is no coherent reflection from
two emission sites is almost constant in this experimentthe primary region because there is no rotating phase with
Taken together with the findings from experiment 1, thisfrequency. Using the approach suggested by Zweig and
implies that the emission recorded in the ear canal is th&hera(1999 to explain the spectral periodicity of reflection
vector sum of components from these two sites. The relativeémissions, this had to be expected because the traveling
phase of these components has at least some influence on tvgve from the initial generation site results in constant
DPOAE fine-structure pattern. wavelength only around thépp site but not in the region

The results of experiment 3 show a quasiperiodic variaaround the primaries. Therefore, the contribution from the
tion when the re-emission site is varied in frequency monoprimary region needs to be generated in a different way,

Similar to recent experimental and theoretical studies o
DPOAE fine structure by other authofs.g., Mauermann
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most probably due to nonlinear distortion. This interpretation by the model does not resemble the shapes found in the experimental data.
of the experiments is confirmed by the computer simulations,However, as described in van Hengel and Duif@899, the second filter

. . . behavior can also be simulated using this kind of transmission-line model.
which show no effect on the fine structure when removing Therefore, in the near future attempts will be made to improve the model

the rOUghn?S$WhiCh _iS necessary fpr coherent refleCtibnS results by finding parameter values fitting both fine structure and the second
from the primary region, while the fine structure disappearsfilter.

in simulations when removing the roughness only around the

fDP reglon(see Flg. 8 . . Allen, J., and Fahey, R1993. “A second cochlear-frequency map that
The overall good correspondence between simulations correlates distortion product and neural tuning measurements,” J. Acoust.

and experimental results gives further confirmation for a Soc. Am.94, 809-816.
whole class of two-source interference models like the on&rown, A. M., Harris, F. P., and Beveridge, H. A.996. “Two sources of

. . ._acoustic distortion products from the human cochlea,” J. Acoust. Soc.
used here. This class of models was recently described in, = 100, 3260—3267.

detail by Talmadget al. (1998. The simulations with partly  grown, A., and Williams, D.(1993. “A second filter in the cochlea” in
removed roughnesésee Fig. 8 cannot directly be trans-  Biophysics of Hair Cell Sensory Systeradited by J. H. Duifhuis, P. van
formed into an experimental approach because it is impos:Pik. and S. M. van NetteiWorld Scientific, Singapoje pp. 72—77.

ible to “flatt t tai f the h hi de Boer, E(1995. “The ‘inverse problem’ solved for a three-dimensional
sible 1o atien out” certain areas o € human cochlea. model of the cochlea. I. Analysis,” J. Acoust. Soc. A88, 896—903.

But, a situation close to that might be studied. If a local areauithuis, H., Hoogstraten, H. W., van Netten, S. M., Diependaal, R. J., and
of the cochlea is damaged, most probably no broad and tallBialek, W.(1985. “Modelling the cochlear partition with coupled van der
T ; ; ; i Pol-Oscillators,” in Peripherial Auditory Mechanismsedited by J. B.
excitation p.attem can be built up there, Whlc.h in Qddltlon to Allen, J. L. Hall, A. E. Hubbard, S. T. Neely, and A. Tubis, Lecture Notes
roughness is necessary for coherent reflect(tﬂmm_g a_md in Biomathematics 64Springer, Berlin, pp. 290—-297.
Shera, 1995; Talmadget al., 1999. To get further insight Furst, M., and Goldstein, J. I(1982. “A cochlear nonlinear transmission-
into the mechanisms of DPOAE fine structure, this approach line model compatible with combination tone psychophysics,” J. Acoust.
is investigated in the accompanying pap@lauermann _SOC: Am.72, 717-726.

. . Gaskill, S. A., and Brown, A. M(1990. “The behaviour of the acoustic
et al, 1999 by looking at the DPOAE fine structure of sub- gistortion product, Z1—f2, from the human ear and its relation to audi-

jects with frequency-specific hearing losses. tory sensitivity,” J. Acoust. Soc. Am88, 821—-839.
Gaskill, S. A., and Brown, A. M(1996. “Suppression of human acoustic
V. CONCLUSIONS distortion product: dual origin of 21—f2,” J. Acoust. Soc. Am.100,
3268-3274.
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