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This paper tests key predictions of the “two-mechanism model” for the generation of
distortion-product otoacoustic emissiofDPOAES. The two-mechanism model asserts that
lower-sideband DPOAEs constitute a mixture of emissions arising not simply from two distinct
cochlear locationdas is now well establishedout, more importantly, by two fundamentally
different mechanisms: nonlinear distortion induced by the traveling wave and linear coherent
reflection off pre-existing micromechanical impedance perturbations. The model predict$)that
DPOAEs evoked by frequency-scaled stimigig., at fixedf,/f;) can be unmixed into putative
distortion- and reflection-source components with the frequency dependence of their phases
consistent with the presumed mechanisms of generafi@n;The putative reflection-source
component of the total DPOAE closely matches the reflection-source emi&sipn low level
stimulus-frequency emissiprmeasured at the same frequency under similar conditions. These
predictions were tested by unmixing DPOAEs into components using two completely different
methods:(a) selective suppression of the putative reflection source using a third tone near the
distortion-product frequency arttd) spectral smoothin¢pr, equivalently, time-domain windowing
Although the two methods unmix in very different ways, they yield similar DPOAE components.
The properties of the two DPOAE components are consistent with the predictions of the

two-mechanism model. @001 Acoustical Society of AmericdDOI: 10.1121/1.1334597
PACS numbers: 43.64.Bt, 43.64.Jb, 43.64[BhLM ]

I. INTRODUCTION the fundamental differences between lineaeflection-
source and nonlinear(distortion-sourck emission mecha-
Mammalian otoacoustic emissiof®AES) have gener- nisms.
ally been regarded as originating through nonlinear electro-  The analysis underlying the taxonomy predicts that the
mechanical distortiotte.g., Kemp, 1978, 1997, 1998; Probst two types of OAEs mix to form the evoked emissions mea-
et al, 1991; Allen and Neely, 1992; Allen and Lonsbury- sured in the ear canal. In any given measurement, the differ-
Martin, 1993; Patuzzi, 1996 Shera and Guinari1999, ent emission types contribute in degrees dependent on spe-
however, argue that OAEs arise by at least two fundamergies, stimulus parameters, and cochlear state. As an example
tally different mechanisms within the cochlea. These differ-of the process, Shera and Guinan suggest that the generation
ences in mechanism, they suggest, can profitably be used & lower-sideband distortion-product otoacoustic emissions
define an “OAE family tree.” The mechanism-based tax- (DPOAES can be understood in terms of the mixing of the
onomy groups emissions into two basic types: distortiontwo OAE types. Much of DPOAE fine structure apparently
source emissions, which arise by nonlinear distortion in-arises through the interference of emissions originating from
duced by the traveling wave, and reflection-sourcetwo distinct cochlear locationg.g., Kim, 1980; Kemp and
emissions, which arise via linear reflection off pre-existingBrown, 1983. Although the “two-place model” for
micromechanical impedance perturbationShera and DPOAEs now appears well establishéelg., Gaskill and
Zweig, 1993b; Zweig and Shera, 1995 his distinction be-  Brown, 1990; Browret al,, 1996; Engdahl and Kemp, 1996;
tween distortion- and reflection-source emissions differdrown and Beveridge, 1997; Heitmarat al., 1998; Fahey
from the “wave-" and “place-fixed” dichotomy maintained and Allen, 1997; Siegeadt al, 1998, the taxonomy identifies
by Kemp and Browr(1983 in that the latter was introduced the two interfering emission components as arising not sim-
and developed within an integrated framework that views alply from two distinct locations, but, more importantly, via
OAEs as manifestations of cochlear mechanical nonlinearitytwo different mechanisms.
The mechanism-based taxonomy, by contrast, emphasizes The proposed generation process is illustrated in Fig. 1.
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FIG. 1. Schematic diagram of the two-mechanism
model. The figure illustrates the generation of SFOAEs
(top) and DPOAESgbottom) at low sound levels. Each
partial reflection panel shows phase lag relative to stimulus ph@ag
increasing downwand of forward- and backward-
rovion of linear traveling waves vs cochlear location. At low stimulus
coherent reflection near levels, SFOAEs R, result from coherent reflection
peak of traveling wave (R) in the region near the peak of the traveling-wave
envelope. For DPOAEs, the primary traveling waves
produce a region of nonlinear distortid), located
near the peak of thé, wave (at x,), where nonlinear
distortion generates traveling waves at the frequency
fgp that travel in both directiongshown here for the
casefq,=2f,~f,, wherefy, equals the SFOAE fre-
quency shown in the top panelThe backward-
traveling wave propagates to the ear catwhere it
appears as the distortion-source emissiBBp). The
' forward-traveling wave propagates to its characteristic
region of nonlinear distortion place (at Xqy), Where it undergoes partial reflectior)
v near peak of f; traveling wave near the peak of its wave envelope, generating a second
1 backward-traveling wave that propagates to the ear ca-
nal (the reflection-source emissioﬁffp). The two types
of emission combine to produce the DPOAE measured
[R] partial reflection in the ear canalRy,= PG+ P§). For simplicity, phase
shifts due to propagation through the middle ear and
fenioi of linear reflection by the stapes are not shown. Adapted, with
coherent reflection near permission, from Shera and Guingtf99.
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The primary traveling waves, at frequencigsandf, (with According to the analysis underlying the taxonomy,
f,>f,), interact to produce a region of nonlinear distortion distortion- and reflection-source emissions manifest very dif-
(D), located near the peak of thie wave, which creates ferent frequency dependencies in their phase. In a nutshell,
energy at distortion-product frequencies. In particular, travthe argument runs roughly as follows:
eling waves at the frequendy;,=2f,—f, are generated that Distortion-source OAEsNonlinear distortion depends
travel in both directions. The backward-traveling waveupon the interaction between the two primary traveling
propagates to the ear canal, where it appears as a distortiovaves. When produced using frequency-scaled stimuli, the
source emission. The forward-traveling wave propagates toombined excitation pattern of the primary traveling waves
its characteristic place, where it undergoes partial reflectiosimply translates along the cochlear partition as the stimulus
(R) near the peak of its wave envelope, generating a secorfdequencies are varied. This approximate translation invari-
backward-traveling wave that propagates to the ear d@nal ance(or “shift similarity” ) follows from local scaling sym-
reflection-source emissignThe two types of emission mix metry and the logarithmic form of the cochlear frequency-
in the ear canal. position map. Approximate shift similarity ensures that the
The proposed model thus predicts that the two compoamplitudes and phases of the primary waves—and hence any
nents originate not simply from two different regions of the nonlinear interactions between them—remain nearly invari-
cochlea but—more significantly—by two fundamentally dif- ant in a coordinate system that moves with the spatial enve-
ferent mechanisms. Similar predictions emerge from recerlbpe of thef, traveling wave as the frequencies are swept
modeling studiese.g., Talmadget al, 1998, 1999; Mauer- (Fig. 2, lef). OAEs generated by frequency-scaled nonlinear
mannet al, 1999a, b. Based on nonlinear cochlear models distortion therefore manifest a nearly constant phase.
that meet the requirements detailed by the theory of coherent Reflection-source OAE#ccording to the theory of co-
reflection filtering for the generation of realistic reflection herent reflection filtering (Zweig and Shera, 1995
emissions (Shera and Zweig, 1993b; Zweig and Shera,reflection-source emissions are generated when a forward-
1995, these studies incorporate both classes of emissiortraveling wave reflects off “random” perturbations in the
generating mechanisnige., nonlinear distortion and linear mechanics of the cochlea. The phase of each scattered wave-
coherent reflection The primary goal of the experiments let depends on the phase of the forward-traveling wave at the
reported here was to test thisvo-mechanism modeor  location of scattering. Since the micromechanical impedance
DPOAE generation. perturbations are fixed in spa¢enlike sources of nonlinear
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Nonlinear Distortion Linear Reflection total DPOAE closely matches the reflection emission
warg shifts wave shifs measured at the same frequency under similar condi-
tions. According to the taxonomy, stimulus-frequency
emissions(SFOAES evoked at low stimulus levels are
Distortion source H Reflection source : nearly pure _reflect|on emissiorisee Fig. 1L We thus
moves with wave ™\_,, 5 3 fored in space \_, 4 test the prediction that

PGy~ Pste: )

i where P, is the SFOAE at the same frequency. Once
---------------------------- f stimulus parameters have been adjusted to yield compa-
PR engss ‘ rable overall emission levels, the predicted match in-

cludes the frequency dependence of both the amplitude
(or spectral shapeand the phasg.

phase constant at source

<«———Phase Lag———

Testing these predictions requires a technique for un-
mixing the total DPOAE into putative distortion- and
FIG. 2. Schematic diagram illustrating the consequences of scaling for theeflection-source components. Initially, we adopt an experi-
phase of distortion- and reflection-source emissions. The left-hand pan%entm approach based on selective suppression that exploits

shows a snapshot of tHeg traveling wave at two different frequenciésp) . . . .
and the corresponding phase la@®ttom vs cochlear location. The two the spatlal separation of the presumed distortion- and

frequencies are denoted by black and gray lines, respectively. For simpliciyi€flection-source regions within the cochlea. To explore the
the f; traveling waves are not shown. Distortion sources result from non-sensitivity of our results to variations in the methodology of

linear interaction between the primary traveling waves. The sources ”'”Sunmixing we compare our results obtained using suppres-

trated hergX) are idealized as points at the peak of theraveling wave. . . .
When the frequency ratid,/f, is held fixed during the measurement sion to an alternative unmixing procedure based on spectral

sweep, the primary traveling wave@nd thus the resulting distortion SMoothing or time-domain windowing. A preliminary ac-
source simply shift along the cochlear partition, maintaining a nearly con- count of this work has been presented elsewki€edluri and
stant relative phase relationship as the stimulus frequencies are varied. NOtShera, 200D

for example, that the phases of the primary traveling waves at the distortion

source remain constant as the frequency is increased and the wave pattern

shifts («+—) along the partition. As a result, the phases of all resulting distor-
tion products are essentially independent of frequency. The right-hand pan(u- UNMIXING VIA SELECTIVE SUPPRESSION

shows a similar diagram for a reflection soufeeg., a perturbation in the .
mechanics of the cochleaSince the perturbatioft) is fixed in space the Reference to Fig. 1 suggests that one can separate the
phase of the wave scattered by the perturbation changes considgrety  two componentspgp and ng, of the total DPOAE pressure

the stimulus frequency is varied. Consequently, the phases of OAEs geneft the reflection-source emission originating from tRere-

ated by linear reflection vary rapidly with frequency. . . .
gion can be eliminated. The unmixing procedure would then
be to(1) measure the total emissioRg,, using frequency-

distortion, which move with the excitation pattern as the fre-Scaled stimuli{2) eliminate theR component and remeasure

quency changésthe phase of the incident wave at eachthe DPOAE to obtain the pure distortion-source component,
D. :

perturbation changes as the frequency of the forwardPap: and(3) comeute the r%ﬂectlon-source compone?ff,,

traveling wave is variedFig. 2, right. Consequently, OAEs by subtractionPg,= Py~ Pgp.

generated by linear reflection manifest a phase that rotates The spatial separation of the two source regions within
rapidly with frequency. the cochlea suggests trying to eliminate B\eomponent by

introducing a third, suppressor tone at a nearby frequency.
In this paper we apply this reasoning to test the twoThe suppressor would act by reducing the amplitude of the
principal predictions of the two-mechanism model, as sugwavelets incident upon and/or scattered back fromRhe-
gested by the taxonomy and framework presented in Fig. lgion. Suppression techniques for separating OAE sources
Specifically, we test the predictions that originating at different spatial locations in the cochlea were
pioneered by Kemp and Brow1983 and later refined by
tSothers(e.g., Heitmanret al, 1998; Siegekt al, 1998. The
Selective suppression strategy for unmixing yields the fol-
lowing estimates oP g, and its components:

Pyy=P3+ PR, (1) Pap=Ped fgp) (measured at fixed,/f;); 3

where the componenﬂéfj’p and P,Fjp manifest frequency
dependencies in their phase consistent with their pre-
sumed mechanisms of generation. Specifically, the (with suppressor aff &~ f,); (4)
model predicts that wheRg, is evoked using frequency- PR_p _pD ®)
scaled stimulie.qg., with the ratid, /f, fixed), the phase dp— " dp Tdp:
of P,[,’p should be essentially independent of frequency/n these expression®.{f) denotes the complex ear-canal
whereas the phase G‘I’jp should rotate rapidly. pressure at frequendyresulting from stimulation at primary
(2) The putative reflection-source componeﬁﬁp, of the  frequencied; andf,.

Cochlear Location Cochlear Location

(1) The total distortion-product emissiomy,, represents
the sum of distortion- and reflection-source componen

Pg, and PG,

D
Ide% Pec(fdp) |with suppressor
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A. Measurement methods averaged over several fine-structure perjotisgely un-
We measured emissions from one ear of each of fouphanged(cf. Heitmannet al, 1999. The suppressor level

normal hearing humans. Treatment of human subjects was g‘uosen in this way was generally in the range 50-55 dB

accordance with protocols approved by the Human-Studie PL.
Committee at the Massachusetts Eye and Ear Infirmary. All
measurements were performed with subjects reclining com?. Measurement of SFOAEs
fortably in a sound-proofed, vibration-isolated champéer We measured stimulus-frequency emissions using the
etal, 1979. Stimulus waveforms were generated and re-suppression methog.g., Guinan, 1990; Kemet al, 1990;
sponses acquired and averaged digitally using a custom-buirass and Kemp, 1991, 1993; Souter, 1995; Shera and
data-acquisition system. Acoustic signals were transduceduinan, 1998 In this method, the emission is obtained as
using a Etymdc Research ER-10c DPOAE probe systemthe complex(or vectoy difference between the ear-canal
supplemented with an ER-3A earphone whose soundpressure at the probe frequency measured first with the probe
delivery tube was threaded through the ER-10c foam eartipone alone and then in the presence of a stronger suppressor
In situ earphone calibrations were performed at regular intertone at a nearby frequency. Thus, the SFOAE pressure at the
vals throughout all measurement sessions. The calibrationsrobe frequencyPg(f,), is defined as
were used to guarantee that the stimulus tones had constant V=P (f ;
level and zero starting phase in the ear canal at all frequen- Psid fp) =Ped fp) = Ped fp) lwin suppressor at=fy 6)
cies. Real-time artifact rejection was implemented by comq the measurements reported here, the suppressor frequency
paring the time waveforms in successive data buffers beforg,ag approximately 44 Hz below the probefg€f,
adding them to the averaged responses. In these and othery4 Hz). To prevent contamination from the considerable
respects, the methods and equipment used to obtain bofoss talk between output channels of the ER-10c, we gen-
SFOAEs and DPOAEs are generally similar to those degrated the suppressor tone using a separate ER-3A earphone
scribed elsewheréShera and Guinan, 1989We briefly  \hose sound-delivery tube was threaded through the foam
summarize relevant differences here and provide detailed degtip. Unless otherwise noted, the probe and suppressor lev-
scriptions in the Appendix. els,L, andLg, were 40 and 55 dB SPL, respectivéhera
1. Measurement of DPOAES and Guinan, 1999.Ex'ploratory measurements at other
. ) o nearby probe levels indicate that the spectral shape and phase
We measured distortion-product emissions at the fregps p_ are not strong functions of intensity at these levels.
quency Z,—f, using frequency-scaled stimuli.e., using \ve found that probe levels of 40 dB SPL gave emission
frequency sweeps performed with the primary-frequency rajeyels generally comparable to thoseRf},, especially after
tio, f5/f1, held constant The measurements reported herejnioduction of the primary-mimicking tone described below.
were obtained using primary levels fif;,L,}={60,43 dB  Ag ith the DPOAE measurements, we interleaved measure-
SPL at the f_rquency rat|<bz/f1=1.2._ To ensure that our ments of P f,) and Peﬁ(fp)|suppresseojn time to minimize
ability to maintain a constartt,/f, ratio during the sweep  griitacts that might contaminate the difference. The measure-
was not systematically compromised by the frequency quanment frequency resolution, approximately 15 Hz between
tization imposed by digital stimulus generation, we mod|f|edpoims, was always sufficient to prevent ambiguities in phase
our data-acquisition system to allow the sampling freque”CXanrapping.
to vary between measurement points. This flexibility enabled |, some experiments, we measured SFOAESs in the pres-
us to choosd, andf, so that the ratid,/f, varied by less  gnce of an additional continuous tone. The idea was to mea-
than a thousandth of a percent between measurer®@riar  gyre p_,, under conditions matching as closely as possible
typical frequency spacing of about 15 HzZThe resulting  those present during the measuremenPfyf. Thus, we in-
sampling frequencies varied by less than 3% about the Nomizqyced the additional tone at a frequency and level corre-
nal value(59.94 kH2. _ _ sponding to thef; primary used in the measurement of
_ To allow any multiple reflections that might be presentppoAES. In terms of the probe frequency, the frequency of
within the cochlea to settle into an approximately §teady1his additional tondthe *f,-primary mimicker”) was there-
state response, we measuigh and Pyl suppressedVer time  fore given byf,="f,/(2—r), wherer denotes thd,/f, ratio
intervals(~136 m3 much longer than the estimated round-ye wished to mimic. We denote the SFOAE measured in the

trip 'travel time for cochlea_r wav.e($10—.15 m.$' To guarq presence of thé,-primary mimicking tone b)Pife'
against possible systematic variations in emission amplitude

over time that might invalidate the unmixing proced(eey., Pste=Pstwith 1, mimicker- )
due to efferent feedback or to changes in earphone calibra-

tion caused by subject movement or by temperature variag. Results: Unmixing via selective suppression

tions), we interleaved measurementsRyf, and Pdp| suppressed
in time and averaged multiple repetitioftypically n=64).
We set the suppressor frequency approximately 44 Hz below Typical measurements of the total DPOAE and its com-
the distortion-product frequencge.g., Siegelet al, 1998; ponents estimated using suppression are shown in Fig. 3. To
Dreisbach and Siegel, 1999The suppressor level was ad- illustrate the variation across subjects, we show results for
justed(separately for each subjédb minimize the DPOAE  three of our four subjectéhose for whom the most data are
fine structure while leaving the mean DPOAE amplitdds  availablg; similar results were obtained in the fourth subject.

1. Py, and its components, P g, and P,
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B Subject #1 Subject #2 Subject #3

Amplitude [dB SPL]
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Frequency fdp [kHz] Frequency fdp [kHz] Frequency f, P [kHz]

FIG. 3. The DPOAEP 4, and its estimated distortion- and reflection-source componEﬁgsand PdRp, obtained using suppression. The figure shows typical
measurements of the amplitu@®p) and phasebottom) of the 2f,—f, DPOAE and its components measured using a frequency-scaled stithelushe

primary frequencie$; andf, were swept with their ratio held constant at the vaflyéf,=1.2). Left to right, the panels show data from subjects #1, #2, and

#3, respectively; similar results were obtained in the fourth subject. In each case, the total B&ilidEne) was unmixed using a suppressor tone near the
distortion-product frequency,. Although the phases of the estimaléaj componentgdotted lineg vary less than a period, the phases of the estimla%d
componentgdashed linesfall through many cycles over the same frequency range, in agreement with Prediction #1. The measurement noise floor was
approximately—25 dB SPL and the frequency resolution was always sufficient to prevent ambiguities in phase unwrapping. Stimulus levels for subject #1:
{L;,L,,L={60,45,50 dB SPL. Stimulus levels for subject #ZL,,L,,LJ={60,4550 dB SPL. Stimulus levels for subject #3L,,L,,Lg
={60,45,5% dB SPL.

In each case, the putative distortion-source comporRilyt, 2. Comparison between P ap and Pz
is essentially a smoother version of the total DPOAE in . - .
which much of the quasiperiodic fine structure apparent in Accofrdrllng 0 lPredlcnonR#Z,. the rleﬂectlon-sourr(]:e Icom-
both the amplitude and phase Bfj, has been eliminated. In ponent of the total DPOAER, (Fig. 1, lower panel should

agreement with Prediction #1, the phaseRﬂp is nearly closely match other refl_ection-source emissions measured
constant, varying by less than a period. By contrast, th Lnaer compa_rable condmor@e.g:, SFOAEs at IQW stlmu!us

' . » Mvels as in Fig. 1, upper paneFigure 4 tests this prediction
phase of the reflection-source compon@ﬁp, falls through by comparingPR and P, measured in the same ear. In
many cycles(typically eight or mor¢ over the same fre- reement withdppredictiosaes the phase slopeBgfand PR.
guency range. These different frequency dependencies imp X dp

: . , _ re nearly identical. In addition, both, and Pffp have simi-
generation by fundamentally different mechanisms: Th ar amplitude featurege.g., a deep notch near 1.4 KHz

nearly constant phase Qﬁp is consistent with generation by These similarities support the idea thg, and Ps are gen-
frequency-scaled nonlinear distortion and the rapidly rOtatin%rated by a similar mechanism. Note that gleep spectral
phase ofPg, with generation by linear coherent reflection potches such as that apparent near 1.4 kHz are predicted by
(Shera and Guinan, 1999 the theory of coherent reflection filteringf. Fig. 11 of

The fine-structure manifest in the total DPOAE arisesZWeig and Shera, 1995In the model, such notches arise
because of alternating constructive and destructive interfekrom random spatial fluctuations in the irregularities that
ence between the two Componefﬁgp and Pffp' caused by  scatter the wave. At some frequencies, wavelets scattered
the systematic rotation of their relative phase, a consequenggm different locations within the scattering region combine
of the very different slopes of their phase versus frequencyearly out of phase and cause near cancellation of the net
functions. Thus, the componerRg, andP§, “beat” against  reflected wave.
each other, producing an oscillatory interference pattern. In  Although the overall match betweelﬁ?p and Pg, is
other words, DPOAE fine structure arises because DPOAEgood—especially when one considers the substantial differ-
are mixtures of emissions with distinctly different propertiesences in the way that the two emissions are evoked and
that reflect their different mechanisms of generation. measured—details of the spectral sh&pe., the precise lo-
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W Subject #1 mechanisms of emission generation are not required. Thus,
the similarity in both magnitude and phase betw@éband
Pife is in agreement with Prediction #2 and provides strong
support for the model. Note that the changes in the overall
amplitude and spectral shape d?g. caused by the
f,-primary mimicker suggest that the primaries have a sig-
nificant effect on the reflection-source component of the
DPOAE (presumably via suppression of the wave incident
upon and/or reflected back from tiReregion.

Amplitude [dB SPL]

W
S
1

IIl. UNMIXING VIA SPECTRAL SMOOTHING

=
L { ;

A potential difficulty with suppression-based unmixing
is that the suppressor tone, introduced with the intent of se-
lectively suppressing the reflection-source component, may
inadvertently modify the response in other ways. For ex-

'
(353
. |

Phase [cycles]
kN
|

-6 ample, the suppressor tone may also suppress the distortion-
l source componereither directly, or through its effects on
8 —Py, ——Py the primarie or “catalyze” the generation of additional
, . , . | . | . distortion-sources at the frequenty, (Faheyet al,, 2000.
1.0 1.2 14 1.6 As a test of these possibilities, and to investigate the sensi-
Emission Frequency [kHz] tivity of our conclusions to the method of unmixing, we re-

peated our analysis using a completely different method.
FIG. 4. Comparison between the estimated reflection-source componerhis method—spectral smoothin@r its equivalent, time
Pﬁp, and the SFOAEP,. The figure shows the amplitud®p) and phase windowing—was suggested by the correspondence, in a lin-

(bottom) of Pffp (dashed ling the reflection-source component of the total ear svstem. between phase slope in the frequency domain
DPOAE obtained in Fig. 3 for subject #1. Shown for comparisof® g y ! p P a y

(solid line), the SFOAE measured in the same subject at a probe level of 4@nd latency in the time domaite.g., Papoulis, 1962 As

dB SPL. Note the considerable agreement in both amplitude and fligse  unmixed by suppression, the two compond-'hgﬁ and ng of

Pg, and P have similar amplitude notches and phase sppBSOAE P have very different phase slopes, evidently reflecting

stimulus levels{L L¢={40,5Q dB SPL. fundamental differences in their mechanisms of generation.
Consequently, if we apply Fourier analysis to our frequency-

cation of the notchdo not match perfectly. Do these discrep- yomain measurements Bf;,, We expect to see two compo-

ancies suggest important differences betw&§g and Pse  nents of very different latencies in the corresponding
and their mechanisms of generation? Or do they reflect dif«atency-domain response®namely, a short-latency com-

ferences in measurement conditions that influence the Magonent corresponding th'?p and a long-latency component

nitude and/or phase of the traveI_ing—yvave energy S_Cattereé’orresponding tfpﬁp. Thus, our suppression results suggest
back fromR? For example, the primaries presept during theihat the two components d?y, should be separable using
DPOAE measurement may suppress the traveling wave negfgnal-processing strategies based on appropriate windowing
the fq, place, thereby affecting the frequency dependence of, the |atency domain. Techniques for analyzing OAEs in

R
Pdp- this way were introduced by Shera and Zwé€i§93a; Zweig
S _ S and Shera, 1995who applied them to the study of SFOAEsS;
3. Mimicking suppression by the primaries similar methods have since been applied to other emissions

To address these questions, we modified ourf€.g., Stoveretal, 1996; Brownetal, 1996; Fahey and
Pe-Mmeasurement paradigm to better mimic the intracochleafllen, 1997; Knight and Kemp, 2000b; Ret al, 2000.
conditions under whickPg, originated. Specifically, we mea- Multiplication by a window in the latency domain cor-
suredPg, in the presence of an additional tone whose fre-rfeésponds to convolution with a smoothing function in the
quency and level were chosen to match those offthpri-  frequency domain. Although the two approaches are entirely
mary used during the measurement Bﬁp (see Methods equivalent, we refer to the technique as “spectral smooth-
above. We mimic thef, primary because we expect it to ing” rather than “time windowing” because viewing the
have the greater effect; tHfg primary is both closer in fre- Pprocess in the frequency domain yields equations for the
quency tofy, and higher in level than thé, primary. We components that are more directly analogous to those of the
define P, as the value oPg, measured in the presence of suppression methoef. Egs.(3)—(5)]. The spectral smooth-

the f,-primary mimicker. ing strategy for unmixing thus yields the following estimates
Measurements dP%, are shown and compared to those Of Pqp and its components:
of Pg, in Fig. 5. The match between the two putative Puy=Ped fqp) (Measured at fixed ,/fy); @)

reflection-source emissions is now much closer. This result is
consistent with the idea that the differences in Fig. 4 reflect Pf,’p% Paplsmoothed (CONVolved with smoothing filtgr
differing intracochlear stimulus conditions; differences in the (9
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7 Subject #1 Subject #2 Subject #3

Amplitude [dB SPL]
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FIG. 5. Comparison between the estimated reflection-source comchrﬁ;mand thef ;-mimicked SFOAE PL. The figure compares the amplituttep)

and phasegbotton) of Pg‘p (dashed line, from Fig.)3and Pife (black solid ling, the value ofPy, measured in the presence of an additional tone at the
frequency and level of thé, primary present during the measurementRﬁ]. Left to right, the three panels show data for subjects #1, #2, and #3,
respectively. Shown for comparisonRs;, (gray line. The match between the amplitude and phasBﬁgfand Péfe is generally excellent, in agreement with
Prediction #2. The differences betwePg, and Péfe caused by the mimicker suggest that the primaries have a significant effect on the reflection-source
component of the DPOAE. SFOAE stimulus levelsy,Lg,L 1} ={40,55,6¢ dB SPL.

P:}P% Pdp_ P(?p' (10 Ide| smoothed™ S Pdp! (12

A. Analysis methods where* denotes the operation of convolution. The convolu-

) ) tion is equivalent to a multiplicatiofor windowing in the 7
Measurements of transient-evoked and stlmulus-domain_ Thus,

frequency emissions indicate that reflection-emission latency .
varies with frequency(e.g., Kemp, 1978; Wilson, 1980; P aplsmoothed F-HSx F{Pap} (13

Norton and Neely, 1987; Neelgt al, 1988; Shera and . .
Guinan, 2000n This frequency dispersion tends to SmearwhereF{-} represents the operation of Fourier transforma-
' q y disp tion (with respect tov),” F~{.} the inverse transformation

out the reflection-source component in time, making it more i . ) i
difficult to separate by windowing. To help compensate for(w'th respect tor), and the window,S(r), is the Fourier
this dispersion, it proves helpful to work in the Iog-frequencytr"’meOrm ofS

domain. Consequently, we perform Fourier transforms with éEF{S}. (14)

respect to the dimensionless frequency varrable
Separation oP, into meaningful components requires

v=—log(f/frep), (1D choosing the smoothing functidor, equivalently, the shape
wheref s a reference frequency taken, for convenience, agnd duration of the latency windgvappropriately. Ideally,
the maximum frequency of hearing. Fourier transformationthe window S(7) should have a sharp cutoff in the
with respect to a log-frequency variable, suggested by thedomain—to cleanly separate emission components of differ-
approximate local scaling symmetry of cochlear mechanicsent latencies—but avoid extensive spreadiog“ringing” )
results in sharper, more well-defined peaks in the Fourierin the frequency respongsmoothing function To approxi-
conjugate latency domaitZweig and Shera, 1995; Knight mate these desired characteristics we employ one of a class
and Kemp, 2000K° The conjugate dimensionless latency of “recursive exponential filters” (Shera and Zweig,
variable, here denoted, represents emission latency ex- 1993a.1° The recursive-exponential filters are entire func-
pressed in periods of the emission frequerigyeig and tions and have no poles, discontinuities, or other undesirable

Shera, 1995’ features in the complex plane to contribute large oscillations
Unmixing by smoothing involves convolvingy, with a  to the smoothing function.

smoothing function, S of finite bandwidth (e.g., a In practice, measurements are only available over a fi-

Gaussiaif: nite frequency range, and the smoothing operation is compli-
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-1 from measurements of SFOAEs evoked at low stimulus lev-
els. Analysis of such measurements indicates that in the 1-2-
kHz range, reflection emissions are delayed by an average of
about 15 periods of the stimulus frequency with a spread of
roughly =35% (Zweig and Shera, 1995; Shera and Guinan,
2000a. Multiplication by a window of durationr.,=8-9
periods might therefore be expected to cleanly remove
reflection-source components in this frequency range.
Figure 6 corroborates this analysis using our measure-
ments ofPy, and Péfe, Both short- and long-latency compo-
nents are clearly apparent in the Fourier transférfi |,
the latency-domain representation Bf,. [By contrast, the
long-latency component is almost entirely absent in the Fou-
rier transform och[,’p obtained by suppressidmot shown.]
As expected, the long-latency componentRfiPy.}, cen-
tered at a latency of about 15 cycles, coincides with the peak
in F{PLJ. The tenth-order recursive exponential filter,
] ) Sio(7; 7o), With a cutoff latency of r.,=9 periods, is
-100 1— —— shown for comparison. In subsequent analysis, we use
1 12 L4 16 Sio(7; 7eu=9) to separate the short- and long-latency com-
Frequency [kHz] ponents ofP .

—
]

Amplitude F{P}
§ MOpUIp, Aduaje|

v

§ uonouny Sunpoours

FIG. 6. The smoothing function and corresponding latency window. The,
figure shows both latency-domaittop) and corresponding frequency-

domain representation®ottom of Py, and the matched smoothing func- 1, Pdp and its components, P dp and Pdp , revisited
tion, S The top panel shows the amplitudes of the Fourier transforms

F{Pyy (solid gray ling and F{P%g (dashed gray linevs , the emission Typical measurements d?y, and its components un-
latency expressed in stimulus periods. Fhgomain representations of both mixed by spectral smoothing are shown with the components

Pgp and PL. show a strong peak centered at a latency of about 15 cyclespbtained by suppression in Fig. 7. Qualitatively, the two
Shown for comparisoisolid black ling is the tenth-order recursive expo- methods unmled into similar components. For example
p

nential filter, S;o(7; 7eu), With a cutoff time ofr.,=9 used in subsequent the estimates oPR. obtained by the two methods have
analysis to separate short- and long-latency componerig0fThe bottom dp

panel shows frequency-domain representationB gfand S. Note that the nearly 'den_t|ca| Phases _and manifest similar frequency de-
frequency axis is logarithmidiinear in »). The real and imaginary parts of pendence in their amplitude curves. There are, of course,
Pgp are shown with the solid and dotted gray lines, respectively. A lineardifferences in the details. For example, the distortion-source
ramp has been subtracted froRy, to render the function periodic on a components D obtained bv suppression unmixing have

cylinder. The black line shows the smoothing functiSg(v;9) which, | P fi {Pdpi th th y PP t b'? ined b

when convolved witlPg,, yields our estimate dPE,’p. Note that the vertical arger I_ne structure . an . e_ same comp_onen S0 alne_ y
scale forS, dependent on the number of points in our numerical FourierSMO0thing. We examine this issue further in the next section.
transform, is not especially illuminating and has been left unspecified. ThdDespite differences in detail, the qualitative agreement be-
measurements d?g, and Py;; are from Figs. 3 and 5, respectivelyubject  tween the estimated components indicates that our tests of
#D). the two-mechanism model are not especially sensitive to the

method of unmixing.
cated by end effects. Throughout this paper, the analyzed

frequency range was chosen to include an approximately iny, ERRORS DUE TO INCOMPLETE UNMIXING

tegral number of spectral cycles, and smoothing was per-

formed using periodic boundary conditiofithe data were We explore in Fig. 8 the effects of varying key param-
effectively wrapped around a cylindeMWhen necessary, a €ters in each of our two unmixing paradigms. For unmlxmg
linear ramp was subtracted, and subsequently restored aftBy suppression, the top panels show how est|mate8d9f
smoothing, to remove any discontinuity at the “seam.” Theand P, depend on suppressor levél,; for unmixing by
estimate ofPg, so obtained was then discarded at each en@moothmg(ﬂme windowing, the bottom panels show the

over a frequency interval equal to the approximate banddependence on the duration of the latency windew, (or,
width of the smoothing functioft equivalently, the bandwidth of the smoothmg funcjiddote

how the fine-structure oscillations iﬁdp (left) increase to-

ward the bottom of each pldt.e., at lower values ok or
Unmixing via windowing(spectral smoothingrequires  longer ). By contrast, the fine-structure oscillationsli?ﬁp

specification of the duration of the time windgWwandwidth  (right) increase towards the tdpe., at higher values df or

of the smoothing functionused to separate components with shorterzg).

different latencies. The suppression studies reported above These systematic trends can be understood using a

indicate that the long-latency componerﬁ,ﬁp, closely  simple model of the unmixing process. Let the model pres-

matches the characteristics of reflection emissions measuredreP, be the sum of two componen®®,andR, with very

under comparable condition®.g., Psfe) Consequently, an different phase slopes. As a consequence of this difference,

estimate of the appropriate window duration can be obtaine® and R beat against each other, producing an oscillatory

B. Results: Unmixing via spectral smoothing

1. Determining the window duration
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FIG. 7. The DPOAEP, and its estimated distortion- and reflection-source compon@@gand PdRp, obtained using spectral smoothiftgne windowing.

The figure shows the amplitudgop) and phasgbottom of Py, from Fig. 3. Left to right, the three panels show data from subjects #1, #2, and #3,
respectively. In each case, the total DPO@EIid black ling was unmixed as described in the text using the tenth-order recursive exponentigb{ilter9).

The two componentﬂz,’dDp (dotted black ling and Pffp (dashed black ling are qualitatively similar to those obtained using suppres&ioay lines.

interference pattern in the amplitude and phasePgf.
Imagine now that we attempt to unmix the components ex-
perimentally; let our estimates of the two components be
denotedPg, and P, respectively. Perfect unmixing would
yield valuesPg,=D and P§=R. In general, however, un-

mixing is incomplete, and the estimates contain contribution?z)
from bothD andR:
pP 1-6 p \(D
-5 e
dp 1-p/\R

where the complex, frequency-dependent coefficiéhésmd

p quantify the unmixing errors. Note that the coefficients
satisfy the constraireg,+ Pg,= D +R. Although perfect un-
mixing requiresé=p=0, acceptable results occur with]
<1 and|p|<1.

The unmixing errorss and p depend on unmixing pa-
rameters such as the level of the suppressor and the duration
of the latency window. To explicate the trends in Fig. 8, we
consider three special cases of incomplete unmixing:

(1) Cases=0 andp#0 so that

)
PG,=D+pR;

(16)

7

For suppression-based unmixing, this case results from
using a weak suppressor that lead@sunchanged but
only incompletely removes th® component from the
mix (i.e., undersuppressignin the smoothing case, it
corresponds to under-smoothifige., to using too nar-
row a smoothing function or too long a latency window

Po=(1-p)R.
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Since the resulting estimate B@’p appears contaminated
by the R component, the magnitud@3p| should oscil-
late with frequency. These features are found in the fig-
ure: at smaller values dfs and longer values of, the
estimatesl_,',)p manifest considerable fine structure.

Cased+#0 andp=0 so that
Pg,=(1-8)D; (18
PG,=R+4D. (19

Here, the suppressor is strong enough to completely re-
move theR component, but in so doing it modifies the
D; for smoothing, this case results from oversmoothing
(i.e., using an overly broad smoothing function or too
short a latency windo In this case, the estimaﬁ{?p is
contaminated with part of thB component, and its mag-
nitude should therefore oscillate. These features occur in
Fig. 8: at the largest values &f; and shortest values of
Teuts the estimateii?p show evidence of fine structure.

Cased+#0 andp#0 so that
Pg,=(1—8)D+pR; (20)
PG,= (1—p)R+4D. (22)

In this more general case, the suppressor is neither strong
enough to eliminate th& component nor weak enough
not to affect theD component. For smoothing, this case
results from a temporal overlap between theand R
components in the latency domain. In this situation, both
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Unmixing by Suppression
D
Ldp Ti0dB L(l}p Ti10dB
WLS:GZS WN/W%V\MGM FIG. 8. Changes in estimates | and|P§] with
] 60 60 variations in the parameters of the unmixing process.
'\\/WM‘SIS W 575 The figure shows the levelsg, (left) and L, (right)
V\MSS* W 55 obtained when the parameters for the suppression- and
’\\/-\/\W\52-5 W\Mﬁj smoothing-based unmixing are varied systematically.
W 50 W 50 The top panels show the results obtained by varying the
45 dB SPL 45 level of the suppressor toné. The bottom panels

' OTS ' 1?0 ' 1!2 ' 1!4 08 1.0 12 14 show the results of v_a!'ying the duration of the latency
window, 7. The original, unsmoothed measurement
L. . of Ly, is shown for comparison in the bottom left
Unmlxmg by Smoothlng (1ew=). Note that because the estimatesRgf, and
Pﬁp were discarded at each end over a frequency inter-
val equal to the bandwidth of the smoothing function
P \,\/W2 (see Sec. IV A, the estimates cover a more limited fre-

7 /‘\/-/“—w\/ guency range at smaller values®f;. In all panels, the
v’ 9% /\//\‘-\/7 different curves have been offset from one another for
\/M 11 W”‘ clarity. Unmixing parameters used earlier in the paper
14 14 Ls="55 dB SPL andr,,=9 periods are marked with an
6 V/\_,/\,.,\/... 16 asterisk. Data from subject #3 with stimulus levels of
oo periods W

{L,,L,}={60,45 dB SPL.

D
Ldp e Tey=2 ]10dB
4

T T T T T
038 1.0 12 1.4 0.8 1.0 1.2 1.4
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P&, and P, will show fine structure oscillations, as seen  Pg=(1—8)D+pR; (22)

in Fig. 8 at certain intermediate values lof and 7.

D' _ _ ’ ’
Our results with suppression unmixing suggests that Pap=(1=)D"+pR". (23

there is no “ideal” r r level valid over a ran f . . . .
ere 1S no dea SUPPIeSSOr 1eve! V: d over ara g€ o The values ofé and p obtained in this way vary with fre-
frequencies that simultaneously eliminates the reflection- ) . .
. . . : guency; at every point, the coefficierdsndp are chosen to
source component while leaving the distortion-source esser}ﬁatch 1o the curvé®. . both its value and its derivative. as
tially unaffected. Figure 8, for example, shows some residual dp- y

fine structure in bot#P§, andPg, at this subject’s “optimal” (ilosely as possible. Because of the constraig,+ Pg
suppressor level df =55 dB SPL. The choice of suppressor _ D + R, th_ese_same coefficients also provide a match
level involves a trade-off between minimizing and mini- and |t_*5 derivative.

mizing |p|, with their sum inevitably finite. With proper Since the true components andR are not known, the

choice of the windowing function, the prospects for near?é‘l:;:cgl%oiggrign?ngn’; :tgogqu;i:e';'gt; gswe(acrt(arafc;r:]n%lj)tti?n .
ideal unmixing by spectral smoothiriime windowing ap- b y sp g

pear brighter. Judging by the almost negligible amplitude Oghey therefore provide only a rough guide to t_he actu.al er-
the fine structure obtained at intermediate valuesr.of rors. The results are, however, generally consistent with ex-

unmixing by smoothing appears able to effect a cleaner sepg_'ectatlons based on the three special cases o(]ESiq.cop—
idered above. Note, for example, tHat and |p| vary in

ration between the two components than is possible usin§ R i .
suppression. pposite directions with ch_anges in suppressor level. At the
largest suppressor levdl is relatively large andp| rela-

tively small (corresponding to the expectations for strong
suppression outlined in case #2 abpvE8imilarly, at the
smallest suppressor level, the relative magnitudes anid p

We illustrate the trade-off betwe&ﬁandp and give a gre reverse(ﬂweak Suppression’ as in Case)_#At the “op-
feel for the suppression-based unmixing errors in Fig. 9¢imal” suppressor level, the errof§ and|p| are intermediate
which shows estimates ¢8| and|p| for three different sup-  petween these extremes. Not surprising#yand|p| can be-
pressor levels. Computation éfand p requires knowledge come large in frequency regions where the total DPOAE is
of D andR; the estimates in Fig. 9 were computed by sub-jise|f poorly determinede.g., near 0.8 kHz Wherkpdp| is
stituting for D and R the components obtained by spectral rejatively close to the noise flopand/or where the estimated
smoothing (with 7¢,=9). Since the two equations repre- componentsPy, and P, change rapidlye.g., near notches
sented in matrix form in Eq(15) are not independeribut  of p}). Overall, however, the unmixing errors are fairly
are related byPq,+ Pg,=D+R), an additional constraint is small for intermediate suppressor levétgpically |5|~0.1
necessary to determingand p uniquely. Since two param- and|p|~0.2—0.3. These findings corroborate the qualitative
eters are available, a natural choice is to match Rfend  visual impression that the two methods, selective suppres-
its frequency derivativePgl;. We thus obtain values of  sion and spectral smoothing, unmix into generally similar
and p by solving the pair of simultaneous equations components.

A. Estimating éand p
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smoothing(or, equivalently, time-domain windowingAl-
though the two methods unmix in very different ways, ex-
plicit analysis of the unmixing errors demonstrates that they
yield similar DPOAE components, indicating that our results
are not especially sensitive to the method of unmixing.

A. Source mechanism versus source location

Magnitude of 6

The quasiperiodic fine structure often evident in DPOAE
spectra is now generally regarded as resulting from the alter-
nating constructive and destructive interference between
backward-traveling waves originating in two separate re-
gions of the cochle&im, 1980. The physics underlying the
interference pattern has generally been understood as follows
(e.g., Brownet al, 1996; Stoveret al, 1996; Fahey and
Allen, 1997: Because the two sources are spatially sepa-
rated, backward-traveling waves originating at the more api-
cal location must travel further to reach the ear canal than
waves originating at the basal location. Consequently, waves
from the apical source are delayed relative to the basal
source; in the frequency domain, this delay corresponds to a
frequency-dependent phase shift. Thus, the relative phase of
4 the two waves rotates with frequency, alternately passing
" os 1o 12 14 through plus and minus 1. This rotation of relative phase
creates the interference pattern—known as DPOAE fine
structure—when the two waves are combined in the ear ca-

i iy _ nal. Kim (1980 originally referred to the two DPOAE
FIG. 9. Estimates of the unmixing errossand p at different suppressor

levels. The figure shows magnitudes of the unmixing ersend p com- sources _aS_ the p”marX'place sogrce and_ the
puted as the solution to Eq&22) and (23). The component®3, and P, characteristic-place source,” and considerable evidence

obtained by spectral smoothirfgith 7.,=9) were used as estimatesBf ~ now suggests that the two backward-traveling waves do in-
andR. Results for three different suppressor levels were cqmputed using thgeed originate at these locatiofs.g., Furstet al, 1988;
data whose magnitudes are shown in the top panels of Fig. 8. Gaskill and Brown, 1990: Browet al, 1996: Engdahl and
Kemp, 1996; Brown and Beveridge, 1997; Talmacdgel,
V. DISCUSSION 1998, 1999; Heitmanet al, 1998; Fahey and Allen, 1997;
Siegelet al, 1998; Mauermaneet al., 1999a, 1999b

In this paper we tested the two key predictions of the ~ We demonstrate here, however, that this place-based
two-mechanism model of DPOAE generation by successnomenclature—and the conceptual model that underlies it
fully unmixing DPOAES into components?3, and Pg,,  (e.g., Brownet al, 1996; Stoveret al, 1996; Fahey and
with characteristics indicative of fundamentally different Allen, 1997—although apparently accurate in its specifica-
mechanisms of generatigne., nonlinear distortion vs linear tion of the locations of wave origin, fails to capture the criti-
reflection. In agreement with Prediction #1, the phase of thecal distinction between the two sources. As suggested by
putative distortion-source componeri?&) is nearly con- Shera and Guinait1999, the fundamental distinction be-
stant, whereas the phase of the reflection-source componemieen the two sources is evidently not soumeation, but
(Pfjp) varies rapidly with frequency. These differing phasesource mechanism Indeed, only by incorporating both
slopes imply fundamental differences in the respectiveclasses of emission-generating mechanigngs, nonlinear
mechanisms of emission generation. In particular, the twalistortion and linear coherent reflectjohave models been
slopes are consistent with generation by nonlinear distortiomble to account for the known phenomenology of DPOAE
(P,?p) and linear coherent reerctionPEp), respectively fine structurde.g., Talmadget al, 1998, 1999; Mauermann
(Shera and Guinan, 1929urthermore, in agreement with et al, 1999a. Accordingly, our terminology distinguishes
Prediction #2, the spectral shape and phase of the reflectiothe two components not by their place of origin, but by their
source component closely match those of the SFOAE meanechanism of generatiofi.e., distortion- versus reflection-
sured at the same frequency under comparable conditiorsource components
(i.e., with the addition of arf;-primary mimickej. Changes Our results support the two-mechanism model of
in the SFOAE caused by the mimicker suggest that the pribPOAE generation. To illustrate, consider how our experi-
maries have a significant influence on the reflection-sourcenental results would have differed if both sources in Fig. 1
component of the DPOAE, presumably via suppression. Tthad been distortion sources lik2. When probed with the
investigate the robustness of our conclusions, we unmixeétequency-scaled stimuli used here, both sources would then
DPOAE sources using two completely different methadds: have generated backward-traveling waves with phases essen-
selective suppression of the reflection source using a thirtlally independent of frequency. Consequently, the relative
tone near the distortion-product frequency, dhilspectral phase of the waves from the two sources would have been

Magnitude of p

Frequency fdp [kHz]
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nearly constant, and no oscillatory fine structure would havelistortion-product placdas obtained, in this case, using a
appeared in the ear-canal pressure spectiiote that this suppression paradigmin contrast with these results, we find
constancy of relative phase would have occurred despite thexcellent agreement, both between DPOAE components un-
fact that the two waves originate at different spatial loca- mixed via different paradigms and betwe@ﬁp and corre-
tions within the cochlealn other words, although the sponding SFOAEs. Unfortunately, Browet al. (1996 do
reflection-source region & is further from the stapes than not specify their smoothing algorithm in the detail necessary
the distortion-source region @, the difference in phase to enable a direct comparison with our metHddVe note,
slope characterizing emissions from these two sources is nbiowever, that in our experiments the addition of the
due to the differing locations of the andR regions. Rather, f;-primary mimicker often improved the agreement between
contrary to standard assumption, phase slopes are ultimateflge magnitudes OFPEp andP;, considerablycf. Fig. 5. This
determined by mechanisms of emission generation. For exesult indicates that suppressive and other effects of the pri-
ample, the theory of coherent reflection filteriffghera and maries onPchp must be taken into account in any such com-
Zweig, 1993b; Zweig and Shera, 1995mplies that parison.

reflection-emission latency is determined not by the distance

a wave travels to reach its characteristic place but by the: Rregion of validity of the two-mechanism model

characteristics of cochlear tuning it finds when it gets there o
(Shera and Guinan, 2000a, 2000b The tests of Predictions #1 and #2 reported here, to-

gether with more limited data at othélow to moderatg
primary levels and at frequency ratids/f, in the range
B. Comparison with other work 1.1-1.3, establish the validity of the two-mechanism model
) ) _in humans for the DPOAE measurement parameters in com-
The experiments reported here were designed specifi o yseli.e., low to moderate sound-pressure levels with
cally to test Predictions #1 and #2 and therefore differ froleZ L, and primary frequency ratiok, /f;~(f,/f1)optimal-
most other studies of DPOAE componeri&sg., Brown  kpight and Kemp(2000a provide a test of Prediction #1
et al, 1996; Stoveet al, 1996;_Slegebt al, 1998 in th.elr over a broad range of frequency ratios (0% /f,<1.5) in
use of frequenpy—scaled_stlmlﬂlle.,flxedlefl). Accordmg an unmixing analysis of their stunningf,,f,}-area map
to the analysis underlying the modéShera and Guinan, (knight and Kemp, 2000b Their results, based on time win-
1999, distortion and reflection mechanisms yield qua“ta'dowing of DPOAEs measured using primary levels=L,
tive_ly differer_lt phase behavicﬁ'r.e.,_ne_arly constant phase VS —70dB SPL, are consistent with the two-mechanism model
rapidly rotating phasewhen emissions are evoked with 54 indicate that the relative amplitudes of the components
frequency-scaled stlmL_Jll. Similar qualitative dlffereqces in PDp and Psp vary systematically withf,/f,. Whether Pre-
phase are not found using other measurement paradigms, aafition #2 also applies over a similarly broad range of pa-
the underlying differences in mechanism can therefore be, . aier values remains an important open question.
considerably less transparent. For example, much more rapid  pegeribed and tested here in the frequency domain, Pre-

phase rotation occurs when distortion emissions are megjction #1 of the two-mechanism model evidently also ap-
sured using stimulus paradignis.g., fixedfy, fixed f5, or  pjies in the time domain. Combining phase-rotation averag-
fixed fqp) for which the cochlear wave pattern is not simply ing (Whiteheadet al, 1996 with an elegant pulsed-primary
translated along the cochlear partiti@g., Kimberleyet al, technique, Talmadget al. (1999 provide strong support for
19_9_3; O’Mahoney and Kemp, 199_5; Shetzal, 2000. Ur_1- model predictions that amount, in effect, to time-domain
mixing DPOAEs measured using constaf/f,-ratio . analogs of Prediction #1. Since the responses involved arise
sweeps, rather than one of the more common alternatiVgy 5 nonlinear system, this conclusion is nontrivial. Time-
paradigms, thus greatly facilitates recognition of the tWOyomain tests of Prediction #2 await further experiment.
emission mechanism_s. By_ increasing the .difference in phase  The validity of the model at high intensities also remains
slope between the distortion- and reflection-source compoy, e investigated. For example, at higher levels of intraco-
nents, our use of frequency-scaled stimuli also facilitates unzp|ear distortion, the emission evoked by the forward-
mixing of the two components using spectral smoothingayeling distortion component may contain, in addition to
(time windowing by maximizing the separation between the oo ributions from coherent reflection, significant energy
two components when the data are transformed into the “lagom gistortion-source waves created by nonlinear distortion

tency domain” using Fourier analysis. _ _(e.g., Withnell and Yates, 1998Furthermore, the two emis-
Our tests of Prediction #2 contrast sharply with the find-ion sources may also begin to mix in ways more compli-

ings of Brownet al. (1996, who performed a DPOAE un-  cateq than simple linear summatibhFor example, the
mixing analysis using a smoothing technique and comparedyength of the micromechanical impedance perturbations

1 [ H 1 H R
the resulting “DP residual'{their analog oPqy) to measure-  that scatter the traveling wave may depend on the local am-
ments of SFOAEs. Although they noted similarities in theplitude of basilar-membrane vibration.

phase slopes, they found “little correspondence in the mag-
nitude across frequency of the DP residual anfiCHE.”
Their reported discrepancy between emission componen
conflicts with earlier workKKemp and Brown, 1983 which Our success at unmixing using two completely different
found at least qualitative agreement between the SFOAE anthethods(suppression and smoothingemonstrates the ro-
the DPOAE component believed to originate at thebustness of our conclusions to the method of unmixing. The

8. Methods of unmixing
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two methods unmix in very different ways, and the system<e.g., to middle-ear pathology or to reductions in cochlear
atic errors each introduces are presumably quite differenamplification caused by damage to outer hair gelikeir
Whereas the suppression method separates componemngspective mechanisms of generation—and hence their de-
based on their differential modification by an external tone pendence on underlying parameters of cochlear mechanics—
the spectral-smoothin@r time-domain windowingmethod remain fundamentally distinct. For example, whereas
separates components based on latency in the “time-domaitistortion-source emissions presumably depend on the form
response” obtained using Fourier analySiDespite these and magnitude of cochlear nonlinearitigsg., on the effec-
differences, the two methods unmix the total emission intdive “operating point” along hair-cell displacement-voltage
rather similar componentsit least forf,/f;=1.2 and low to  transduction functions reflection-source emissions depend
moderate primary levels® Whether the two methods yield strongly on the size and spatial arrangement of microme-
similar results at othef,/f, ratios and/or at higher stimulus chanical impedance perturbatiofesg., on variations in hair-
levels remains an important open question. Differences bezell number and geometryDistortion-product unmixing, us-
tween the methods would not be surprisingfatf, ratios  ing techniques such as those employed here, should therefore
close to 1—although the spectral-smoothing method does natnprove the power and specificity of DPOAES as noninva-
depend on spatial separation of source regions in the cochlesive probes of cochlear function.

the ability of the suppression method to selectively eliminate

one of the sources presumably deteriorates as the tWRCKNOWLEDGMENTS

sources draw closer to one anotherfasf, approaches 1. ) ) ) )

An advantage of the spectral-smoothing method is that it We _thank our experimental subjects for their consider-
requires measurement of only a single quantitamely, able patience anc_i gratefqll_y acknowledge the efforts of Paul
Py, Whereas the suppression method requires Bggfand Fahey, John Guman_, William Peake, and two anonymous
Pyl suppressay Unlike the suppression method, the smoothingrev,'ewers’,""ho provided valuable comments on the manu-
method therefore allows each measurememgfto serve as  SCMPt This work was supported by Grants Nos. RO1
its own control against possible systematic chan@es., DQO3687 and T32 DC00038 from the NIDCD, National In-
variations in overall emission level due to efferent effects Stitutes of Health.
that may occur during the course of the measurement. In the
suppression studies reported here, we sought to minimizRPPENDIX MEASUREMENT METHODS

these potential problems by interleaving measurements of This Appendix describes in more detail the methods

Pap and Pyplsuppressedn time. Although the spectral smooth- ;seq to obtain the emission measurements reported here.
ing method depends only dRyy, it requires knowledge of

Pgp at multiple frequencies. Indeed, the method works best if.- Measurement of DPOAEs

applied to measurements that span a relatively wide fre-  pijstortion-product otoacoustic emissions at the fre-
quency rangéi.e., many periods of the microstructuneith  quency #,-f, were measured using frequency-scaled
good frequency resolutiofi.e., many points per periodin  stimuli (i.e., with the ratiof,/f, held constant At each

addition, because of uncertainties introduced near the engieasurement frequency the acoustic stimulus had the form
points due to incomplete knowledge Bfy, outside the mea-

sured interval, the smoothing method requires measurementsstimulus=(XX---X), (A1)
over an interval slightly larger than the desired frequency T;I—u—’
range. The suppression method, by contrast, imposes no such -

constraints; suppression unmixing requires measurement Qfhere X represents a periodic (54096)-sample(~342
Pgp aNdP g suppresse@Nly at the actual frequendypr frequen-  dl%) segment consisting of three components:
cies of interest.

w3 msmemalliry (primary earphone #il

E. Implications of unmixing DPOAEs X= Tringwgwiwéﬂ%ﬂ?wé (primary earphone #2
Uncontrolled mixing may be a substantial source of 010,03(4052627)g (Suppressor earphone

subject-dependent variability in DPOAE measurements. In- (A2)
deed, our results imply that the interpretation of DPOAEEach component consisted of four long intervaippercase
responses appears doubly confounded. First, DPOAEs aend four short intervaldowercase and angled brackefEhe
mixtures of emissions originating from at least two differentlong intervals were each 4096 sample$8 mg in duration.
regions in the cochlea. This “spatial blurring,” now widely The primary segmentsl,'[il and Hiz, contained an integral
recognized, compromises the frequency selectivity ofmumber of periods of the primary frequencids, and f,
DPOAE measurements.g., Heitmanret al, 1998. Second, respectively. The suppressor segmehts, contained an in-
DPOAEs are mixtures of emissions arising by fundamentallytegral number of cycles of the suppressor frequehgy.The
different mechanisms. This “mechanistic blurring,” estab- zero segments);, were identically zero throughout. Wave-
lished here, compromises the etiological specificity ofform phases were adjusted, using information from the cali-
DPOAE measurements. For although both distortion- andration procedure, so that each stimulus had Zeosing
reflection-source emissions share a common dependence phase in the ear canal at the beginning of segmknt The
propagation pathways from the cochlea to the ear canal, arghort intervals were one fourth the duration of the long in-
are therefore both sensitive to modifications of that pathwayervals(i.e., 1024 samples or17 mg and did not, in gen-
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eral, contain an integral number of periods of the corre-1999. In some experiments, we measured SFOAESs in the
sponding waveform. The short intervais,, o;, and o, presence of an additional continuous tditee ** f;-primary
allowed for response settling time and contained segments afiimicker”) at a frequency and level corresponding to the
the primary, suppressor, or zero waveforms, respectivelyprimary in the measurement of DPOAESs detailed above.
The short interval$(,,)s} were used to ramp the suppressor At each measurement frequency the acoustic stimulus
tone{on, off} using thef{first, second half of the Blackman had the form given by EqA1), with X representing a peri-
window. The three components Bfwere synchronized and odic (5X4096)-sample(~342 mg segment consisting of
presented simultaneously through three separate earphonéisree components:

Note that whereas the primary tones played continuously

during the measurement, the suppressor tone cycled on and millollzmymsllell; g (probe earhone

0,0,03(4052627)g (Suppressor earphone

off repeatedly due to alternation of the zero and suppressog—

- MM aparesMgM (A5)
waveforms. Interleaving the measurements R, and HaVI2VigHaptsVigVi7 g
Papl suppressedn this way helps to minimize possible artifacts (primary-mimicker earphone

due to systematic variations over tinje.g., due to subject Each component consisted of four loagpercaseand
movement, drifts in earphone calibration, efferent feedbacksy ;v short (lowercase and angled brackefstervals. The
etc). Unless otherwise noted, the primary levgls;,Lo}  |ong intervals were each 4096 sampless8 ms in duration
were {60, 43 dB SPL, respectively. Primary levels were 504 contained an integral number of periods of the probe
chosen in approxmate_ accordance w_|th th_e formula (I1,), suppressorY,), zero ©;), or primary mimicker ;)
~0.4L,+39dB SPL, which tracks the “ridge” in the,L,  \yayeforms, respectively. The phase of the probe waveform
plane that maximizes thef2—f, emission forf,/f1~1.2  \ya5 adjusted, using information from the calibration proce-
(Kummeret al, 1998. dure, so that the stimulus had zeimsing phase in the ear
Measurements were made versus probe frequency Byana| at the beginning of segmefl,. The short intervals
sweeping the primaries and suppressor from high frequencig§ere one fourth the duration of the long intervéils., 1024
to low, with fo=fq,+Afs and Af=—44Hz. The periodic  gamples or~17 mg and did not, in general, contain an in-
segmentsX were played repeatedly unfll artifact-free re-  eqral number of periods of the corresponding waveform.
sponses were collected. In these measurembhtgas typi-  The short intervalsr;, o;, 0,, and; allowed for response

cally 64 so that at each frequency the total stimulus duratiorgeming time and contained segments of the probe, suppres-
was therefore=64x342ms=22s. To reduce unwanted oo 7er0, and mimicker waveforms, respectively. The short
transients the prot_Je waveforrr_]_was rampec_j on and off antervaIs{(4,)8} were used to ramp the suppressor t¢ome,

pre- and postpending two additional segméitilicated by oty ysing theffirst, secondl half of the Blackman window.

the angled brackets: and> in Eq. (A1)] with envelopes of 116 three components dfwere synchronized and presented
half Blackman windows with 2.5-ms rise and fall imes. Af- gimytaneously through three separate earphones. Note that
ter digitizing the resultln_g ear-canal pressure, responses t0 dllhereas the probe and primary mimicker tones played con-
primary-alone segmentse., all segments$l, andlls) were {inyoysly during the measurement, the suppressor tone
averaged to formYy; similarly, the responses to all ¢ycled on and off repeatedly due to alternation of the zero
probetsuppressor segmentse., all segment$ls andIl7)  ang suppressor waveforms. The probe and suppressor levels
were averaged to forn¥,,q. Frqm these averaged response{Lp,LS} were generally40, 53 dB SPL. The primary mim-
waveforms, the complex amplitudes of thg, componerDlts icker was presented at a frequency and level corresponding
of the earlcgnglllAp)Trfessure, denotBd,=Pedfa) and Pgy 0 the f, primary in the measurement of DPOAR., at a
=Pedfge | suppressed Were extracted using FOU- frequency equal té,=f,/(2—r), wherer denotes thé, /f,

rier analy_5|s._ The complex exponentla_l compensates for theytio we wished to mimic, and a typical level of 60 dB SPL
phase shift in the probe due to the time intervaNAT, Other features of the stimulus paradigm and the subse-
between the primary-alone and primarsuppressor seg- quent data analysis used to compBig, are analogous to the

ments. HereAT is the sampling intervareciprocal of the  measurement of DPOAES detailed above and have been de-
sampling ratg andAN represents the total number of these ¢ipeq elsewheréShera and Guinan, 1989
intervals that separate the two segments:

1 e . I
_ _ 5l Note that for brevity this simple synopsis neglects contributions to the total
AN=#sample@ll;l13m,ms) =25x4096= 10 240. reflection-source emission arising from multiple internal reflection within

(A3) the cochledi.e., from multiple cycles of partial reflection at the stapes and

. linear coherent reflection within thie region.
Note that when the two segments are separated by an mtegﬁf“ a nutshell, the theory says that given “almost any” arrangement of

number of periods of thddp waveform, the phase shift micromechanical impedance perturbatidgis., an arrangement with the
modulo 2r is zero. The complex quantiﬂ?('}p(fdp) was then  appropriate spatial-frequency content, such as perturbations that are ran-

; domly and densely distribut¢da model will produce realistic reflection
obtained as Y ; -
emissions whenever the peak region of the traveling wave has a slowly
R _ _pD varying wavelength and an envelope that is simultaneously both tall and
Pap=Pdp— Pap- (A4) broad.
3Some differencege.qg., in phas)ebetweenPffp and P, are, of course,
2. Measurement of SFOAEs expected because the initial sources of forward-traveling cochlear waves at

. L . the emission frequency are at different spatial locations in the two cases
Stimulus-frequency emissions were measured using thei.e., at the distortion-source regiob, for Pffp, and at the stapes f6).

suppression method detailed elsewh&Baera and Guinan, “we put “latency-domain response” in quotes because the signal we obtain
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by Fourier transforming the frequency response does not correspond withvector-subtraction methotKemp and Chum, 1980and the method of

the time-domain impulse response of the system. spectral smoothing. The vector-subtraction method exploits the nonlinear
5The minus sign in Eq(11) has the effect of converting a forward Fourier ~ saturation of the SFOAE—or “self-suppression” of the traveling wave
transform (with respect tov) into an inverse transfornfwith respect to (e.g., Kanis and de Boer, 1983at higher stimulus levels.

log f/f,e). We work with forward Fourier transfornisvith respect tov) for "Because we varied our sampling rate between measurement points, corre-
conceptual and numerical convenience. sponding stimulus durations varied by up+®%.

5Measurements of tone-burst-evoked OAE and ABR lateisely et al.,

1988, as well as measurements of SFOAE group defityera and Guinan,  pjien, J. B., and Lonsbury-Martin, B. L(1993. “Otoacoustic emissions,”
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