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Mammalian spontaneous otoacoustic emissiBOAES have been suggested to arise by three
different mechanisms. The local-oscillator model, dating back to the work of Thomas Gold,
supposes that SOAEs arise through the local, autonomous oscillation of some cellular constituent of
the organ of Cort{e.g., the “active process” underlying the cochlear ampljfiéwo other models,

by contrast, both suppose that SOAEs are a global collective phenomenon—cochlear standing
waves created by multiple internal reflection—but differ on the nature of the proposed power
source: Whereas the “passive” standing-wave model supposes that SOAEs are biological noise,
passively amplified by cochlear standing-wave resonances acting as narrow-band nonlinear filters,
the “active” standing-wave model supposes that standing-wave amplitudes are actively maintained
by coherent wave amplification within the cochlea. Quantitative tests of key predictions that
distinguish the local-oscillator and global standing-wave models are presented and shown to support
the global standing-wave model. In addition to predicting the existence of multiple emissions with
a characteristic minimum frequency spacing, the global standing-wave model accurately predicts the
mean value of this spacing, its standard deviation, and its power-law dependence on SOAE
frequency. Furthermore, the global standing-wave model accounts for the magnitude, sign, and
frequency dependence of changes in SOAE frequency that result from modulations in middle-ear
stiffness. Although some of these SOAE characteristics may be replicable throughadrtfigic
adjustment of local-oscillator models, they all arise quite naturally in the standing-wave framework.
Finally, the statistics of SOAE time waveforms demonstrate that SOAEs are coherent,
amplitude-stabilized signals, as predicted by the active standing-wave model. Taken together, the
results imply that SOAEs are amplitude-stabilized standing waves produced by the cochlea acting
as a biological, hydromechanical analog of a laser oscillator. Contrary to recent claims, spontaneous
emission of sound from the ear does not require the autonomous mechanical oscillation of its
cellular constituents. @003 Acoustical Society of AmericaDOI: 10.1121/1.1575750

PACS numbers: 43.64.Bt, 43.64.Kc, 43.64.Jb, 43.64.Ha, 43.2BG¥ |

I. INTRODUCTION would persist until the adjusting mechanism has re-
gained control, or until the nervous sensitivity has de-
Spontaneous otoacoustic emissiqi®OAES, first re- creased sufficiently.”

ported in 1979(Kemp, 1979{?‘; Wilson, 1980; Zurelf, 1981 Fifty years after Gold’s prediction, the vocabulary is new but
are commonly thought to arise through a mechanism whosFF]e basic idea remains unchanged:

essentials were described some 30 years ed@ieid, 1948.
Discussing the implications of his “regeneration hypothesis”
that electromechanical feedback somehow counteracts the
viscous damping in the cochlea, Gold noted that “if the feed-
back ever exceeded the losses, then a resonant el¢ment
the organ of Corfiwould become self-oscillatory, and oscil- . L , i
lations would build ugto] a level where linearity was not _control m_echa.nlsm”, it might oscillate wildly, generat-
preserved.” Despite the “self-regulating mechanism,” whose ing a shrill whistle.” (Duke, 2002.
existence he postulated as necessary to control the amount of The descriptions quoted here share with many others in
feedback, Gold suggested that the literature a key feature: They identify the “oscillating
] ) i element” responsible for spontaneous emission of sound as
“We might expect that occasional disturbances would 05|15 a particular place along the cochlea. Often the puta-
bring an element into the region of self-oscillation, (e oscillating element is localized even further within a
when it is normally so close to this condition. If this  ¢ochlear cross section and identified with “certain cells” or
occurred, then we should hear a clear note which a5 of cells(e.g., hair-cell stereociljawithin the organ of
Corti. Martin and Hudspetli2001), for example, adopt this
dElectronic mail: shera@epl.meei.harvard.edu view when arguing that “unprovoked movements of some

“Such a self-tuning mechanism provides a natural ex-
planation for spontaneous emissions of sound from the
ear. Normally, the low-amplitude vibration of the self-
tuned critical oscillators would produce a faint hum.
But if one of the motile systems were to have a faulty
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constituent of the ear’s amplifier are expected to underlie th&. Overview

production of spontaneous otoacoustic emissions. This paper tests these two alternative models for the

A. Local oscillator or global standing-wave origin of mammalian SOAEs. Our discussion focuses on key
resonance? predictions of the global standing-wave model that distin-
Iguish it from the local-oscillator alternative. Although some

Despite wide acceptance of the local-oscillator model o o .
SOAEs IOthere exists ;nother possibility for SOAE genera:Of these predictions could perhaps be obtained by artful ad-

tion, a possibility first suggested by Keni979a, 1979p justment of local-oscillator models, they all arise quite natu-

and subsequently elaborated in models of evoked otoacoust:jg"y within the standing-wave framework without the need

emissions(e.g., Zwicker and Peisl, 1990: Zweig, 1991 Tal- or additionalad hocassumptions. We therefore begin with a

, . brief review of the global standing-wave model and its dis-
madge and Tubis, 1993; Zweig and Shera, 1995; Adieal,, T . .
1095: Talmadgeet al, 1998; Shera and Guinan, 1999 tinguishing predictions. In particular, we use the model to

Th dels of ked . dict that i derive quantitative answers to questions such as “What is so
€€ Mogels of evoked emissions predict tha mamma'agpecial about SOAE frequencies? Why do the SOAEs ob-
SOAEs arise not via autonomous cellular oscillations but a

, e Rerved in a particular ear occur thiesefrequencies and not
cochlear standing-wave resonances. In this view, SOAEs "Sthers? and What determines the distribution of SOAE fre-
sult from multiple internal reflection of travelling-wave en- quency spacings?Many of the resulting model predictions,
ergy.|n|t|a.ted enher by sounds from the environment or byWhich generally involve correlations between spontaneous
physiological noise. _ o and evoked emissions and/or the modulation of SOAEs by

The theory of reflection-source emissiofShera and  changes in middle-ear impedance, have been explored in
Zweig, 1993b; Zweig and Shera, 1995; Talmadefeal,  \arious ways elsewhere.g., Kemp, 1979b; Wilson, 1980:
1998, for example, predicts that backward-traveling €o-zyicker and Schioth, 1984; Zweig and Shera, 1995; Allen
chlear waves are generated by the coherent scattering @f 5| 1995; Talmadgeet al, 1998. We extend this earlier
forward-traveling waves off densely and randomly distrib-\ ok by providing quantitative tests of standing-wave model
uted perturbations in the mechanics of the cochlea. Becau%ﬁedictions at frequencies spanning the entire range over
wavelets scattered near the peak of a forward-traveling wavghich human SOAEs have been reported. Our results pro-
have much larger amplitudes than those reflected elsewhergqe strong support for the global standing-wave model.
the net reflected wave is dominated by scattering that occurs  \ye continue by testing the predictions of two very dif-
in the region about the response maximum. The resultingarent versions of the global standing-wave model appearing
backward-traveling waves are then reflected by the impedy, the Jiterature. These two alternative standing-wave models
ance mismatch at the cochlear boundary with the middle eagjiffer in the nature of the proposed power source. Whereas
generating additional forward-traveling waves that subsene “passive” standing-wave model supposes that SOAEs
quently undergo another round of coherent reflection neag,e biological noise, passively amplified by cochlear
their characteristic places. At frequencies for which the tOta‘standing-wave resonances acting as narrow-band nonlinear
phase change due to round-trip wave travel is an integrajiters (Allen and Fahey, 1992; Alleret al, 1995; Allen,
number of CyCIeS, Standing waves can build up within thezo(_)])’ the “active” Standing_wa\/e model supposes that
cochlea, which is then acting, in effect, as a tuned resonarjtanding-wave amplitudes are actively maintained by coher-
cavity. Cochlear standing waves can become selfent wave amplification within the cochledemp, 1979a;
sustaining—and thus appear in the ear canal as spontanecggeig, 1991; Talmadge and Tubis, 1993; Zweig and Shera,
emissions—when the total round-trip power gain matcheg9gs: Talmadget al, 1998. Our test contributes to the lit-
the energy losseg.g., from viscous damping and acoustic erature on the differences between passive and active SOAE
radiation into the ear canaéxperienced en route. sources(e.g., Bialek and Wit, 1984; Talmadgst al, 1991;

The standing-wave model differs fundamentally from Allen et al, 1995; Tubis and Talmadge, 1998; Bureisal.,
the local-oscillator scenario. Rather than supposing that thgg9g by providing a compelling empirical demonstration of
“oscillating elements” generating SOAEs are localized tothe special character of SOAEs—amplitude stabilization—
particular cells or subcellular structures within the organ ofthat distinguishes them from narrow-band filtered noise.
Corti, the standing-wave model identifies SOAEs agfabal ~ Taken together, our results strongly support the active
collective phenomenamnecessarily involving the mechanics, standing-wave model, which suggests that SOAEs are coher-
hydrodynamics, and cellular physiology of the entire co-ent, amplitude-stabilized acoustic signals produced by the
chlea, as well as the mechanical and acoustical loads preochlea acting as a biological, hydromechanical analog of a
sented to it by the middle and external ears. In the localfaser oscillator.
oscillator model these macromechanical structures and
processes play no fundamental role—they serve merely t
connect the autonomous oscillating element with the externa
environment, providing a conduit for the acoustic energy it  The global standing-wave model of SOAEs posits a
produces to escape from the inner ear. In the global standinglose connection between spontaneous otoacoustic emissions
wave model, by contrast, the oscillating element compriseand a particular type of evoked emission, namely stimulus-
the entire cochlea, and the collective response of the hearinfgequency OAEs(or SFOAES$, which are sounds evoked
organ as a whole contributes essentially to creating, mainfrom the ear at the frequency of the stimulus. In a nutshell,
taining, and determining the characteristics of the emissionthe global standing-wave model suggests that SOAEs are

. THE GLOBAL STANDING-WAVE MODEL OF SOAEs
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continuously self-evoking stimulus-frequency emissions ini-A. Standing waves from multiple internal reflection
tiated either by sounds from the environment or by thermal The factorR/(1—RRyape) in Eq. (2) arises from mul-

or physiological noise internal to the cochlea. tiple internal reflection within the cochlea, a phenomenon

To deduce characteristics of SOAEs we begin by CONvell documented in both the time and frequency domains

sidering the SFOAE evoked by a low-level pure tone. We(e.g., Norton and Neely, 1987; Shera and Zweig, 1993a;

interpret the SFOAE as indicating the presence of % onard-Martinet al, 2001; Dharet al, 2002. To see this,

backward-traveling wave within the cochlea. To characterizef_lo,[e that fol RR,uek< 1 the factor is simply the sum of the
this wave we define the cochlear traveling-wave reflectancg o carias tape

R, as the complex ratio of the out-goin¢hbackward-

traveling to the in-going(forward-traveling pressure wave ”

at the basal end of the cochlea near the stdféera and R[1+RRstapeer(RRstape§2+'"]:RHZO (RRyaped™ (3
Zweig, 1993a; Zweig and Shera, 1995; Talmadgjeal.,

1998: The terms in this power series can be understood physically
as follows. Suppose that the initial forward-traveling wave
Poul fiPin) has unit amplitude at the stape®;{=1). This primary
R(f;Pin)= “P.(f) : (1) forward-traveling wave propagates down the cochlear spiral
" stapes and is partially reflectedre-emitted in more apical regions

We define R(f:P,) as the reflectance measured at theof the cochlea. When it returns to the stapes the resulting

. ; .. _~backward-traveling wave has an amplituék,given by the
stapes—rather than introduce a local reflection coe1‘f|C|en¥i)rst (n=0) term in the power seridsee Eq.(1) with P;,

(R,) for every pointx within the cochlea(e.g., Kemp, o
) . . =1]. At the stapes, the backward wave of amplituRlés
1979D; Allen, 2001—because no simple relation betwery then partially reflected back into the cochlea, creating a sec-

and the total backward-traveling wave exists when wave . ; :

. . . ondary forward-traveling wave of amplitud@Ri,pes This
scattering occurs over a distributed regi@weig and Shera, secondary forward-traveling wave is in turn Feflected/re—
1995.2 The cochlear reflectand®(f;P;,) depends on both Y g

: . ; emitted within the cochlea, creating then a secondary
the frequencyf, and on the amplitude of the in-going pres- . .

. . backward-traveling wave whose amplitude at the stapes,
sure wave,P;,. At sound levels in the low-level linear re-

2 . . - . .
gime near thresholdP,, is proportional toP;, and R is R"Rstapes iS given by the secondh(=1) term in the series.

therefore independent of levéShera and Zweig, 1998aat The process of multiple reflection continues, each subse-
higher sound levels, the amplitude B, is cémpressed quent stapes reflection and cochlear re-emission contributing
) out

relative toP,, and |R(f:P,)| decreases towards zero. The an additional backward-traveling wave whose amplitude at

. . . ) _the stapes differs by a factor BRyapesffom the one before.
function R(f;P;,) provides a phenomenological character Adding up all the backward-traveling wavéise., summing

ization of the emission process as seen from the base of t L .
cochlea; according to the coherent-reflection model, its valuqire I;D)ower serigsyields the factoR/(1—RRyaped in EQ. (2)
SFOAE*

at any given frequency depends both on the distribution o Whenever the produd® Ryapesis positive real, the sec-

reflecting impedance perturbations and on the magnitude of ) ) .
; ) . . ondary, tertiary, and all higher-order forward-traveling waves
round-trip traveling-wave amplitude gains or losses.

By regarding the intervening ear-canal space and middlé:Omblne in phase with the primary traveling wave at the

. . Stapes. The multiple internal reflections then reinforce one
ear as a linear acousto-mechanical wo-port systgolf .\ o croating a significant standing-wave component in
et al, 1992; Peakeet al, 1992: Shera and Zweig, 1992b; ' 9asig 9 P

Puria, 2003 characterized in the frequency domain usingthe cochlear response whose amplitude depends on the prod-

reflectance and transmittance coefficief®@era and Zweig, ;Jig:](zfz)co;::(;(iesrs ?Q:t ?;?ep;z;zl;fcw;v;ac??v%tw&;c')Euqcubao-un d
1992a; Keefeet al, 1993; Voss and Allen, 19940ne can P g 9

: S ; asR approaches 1.n the real cochlea, of course, un-
relate the stimulus-frequency emission measured in the ear Retapesapp

canal @ 3 to the value of the cochlear reflectance: constrained growth is prevented by compressive nonlineari-
SFOA ' ties that limit the energy produced. Once initiated—whether

by sounds from the environment or by physiological noise—
standing waves of this sort require no external sound for
their maintenancé;they would be manifest in the ear canal

. . . as spontaneous otoacoustic emissions. The standing-wave
whereP(f ) is the stimulus source presstir@me f) isthe 0 4e "t emphasizes the global nature of SOAEs, with a
round-trlp_ mlddle-ear pressure transfer functorand key role played by the impedance mismatch at the cochlear
Rstapet f) IS the reflection coefficient for retrograde C(_)chlear boundary with the middle ear. Indeed, standing-wave SOAEs
waves at the stapeShera and Zweig, 1991a; Zweig and would never arise if the stapes and adjoining structures com-

Shera, 1995; Talmadget al, 1998.° The value OfRgapes :
ined to present a perfectly reflectionless bounda
depends not only on the mechanics of the middle ear but alsgo) P P 4 Yabes

on the acoustic load present in the ear cdead., the ear-

canal radiation impedance or the equivalent gcoustlc |mpechl_ TESTING THE GLOBAL STANDING-WAVE MODEL
ance of any measurement system placed in the mektus
Note that the values db e aNdRgiapesare not independent; Whenever the round-trip amplituder standing-wave
energy conservation implies thg® e —0 as|Rgapet— 1. gain is sufficient to maintain the emissidhe., |RRyapeb

R(1+ Rgaped
Psroae= PoGmert 1-R R:tape ) (2
apes
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=1 in the linear analysis of Eq2)], the global standing-
wave model predicts that SOAEs occur at frequentiggse
where R RgiapesiS positive real. Ifo(f) represents the angle
of RRyiapes SO that

then SOAE frequenciebsoae Satisfy the equation

for some integral value af. Although neitheR nor Rgapeds
directly accessible noninvasively, a number of indirect tests
of the model can be made by using SFOAEs to determine the =
frequency dependence 6{f).

A. The frequency dependence of  6(f)

o(f )EL{RRstapeka (4)

0(fsoag) =27, 5

M{Psroae Y Pre

—6-
We obtain the principal frequency dependenced(if) f T T T T T 1

by writing it in the form -6 -4 =2 0 2 4 6
0(f )= ZR(F)+ £ Reapekt ), (6) Re{Psroak ¥ Pret

and exploiting two well-established characteristics O0fFIG. 1. Polar plot of typical human SFOAEs. The measurem@®isof
SFOAESs at low sound levels. Psroae(f ) were obtained using a variant of the suppression me¢Sbéra

D

(2

and Guinan, 1990at a stimulus level of 40 dB SP(subject MAB-L). The
First, although relative SFOAE amplitudesi.e., axes give the real and imaginary partsPagoae/ Pres, WhereP . is 20 uPa.

|PSFOAE/PO|) decrease rapidly with increasing sound in- The measurement noise floor is approximately 0.05 in these units. The
tensity. SFOAE phase varies much less stronaly wit smooth solid line connecting the data points was computed using bandlim-
Y: P aly hited interpolation. The figure showseoadf ) circling clockwise about the

level (e.g., Kemp and Chum, 1980; Zwicker and Schloth, origin as frequency increases; the phase traverses more than 8 cycles over
1984; Shera and Zweig, 1993aVe can therefore esti- the frequency range of the daa9—1.9 kH2. Figure 9 of Shera and Guinan
mate /R at the relatively low sound levels typical of (1999 shows these same data in an alternate féamplitude and phase
SOAEs(where|R| is of order 1 using measurements of "1 frequency

Psroae Made at higher levelévhere|R|<1). [We later

correct for the small systematic error introduced by this

approximationsee Sec. VA]When|R| is small Eq.(2) cadavers indicates that the middle-ear component of
reduces to 6(f) [i.e., the second term in E¢8)] amounts to only a
single cycle from 1-10 kHz. The middle-ear thus con-
Psroae™ PoGmerR(1+ Rstaped (IR[<1). @) tributes an average phase slope some 40 times smaller

Solving this equation foR and using the result in Eq. than that ofPsrone-

(6) yields Combining items(1) and (2) above, we conclude that as

O(f )~ £ Pspopet £ {Rstaped Cmer 1+ Retaped},  (8) approximated by E(8) the overall frequency dependence of
6(f) is dominated by Pgroag(f ). To a good first approxi-

where 2 Py has been defined to be zero. mation, Eq.(8) becomes
Second, SFOAE phase varies much more rapidly with
frequency than do the phases of middle-ear transfer func-  6(f )~ £ Pggoa(f ) + constant, 9

tions. Figure 1 shows a polar plot of typical measure-

ments ofPseoae(f ) in humans. AlthoughPsroad gen-  Meaning that relative to’ Psgope the second, “constant”
erally varies relatively slowly with frequency, termin Eq.(8) changes slowly witt, at leastin humans. We

/ Psrond f) rotates rapidly, encircling the origin more can therefore test the global standing-wave model noninva-
than 8 times over the frequency range of the datéivew using stimulus-frequency otoacoustic emissions.
(roughly 1-2 kHz. Since the “angular velocity”(or

phase slopeof the rotation is large and nearly constant

over intervals comparable to Se_veral orbital periodS,Nl QUALITATIVE PREDICTIONS OF THE MODEL

SFOAE phase changes almost uniformly with frequency.

At these frequencies the average orbital period is about Since §(f) evidently rotates through many cycles over
125 Hz; over the frequency range 1-10 kHz,the frequency range of human heariisge Fig. 1, the global

/ Pseoad(f) circles the origin roughly 40 times, yield- standing-wave model predicts that multiple solutions to Eq.
ing an average period of about 225 H3hera and (5), and therefore multiple SOAEs, are possible in a single
Guinan, 2008 The phases of middle-ear transfer func- ear. Multiple SOAEs are, in fact, commonly observed experi-
tions, by contrast, vary much more slowfg.g., Puria mentally. The study by Talmadget al. (1993 found that
etal, 1997, Puria, 2008 Computing Rgaped Gmer(1 ~ roughly 80% of all emitting ears had more than one SOAE
+ Rstape) USING Puria’s(2003 measurements in human (with a median of 5 SOAEs per emitting ¢aince 6(f )
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changegnearly monotonically, multiple SOAEs can be in-
dexed by the value of in Eq. (5) and their frequencies
written {0 ,c.

In the global standing-wave model, the observation that
0(f) rotates almost uniformly imposes an approximate
guantization on the frequency spacing between multiple
emissions. The standing-wave quantization condition,
namely

0(fPpp=27n (n=0,+1,..), (10)

[@.0]
o
1

D
o
1

N
o
1

Number of SOAE Pairs
o B 3

follows from the requirement that forward-traveling waves
reflected from the stapes combine in phase with one another. _
Equation(10) implies that if the round-trip amplitude gain Nsoae = fsoae / Afsoae
were everywhere sufficient, the spacing between adjacent

emissions,AfSOAE, would be equa| to the intervalﬁf,;, FIG. 2. Histogram of human SOAE spacings. The figure shows a histogram

over whiché(f) changes by one cvcle: of _values ofNgoae, define_d asfso_AE/_AfSOAE, computed from adjacent
() 9 y y pairs of SOAEs reported in compilations of ad(Talmadgeet al, 1993

Afgoae(f)=ATF,(f). (11)  and child(Bumset al, 1992 SOAE data. The spacinfsoae is the abso-

. lute value of the difference between the two SOAE frequen(fg@;\E is

If 6(f) were to rotate at a constant rate, multiple SOAEsStheir geometric mean. The adult data represent 503 SOAE pairs from 67 ears
would appear with perfectly regular spacing. But, becausén 44 subjectsage 7-49 yeajsthe child data represent 53 SOAE pairs
the rotation rate Oft9(f) varies on frequency scales both from_3 children(age 2. Constant values dﬂSOAE_corr_espond to constant
large and small, actual emission spacings never manifefrtaCtlonS of an octave, where the fraction, is given by r=log,(1

9 . ! . o P g s-’I—l/NSOAE). For valuesNgpae>1, this simplifies to I/~In 2-Ngoae. FOr
such crystalline regularity. Deviations from a constant rotan,,.~15, the spacing is approximatefs of an octave.
tion rate due to the secular phase curvatur@(df) become

significant over frequency intervals larger than several or-

bital periods; as a result, the intervalaf,(f) and  pand measured in Bark&.g., Zwicker, 1989; Talmadge
Afsone(f) vary systematically withf. Over smaller fre- et a1, 1993; Braun, 1997. It is therefore conventional to
guency mtervz_ils, local variability m&f@(f)_ mtroduces_ a express the intervaﬁSOAE(f) in some relative fornie.g.,
tmhore st_oc[:)r_ﬁst{c cg gxgnent tp SOAE. Sp?cl?ﬁg?. In addt!tllon t%s a fraction of an octayeather than directly in Hz. We later

€ variabiiity in spacing arising from(f ), spatia demonstrate the systematic deviations from these conven-

fluctuations in the round-trip amplitude gafine., the value . | . dicted by the alobal di
of [RRynel) produce frequent “drop-outs® so that most ears tional representations predicted by the global standing-wave
tape énodel (see Secs. VA and VIIE

lr)nyag:fi (;;.nly a handful of the potential SOAEs enumerate | F_igur_e -2 further dgmonstrates thBfeone, the charac-

Despite these sources of variability, the ang(é) does ~ (€MStic minimum spacing, also represents the noostmon
vary almost uniformly over frequency intervals correspond-€Mission spacing. This result can be understood using the
ing to several orbital periods. Locallyf,(f ) therefore has ~9l0bal standing-wave model and the fact that the magnitude
a well-defined meanAf ,(f ), whose value depends on fre- ©f RRswpeschanges relatively slowly with frequency com-
quency. The global standing-wave model then predicts thaR@réd to its angleg(f ). As discussed above, both middle-
multiple SOAEs will appear with a corresponding character-8ar reflectances and SFOAE amplitudes typically vary on
istic minimum frequency separation,fsoae(f)=Af,(f),  frequency scales at least several times larger thbgoae.
corresponding tdAn|=1. lllustrated in Fig. 2 using a histo- Thus, if the round-trip amplitude gain is sufficient to stabi-
gram of interemission spacings computed from emission dattize a standing wave at frequené{ e, chances are good
in the literature(Talmadgeet al, 1993; Burnset al, 1992, that the gain will also suffice at the nearby frequencies
the existence of a characteristic minimum spacing forf(srgAlE).
SOAEs is well documente¢e.g., Schloth, 1983; Dalmayr, In the global standing-wave model, SOAE frequencies
1985; Zwicker, 1988; Russell, 1992; Talmadejeal., 1993.  are determined in part by the impedance mismatch at the
Note that the figure represents SOAE spacings in the fraczochlear boundary with the middle daee Eq(5)]. Manipu-
tional form Ngoae= fsoae/ A fsoae, Wherefgoae is the geo-  lations that modify this basal boundary condition can there-
metric mean frequency of the two SOAEs. The peak afore modulate both SOAE amplitud®y changing|Rgtapek
Nsoae= 15 corresponds to a characteristic minimum spacingand/or reverse middle-ear transmissiamd, more tellingly,
Afsone Of approximately 100 Hz for SOAEs near 1500 Hz. SOAE frequency(by changing Z Rgaped. In accord with

We characterize SOAE spacings using the dimensionlegbese predictions, middle-ear impedance changes—as in-
representatiomNsoae because previous reports suggest thaduced, for example, by varying static ear-canal pressure to
the characteristic spacinyf soag(f ) increases in direct pro- tension the tympanic membrane or by modifying the imped-
portion to emission frequency, with its value correspondingance of the annular ligament via postural changes that
to a constant fraction of an octayjer to what is essentially affect static intracochlear fluid pressure—have been found
the same thing, a constant distance along the basilar mente alter SOAE characteristics, including frequen¢s.g.,
brane or a constant fraction of the psychophysical criticaKemp, 1981; Wilson and Sutton, 1981; Zurek, 1981; Schloth

2 3 5 7 10 20 30 50

—
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and Zwicker, 1983; Bell, 1992; Burnst al, 1993; Hauser w407
et al, 1993; de Kleineet al,, 2000. g 30+
"é’) 20

V. QUANTITATIVE PREDICTIONS OF THE MODEL \LIJ
< 10-
We can perform more quantitative tests of the global O
. ) o N T
standing-wave model by expressing the quantization condi- I ]
tion in the form a9
S 7
de ]
n 3

‘EMWZW, (12 =
2.

where we have approximated the phase slope as constant 05 07 4 2 3 45678

over the intervalAf,, consistent with nearly uniform rota- Emission Frequency [kHZz]
tion. Using the observation that the frequency dependence of

G(f) is dominated byL Psroae [Eq. (9)] we obtain the FIG. 3. SOAE spacings compared with SFOAE group delay. The SOAE
' data from Fig. 2 are presented as a scatterplot sholigge versus emis-

estimate -
sion frequencyfsoae- The circles and squares denote the adult and infant
do dz Psroae data, respectively. The solid line shows a power-lawNigoae(f ), to the
—~———=—277geond f ), (13 peak of the distributior{parameters in Table).I To reduce bias in the fit
df df caused by SOAE pairs with valudsspae Off the peak of the distribution

. ) (e.g., data points corresponding to valliks|>1), a robust loess trend line
where 7eropd(f) is the SFOAE phase-gradiefr group (Cleveland, 199Bwas first computed to locate the approximate mode of the

delay. Using this estimate in Eq12) yields the prediction distribution(the results agreed closely with a line drawn by)eyanly data
~ ; points lying within two standard deviations about the trend line were then
Afsoae(f)~17sroae(f), or, equivalently included in the fit. Points excluded from the fit are shown in light gray. For

N f)~N f), 14 comparison, the dashed line shows the power-la\Nfgt;,OAE(f ), computed
SOAE( ) SFOAé ) (14 from measurements of human SFOAE group delay in 9 subj&ttsra and

— Guinan, 2003
where Nsoae=fsoae/Afsoae and Nspoae= f7sroae. The

functionNspoae(f ) is simply SFOAE group delay expressed gynonents, however, are essentially indistinguishéxen-
in periods of the stimulus frequendihera and Guinan, ..o, 31+0.05 for Negae Versus a=0.37+0.07 for
2003. As in Fig. 2, the frequencyspoae is the geometric N. )

mean frequency of the pair of adjacent SOAEs. Equation > OAF"
(14) relates the frequency spacing gfontaneou©AEs to ;. Origins of the discrepancy

the group delay oévokedstimulus-frequency OAES. ] _ _ .
Systematic offsets betweétigoae andNggoae (S€€ Fig.

A. The characteristic spacing and its dependence on 3) are expected on theoretical grounds. Recall that the sec-
frequency ond term in Eq.(8) for 6(f), approximated as constant in
Figure 3 replots the histogrammed SOAE défa. 2) Eq. (9), actually varies slowly withf. The two angle®)(f)

as a scatterplot versus emission frequefichhe density of and Z Pgeoae—the first responsible for quantization of
points is greatest in the upper part of the plot, correspondin@OAE spacings, the second for SFOAE group delay—
to SOAEs separated by intervals close to the characteristiderefore rotate at somewhat different rates. The global
minimum spacing(e.g., |An|=1). SOAEs separated by standing-wave model thus predicts that SOAE frequency
wider intervals(e.g., those corresponding tan|>1) con- ~ spacings generally differ somewhat from the value

tribute to the more diffuse appearance in the bottom half. The _ _
TABLE |. Parameters of power-law fits to the functiohgoag(f ) and

solid line shows a robust power-law fNSOAE(f_)' to the Nsroadf ). The parametersy, B} characterizing the frequency dependence
mode of the distribution. The power-law form Bfgoag(f) of Ngoae(f) and Ngroae(f ) Were determined by linear regression using
appears as a straight line on these log-log axes. power-law fits of the formy= Bx“, wherey is the dependent variable and

_ . x=f/[kHz] (i.e., frequency or characteristic frequency in kHEhe num-
We test Eq'(l4) over a four-octave frequency range in bers in parentheses give the approximate uncertairgty 95% confidence

the human ear by overlaying the functi&gFOAE(f) repre- interva) in the final digi(s) estimated from the fit§e.g., 0.31(5%0.31
senting a power-law fit to measurements of human SFOAE-0.05]; when the uncertainty is 1 or greater, the position of the decimal

group delay(Shera and Guinan 20D3Agreement between point is shown for clarity. The uncertainties i and logB are strongly
z2 _ ! correlated, with a typical correlation coefficient between them of roughly

NSOAE(f ) and Nsroae(f) is generally good, a'thOl{gh_ th? —0.8. The parameteB for N&ro(f ) includes a rough correction for the
two lines are somewhat offset from one another, indicatingiifference in effective sound intensitgee text, the corresponding confi-
that 1% sroad(f) slightly overestimates the mean character-dence interval does not include contributions from the appreciable uncer-
istic spacingAfgoag(f). The parameters of the power-law tainty in the mean magnitude of round-trip middle-ear transfer functions.

fits quantify these conclusiorisee Table )l Given the esti-

N. N, NE
mated uncertaintie®5% confidence intervalsthe offset be- o STORE STORE
. L - P 0.31(5) 0.377) 0.377)
tween the lines appears significafompareNgope=13.7 P 13.47) 11.11.2) 141015

+0.7 at 1 kHz versudNgroae=11.1+1.2); the power-law
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1Urseond ) given by Eq.(14) (Talmadgeet al., 1998. Al- 60 - 240
though the magnitude and sign of this difference depend on = SFOAE 8
middle-ear and transducer characteristics not known with 8 45 - L 180 %
any certainty, Puria’$2003 measurements suggest that itis < -y
small (see Sec. lll A, amounting to only a fraction of a < )

; . = 30 - 120
period at the frequencies explored here. O B>

Differences in the effective intracochlear sound intensi- & an
ties characterizing the two data sets can also produce a sys- 8 15 - 60 3
tematic offset betweeNgoae andNgpoae- Like those shown O %
in Fig. 1, the SFOAE group-delay measurements in Fig. 3 0- )

were made at an ear-canal sound lg4él dB SPL) sufficient 0.1 02 04 1 2

to ensure thatlR|<1. SOAE amplitudes, however, are typi- —
cally somewhat less than 0 dB SRé.g., Talmadgeet al, AN/N + 1
]_'993' Although _measure_ments O_f mlddlg-e_qr transfer funC'FIG. 4. Variability of SOAE spacings and SFOAE group delay. The figure
tions show considerable intersubject variability, _they Suggesthows histograms of the deviationsNeoae/Neone (shaded gray and
that these ear-canal SOAE Ieve_ls result from intracochleaky, ., /Ny oac (black line, where AN=N—N. The deviationsAN/N
sound pressures roughly the equivalent of those produced biave been pooled across frequency and are plotted on a logarithmic scale by
a 15-30-dB SPL stimulus tonéPuria, 2003!! Since  showing the value\N/N+1 along the abscissa. FatNgoae, residuals
evoked-emission group delays decrease systematically witbout the power-law fitNsoae(f ), were computed from the data shown in
increasing sound levéNeelyet al, 1988, measurements of Fig. 3; the histogram is based on 556 measurements in 47 subjects. For
Nsroag(f) at 40 dB SPL are likely to underestimate ValueSANSFOAE' residuals abom!SFOAE(f ) were computed from the data of Shgra

t bl dl Is. Alth h th and Guinan(2003; the histogram is based on 1441 measurements in 9
a. ower, more compara e S.OUH. . evels. . oug . e magéubjects. The vertical scalékeft and right axegdiffer by a factor of 4, a
nitude of the resulting offset is difficult to estimate with any vajue set by the ratio of histogram areas on the intervalrl where o
certainty, taking the effective intracochlear sound-level dif-~0.25 is the standard deviation of the SFOAE histogram about its peak.
ference to be roughly 15 dB yields the “intensity-corrected” SOAEs spaced at wide intervals correspondinfto| >1 contribute to the

. % 2. long tail of the SOAE histogram that extends leftwards along the abscissa.
estimateN%-o = 14.1+ 1.5 at 1 kHZ:? in closer agreement

with the value forNgpoae. Note that the reported confidence roughly a factor of 2 larger than their counterparts in hu-

interval for N&goae does not include contributions from the mans. This difference is consisteftf. Eq. (14)] with the
appreciable uncertainty in the mean magnitude of rou”d'tri%bservation that human SFOAE group delays are longer, by
middle-ear transfer functions. Despite the considgrable unr'oughly a factor of 23, than those in laboratory animals
certainties, this account of the discrepancy betwMgBae  such as cats and guinea pigShera and Guinan, 2003;
andNgroag is supported by the analysis of Zweig and Sherazwicker and Manley, 1981
(1995, who found no significant difference between the
mean value ofA fgoag averaged over the interval 1-2 kHz
and the mean value of 4d-oag Obtained from 1-2-kHz
measurements of ear-canal pressure at a stimulus level of 10 Figure 4 demonstrates that the global standing-wave
dB SPL. model also accounts for the evident variability in the
spacing of adjacent SOAHsee Figs. 2 and)3The figure
shows histograms of the deviationSNgpae/Ngoae and
Although data charac_terizing the relation betweenANSFOAE/ﬁSFOAE, where in each casaAN=N-—N. About
SOAEs and evoked emissions in nonhuman mammals afgejr peaks the two distributions are nearly identical. They
extremely limited, the available evidence supports the strongiffer in their tails because the SOAE histogram includes
correlation betweeilNsoae(f ) andNgseoae(f) demonstrated data from adjacent SOAEs with wide frequency spacings.
here in human eardig. 3). OAE measurements in chinchil- According to the global standing-wave model, SOAEs at
las, for example, yield a good correspondence betweefide spacings result from gaps in the series created by
SOAE spacings and the frequency spacing characteristic 6tiropouts.” Because of variations across frequency in the
distortion-product (DPOAE) fine structure (Long etal,  value Of R Ryapeks, NOt all frequencieé(S’BAE in Eq. (10) are
2000. Since theoretical and experimental work has demonrealized as SOAEs and SOAEs separated by intervals corre-
strated that DPOAE fine-structure spacing measured at fixeghonding to|An|>1 often occur. The SOAE histogram is
f,/f; is largely determined by SFOAE phasgalmadge therefore skewed leftward in the tail. Despite this expected
etal, 1998; Kalluri and Shera, 20Q1a strong correlation difference in the tails of the two distributions, the strong
between DPOAE fine structure and SOAE spacings is prequantitative match between the peaks supports the global
dicted by the global standing-wave model. Unfortunately, thestanding-wave model, which predicts that the variability in
fact that SOAEs detectable in chinchillas generally occur atlose SOAE spacings results from variationsriggoag(f ).
higher frequencies than in humans complicates a direct inteffhe theory of coherent reflection filtering traces this variabil-
species_comparison. Extrapolating the power-law form of thety in rg-oag(f ) to the randomness of the underlying imped-
humanNgoag(f) to the chinchilla modal SOAE frequency ance perturbations filtered by properties of the traveling
of 10 kHz suggests that chinchilla SOAE spacings arewvave (see Sec. VIID.

B. Variability of SOAE spacings

2. SOAE spacings in other mammals
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C. Frequency shifts due to changes in middle-ear
impedance

The standing-wave quantization conditifgg. (5)] can

be used to predict the magnitude and sign of the SOAE fre-
guency shifts induced by changes in middle-ear impedance.
To obtain the relation, we let the load impedance presented
to the cochlea by the middle and external ears depend on
some parameter whose unperturbed value we denote. by
For examplex might be the stiffness of the annular ligament
or the static pressure in the ear canal. For an SOAE of fre-
quencyf the standing-wave quantization condition implies
that

£R(f)+ £ Reapelf, ) =2, (15)

wherek appears among the independent variables that deter- SOAE Frequency [kHZ]

mine Rstape_o_, Imagine now that we modify the _middle'ear FIG. 5. Comparison of measured and predicted effect of postural changes on
load by takingk— «+ dx. Because of the resulting change SOAE frequencies. Measured SOAE frequency stiifts 60 SOAESs from

in Stapes reﬂectance, the Standing_wave quantization Condl.s ear$ from the study of de Kleinet al. (2000 are shown together with

X K . g . standing-wave-model predictions based on @§), with « taken to be the
tion [Eq' (15)] 1S no Ionger satisfied at frequentyTo main effective stiffness of the middle-ear load. The quantty,/ RsapesWas

tain the standing wave, the SOAE frequency must sHift ( eyaluated using Puria003 simple model ORgapekf ) Nerone(f ) Was
—f+ 6f ). When the equality in Eq(15) has been restored approximated by the power-law fit shown in Fig. 3. The solid line corre-
sponds to a fractional stiffness increa®¢« of 50%; the dashed lines to
ZR(f+of)+ 2 Rstapegf + of ,k+ dk)=2mn, (16) increases of 25% and 100%ower and upper curves, respectivelyfhe
ﬁtted line marks the location of the zero along the ordinate.

Frequency Shift 87/ [%]

d
where we have assumed that all changes are small enoug
thatn remains invariant. Equatior(¢5) and(16) imply that
the net phase change due to the combined effectadnd ~ Using this approximation and takingto be the spring con-
5f must be zero. To first order ifix and 5f stant of the middle-ear load yield, £ Rstapes> 0. Accord-

ing to Eq.(19), 8f and &« therefore have the same sign. In

(912 R+ d1Z Retaped 6F+ (9L Rstaped ok =0, (17 other words, the global standing-wave model predicts that
where we have used the notational shorthaned/gx.  increasing the stiffness of the middle-ear syst@y., by
Since £ Ryapesfotates much less rapidly with frequency than tensing the eardrum or stretching the annular ligangen-
£ R (i.e., | 912 Ryapeb<| 912 R|; see Sec. Ill A, we obtain erally increases SOAE frequencies, in agreement with the

the relation changes observed experimentalyg., Kemp, 1981; Wilson
s /R and Sutton, 1981; Zurek, 1981; Schloth and Zwicker, 1983;
5f~_('<—5tapej Sk (19  Hauseretal, 1993; de Kleineet al, 2000.
di LR '

Equation(18) can be put in a form more convenient for 2. Magnitude, sign, and frequency dependence of the
comparison with experiment by writing it in terms of frac- Shifts

tional changes: Figure 5 quantifies these remarks by comparing
i 2 Retane standing-wave-model predictions with the posture-induced
5f/f~<2;N—pj Skl k, (19 changes in SOAE frequencies measured by de Kleira.
SFOAE

(2000. Equation(19) was evaluated using Purial2003
where we have useNgspoae=T:Tsroae With 7sroae model ofRgp0(f ) and the power-law fit to measurements of
~—d;LRI2. Equation(19) relates fractional changes in Nggoae(f) shown in Fig. 3(Shera and Guinan, 2003ince
SOAE frequency to fractional changes in the middle-ear pathe magnitudes of posture-induced changes in the stiffness of
rameterx. Note that the result is completely general and doeshe middle-ear load are not known with any certainty, and

not depend on any particular form f&Gpes presumably vary from subject to subject depending on such

) ) ) things as the patency of the cochlear aqueduct, we show
1}7’:"9‘7“9”0)’ shifts due to middle-ear stiffness predictions using three different values &/« correspond-
changes

ing to increases of 25%, 50%, and 100%. Estimated stiffness
We can use Eq(19) to predict the relative signs aff increases of roughly this magnitude were obtained in studies
and 6« under manipulations that change the effective stiff-of middle-ear transmission in which the impedance of the
ness of the middle ear. We proceed by combining @§) annular ligament was varied using postural shiffssan
with Puria’s(2003 measurements and modelRfip(f) in  etal, 2000; Biki etal, 2000. These estimates are also
human temporal bones. Puria has shown that the generhtoadly consistent with the results of Pang and P€4R8&6),
trends in his measurementsR§i.,.(f ) are well captured by who made direct measurements of the stiffness of the annular
a simple model that approximates the cochlear input impedligament during stapedius-muscle contractions in cat and
ance as resistive and the middle-ear load seen from the céeund increases ranging up to a factor of 10; changes in-
chlea by a series combination of spring, mass, and datiper.duced by postural shifts are likely to be significantly smaller.
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Although the measured SOAE frequency shifts show
considerable scatter, Fig. 5 demonstrates that the global
standing-wave moddlEq. (19)] quantitatively accounts for
the major features reported in the détag., de Kleineet al,,
2000. These features include the typical magnitude of the
SOAE frequency shift§1-2%, their most common direc-
tion (toward higher frequencigsand their overall variation
with SOAE frequencylargest below 2 kHg The scatter in
the data presumably results from intersubject variation and
details of the middle-ear load not captured by the simple
model of Rsapeff ). For example, Puria’s measurements in- T
dicate that althoughlt Rg,pe(f ) generally decreases over the 2.35 2.40 2.45 2.50 2.55
frequency range shown in Fig. 5, the change is not perfectly
smooth. Unlike the model, the data manifest considerable Frequency [kHZ]
local variation in the magnitude and sign of the phase sloperiG. 6. Frequency spectrum for a typical human SOAE. The figure shows
These local departures from the overall trend are presumablyie spectrum obtained by averaging the spectral amplitudes of 89 contiguous
responsible for much of the observed variation in SOAE fre-Segments of SOAE waveform, each of approximately 671 ms durédidn

. . . ct WL-R). The total averaging time was about 60 seconds. Measurement
Eae?cy shift4e.g., the decrease in SOAE frequencies near ﬁethods are described in footnote 14.
Z).

o
1

N
o
1

Amplitude [dB SPL]

[
N
o

|

band acoustic signals in the ear canéallen and Fahey,
o ) 1992; Allen, 2001 If the standing-wave resonances were of
Although we have focused here on artificially inducedgyficiently highQ, the ear-canal spectral characteristics of
changes in middle-ear impedance, continuous small pertugne SOAES generated by a “passive,” noise-driven standing-
bations in the basal boundary condition presumably occufave model would be indistinguishable from the amplitude-

naturally from a number of sources, including variations instapilized coherent signals produced by the “active”
middle-ear cavity pressures due to breathing, swallowing, 0gtanding-wave model.

blood flow; variations in the stiffness of the annular ligament o _ o
due to spontaneous stapedius contractions; and changes/n Generalization of the Bialek—Wit histogram

intracochlear pressure related to heartbeat. According to the  Although they cannot be distinguished by their spectra,
global standing-wave model, these and other ongoing physthe acoustic signals generated by the two different models
ological perturbations produce small corresponding fluctuatj.e., narrow-band filtered noise versus amplitude-stabilized
tions in SOAE frequencies. Equatidt9) relating 6f/f to  oscillations can be distinguished by the statistical properties
changesix/«, wherex can be any parameter that modifies of their time waveforms, as Bialek and Wit984 were the

£ Rgapes Predicts that fractional SOAE frequency shifts arefirst to point out for SOAEs. Bialek and Wit showed that the
inversely proportional tiNsgoae. In other words, the longer  SOAE pressure waveform has a double-humped, non-
the SFOAE group delaji.e., the more rapidly/ R(f) ro-  Gaussian probability distribution inconsistent with the output
tates with frequencly the more stable are SOAE frequenciesof a linear passive narrow-band filter driven by noise. Tal-
against perturbations in the boundary conditions. All othefmadge et al. (1991 subsequently showed that double-
things being equal, the global standing-wave model thus prenumped distributions rule out many nonlinear passive sys-
dicts that species with long SFOAE group delays should gentems as well. Here, we extend the Bialek—Wit analysis to
erally have more stable SOAEse., narrower SOAE band- explicitly demonstrate the amplitude stabilization that distin-
widths) than species with shorter delays. Interestingly, this isguishes SOAEs from narrow-band filtered noise. The
precisely the trend observed experimentdllyg., Ohyama  Bialek—Wit histogram is a one-dimensional projection of the
etal, 1991; Longet al, 2000: SOAEs in guinea pigs and more general two-dimensional distribution described here.
chinchillas, species with relatively short group delays, are  To obtain the distribution, we begin by writing the time-

generally less stable and have broader bandwidths th%rying ear-canal pressure due to an SOAE in the form
SOAEs in humans, where SFOAE group delays are substan-

3. Middle-ear contributions to emission bandwidths

tially longer (Shera and Guinan, 2003 Psoae(t) = p(t)cod 2mfsonet + ()], (20
where fsoae is the nominal SOAE frequency am(t) and
VI. ARE THE STANDING WAVES POWERED BY ¢(t) are its slowly varying amplitude and phase. We then
NOISE? represent the SOAE waveform by the complex phasor
Most global standing-wave models in the literature pro- Psoa 1) =p(1)e 40, (21)

pose that mammalian SOAEs—such as the one whose spec-

trum is illustrated in Fig. 6—result from intracochlear stand-Over time, the phasdispag(t) moves about in the complex
ing waves stabilized by a balance between round-trip energglane, tracing out a trajectory whose instantaneous polar co-
losses and level-dependent coherent wave amplificatiorordinates(i.e., radial distance from the origin and angle with
Nevertheless, standing-wave resonances driven solely kihe real axis are p(t) and ¢(t), respectively. The real and
thermal or other noise sources would also appear as narrovimaginary parts ofpgpoag(t) are thus the in-phase and
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FIG. 7. Probability distribution®[Pgoag(t) ] and D[ Proisdt) ] for an SOAE and for a narrow-band noise signal with the same power spectrum. Distributions
were computed from 80 s of data as described in footnote 14 for the human SOAE shown ifiéfigh&nd paneland a noise signal with the identical power
spectrum(right-hand panel The x- andy axes represent the real and imaginary pértgphase and quadrature compongmisthe complex phasorg(t)
described in the text. Pressures are shown in unifsgf 20 uPa.

guadrature components obtained by heterodyning the SOA#ently, the SOAE amplitude is stabilized at a nonzero value

waveform using a reference signal of frequerigyae. about which it manifests only small fluctuatiofesg., due to
thermal noise and other physiological perturbatjoiOAE
B. Molehills and moleruns phase, by contrast, exhibits no such stabilization; over time,

the phase wanders through all possible angles, its random

motion again superimposed on a circular drift whose speed
dand direction change erratically according to the magnitude

and sign of transient deviations in SOAE frequency about its
central valué? Although the absolute phase reference neces-
sary to stabilize SOAE phase is not available physiologically,

|ts_pow¢r spectrum Is _|dent|cal o th_at of the SOARhe Phase stabilization can be achieved by entraining the emis-
noise signal was obtained by passing random-phase, flaf-
sion to an external tone.

spectrum noise t_hrough a filter with frequency response Projecting the caldera-like distributiadRg shown in the
equal to the amplitude spectrum of the SOAE, as |IIustrate(ileft_hanol panel of Fig. 7 onto thez plane (i.e., computing

in Fig. 6. The phasdp,isd{t) was subsequently computed as e = . i
described fopgoag(t) in footnote 14] Both distributions are the d|str|bu_t|onD_[Re{pSOAE(_t)}]) yields a double humpgd,
non-Gaussian histogram similar to those reported previously

Shoun e frhons o e compe e It . s, and .. Bl i i 199
COS(2rr,f ) an)(; sin(z-r? ) cgm onents gf the signal.  1@imadgeet al, 1991; van Dijket al, 1996.1¢ Unlike the
soae! soadt P 9nal- - Bialek—Wit distribution, however, the calder®s clearly

) : A Memonstrates that fluctuations in SOAE amplitude are lim-
the plane is proportional to the long-term average probabilit

) : Yted both from above and from belofeee also Fig. 3 of
that the in-phase and quadrature components of the signal, ?‘glmadgeet al. (1997]. SOAEs ampliibtsudes are e%/idently
measured during any particular short interval of time, will be ; :

LS - tabilized within a narrow ran nd, in particular, almost
found to lie within the specified range. stabilized a narrow range and, in particular, aimos

For the filtered-noise signal, the phagigg.{t) wanders never fall appreciably below their mean value. Although am-

randomly about in the complex plane at a rate inversely proplitude stabilization of this sort can readily be understood in

. . . ) . the context of the active standing-wave modsée Sec.
portional to .the signal bandwidth. This random motion ap'VIIA), it appears difficult if not impossible to reconcile with

She passive standing-wave model and its assumption that
%OAES are powered entirely by randomly fluctuating, inco-
Rerent biological noise.

Figure 7(left-hand paneglgives the probability distribu-
tion Ds=D[Psoa(t)] obtained from the SOAE shown in
Fig. 61* For comparison, and as a control, the right-han
panel gives the corresponding distribution,Dy
=D[Pnoisdt) ], for a noise signal filtered in such a way that

ity is proportional to the difference between the
instantaneous signal frequency and the center frequency
the spectrum. The resulting probability distributiddy, is
that of a two-dimensional Gaussian “molehill” centered on
the origin(Rice, 1954. VIl DISCUSSION

As illustrated in Fig. 7, the statistics of the SOAE signal Our quantitative tests provide strong support for the glo-
are strikingly different from filtered noise. Rather than re-bal standing-wave model and its prediction that SOAE fre-
sembling a molehill, the probability distribution suggests aquencies are determined BR,pes(€.9., Kemp, 1979a, b;
“molerun” or volcanic caldera. Near the origin, whefg, is ~ Zweig and Shera, 1995; Talmadgeal, 1998. The results
largest,Dg is vanishingly small. Significant values 6fs are ~ demonstrate that in addition to predicting the existence of
confined to a relatively narrow ring of finite radius. Evi- multiple emissions with a characteristic minimum frequency
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Resonant cavity

'////M#Nonline;;;;\—n;dium
SOAE <— B — (cochlear amplifier)
Middle ear Peak region of

traveling wave

FIG. 8. Analogy between the cochlear production of SOAEs and the coherent emission of light by an optical laser. The region between the stapak and the pe
of the traveling wave is represented as a resonant cavity enclosing a nonlinear gain medium. The gradient in shading illustrates that mostfichtf@ampli
occurs just basal to the peak of the traveling wave. Partial reflection of forward- and backward-traveling waves occurs at each end of the captgaht the

end, coherent reflection occurs over a distributed region spanning the peak of the traveling wave. Standing waves occur at frequencies forumldithgghe ro
phase change is an integral multiple af.2Standing-wave amplitudes are stabilized when the round-trip gain matches the round-trip losses due to internal
damping and acoustic emission through the middle ear into the environment.

spacing, the global standing-wave model also accurately prdecation (i.e., in the plane of the reflecting mirpprthe co-
dicts the mean value of this spacing, its standard deviatiorherent reflection near the peak of the traveling wave is dis-
and its power-law dependence on SOAE frequency. Furthettributed over a finite region of the cochléiee., the width of
more, the global standing-wave model accounts for the maghe traveling-wave envelopeThe cochlear gain medium
nitude, sign, and frequency dependence of changes in SOAgonsists of the cellular force generators and surrounding me-
frequency that result from modulations in middle-ear stiff- chanical, hydrodynamic, and electrical processes known col-
ness. Although some of the SOAE characteristics tested andctively as the “cochlear amplifier.” In contrast to an optical
accounted for here might be replicable in artfully constructedaser, where amplification occurs uniformly throughout the
local-oscillator modelge.g., byad hocadjustment of SOAE  cavity, amplification in the cochlea occurs almost entirely

spacing$ they all arise quite naturally and immediately in pnear the apical mirrofi.e., in the region just basal to the
the global standing-wave framework. Finally, the statistics ofyeak of the traveling wave

SOAE time waveforms demonstrate that SOAEs are coher- o each pass through the cavity, waves are amplified by
ent, amplitude-stabilized signals. Taken together, these tes{feir interaction with the gain medium. At certain special

of the global standing-wave model support the proposegequencies—those for which the round-trip phase change is
mechanism-based classification of SOAEs within the group,, integral multiple of 2—multiple internal reflection cre-

of reflection-source OAE&Shera and Guinan, 1929n ad- ates standing waves. If the round-trip gain matches the

dition, they pr(_)wde compelling eV|den.ce that mammal""mround—trip lossese.g., due to damping and acoustic radiation
SOAEs constitute a global collective phenomenon—

) " ) into the environment stable oscillations can result that ap-
amplitude-stabilized cochlear standing waves—rather tha Ot P

L . ear in the ear canal as SOAEs. Just as in an optical laser,
the local, autonomous oscillation of some cellular constituent _ ... . . A .
. oscillation amplitudes are self-stabilizing. Since the cochlear
of the organ of Corti.

amplifier is limited in the energy it can produce, the gain
A. Analogy with a laser oscillator medium is nonlinear, with the amount of amplification de-
The existence of amplitude-stabilized standing wave<'€2Sing as the wave amplitude grows. Standing-wave am-
within the cochlea suggests that the cochlea is acting as Ritudes are therefore stable against perturbations: If some
biological, hydromechanical analog of a laser oscilldtee random_ﬂuctu_atlon increases the wave amplitude sllghtly, the
also Zweig, 1991; Russell and Ksl, 1999; Kemp, 2002 round-trip gain decreases a little and the wave amplitude
Reduced to its essentials, a laser oscillator consists of a resllS back down. Conversely, if the wave amplitude de-
nant cavity enclosing a gain medium that supports cohererfi’eases, the total gain increases, pulling the oscillation am-
wave amplificatior(see Fig. 8. In the cochlea, the “resonant Plitude back up. Amplitude stabilization of this sort produces
Cavity" spans the region between the Stapes and the peak &OAE Signals with the statistical properties illustrated in F|g
the trave"ng wave. At either end of this region, cochlear?- Similar probablllty distributions characterize the coherent
traveling waves are partially reflected back into the cavity. Atradiation generated by optical laseesg., Golay, 1961; Sieg-
the stapes, backward-traveling waves reflect due to the imman, 1986.
pedance mismatch with the middle ear; at the apical end of  Unlike optical lasers, the cochlea can emit at multiple,
the cavity, forward-traveling waves undergo coherent reflechonharmonically related frequencies. In an optical laser, the
tion near the peak of the traveling wave. With partially re-cavity size is fixed and tuned to a single frequency and its
flecting “mirrors” at both ends, the cochlea differs from a harmonics. Wave propagation in the cochlea, however, is
typical optical laser, in which one of the mirrors is made highly dispersive and the location of the wave peak—and
perfectly reflecting. In further contrast with an optical laser,hence the location of the partially reflecting mirror—depends
where reflection back into the cavity occurs at a well-definebn frequency. Consequently, the round-trip phase condition
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is satisfied at many frequencies and the cochlea can produ¢® The mechanism of reflection within the cochlea

multiple SOAEs simultaneously. According to the global standing-wave model, SOAEs

are simply a special case of a more general and ubiquitous
o _ otoacoustic phenomenon: the production of reflection-source
B. Sources of initial traveling-wave energy OAEs by the ear. Although many predictions of the model

The global standing-wave model indicates that the muldepend only on the empirical form of the cochlear traveling-
tiple internal reflection and amplification of traveling-wave wave reflectanceR(f ), understanding the mechanism by
energy responsible for SOAEs can be initiated simply bywhich reflection-source OAEsuch as low-level stimulus-
sounds from the environment and/or by physiological noisefrequency and transient-evoked emissjomsiginate pro-

In addition, autonomous oscillations of cells or subcellularvides deeper insight.

structures may sometimes kick-start the emission process by ~Considerable evidence suggests that the generation of
acting as initial generators of traveling-wave energy. For ex+eflection-source OAEs is well described by the theory of
ample, should some “resonant element” within the cochleacoherent reflection filteringShera and Zweig, 1993b; Zweig
suddenly begin to oscillate mechanically, the resulting moveand Shera, 1995; Talmadge al, 1998; Shera and Guinan,
ments presumably create backward-traveling waiethe  2003. The theory indicates that reflection-source OAEs arise
oscillation frequency is less than or equal to the loca).CF via coherent reflection from densely and randomly distrib-
These backward-traveling waves subsequently reflect off thated impedance perturbations. These perturbations presum-
stapes, thereby initiating the process of multiple internal reably include both those clearly visible in the anatomy, such
flection characteristic of global standing-wave resonances. as spatial variations in outer-hair-célDHC) number and

Even though the original disturbance may arise througtyeometry (e.g., Engstrm et al, 1966; Bredberg, 1968;
the action of some local oscillator, long-term stability re- Wright, 1984; Lonsbury-Martiret al., 1988, as well as mor-
quires that any final SOAE frequency be consistent with Egphologically less conspicuous perturbations, such as varia-
(5), so that round-trip phase shifts equal an integral multipletions in OHC forces due to random, cell-to-cell variations in
of 2. Unless the initiating oscillator can adapt by changinghair-bundle stiffness or the number of somatic motor pro-
its frequency to satisfy this global constraifr is largely  teins.
impervious to the perturbing influence of its own energy,  The coherent-reflection model predicts that the SFOAE
which is fed back to it by reflection off the stapgsthe  evoked by a tone comprises a sum of wavelets scattered by
oscillator’'s output will be highly unstable and unlikely to perturbations located throughout the peak of the traveling
persist. Computational studies of “completely active” co- wave. The SFOAE therefore arises from a distributed region,
chlear models consisting of an array of coupled van der Poloyghly equal in extent to the width of the traveling-wave
oscillators confirm the importance of cochlear standingenvelope. In the 1-2-kHz region of the human cochlea, this
waves and the middle-ear boundary condition in determiningjistance spans on the order of 100 rows of outer hair cells at
SOAE frequencie¢van Hengelet al, 1998. sound levels near threshol@weig and Shera, 1995AI-

though Kemp’s(1979h original standing-wave model pos-

tulated that the backward-traveling wave originates from a
C. Relationship to phenomenological oscillator point reflection, the coherent-reflection model indicates that
models this wave necessarily arises over a region equivalent to the

Properties of SOAESs such as their interactions with oné®P@n of many hair cells: o
another and with external tones have been successfully de- The theory of coherent-reflection filtering resolves other
scribed by representing individual SOAEs using a nonlinearProblems with the original standing-wave model. For ex-
limit-cycle oscillator such as the van der Relg., Murphy ~ @mple, Kemp(1979b pointed out that an “apparently ran-
etal, 1995a, b, 1996; van Dijk and Wit, 1990a). Fhese dom dependend®f the amplitude of the reflectanken fre-
phenomenological, limit-cycle oscillator models were not, aduency for each ear ... is necessary to account for the
a rule, developed to describe the “oscillating elements”Presence of strong resonances at some frequencies and not
within the cochlea; rather, their aim was to approximate theothers.” The coherent-reflection model explains this random
behavior of a complex system of equatiofssich as those variation in reflectance magnitude by representing the total
describing the generation of standing waves in an activebackward wave as the sum of many wavelets having an ir-
nonlinear transmission lineby a single effective oscillator, regular distribution of amplitudes and phases dependent on
thereby providing simple, analytically tractable representathe particular array of impedance perturbations encountered
tions of SOAEs as they appear in the ear canal. Thus, thes#thin the peak of the traveling wave. This same mechanism
phenomenological models are not inconsistent with the gloalso produces random variations in reflectance phase over
bal standing-wave model, which proposes a mechanism bffequency, giving rise to the distribution of SOAE spacings
which SOAEs originate within the cochlea. The evident suc-about their mean valugFig. 4).
cess of the global standing-wave model contradicts the no- According to the coherent-reflection theory, quantitative
tion, often implicit in the local-oscillator framework, that features of the distribution of SOAE spacings such as its
SOAEs measured in the ear canal provide direct access to tleentral value and relative spread are determined dynamically
local elementary cellular oscillators within the organ of Corti by properties of the traveling wa&weig and Shera, 1995;
(e.g., Sisto and Moleti, 1999 Talmadgeet al, 1998. For example, the characteristic mini-
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mum spacing at frequendyis set by the value of the wave- Viewed from the perspective of the global standing-wave

Iength,f\, near the peak of the wave envelope: model, the failure of this search for differences is not surpris-
ing. Indeed, cochlear sites corresponding to SOAE frequen-
Nsone(f)=Nsrone( )~ 2Ngw(f), (220 cies need manifest no special distinguishing features. In the
global standing-wave model, SOAE frequencies are deter-
where mined byRR.pes @and SOAES therefore trace their origin to
R aspects of the mechanics as subtle—ana@docalto the
Ngm=I/X, (23 site in question—as the magnitude and angle of the imped-

ance mismatch at the cochlear boundary with the middle ear,

a’.“:}. 'S r? funcrt]llorégolf Iohcat|or(or charactﬁrlstlc fregtuenicy the spatial-frequency content of the cochlear impedance per-
within the cochiea. n these e_quat|onst € paramel®ep-  y,hations that scatter the wave, and the total round-trip
resents the distance over which the characteristic frequencty

- aveling-wave gain and phase shift experienced en route.
(CF) changes by a factor &, and the factor of 2 originates g g P P
in round-trip phase shifts and the Bragg scattering condition. ) o
According to the theory, the observed increase in the value df- Representations of the characteristic minimum

Nsoae towards the base of the cochlégig. 3J) reflects the spacing

systematic decrease in the wavelenithwhich diminishes ~ SOAE frequency spacings are conventionally displayed
at a rate of roughly 25% per octave with increasing CFUSINg a histogram that masks any frequency dependence in
(Shera and Guinan, 20p3 the data(e.g., Fig. 2. As a result, the characteristic minimum

Since Kemp'(1979h original standing-wave model did spacing,Afsoag, has been somewhat misrepresented in the
not include the effects of traveling-wave propagation gainditerature. We note, for example, that the frequency depen-
and/or losse&’ the model needed to associate large reflectiordence ofNsoae(fsoae) €vident in the scatterplot of Fig. 3
coefficients with many points along the basilar membr@te demonstrates thak f soae corresponds neither to a constant
a minimum, those corresponding to SOAE frequencias fraction of an octave, to a constant distance along the basilar
order to generate sizable standing waves. In the coherentaembrane, nor to a constant fraction of the psychophysical
reflection model, by contrast, cochlear traveling waves areritical band measured in BarKe.g., Zwicker, 1989; Rus-
amplified as they propagate toward and away from the site ofell, 1992; Talmadget al, 1993; Braun, 1997
scattering; values dR|>1 measured at the stapes are there-  Although the human characteristic spacitgsoag(f)
fore readily obtained with only small perturbations in the bears no simple relationship to Zwicker's critical band rate
mechanics(Talmadge and Tubis, 1993; Zweig and Shera,scale [contrary to folklore in the fie|d,ESOAE(f)
1995. Since small, densely distributed perturbations can.g 4 Bark], the spacing\fsoae(f) does roughly corre-
produce large values ofR|, the modern standing-wave spond to a constant fraction of the equivalent rectangular
model predicts that most SOAEs result from normal mejandwidth(ERB) estimated from otoacoustic and behavioral
chanical variability rather than from pathologically large im- measurements at frequencies greater than 1 KBlzera
pedance discontinuitie$A possible exception may be the et 1. 2002: Oxenham and Shera, 2008sing the power-
trﬁla}tively rartleI cliass of “at;;Ft)ic(;alI SOA:jEsf“ charatcterized_ ?_y law approximations ta fsoag(f ) and ERBE ) [Table I and

eir unusually large amplitudes and frequent associatio - AT ~ @
with significant audiometric abnormality(reviewed in gl?lir:(fit E\;/l\ll.he(ric,goj)(]) 9)3/5?38 Q;EZQE(IS Oft(g/([)I;HzN]())te

Lonsbury-Martin and Martin, ZQO]] ) ) that the power-law exponent is indistinguishable from zero.
In cgntrast to the local-oscillator mode'lZ which typlcgl!y The approximate proportionality betweelTsoae and the
emphasizes the pathology of the condition by ascrlblngpsychophysical ERB demonstrated here should not be taken

SOAESs to a “disturbance” or outright “failure” of some lo- to imply some direct causal connection between human co-

cal feedback c_ontrol meche_mism, the global Standing'WaV%hlear tuning and SOAE spacings. According to the global
modgl emphasmgs thmrmallty.of most SOAEs by demon- tanding-wave model and the theory of coherent reflection
strating both their close relation to other types of evoke iitering, the proportionality arises because both SFOAE

OAEs (i.e., low-level SFOAEs and other reflection-source hase slopegand hence SOAE spacingand the bandwidths
emissions and their origin as the expected consequence o f peripheral auditory filters are, for very different reasons,

distributed wave amplification and reflection in the presenceStrongly correlated to the group delays of basilar-membrane
of small, nonpathological impedance perturbations. In this[ransfer functiongShera and Guinan, 2003
way, the global standing-wave model resolves the paradox We emphasize thaFSOAE i merély the mode of a dis-

noted by Geisler199§ in his discussion of the van der Pol tribution of spacings and therefore has no absolute signifi-

oscillator as a local-oscillator model for SOAEs: . . e . .
cance; inappropriate reification of its value can lead to dubi-

“[Why] doesn’t every section of the cochlea act that ous conclusions. Brau(1997), for example, argues against
way [i.e., as a limit-cycle oscillatgrand[the cochlea the global standing-wave model in order to propose an 0s-
thereforg produce emissions at all frequencies? It fol-  tensible connection, mediated via efferent feedback from the
lows that there must be something different about those inferior colliculus, between SOAE spacings and psycho-
cochlear sites that generate the relatively few emis- physical critical bands. Braun proceeds by plotting the dis-
sions observed. Unfortunately, the search for such dif- tribution of spacings computed from all possible SOAE pairs
ferences has not been successful.” (i.e., an all-order distribution rather than the distribution of
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first-order intervals computed from adjacent SOAEs as iIlSOAE frequencies fgoae Satisfy the standing-wave
Fig. 2 The all-order distribution shows only weak or nonex- quantization-conditioiEq. (5)], which requires thaR Rtapes
istent peaks at multiples of the characteristic minimum spache positive real; equivalently

ing Afgoag (Which he calls the “preferred minimum dis-

tance,” or PMD. Braun concludes that the “total lack of any 0(fsoap)=0 (mod 2m), (25
system of multiples of the PMD in the interval distribution
curve contradicts all concepts that assume a spectral perio
icity of SOAEs.” Braun’s argument, however, neglects both
the.fre.q.ue'ncy dep_enQenpe MSO_AE(f) anq the substanpal possible in principle, this test is difficult in practice. Rigor-
variability in the distribution of first-order intervals at fixed ous tests of Eq(25) require measurement of bothR(f )
frequency(see Fig. 3 Because adjacent mteryals are Iargglyand / Ryapelf) at SOAE frequencies in a single ear. Fur-
independent of one another, the nonzero width of the firsty ... 0 .6™i the case of R(f), the measurement must be

order distribution(see Fig. 4 smears out the distribution of 2 4e ¢t intracochlear sound intensities equivalent to those
higher-order |_ntervals. For example,_ the distribution _Ofnormally produced by the SOAEs in question. One is then
second-order intervals can be approximated by convolVingeg iy the unfortunate position that the very SOAES one is
the first-order distribution with itself and is therefore broader,[rying to understand ineluctably compromise and contami-

than the fir§t-order Qistribution by roughly a factor pf 2.As anate the measurements oR(f ) needed to test the thed?y.

result of this s.m'earlng,'peaks .corresp_ondlng. to higher-order Our strategy in this paper has been to recast the model

mtervals are difficult or impossible to discern in the a"'orderpredictions of Eq(25) in a theoretically less definitive but

histogram. experimentally more tractable form. Rather than probe the
absolute phase & Rypesat frequenciessonag, we examine

1. The corresponding length scale the distribution of human SOAE spacings by using noninva-

a§ive measurements of SFOAES to estimate the frequency de-

pendence o2 R(f) and measurements of middle-ear pres-
corresponds to the modal frequency spadifgoae(fsoad) sure transfer functiongPuria, 2003 to argue that middle-ear

can be found as a function of SOAE frequency by noting tha oo N !
exponential position—frequency functions map constant discontributions to the distribution of spacingd soae are gen-

tancesAx to constant relative frequency intervaig/f. Ac- erally small, at least in human ears. The results provide
i bl — T T AT . strong but indirect support for ER5) in humans(see Figs.
cording to Table I, Nsoae(fsoas) = fsoae/Afsoae varies 54 "|n aqdition, we use the standing-wave quantization

with emission frequency agoae With a~0.31+0.05; ifthe  ¢ondition to predict the effect of changes in middle-ear
human cochlear map is exponenti@ireenwood, 1990the  poundary conditions on SOAE frequencies. Although incom-
distanceAxsoag corresponding ta fsoae therefore varies as  plete knowledge of both Rgapeff ) and the magnitude of

whered(f )= 2 {RRyapes. Direct experimental confirmation
or refutation of Eq. (25) would provide a definitive test of
the global standing-wave model. Unfortunately, although

The spatial distance along the basilar membrane th

fSone- posture-induced stiffness changes in individual ears pre-
We can relate the diStan&smE to the wavelength, cludes a more rigorous comparison with experiment, the glo-
of the traveling wave at its peak by combining these result®al standing-wave model successfully reproduces the major

with Egs.(22) and(23). The calculation yields trends in the datéFig. 5).
_ - Despite their inherent limitations, our tests provide
AXsone™ 2\ (24 strong support for the idea that human SOAEs arise via glo-

In other words, the characteristic places associated witRal standing-wave resonances. Although definitive examina-
nearest-neighbor SOAESs are separated, on average, by a dign of the standing-wave model awaits a direct experimental
tance equal to one-half the wavelength of the traveling waveProbe of Eq.(25), extending the measurements and ideas
According to the coherent-reflection theory, variations aboufleveloped here to SOAEs in other species, mammalian and
this modal value occur not becausevaries irregularly with nonmammalian alike, would provide important tests of the

position, but because the distribution of frequency spacinggenerallty of the model.
Afgoag reflects an underlying disorder in the process that

creates backward-traveling waves by reversing the forward

flow of traveling-wave energgi.e., scattering by random im- G. SOAEs in nonmammals

pedance perturpanohsFor clarlty, we emphasize that the Although the evidence reported here suggests that most
coherent-reflection theory predicts that the length scale . . . .
Ax arises dynamically and need have no geometric Cor[nammahan SOAEs are amplltude—stablllzed standmg waves,
relzitoeAEin the structure or mechanics of the cochBaeig local autonomous oscillation of some cellular constituent of
the ear may, of course, underlie some subset of mammalian
and Shera, 1995 SOAEs(e.g., the “atypical SOAEs” mentioned abovélhe
local-oscillator mechanism may also operate in species such
as frogs, lizards, and birds, in which spontaneous cellular
oscillations have been observéelg., Crawford and Fetti-
The principal distinguishing prediction of the global place, 1985; Denk and Webb, 1992; Maréhal., 2001 but
standing-wave model is that SOAE frequencies are detemhich appear to lack basilar-membrane traveling waees.,
mined by RRy.pes Specifically, the model predicts that Peake and Ling, 1980; Manley, 1990

F. Strategies for testing the standing-wave model
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Even in these species, however, we conjecture thagénts of the ear’s amplifier operate near a “critical point”
mechanisms analogous to those posited by the globakpecifically, near a so-called Andronov—Hopf bifurcajfén
standing-wave model may often be operating. Note, for exwhere spontaneous cellular oscillation sets in. In this view,
ample, that the frequency selectivity of primary auditory af-dating back to the work of Gol1948, SOAEs occur when
ferent fibers in some bird and lizard species can evidentlyhe cellular control mechanisms needed to hold a hair cell
match or exceed that found in many mammalian cochleae &flose to the critical point break down:
comparable frequenciédanley, 200}, and associated with . N )
this tuning are substantial frequency-dependent group delays ~Because self-tuning positions the system slightly on
(e.g., Hillery and Narins, 1984; Smolders and Klinke, 1986; the oscillating side of the critical point, self-tuned criti-
Gleich and Narins, 1988; Manlest al., 1990. If frequency cality provides a natural explanation fepontaneous
tuning in these species arises or is manifest mechanically, otoacoustic emissions. In its normal working state, the
one expects significant mechanical group delays—and thus inner ear would generate faint sounds with a broad
the possibility of global standing-wave-like resonances— range of frequencies. If the feedback mechanism were
despite the apparent absence of a clear analog of the basilar-to fail in certain cells, the spontaneous oscillations
membrane traveling wave. Although the phase changes asso- could become large enough for distinct tones to be
ciated with frequency tuning appear inextricably linked to  emitted.” (Camaletet al,, 2000.
basilar-membrane motion in the mammalian cochlea, the |, this guise, the local-oscillator model has been repeat-
global standing-wave model imposes no such requirement. fy jnyoked to argue that outer-hair-c6HC) somatic mo-

resonant cavity” containing a nonlinear *gain medium’— tility is unlikely to constitute the “active process” in mam-

comprising in this context a slightly irregular array of tuned malian hearing. Martin and Hudspeth999, 2001; Martin

pscnlators, a_II coupled together through the surr(_)undmg ﬂu'et al, 2003, for example, question the role of OHC somatic
ids and/or via ancillary structure®.g., the tectorial mem-

braneg to produce the large mechanical phase shifts concomir—noumy In the generation of mammalian SOAlsee also

tant with sharp tuning—may be all that's required for Koppl, 1995; Martinet al, 2001; Duke, 2002; Jisheret al,

creating global resonances analogous to those evidently r 003, Theytn(c;tt_a that although|§ponr;ca_n ekc)) us dTov?tr;entshhave
sponsible for SOAES in the mammalian ear. een reported in nonmammalian hair bundles “there have

A common origin in global, standing-wave-like reso- been no observations of spontaneous outer-hair-cell contrac-

nances may account for many of the otherwise puzzling{ions'" Since they claim that “unprovoked mechanical oscil-

similarities among mammalian and nonmammalian SOAESations of some constituent of the inner eamstunderlie the

For example, in humans and lizards the frequency spacingroduction of spontaneous otoacoustic emissiofiartin
between multiple SOAEs appears roughly comparablé€tal. 2003, emphasis addedhe evident conclusion is that
(within a factor of 2 or 3, even though the human organ of Mmammalian SOAEs—and, by implication, the mammalian
Corti is roughly 17—170 times longer than lizard papillae incochlear amplifier—require active hair-bundle motifity.
overall length(Manley, 1990, 2001 The global standing- But Martin and Hudspeth’s argument rests on a logical
wave model explains this seemingly paradoxical observatiof@llacy: that what's true of the whole must be true of the
by implying that the length of the hearing organ is essentiallyparts(the fallacy of division; that because the ear oscillates
irrelevant to the generation of SOAEs. In the globalspontaneously some of its cellular constituents must do so
standing-wave model, SOAE spacings are determined not bjpemselves, and, furthermore, that only the autonomous os-
the cochlear distance between putative “oscillating ele<cillation of the ear’s constituent parts can explain the spon-
ments” but by the frequency dependence of mechanicalaneous emission of sound by the whole.

phase shifts; that is, by the characteristics of mechanical tun- We argue here, however, that most mammalian SOAEs
ing, a functional arena where the differences between huarise not through autonomous cellular oscillations but
mans and lizards are less pronounced than in the anatontgrough the collective action of the entire cochlea. SOAEs
(Manley, 200). To understand more clearly the similarities are not primarily the result of “unprovoked movements” of
and differences between mammalian and nonmammaliagellular constituents of the cochlear amplifier; rather, they are
SOAEs, one needs to extend the types of measurements usgshtinually self-evoking stimulus—frequency OAEs that arise
here (e.g., determination of quantitative relationships be-via the multiple internal reflection and coherent amplification
tween evoked and spontaneous OAEs and their modulatiopf traveling-wave energy within the cochlea. As Kemp and
by changes in external boundary conditiptesthe nonmam-  others long ago suggested, the “bifurcation” responsible for

malian ear. the creation of self-sustaining SOAEs can ariglebally
rather than locally, much like that in a laser oscillaterg.,

H. Implications for the cellular basis of the cochlear Kemp, 1979a, b; Talmadge and Tubis, 1993; Zweig and

amplifier Shera, 199b

The local-oscillator model of SOAES plays a central role  The global standing-wave model thus reverses the chain
in recent discussions of the cellular basis of the mammalia®f causality inherent in the local-oscillator model: the mam-
cochlear amplifier. For example, Hudspeth and colleaguegalian ear does not whistle because individual hair cells os-
(e.g., Hudspeth, 1997; Martin and Hudspeth, 1999; lagui cillate spontaneously; rather, hair cells oscillate spontane-
et al, 2000; Martin and Hudspeth, 2001; Margihal., 2001, ously because the ear whistles. Not only is the whole “more
2003; Jilicher et al,, 2003 argue that the cellular constitu- than the sum of its parts,” but the parts acquire new proper-
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ties by virtue of their embedding in the whole. The apparentsure transfer functions measured at sound intensities wRgyae/Pol
absence of spontaneous contractions in isolated OHCs has1. The forward pressure transfer function is defined B=(P,
been presented gwimae facieevidence against a role for —Py/Pec, whereP, and P are, respectively, the pressures in the scala
somatic motility as the primary motor element underlying vestibuli and scala ty.mpaniat.the base of thg cocr.ﬂe@ts the pressurein.
the mammalian cochlear amplifi¢e.g., Martin and Hud- the ear canal. The middle ear is presumed driven in the “forward” direction

. . . with a sound source in the ear canal. Similarly, the reverse pressure transfer
speth, 1999, 2001; Martiat al,, 2001, 2003; Jicher et al, function is defined byT,=Pe./(P,—P;), where the middle ear is now

2003. Although a strong reductionist bias in our thinking presumed driven from within the cochlea. Note tfig}, depends on the

may render these arguments superficially compelling, thecharacteristics of the transducer assembly used to me&ureEq. (2)

logic that supports them is evidently fallacious. assumes that this same transducer is used during the measurement of
Many qualitative emission phenomena, including the Psroae- Since|Pi/P,|<1 (Nedzelnitsky, 1980 Tr, and Ty, can be ap-

) ¢ ; . I
spontaneous production of sound, are no doubt generic td?rox'/ma‘ed by measurements made in the scala vestieg., Tr.
mechanical systemsuch as the inner ears of frogs, lizards, . Py/Ped. ) ) .

. . . Equation(2) assumes that the cochlear input impedance at frequeney
birds, and mammalsthat contain coupled arrays of active,

. . . . approximately real at intensities such tH&®geoae/Po|<1 (e.g., Aibara
nonlinear oscillators tuned to different frequencies. Although al, 2009, Reality of the cochlear input impedance is guaranteed by the

the existence and qualitative features of SOAEs may be getapering symmetry manifest, for example, by the cochlea of théStera
neric, their quantitative propertie®@.g., their bandwidths, and Zweig, 1991p Shera and Zwei¢1991a discuss the more general case
their frequency separations, their interactions with one an_in which the cochlear input impedance is complex and the characteristic

. . . . wave impedances of the cochlear transmission line depend on the direction
other and with external tones, their relationship to other pmpagaﬁon_ P

emission typespresumably depend on details of the mor-¢The reflection coefficienRyapes has the ValueRgapesr ~+ [t"t RY(1
phology, the physiology, and the hydrodynamics of the sys-—r*RJ)], where the functions™ andt™ are the reflectance and transmit-
tems that produce them. Indeed, quantitative differences irfance coefficients characterizing the res[dual ear-canal space and middle-ear
features such as these do distinguish mammalian and norfShera and Zweig, 1992andR; is the Theenin-equivalent reflectance of
mammalian SOAE$e.g., van Dijk and Wit, 1990a: KI'PL the ear-canal acoustic load. Talmadegeal. (1998 derive formulas for

. . Rstapes @Nd Ger Valid for specific models for the middle-ear, ear-canal
1995; van Dijket al, 1998, and to some extent even the space, and earphone.

SOAEs from different mammal.g., Ohyamet al, 1991;  7The equatiorR Ryapes= 1 thus defines the “instability modes” of this linear
Longet al, 2000. Just as one can construct functional lasersanalysis(Talmadge and Tubis, 1993; Talmadgeal, 1998. Note that
around a variety of gain media, so one expects to find quali-because little energy escapes from the cochle@Rag,e—1, the bound-
tative family resemblances among SOAEs arising from hear-2y conditions optimal for producing large intracochlear standing waves are

. that lov di tratedies f h ina th .simultaneously those making their detection in the ear canal most difficult.
Ing organs that employ diverse strategies for ennhancing they, the active model, standing-wave amplitudes are actively maintained by

frequency selectivity and sensitivity to soufelg., Martin - wave amplification; in the passive model, they are driven by ongoing bio-
and Hudspeth, 1999; Libermae al,, 2002; much more sur-  logical noise.
prising indeed would be the finding that a single quantitativegKemp‘s(1979b original standing-wave model uses an approximate form of

theor rovid tisfactory explanation for them all the quantization condition valid over frequency intervals roughly corre-
€ory provides a salisiactory explanaton tor them all. sponding to|An|=<2. Kemp’s condition can be obtained from E&) by

approximatingZ R(f ) by —«T(f), whereT(f) is the emission group
delay at the stapes, defined BYf )= —dZ R/dw, with o=27f. Kemp’s
ACKNOWLEDGMENTS formula would be equivalent to E¢5) if T(f) were independent df; in
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. . .. ciently small thafT (f ) can be regarded as constant. An estimatlg,, of
John J. Guinan, Jont B. Allen, Pim van Dijk, Paul F. Fahey, the size of this interval follows from the requirement tidtn T/df|Afy

K. Domeni_ca K‘_'JlraVitak_ia Geoffrey A. Manley, Stephen T. < wheree<1. Evaluating the logarithmic derivative and expressirfg
Neely, S.Unll Puria, Carrick L. Talmadgg, Arnold TUblS, Rob- in terms of the chara_cteristic spacingf soae Yields Af<e[Ngonad (1
ert H. Withnell, and an anonymous reviewer. This work was —a)]Afsoae, Where Nsoae is the modal value ofNsoae. Taking e
supported by Grant No. RO1 DC03687 from the NIDCD, ~0.15andNsoae~15 at 1500 Hz yielda fy /Afsoae=4, or, equivalently,
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SOAEs with frequencies within 2 Hz of the valuef 2-f, computed by
using other SOAE pairs in the same ear as primdriendf, were tagged
as likely to represent lower-sideband cubic distortion products formed by
the interaction of other, independent SOAEs in the same&aBurns
et al, 1984; Talmadgeet al, 1993. SOAE pairs that included one or
more of these probable “distortion-product SOAE4Z®6 of the 503 pairs
of adult emissionswere excluded both from Fig. 3 and from the power-

!Previewing answers to these questions provided by the global standing-
wave model, we note that the model predictions hinge on the “standing-
wave quantization condition,” which determines the set of possible SOAE
frequencies via Eq(5) and characteristic SOAE spacings via Efjl).
According to the theory of coherent-reflection filtering, the modal value of
the characteristic SOAE spacing can be traced to the value of the wave-I fit
Ien?]th of tT(e tfra;]/eliglg yl\/ave at iLS pedr, eq?iva;len;y, o the group delay 11(éiill)vmlplarisons of psychoacoustic and emission cancellation levels for
at the peak of the basilar-membrane transfer fungtion oM . .
2For example, the cochlear reflectari®@) can be written as the product of (2 f1=f2)-combination-tonesZwicker and Harris, 1990suggest that a
R, with the forward [T_,) and reverse T, _,) traveling-wave transfer gdeBS;I;LS?AE may pl’tO(?jUF:etﬁS much |ntriaclo?hIeartei@tau;)rt]has a 35-
functions (e.g., R=T;_,R, Ty _o) only in the unrealistic case that wave ) one presented in the ear canal. interpretation ot these mea-
: o . ) surements, however, is complicated by a number of factors, including un-
reflection/re-emission at frequenéyoccurs at the single point

3 ] ) controlled mixing of reflection- and distortion-source DPOAE components
The stimulus source pressuPg(f ) is the ear-canal pressure that would be (¢ g Kalluri and Shera, 200nd uncertainties associated with the psy-
measured iR were zero. In practice it is usually obtained by calibrating the choacoustic cancellation paradigi®.g., Smoorenburg, 1974; Siegel and
stimulus earphone at moderate to high sound intendities by rescaling Borneman, 1999

the earphone pressure measured Wiigkoag/ Po| <1). 2pccording to the measurements and analysis of Nestlal. (1989,

4Gpert IS the productT T, of the forward and reverse middle-ear pres- evoked OAE latencies measured at sound lévelAL (in dB SPL will
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differ from those measured at leVielby a frequency-independent factor of  neous otoacoustic emissions. However, the question of what are the un-
approximatelyc ~2Y1% with c=5. This value is likely to be an upper  derlying specific mechanisms at the origin of spontaneous oscillations is a
bound; Neelyet al’s characterization presumably overestimates the inten- subject of active research. In mammals, it is widely thought that outer hair

sity dependence of OAE latencies at low sound levels, where cochlear cells are the active elements and thus might contain mechanical oscillators.
mechanics becomes approximately linear. However, even though it is well established that outer hair cells can con-

laRslapeshas the fOrMRyapes (Zmer— 2/ (Zmert Zo), WhereZ, is the co- tract their cell bodies in the presence of electrical stimuli, no spontaneous

chlear input impedancéassumed resistiyeand Z,,, is the “reverse oscillations have so far been observed.
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