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Mammalian spontaneous otoacoustic emissions~SOAEs! 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 Corti~e.g., the ‘‘active process’’ underlying the cochlear amplifier!. Two 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 through artfulad hoc
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. ©2003 Acoustical Society of America.@DOI: 10.1121/1.1575750#

PACS numbers: 43.64.Bt, 43.64.Kc, 43.64.Jb, 43.64.Ha, 43.25.Gf@BLM #
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I. INTRODUCTION

Spontaneous otoacoustic emissions~SOAEs!, first re-
ported in 1979~Kemp, 1979a; Wilson, 1980; Zurek, 1981!,
are commonly thought to arise through a mechanism wh
essentials were described some 30 years earlier~Gold, 1948!.
Discussing the implications of his ‘‘regeneration hypothes
that electromechanical feedback somehow counteracts
viscous damping in the cochlea, Gold noted that ‘‘if the fee
back ever exceeded the losses, then a resonant eleme@in
the organ of Corti# would become self-oscillatory, and osci
lations would build up@to# a level where linearity was no
preserved.’’ Despite the ‘‘self-regulating mechanism,’’ who
existence he postulated as necessary to control the amou
feedback, Gold suggested that

‘‘We might expect that occasional disturbances would
bring an element into the region of self-oscillation,
when it is normally so close to this condition. If this
occurred, then we should hear a clear note which

a!Electronic mail: shera@epl.meei.harvard.edu
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would persist until the adjusting mechanism has re-
gained control, or until the nervous sensitivity has de-
creased sufficiently.’’

Fifty years after Gold’s prediction, the vocabulary is new b
the basic idea remains unchanged:

‘‘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
control mechanism, it might oscillate wildly, generat-
ing a shrill whistle.’’ ~Duke, 2002!.

The descriptions quoted here share with many other
the literature a key feature: They identify the ‘‘oscillatin
element’’ responsible for spontaneous emission of sound
local to a particular place along the cochlea. Often the pu
tive oscillating element is localized even further within
cochlear cross section and identified with ‘‘certain cells’’
parts of cells~e.g., hair-cell stereocilia! within the organ of
Corti. Martin and Hudspeth~2001!, for example, adopt this
view when arguing that ‘‘unprovoked movements of som
114(1)/244/19/$19.00 © 2003 Acoustical Society of America
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constituent of the ear’s amplifier are expected to underlie
production of spontaneous otoacoustic emissions.’’

A. Local oscillator or global standing-wave
resonance?

Despite wide acceptance of the local-oscillator mode
SOAEs, there exists another possibility for SOAE gene
tion, a possibility first suggested by Kemp~1979a, 1979b!
and subsequently elaborated in models of evoked otoaco
emissions~e.g., Zwicker and Peisl, 1990; Zweig, 1991; Ta
madge and Tubis, 1993; Zweig and Shera, 1995; Allenet al.,
1995; Talmadgeet al., 1998; Shera and Guinan, 1999!.
These models of evoked emissions predict that mamma
SOAEs arise not via autonomous cellular oscillations bu
cochlear standing-wave resonances. In this view, SOAEs
sult from multiple internal reflection of traveling-wave e
ergy initiated either by sounds from the environment or
physiological noise.

The theory of reflection-source emissions~Shera and
Zweig, 1993b; Zweig and Shera, 1995; Talmadgeet al.,
1998!, for example, predicts that backward-traveling c
chlear waves are generated by the coherent scatterin
forward-traveling waves off densely and randomly distr
uted perturbations in the mechanics of the cochlea. Beca
wavelets scattered near the peak of a forward-traveling w
have much larger amplitudes than those reflected elsewh
the net reflected wave is dominated by scattering that oc
in the region about the response maximum. The resul
backward-traveling waves are then reflected by the imp
ance mismatch at the cochlear boundary with the middle
generating additional forward-traveling waves that sub
quently undergo another round of coherent reflection n
their characteristic places. At frequencies for which the to
phase change due to round-trip wave travel is an inte
number of cycles, standing waves can build up within
cochlea, which is then acting, in effect, as a tuned reson
cavity. Cochlear standing waves can become s
sustaining—and thus appear in the ear canal as spontan
emissions—when the total round-trip power gain matc
the energy losses~e.g., from viscous damping and acous
radiation into the ear canal! experienced en route.

The standing-wave model differs fundamentally fro
the local-oscillator scenario. Rather than supposing that
‘‘oscillating elements’’ generating SOAEs are localized
particular cells or subcellular structures within the organ
Corti, the standing-wave model identifies SOAEs as aglobal
collective phenomenonnecessarily involving the mechanic
hydrodynamics, and cellular physiology of the entire c
chlea, as well as the mechanical and acoustical loads
sented to it by the middle and external ears. In the loc
oscillator model these macromechanical structures
processes play no fundamental role—they serve merel
connect the autonomous oscillating element with the exte
environment, providing a conduit for the acoustic energy
produces to escape from the inner ear. In the global stand
wave model, by contrast, the oscillating element compri
the entire cochlea, and the collective response of the hea
organ as a whole contributes essentially to creating, m
taining, and determining the characteristics of the emissi
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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B. Overview

This paper tests these two alternative models for
origin of mammalian SOAEs. Our discussion focuses on k
predictions of the global standing-wave model that dist
guish it from the local-oscillator alternative. Although som
of these predictions could perhaps be obtained by artful
justment of local-oscillator models, they all arise quite na
rally within the standing-wave framework without the ne
for additionalad hocassumptions. We therefore begin with
brief review of the global standing-wave model and its d
tinguishing predictions. In particular, we use the model
derive quantitative answers to questions such as ‘‘What is
special about SOAE frequencies? Why do the SOAEs
served in a particular ear occur atthesefrequencies and no
others? and What determines the distribution of SOAE f
quency spacings?’’1 Many of the resulting model predictions
which generally involve correlations between spontane
and evoked emissions and/or the modulation of SOAEs
changes in middle-ear impedance, have been explore
various ways elsewhere~e.g., Kemp, 1979b; Wilson, 1980
Zwicker and Schloth, 1984; Zweig and Shera, 1995; All
et al., 1995; Talmadgeet al., 1998!. We extend this earlier
work by providing quantitative tests of standing-wave mod
predictions at frequencies spanning the entire range o
which human SOAEs have been reported. Our results p
vide strong support for the global standing-wave model.

We continue by testing the predictions of two very d
ferent versions of the global standing-wave model appea
in the literature. These two alternative standing-wave mod
differ in the nature of the proposed power source. Wher
the ‘‘passive’’ standing-wave model supposes that SOA
are biological noise, passively amplified by cochle
standing-wave resonances acting as narrow-band nonli
filters ~Allen and Fahey, 1992; Allenet al., 1995; Allen,
2001!, the ‘‘active’’ standing-wave model supposes th
standing-wave amplitudes are actively maintained by coh
ent wave amplification within the cochlea~Kemp, 1979a;
Zweig, 1991; Talmadge and Tubis, 1993; Zweig and She
1995; Talmadgeet al., 1998!. Our test contributes to the lit
erature on the differences between passive and active SO
sources~e.g., Bialek and Wit, 1984; Talmadgeet al., 1991;
Allen et al., 1995; Tubis and Talmadge, 1998; Burnset al.,
1998! by providing a compelling empirical demonstration
the special character of SOAEs—amplitude stabilization
that distinguishes them from narrow-band filtered noi
Taken together, our results strongly support the act
standing-wave model, which suggests that SOAEs are co
ent, amplitude-stabilized acoustic signals produced by
cochlea acting as a biological, hydromechanical analog o
laser oscillator.

II. THE GLOBAL STANDING-WAVE MODEL OF SOAEs

The global standing-wave model of SOAEs posits
close connection between spontaneous otoacoustic emis
and a particular type of evoked emission, namely stimul
frequency OAEs~or SFOAEs!, which are sounds evoke
from the ear at the frequency of the stimulus. In a nutsh
the global standing-wave model suggests that SOAEs
245C. A. Shera: SOAEs are amplitude-stabilized standing waves
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continuously self-evoking stimulus-frequency emissions
tiated either by sounds from the environment or by therm
or physiological noise internal to the cochlea.

To deduce characteristics of SOAEs we begin by c
sidering the SFOAE evoked by a low-level pure tone. W
interpret the SFOAE as indicating the presence of
backward-traveling wave within the cochlea. To character
this wave we define the cochlear traveling-wave reflectan
R, as the complex ratio of the out-going~backward-
traveling! to the in-going~forward-traveling! pressure wave
at the basal end of the cochlea near the stapes~Shera and
Zweig, 1993a; Zweig and Shera, 1995; Talmadgeet al.,
1998!:

R~ f ;Pin![
Pout~ f ;Pin!

Pin~ f !
U

stapes

. ~1!

We define R( f ;Pin) as the reflectance measured at t
stapes—rather than introduce a local reflection coeffic
(Rx) for every point x within the cochlea~e.g., Kemp,
1979b; Allen, 2001!—because no simple relation betweenRx

and the total backward-traveling wave exists when wa
scattering occurs over a distributed region~Zweig and Shera,
1995!.2 The cochlear reflectanceR( f ;Pin) depends on both
the frequency,f , and on the amplitude of the in-going pre
sure wave,Pin . At sound levels in the low-level linear re
gime near threshold,Pout is proportional toPin and R is
therefore independent of level~Shera and Zweig, 1993a!; at
higher sound levels, the amplitude ofPout is compressed
relative to Pin and uR( f ;Pin)u decreases towards zero. Th
function R( f ;Pin) provides a phenomenological characte
ization of the emission process as seen from the base o
cochlea; according to the coherent-reflection model, its va
at any given frequency depends both on the distribution
reflecting impedance perturbations and on the magnitud
round-trip traveling-wave amplitude gains or losses.

By regarding the intervening ear-canal space and mid
ear as a linear acousto-mechanical two-port system~Egolf
et al., 1992; Peakeet al., 1992; Shera and Zweig, 1992b
Puria, 2003! characterized in the frequency domain usi
reflectance and transmittance coefficients~Shera and Zweig,
1992a; Keefeet al., 1993; Voss and Allen, 1994!, one can
relate the stimulus-frequency emission measured in the
canal (PSFOAE) to the value of the cochlear reflectance:

PSFOAE5P0Gmert

R~11Rstapes!

12RRstapes
, ~2!

whereP0( f ) is the stimulus source pressure,3 Gmert( f ) is the
round-trip middle-ear pressure transfer function,4 and
Rstapes( f ) is the reflection coefficient for retrograde cochle
waves at the stapes~Shera and Zweig, 1991a; Zweig an
Shera, 1995; Talmadgeet al., 1998!.5 The value ofRstapes

depends not only on the mechanics of the middle ear but
on the acoustic load present in the ear canal~e.g., the ear-
canal radiation impedance or the equivalent acoustic imp
ance of any measurement system placed in the meat!.6

Note that the values ofGmert andRstapesare not independent
energy conservation implies thatuGmertu→0 asuRstapesu→1.
246 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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A. Standing waves from multiple internal reflection

The factorR/(12RRstapes) in Eq. ~2! arises from mul-
tiple internal reflection within the cochlea, a phenomen
well documented in both the time and frequency doma
~e.g., Norton and Neely, 1987; Shera and Zweig, 199
Konard-Martinet al., 2001; Dharet al., 2002!. To see this,
note that foruRRstapesu,1 the factor is simply the sum of th
infinite series

R@11RRstapes1~RRstapes!
21¯#5R(

n50

`

~RRstapes!
n. ~3!

The terms in this power series can be understood physic
as follows. Suppose that the initial forward-traveling wa
has unit amplitude at the stapes (Pin51). This primary
forward-traveling wave propagates down the cochlear sp
and is partially reflected~re-emitted! in more apical regions
of the cochlea. When it returns to the stapes the resul
backward-traveling wave has an amplitude,R, given by the
first (n50) term in the power series@see Eq.~1! with Pin

51]. At the stapes, the backward wave of amplitudeR is
then partially reflected back into the cochlea, creating a s
ondary forward-traveling wave of amplitudeRRstapes. This
secondary forward-traveling wave is in turn reflected/
emitted within the cochlea, creating then a second
backward-traveling wave whose amplitude at the stap
R2Rstapes, is given by the second (n51) term in the series.
The process of multiple reflection continues, each sub
quent stapes reflection and cochlear re-emission contribu
an additional backward-traveling wave whose amplitude
the stapes differs by a factor ofRRstapesfrom the one before.
Adding up all the backward-traveling waves~i.e., summing
the power series! yields the factorR/(12RRstapes) in Eq. ~2!
for PSFOAE.

Whenever the productRRstapesis positive real, the sec
ondary, tertiary, and all higher-order forward-traveling wav
combine in phase with the primary traveling wave at t
stapes. The multiple internal reflections then reinforce o
another, creating a significant standing-wave componen
the cochlear response whose amplitude depends on the p
uct of cochlear and stapes reflection factors,RRstapes. Equa-
tion ~2! predicts that the standing wave grows without bou
asRRstapesapproaches 1.7 In the real cochlea, of course, un
constrained growth is prevented by compressive nonline
ties that limit the energy produced. Once initiated—wheth
by sounds from the environment or by physiological noise
standing waves of this sort require no external sound
their maintenance;8 they would be manifest in the ear can
as spontaneous otoacoustic emissions. The standing-w
model thus emphasizes the global nature of SOAEs, wit
key role played by the impedance mismatch at the coch
boundary with the middle ear. Indeed, standing-wave SOA
would never arise if the stapes and adjoining structures c
bined to present a perfectly reflectionless boundary (Rstapes

→0).

III. TESTING THE GLOBAL STANDING-WAVE MODEL

Whenever the round-trip amplitude~or standing-wave!
gain is sufficient to maintain the emission@i.e., uRRstapesu
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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51 in the linear analysis of Eq.~2!#, the global standing-
wave model predicts that SOAEs occur at frequenciesf SOAE

whereRRstapesis positive real. Ifu( f ) represents the angl
of RRstapes, so that

u~ f ![/$RRstapes%, ~4!

then SOAE frequenciesf SOAE satisfy the equation

u~ f SOAE!52pn, ~5!

for some integral value ofn. Although neitherR nor Rstapesis
directly accessible noninvasively, a number of indirect te
of the model can be made by using SFOAEs to determine
frequency dependence ofu( f ).

A. The frequency dependence of u„f …

We obtain the principal frequency dependence ofu( f )
by writing it in the form

u~ f !5/R~ f !1/Rstapes~ f !, ~6!

and exploiting two well-established characteristics
SFOAEs at low sound levels.

~1! First, although relative SFOAE amplitudes~i.e.,
uPSFOAE/P0u) decrease rapidly with increasing sound i
tensity, SFOAE phase varies much less strongly w
level ~e.g., Kemp and Chum, 1980; Zwicker and Schlo
1984; Shera and Zweig, 1993a!. We can therefore esti
mate /R at the relatively low sound levels typical o
SOAEs~whereuRu is of order 1! using measurements o
PSFOAE made at higher levels~whereuRu!1). @We later
correct for the small systematic error introduced by t
approximation~see Sec. V A!.# WhenuRu is small Eq.~2!
reduces to

PSFOAE'P0GmertR~11Rstapes! ~ uRu!1!. ~7!

Solving this equation forR and using the result in Eq
~6! yields

u~f !'/PSFOAE1/$Rstapes/Gmert~11Rstapes!%, ~8!

where/P0 has been defined to be zero.
~2! Second, SFOAE phase varies much more rapidly w

frequency than do the phases of middle-ear transfer fu
tions. Figure 1 shows a polar plot of typical measu
ments ofPSFOAE( f ) in humans. AlthoughuPSFOAEu gen-
erally varies relatively slowly with frequency
/PSFOAE( f ) rotates rapidly, encircling the origin mor
than 8 times over the frequency range of the d
~roughly 1–2 kHz!. Since the ‘‘angular velocity’’~or
phase slope! of the rotation is large and nearly consta
over intervals comparable to several orbital perio
SFOAE phase changes almost uniformly with frequen
At these frequencies the average orbital period is ab
125 Hz; over the frequency range 1–10 kH
/PSFOAE( f ) circles the origin roughly 40 times, yield
ing an average period of about 225 Hz~Shera and
Guinan, 2003!. The phases of middle-ear transfer fun
tions, by contrast, vary much more slowly~e.g., Puria
et al., 1997; Puria, 2003!. Computing Rstapes/Gmert(1
1Rstapes) using Puria’s~2003! measurements in huma
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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cadavers indicates that the middle-ear component
u( f ) @i.e., the second term in Eq.~8!# amounts to only a
single cycle from 1–10 kHz. The middle-ear thus co
tributes an average phase slope some 40 times sm
than that ofPSFOAE.

Combining items~1! and ~2! above, we conclude that a
approximated by Eq.~8! the overall frequency dependence
u( f ) is dominated by/PSFOAE( f ). To a good first approxi-
mation, Eq.~8! becomes

u~ f !'/PSFOAE~ f !1constant, ~9!

meaning that relative to/PSFOAE the second, ‘‘constant’’
term in Eq.~8! changes slowly withf , at least in humans. We
can therefore test the global standing-wave model nonin
sively using stimulus-frequency otoacoustic emissions.

IV. QUALITATIVE PREDICTIONS OF THE MODEL

Sinceu( f ) evidently rotates through many cycles ov
the frequency range of human hearing~see Fig. 1!, the global
standing-wave model predicts that multiple solutions to E
~5!, and therefore multiple SOAEs, are possible in a sin
ear. Multiple SOAEs are, in fact, commonly observed expe
mentally. The study by Talmadgeet al. ~1993! found that
roughly 80% of all emitting ears had more than one SO
~with a median of 5 SOAEs per emitting ear!. Sinceu( f )

FIG. 1. Polar plot of typical human SFOAEs. The measurements~d! of
PSFOAE( f ) were obtained using a variant of the suppression method~Shera
and Guinan, 1999! at a stimulus level of 40 dB SPL~subject MAB-L!. The
axes give the real and imaginary parts ofPSFOAE/Pref , wherePref is 20mPa.
The measurement noise floor is approximately 0.05 in these units.
smooth solid line connecting the data points was computed using band
ited interpolation. The figure showsPSFOAE( f ) circling clockwise about the
origin as frequency increases; the phase traverses more than 8 cycles
the frequency range of the data~0.9–1.9 kHz!. Figure 9 of Shera and Guinan
~1999! shows these same data in an alternate form~amplitude and phase
versus frequency!.
247C. A. Shera: SOAEs are amplitude-stabilized standing waves
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changes~nearly! monotonically, multiple SOAEs can be in
dexed by the value ofn in Eq. ~5! and their frequencies
written f SOAE

(n) .
In the global standing-wave model, the observation t

u( f ) rotates almost uniformly imposes an approxima
quantization on the frequency spacing between mult
emissions. The standing-wave quantization conditi
namely9

u~ f SOAE
(n) !52pn ~n50,61,...!, ~10!

follows from the requirement that forward-traveling wav
reflected from the stapes combine in phase with one ano
Equation~10! implies that if the round-trip amplitude gai
were everywhere sufficient, the spacing between adja
emissions,D f SOAE, would be equal to the interval,D f u ,
over whichu( f ) changes by one cycle:

D f SOAE~ f !5D f u~ f !. ~11!

If u( f ) were to rotate at a constant rate, multiple SOA
would appear with perfectly regular spacing. But, beca
the rotation rate ofu( f ) varies on frequency scales bo
large and small, actual emission spacings never man
such crystalline regularity. Deviations from a constant ro
tion rate due to the secular phase curvature ofu( f ) become
significant over frequency intervals larger than several
bital periods; as a result, the intervalsD f u( f ) and
D f SOAE( f ) vary systematically withf . Over smaller fre-
quency intervals, local variability inD f u( f ) introduces a
more stochastic component to SOAE spacings. In additio
the variability in SOAE spacing arising fromu( f ), spatial
fluctuations in the round-trip amplitude gain~i.e., the value
of uRRstapesu) produce frequent ‘‘drop-outs’’ so that most ea
manifest only a handful of the potential SOAEs enumera
by Eq. ~10!.

Despite these sources of variability, the angleu( f ) does
vary almost uniformly over frequency intervals correspon
ing to several orbital periods. Locally,D f u( f ) therefore has
a well-defined mean,D f u( f ), whose value depends on fre
quency. The global standing-wave model then predicts
multiple SOAEs will appear with a corresponding charact
istic minimum frequency separation,D f SOAE( f )5D f u( f ),
corresponding touDnu51. Illustrated in Fig. 2 using a histo
gram of interemission spacings computed from emission d
in the literature~Talmadgeet al., 1993; Burnset al., 1992!,
the existence of a characteristic minimum spacing
SOAEs is well documented~e.g., Schloth, 1983; Dalmayr
1985; Zwicker, 1988; Russell, 1992; Talmadgeet al., 1993!.
Note that the figure represents SOAE spacings in the f
tional formNSOAE[ f̄ SOAE/D f SOAE, where f̄ SOAE is the geo-
metric mean frequency of the two SOAEs. The peak
NSOAE'15 corresponds to a characteristic minimum spac
D f SOAE of approximately 100 Hz for SOAEs near 1500 H

We characterize SOAE spacings using the dimension
representationNSOAE because previous reports suggest t
the characteristic spacingD f SOAE( f ) increases in direct pro
portion to emission frequency, with its value correspond
to a constant fraction of an octave@or to what is essentially
the same thing, a constant distance along the basilar m
brane or a constant fraction of the psychophysical criti
248 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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band measured in Barks~e.g., Zwicker, 1989; Talmadge
et al., 1993; Braun, 1997!#. It is therefore conventional to
express the intervalD f SOAE( f ) in some relative form~e.g.,
as a fraction of an octave! rather than directly in Hz. We late
demonstrate the systematic deviations from these con
tional representations predicted by the global standing-w
model ~see Secs. V A and VII E!.

Figure 2 further demonstrates thatD f SOAE, the charac-
teristic minimum spacing, also represents the mostcommon
emission spacing. This result can be understood using
global standing-wave model and the fact that the magnit
of RRstapeschanges relatively slowly with frequency com
pared to its angle,u( f ). As discussed above, both middle
ear reflectances and SFOAE amplitudes typically vary
frequency scales at least several times larger thanD f SOAE.
Thus, if the round-trip amplitude gain is sufficient to stab
lize a standing wave at frequencyf SOAE

(n) , chances are good
that the gain will also suffice at the nearby frequenc
f SOAE

(n61) .
In the global standing-wave model, SOAE frequenc

are determined in part by the impedance mismatch at
cochlear boundary with the middle ear@see Eq.~5!#. Manipu-
lations that modify this basal boundary condition can the
fore modulate both SOAE amplitude~by changinguRstapesu
and/or reverse middle-ear transmission! and, more tellingly,
SOAE frequency~by changing/Rstapes). In accord with
these predictions, middle-ear impedance changes—as
duced, for example, by varying static ear-canal pressur
tension the tympanic membrane or by modifying the impe
ance of the annular ligament via postural changes
affect static intracochlear fluid pressure—have been fo
to alter SOAE characteristics, including frequency~e.g.,
Kemp, 1981; Wilson and Sutton, 1981; Zurek, 1981; Schl

FIG. 2. Histogram of human SOAE spacings. The figure shows a histog

of values ofNSOAE, defined asf̄ SOAE/D f SOAE, computed from adjacen
pairs of SOAEs reported in compilations of adult~Talmadgeet al., 1993!
and child~Burnset al., 1992! SOAE data. The spacingD f SOAE is the abso-

lute value of the difference between the two SOAE frequencies;f̄ SOAE is
their geometric mean. The adult data represent 503 SOAE pairs from 67
in 44 subjects~age 7–49 years!; the child data represent 53 SOAE pai
from 3 children~age 2!. Constant values ofNSOAE correspond to constan
fractions of an octave, where the fraction,r , is given by r 5 log2(1
11/NSOAE). For valuesNSOAE@1, this simplifies to 1/r' ln 2•NSOAE. For
NSOAE'15, the spacing is approximately

1
10 of an octave.
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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and Zwicker, 1983; Bell, 1992; Burnset al., 1993; Hauser
et al., 1993; de Kleineet al., 2000!.

V. QUANTITATIVE PREDICTIONS OF THE MODEL

We can perform more quantitative tests of the glo
standing-wave model by expressing the quantization co
tion in the form

Udu

d fUD f u'2p, ~12!

where we have approximated the phase slope as con
over the intervalD f u , consistent with nearly uniform rota
tion. Using the observation that the frequency dependenc
u( f ) is dominated by/PSFOAE @Eq. ~9!#, we obtain the
estimate

du

d f
'

d/PSFOAE

d f
522ptSFOAE~ f !, ~13!

where tSFOAE( f ) is the SFOAE phase-gradient~or group!
delay. Using this estimate in Eq.~12! yields the prediction
D f SOAE( f )'1/tSFOAE( f ), or, equivalently

NSOAE~ f !'NSFOAE~ f !, ~14!

where NSOAE[ f̄ SOAE/D f SOAE and NSFOAE5 f tSFOAE. The
functionNSFOAE( f ) is simply SFOAE group delay expresse
in periods of the stimulus frequency~Shera and Guinan
2003!. As in Fig. 2, the frequencyf̄ SOAE is the geometric
mean frequency of the pair of adjacent SOAEs. Equat
~14! relates the frequency spacing ofspontaneousOAEs to
the group delay ofevokedstimulus-frequency OAEs.

A. The characteristic spacing and its dependence on
frequency

Figure 3 replots the histogrammed SOAE data~Fig. 2!
as a scatterplot versus emission frequency.10 The density of
points is greatest in the upper part of the plot, correspond
to SOAEs separated by intervals close to the character
minimum spacing~e.g., uDnu51). SOAEs separated b
wider intervals~e.g., those corresponding touDnu.1) con-
tribute to the more diffuse appearance in the bottom half. T
solid line shows a robust power-law fit,N̄SOAE( f ), to the
mode of the distribution. The power-law form ofN̄SOAE( f )
appears as a straight line on these log-log axes.

We test Eq.~14! over a four-octave frequency range
the human ear by overlaying the functionN̄SFOAE( f ) repre-
senting a power-law fit to measurements of human SFO
group delay~Shera and Guinan, 2003!. Agreement between
N̄SOAE( f ) and N̄SFOAE( f ) is generally good, although th
two lines are somewhat offset from one another, indicat
that 1/t̄SFOAE( f ) slightly overestimates the mean charact
istic spacingD f SOAE( f ). The parameters of the power-la
fits quantify these conclusions~see Table I!. Given the esti-
mated uncertainties~95% confidence intervals!, the offset be-
tween the lines appears significant~compareN̄SOAE513.7
60.7 at 1 kHz versusN̄SFOAE511.161.2); the power-law
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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exponents, however, are essentially indistinguishable~com-
pare a50.3160.05 for N̄SOAE versus a50.3760.07 for
N̄SFOAE).

1. Origins of the discrepancy

Systematic offsets betweenN̄SOAE andN̄SFOAE ~see Fig.
3! are expected on theoretical grounds. Recall that the
ond term in Eq.~8! for u( f ), approximated as constant i
Eq. ~9!, actually varies slowly withf . The two anglesu( f )
and /PSFOAE—the first responsible for quantization o
SOAE spacings, the second for SFOAE group delay
therefore rotate at somewhat different rates. The glo
standing-wave model thus predicts that SOAE freque
spacings generally differ somewhat from the val

FIG. 3. SOAE spacings compared with SFOAE group delay. The SO
data from Fig. 2 are presented as a scatterplot showingNSOAE versus emis-

sion frequency,f̄ SOAE. The circles and squares denote the adult and inf

data, respectively. The solid line shows a power-law fit,N̄SOAE( f ), to the
peak of the distribution~parameters in Table I!. To reduce bias in the fit
caused by SOAE pairs with valuesNSOAE off the peak of the distribution
~e.g., data points corresponding to valuesuDnu.1), a robust loess trend line
~Cleveland, 1993! was first computed to locate the approximate mode of
distribution~the results agreed closely with a line drawn by eye!. Only data
points lying within two standard deviations about the trend line were th
included in the fit. Points excluded from the fit are shown in light gray. F

comparison, the dashed line shows the power-law fit,N̄SFOAE( f ), computed
from measurements of human SFOAE group delay in 9 subjects~Shera and
Guinan, 2003!.

TABLE I. Parameters of power-law fits to the functionsNSOAE( f ) and
NSFOAE( f ). The parameters$a,b% characterizing the frequency dependen
of NSOAE( f ) and NSFOAE( f ) were determined by linear regression usin
power-law fits of the formy5bxa, wherey is the dependent variable an
x5 f /@kHz# ~i.e., frequency or characteristic frequency in kHz!. The num-
bers in parentheses give the approximate uncertainty~i.e., 95% confidence
interval! in the final digit~s! estimated from the fits@e.g., 0.31(5)50.31
60.05]; when the uncertainty is 1 or greater, the position of the deci
point is shown for clarity. The uncertainties ina and logb are strongly
correlated, with a typical correlation coefficient between them of roug

20.8. The parameterb for N̄SFOAE* ( f ) includes a rough correction for the
difference in effective sound intensity~see text!; the corresponding confi-
dence interval does not include contributions from the appreciable un
tainty in the mean magnitude of round-trip middle-ear transfer function

N̄SOAE N̄SFOAE N̄SFOAE*

a 0.31~5! 0.37~7! 0.37~7!
b 13.7~7! 11.1~1.2! 14.1~1.5!
249C. A. Shera: SOAEs are amplitude-stabilized standing waves
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1/t̄SFOAE( f ) given by Eq.~14! ~Talmadgeet al., 1998!. Al-
though the magnitude and sign of this difference depend
middle-ear and transducer characteristics not known w
any certainty, Puria’s~2003! measurements suggest that it
small ~see Sec. III A!, amounting to only a fraction of a
period at the frequencies explored here.

Differences in the effective intracochlear sound inten
ties characterizing the two data sets can also produce a
tematic offset betweenN̄SOAE andN̄SFOAE. Like those shown
in Fig. 1, the SFOAE group-delay measurements in Fig
were made at an ear-canal sound level~40 dB SPL! sufficient
to ensure thatuRu!1. SOAE amplitudes, however, are typ
cally somewhat less than 0 dB SPL~e.g., Talmadgeet al.,
1993!. Although measurements of middle-ear transfer fu
tions show considerable intersubject variability, they sugg
that these ear-canal SOAE levels result from intracoch
sound pressures roughly the equivalent of those produce
a 15–30-dB SPL stimulus tone~Puria, 2003!.11 Since
evoked-emission group delays decrease systematically
increasing sound level~Neelyet al., 1988!, measurements o
NSFOAE( f ) at 40 dB SPL are likely to underestimate valu
at lower, more comparable sound levels. Although the m
nitude of the resulting offset is difficult to estimate with an
certainty, taking the effective intracochlear sound-level d
ference to be roughly 15 dB yields the ‘‘intensity-correcte
estimateN̄SFOAE* 514.161.5 at 1 kHz,12 in closer agreemen
with the value forN̄SOAE. Note that the reported confidenc
interval for N̄SFOAE* does not include contributions from th
appreciable uncertainty in the mean magnitude of round-
middle-ear transfer functions. Despite the considerable
certainties, this account of the discrepancy betweenN̄SOAE

andN̄SFOAE is supported by the analysis of Zweig and She
~1995!, who found no significant difference between t
mean value ofD f SOAE averaged over the interval 1–2 kH
and the mean value of 1/tSFOAE obtained from 1–2-kHz
measurements of ear-canal pressure at a stimulus level o
dB SPL.

2. SOAE spacings in other mammals

Although data characterizing the relation betwe
SOAEs and evoked emissions in nonhuman mammals
extremely limited, the available evidence supports the str
correlation betweenN̄SOAE( f ) andN̄SFOAE( f ) demonstrated
here in human ears~Fig. 3!. OAE measurements in chinchi
las, for example, yield a good correspondence betw
SOAE spacings and the frequency spacing characteristi
distortion-product ~DPOAE! fine structure ~Long et al.,
2000!. Since theoretical and experimental work has dem
strated that DPOAE fine-structure spacing measured at fi
f 2 / f 1 is largely determined by SFOAE phase~Talmadge
et al., 1998; Kalluri and Shera, 2001!, a strong correlation
between DPOAE fine structure and SOAE spacings is p
dicted by the global standing-wave model. Unfortunately,
fact that SOAEs detectable in chinchillas generally occu
higher frequencies than in humans complicates a direct in
species comparison. Extrapolating the power-law form of
humanN̄SOAE( f ) to the chinchilla modal SOAE frequenc
of 10 kHz suggests that chinchilla SOAE spacings
250 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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roughly a factor of 2 larger than their counterparts in h
mans. This difference is consistent@cf. Eq. ~14!# with the
observation that human SFOAE group delays are longer
roughly a factor of 2–3, than those in laboratory anim
such as cats and guinea pigs~Shera and Guinan, 2003
Zwicker and Manley, 1981!.

B. Variability of SOAE spacings

Figure 4 demonstrates that the global standing-w
model also accounts for the evident variability in th
spacing of adjacent SOAEs~see Figs. 2 and 3!. The figure
shows histograms of the deviationsDNSOAE/N̄SOAE and
DNSFOAE/N̄SFOAE, where in each caseDN[N2N̄. About
their peaks the two distributions are nearly identical. Th
differ in their tails because the SOAE histogram includ
data from adjacent SOAEs with wide frequency spacin
According to the global standing-wave model, SOAEs
wide spacings result from gaps in the series created
‘‘dropouts.’’ Because of variations across frequency in t
value of uRRstapesu, not all frequenciesf SOAE

(n) in Eq. ~10! are
realized as SOAEs and SOAEs separated by intervals co
sponding touDnu.1 often occur. The SOAE histogram i
therefore skewed leftward in the tail. Despite this expec
difference in the tails of the two distributions, the stron
quantitative match between the peaks supports the gl
standing-wave model, which predicts that the variability
close SOAE spacings results from variations intSFOAE( f ).
The theory of coherent reflection filtering traces this variab
ity in tSFOAE( f ) to the randomness of the underlying impe
ance perturbations filtered by properties of the travel
wave ~see Sec. VII D!.

FIG. 4. Variability of SOAE spacings and SFOAE group delay. The figu

shows histograms of the deviationsDNSOAE/N̄SOAE ~shaded gray! and

DNSFOAE/N̄SFOAE ~black line!, where DN[N2N̄. The deviationsDN/N̄
have been pooled across frequency and are plotted on a logarithmic sca

showing the valueDN/N̄11 along the abscissa. ForDNSOAE, residuals

about the power-law fit,N̄SOAE( f ), were computed from the data shown
Fig. 3; the histogram is based on 556 measurements in 47 subjects

DNSFOAE, residuals aboutN̄SFOAE( f ) were computed from the data of Sher
and Guinan~2003!; the histogram is based on 1441 measurements i
subjects. The vertical scales~left and right axes! differ by a factor of 4, a
value set by the ratio of histogram areas on the interval 16s, wheres
'0.25 is the standard deviation of the SFOAE histogram about its p
SOAEs spaced at wide intervals corresponding touDnu.1 contribute to the
long tail of the SOAE histogram that extends leftwards along the absci
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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C. Frequency shifts due to changes in middle-ear
impedance

The standing-wave quantization condition@Eq. ~5!# can
be used to predict the magnitude and sign of the SOAE
quency shifts induced by changes in middle-ear impeda
To obtain the relation, we let the load impedance presen
to the cochlea by the middle and external ears depend
some parameter whose unperturbed value we denote bk.
For example,k might be the stiffness of the annular ligame
or the static pressure in the ear canal. For an SOAE of
quency f the standing-wave quantization condition impli
that

/R~ f !1/Rstapes~ f ,k!52pn, ~15!

wherek appears among the independent variables that de
mine Rstapes. Imagine now that we modify the middle-ea
load by takingk→k1dk. Because of the resulting chang
in stapes reflectance, the standing-wave quantization co
tion @Eq. ~15!# is no longer satisfied at frequencyf . To main-
tain the standing wave, the SOAE frequency must shiftf
→ f 1d f ). When the equality in Eq.~15! has been restored

/R~ f 1d f !1/Rstapes~ f 1d f ,k1dk!52pn, ~16!

where we have assumed that all changes are small en
that n remains invariant. Equations~15! and ~16! imply that
the net phase change due to the combined effects ofdk and
d f must be zero. To first order indk andd f

~] f/R1] f/Rstapes! d f 1~]k/Rstapes! dk50, ~17!

where we have used the notational shorthand]x[]/]x.
Since/Rstapesrotates much less rapidly with frequency th
/R ~i.e., u] f/Rstapesu!u] f/Ru; see Sec. III A!, we obtain
the relation

d f '2S ]k/Rstapes

] f/R D dk. ~18!

Equation~18! can be put in a form more convenient fo
comparison with experiment by writing it in terms of fra
tional changes:

d f / f 'S ] ln k/Rstapes

2pNSFOAE
D dk/k, ~19!

where we have usedNSFOAE[ f •tSFOAE with tSFOAE

'2] f/R/2p. Equation~19! relates fractional changes i
SOAE frequency to fractional changes in the middle-ear
rameterk. Note that the result is completely general and do
not depend on any particular form forRstapes.

1. Frequency shifts due to middle-ear stiffness
changes

We can use Eq.~19! to predict the relative signs ofd f
and dk under manipulations that change the effective st
ness of the middle ear. We proceed by combining Eq.~19!
with Puria’s~2003! measurements and model ofRstapes( f ) in
human temporal bones. Puria has shown that the gen
trends in his measurements ofRstapes( f ) are well captured by
a simple model that approximates the cochlear input imp
ance as resistive and the middle-ear load seen from the
chlea by a series combination of spring, mass, and damp13
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
-
e.
d

on

e-

er-

di-

gh

-
s

-

ral

d-
o-
.

Using this approximation and takingk to be the spring con-
stant of the middle-ear load yields] ln k/Rstapes.0. Accord-
ing to Eq.~19!, d f anddk therefore have the same sign.
other words, the global standing-wave model predicts t
increasing the stiffness of the middle-ear system~e.g., by
tensing the eardrum or stretching the annular ligament! gen-
erally increases SOAE frequencies, in agreement with
changes observed experimentally~e.g., Kemp, 1981; Wilson
and Sutton, 1981; Zurek, 1981; Schloth and Zwicker, 19
Hauseret al., 1993; de Kleineet al., 2000!.

2. Magnitude, sign, and frequency dependence of the
shifts

Figure 5 quantifies these remarks by compar
standing-wave-model predictions with the posture-induc
changes in SOAE frequencies measured by de Kleineet al.
~2000!. Equation ~19! was evaluated using Puria’s~2003!
model ofRstapes( f ) and the power-law fit to measurements
NSFOAE( f ) shown in Fig. 3~Shera and Guinan, 2003!. Since
the magnitudes of posture-induced changes in the stiffnes
the middle-ear load are not known with any certainty, a
presumably vary from subject to subject depending on s
things as the patency of the cochlear aqueduct, we s
predictions using three different values ofdk/k correspond-
ing to increases of 25%, 50%, and 100%. Estimated stiffn
increases of roughly this magnitude were obtained in stud
of middle-ear transmission in which the impedance of
annular ligament was varied using postural shifts~Avan
et al., 2000; Büki et al., 2000!. These estimates are als
broadly consistent with the results of Pang and Peake~1986!,
who made direct measurements of the stiffness of the ann
ligament during stapedius-muscle contractions in cat
found increases ranging up to a factor of 10; changes
duced by postural shifts are likely to be significantly small

FIG. 5. Comparison of measured and predicted effect of postural change
SOAE frequencies. Measured SOAE frequency shifts~s, 60 SOAEs from
13 ears! from the study of de Kleineet al. ~2000! are shown together with
standing-wave-model predictions based on Eq.~19!, with k taken to be the
effective stiffness of the middle-ear load. The quantity] ln k/Rstapes was
evaluated using Puria’s~2003! simple model ofRstapes( f ); NSFOAE( f ) was
approximated by the power-law fit shown in Fig. 3. The solid line cor
sponds to a fractional stiffness increasedk/k of 50%; the dashed lines to
increases of 25% and 100%~lower and upper curves, respectively!. The
dotted line marks the location of the zero along the ordinate.
251C. A. Shera: SOAEs are amplitude-stabilized standing waves
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Although the measured SOAE frequency shifts sh
considerable scatter, Fig. 5 demonstrates that the gl
standing-wave model@Eq. ~19!# quantitatively accounts fo
the major features reported in the data~e.g., de Kleineet al.,
2000!. These features include the typical magnitude of
SOAE frequency shifts~1–2%!, their most common direc
tion ~toward higher frequencies!, and their overall variation
with SOAE frequency~largest below 2 kHz!. The scatter in
the data presumably results from intersubject variation
details of the middle-ear load not captured by the sim
model ofRstapes( f ). For example, Puria’s measurements
dicate that although/Rstapes( f ) generally decreases over th
frequency range shown in Fig. 5, the change is not perfe
smooth. Unlike the model, the data manifest considera
local variation in the magnitude and sign of the phase slo
These local departures from the overall trend are presum
responsible for much of the observed variation in SOAE f
quency shifts~e.g., the decrease in SOAE frequencies nea
kHz!.

3. Middle-ear contributions to emission bandwidths

Although we have focused here on artificially induc
changes in middle-ear impedance, continuous small pe
bations in the basal boundary condition presumably oc
naturally from a number of sources, including variations
middle-ear cavity pressures due to breathing, swallowing
blood flow; variations in the stiffness of the annular ligame
due to spontaneous stapedius contractions; and chang
intracochlear pressure related to heartbeat. According to
global standing-wave model, these and other ongoing ph
ological perturbations produce small corresponding fluct
tions in SOAE frequencies. Equation~19! relating d f / f to
changesdk/k, wherek can be any parameter that modifi
/Rstapes, predicts that fractional SOAE frequency shifts a
inversely proportional toNSFOAE. In other words, the longe
the SFOAE group delay@i.e., the more rapidly/R( f ) ro-
tates with frequency#, the more stable are SOAE frequenci
against perturbations in the boundary conditions. All oth
things being equal, the global standing-wave model thus
dicts that species with long SFOAE group delays should g
erally have more stable SOAEs~i.e., narrower SOAE band
widths! than species with shorter delays. Interestingly, this
precisely the trend observed experimentally~e.g., Ohyama
et al., 1991; Longet al., 2000!: SOAEs in guinea pigs and
chinchillas, species with relatively short group delays,
generally less stable and have broader bandwidths
SOAEs in humans, where SFOAE group delays are subs
tially longer ~Shera and Guinan, 2003!.

VI. ARE THE STANDING WAVES POWERED BY
NOISE?

Most global standing-wave models in the literature p
pose that mammalian SOAEs—such as the one whose s
trum is illustrated in Fig. 6—result from intracochlear stan
ing waves stabilized by a balance between round-trip ene
losses and level-dependent coherent wave amplificat
Nevertheless, standing-wave resonances driven solely
thermal or other noise sources would also appear as nar
252 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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band acoustic signals in the ear canal~Allen and Fahey,
1992; Allen, 2001!. If the standing-wave resonances were
sufficiently highQ, the ear-canal spectral characteristics
the SOAEs generated by a ‘‘passive,’’ noise-driven standi
wave model would be indistinguishable from the amplitud
stabilized coherent signals produced by the ‘‘activ
standing-wave model.

A. Generalization of the Bialek–Wit histogram

Although they cannot be distinguished by their spect
the acoustic signals generated by the two different mod
~i.e., narrow-band filtered noise versus amplitude-stabiliz
oscillations! can be distinguished by the statistical propert
of their time waveforms, as Bialek and Wit~1984! were the
first to point out for SOAEs. Bialek and Wit showed that th
SOAE pressure waveform has a double-humped, n
Gaussian probability distribution inconsistent with the outp
of a linear passive narrow-band filter driven by noise. T
madge et al. ~1991! subsequently showed that doubl
humped distributions rule out many nonlinear passive s
tems as well. Here, we extend the Bialek–Wit analysis
explicitly demonstrate the amplitude stabilization that dist
guishes SOAEs from narrow-band filtered noise. T
Bialek–Wit histogram is a one-dimensional projection of t
more general two-dimensional distribution described here

To obtain the distribution, we begin by writing the time
varying ear-canal pressure due to an SOAE in the form

pSOAE~ t !5p~ t !cos@2p f SOAEt1f~ t !#, ~20!

where f SOAE is the nominal SOAE frequency andp(t) and
f(t) are its slowly varying amplitude and phase. We th
represent the SOAE waveform by the complex phasor

p̃SOAE~ t ![p~ t !eif(t). ~21!

Over time, the phasorp̃SOAE(t) moves about in the comple
plane, tracing out a trajectory whose instantaneous polar
ordinates~i.e., radial distance from the origin and angle wi
the real axis! are p(t) and f(t), respectively. The real and
imaginary parts of p̃SOAE(t) are thus the in-phase an

FIG. 6. Frequency spectrum for a typical human SOAE. The figure sh
the spectrum obtained by averaging the spectral amplitudes of 89 contig
segments of SOAE waveform, each of approximately 671 ms duration~sub-
ject WL-R!. The total averaging time was about 60 seconds. Measurem
methods are described in footnote 14.
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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FIG. 7. Probability distributionsD@ p̃SOAE(t)# andD@ p̃noise(t)# for an SOAE and for a narrow-band noise signal with the same power spectrum. Distribu
were computed from 80 s of data as described in footnote 14 for the human SOAE shown in Fig. 6~left-hand panel! and a noise signal with the identical powe
spectrum~right-hand panel!. The x- and y axes represent the real and imaginary parts~in-phase and quadrature components! of the complex phasorsp̃(t)
described in the text. Pressures are shown in units ofpref520 mPa.
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quadrature components obtained by heterodyning the SO
waveform using a reference signal of frequencyf SOAE.

B. Molehills and moleruns

Figure 7~left-hand panel! gives the probability distribu-
tion DS[D@ p̃SOAE(t)# obtained from the SOAE shown i
Fig. 6.14 For comparison, and as a control, the right-ha
panel gives the corresponding distribution,DN

[D@ p̃noise(t)#, for a noise signal filtered in such a way th
its power spectrum is identical to that of the SOAE.@The
noise signal was obtained by passing random-phase,
spectrum noise through a filter with frequency respo
equal to the amplitude spectrum of the SOAE, as illustra
in Fig. 6. The phasorp̃noise(t) was subsequently computed
described forp̃SOAE(t) in footnote 14.# Both distributions are
shown as functions of the complex variablep̃. In other
words, thex andy axes give the possible amplitudes of t
cos(2pfSOAEt) and sin(2pfSOAEt) components of the signa
The height of the surface above any small element of are
the plane is proportional to the long-term average probab
that the in-phase and quadrature components of the signa
measured during any particular short interval of time, will
found to lie within the specified range.

For the filtered-noise signal, the phasorp̃noise(t) wanders
randomly about in the complex plane at a rate inversely p
portional to the signal bandwidth. This random motion a
pears superimposed on a circular drift whose angular ve
ity is proportional to the difference between th
instantaneous signal frequency and the center frequenc
the spectrum. The resulting probability distribution,DN , is
that of a two-dimensional Gaussian ‘‘molehill’’ centered o
the origin ~Rice, 1954!.

As illustrated in Fig. 7, the statistics of the SOAE sign
are strikingly different from filtered noise. Rather than r
sembling a molehill, the probability distribution suggests
‘‘molerun’’ or volcanic caldera. Near the origin, whereDN is
largest,DS is vanishingly small. Significant values ofDS are
confined to a relatively narrow ring of finite radius. Ev
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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dently, the SOAE amplitude is stabilized at a nonzero va
about which it manifests only small fluctuations~e.g., due to
thermal noise and other physiological perturbations!. SOAE
phase, by contrast, exhibits no such stabilization; over tim
the phase wanders through all possible angles, its ran
motion again superimposed on a circular drift whose sp
and direction change erratically according to the magnitu
and sign of transient deviations in SOAE frequency about
central value.15 Although the absolute phase reference nec
sary to stabilize SOAE phase is not available physiologica
phase stabilization can be achieved by entraining the em
sion to an external tone.

Projecting the caldera-like distributionDS shown in the
left-hand panel of Fig. 7 onto thexz plane~i.e., computing
the distributionD@Re$p̃SOAE(t)%#) yields a double-humped
non-Gaussian histogram similar to those reported previou
in mammals, lizards, and birds~e.g., Bialek and Wit, 1984;
Talmadgeet al., 1991; van Dijket al., 1996!.16 Unlike the
Bialek–Wit distribution, however, the calderaDS clearly
demonstrates that fluctuations in SOAE amplitude are l
ited both from above and from below@see also Fig. 3 of
Talmadgeet al. ~1991!#. SOAEs amplitudes are evidentl
stabilized within a narrow range and, in particular, almo
never fall appreciably below their mean value. Although a
plitude stabilization of this sort can readily be understood
the context of the active standing-wave model~see Sec.
VII A !, it appears difficult if not impossible to reconcile wit
the passive standing-wave model and its assumption
SOAEs are powered entirely by randomly fluctuating, inc
herent biological noise.

VII. DISCUSSION

Our quantitative tests provide strong support for the g
bal standing-wave model and its prediction that SOAE f
quencies are determined byRRstapes~e.g., Kemp, 1979a, b
Zweig and Shera, 1995; Talmadgeet al., 1998!. The results
demonstrate that in addition to predicting the existence
multiple emissions with a characteristic minimum frequen
253C. A. Shera: SOAEs are amplitude-stabilized standing waves
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FIG. 8. Analogy between the cochlear production of SOAEs and the coherent emission of light by an optical laser. The region between the stapes aak
of the traveling wave is represented as a resonant cavity enclosing a nonlinear gain medium. The gradient in shading illustrates that most of the afication
occurs just basal to the peak of the traveling wave. Partial reflection of forward- and backward-traveling waves occurs at each end of the cavity. Atapical
end, coherent reflection occurs over a distributed region spanning the peak of the traveling wave. Standing waves occur at frequencies for which thund-trip
phase change is an integral multiple of 2p. Standing-wave amplitudes are stabilized when the round-trip gain matches the round-trip losses due to
damping and acoustic emission through the middle ear into the environment.
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spacing, the global standing-wave model also accurately
dicts the mean value of this spacing, its standard deviat
and its power-law dependence on SOAE frequency. Furt
more, the global standing-wave model accounts for the m
nitude, sign, and frequency dependence of changes in SO
frequency that result from modulations in middle-ear st
ness. Although some of the SOAE characteristics tested
accounted for here might be replicable in artfully construc
local-oscillator models~e.g., byad hocadjustment of SOAE
spacings!, they all arise quite naturally and immediately
the global standing-wave framework. Finally, the statistics
SOAE time waveforms demonstrate that SOAEs are co
ent, amplitude-stabilized signals. Taken together, these
of the global standing-wave model support the propo
mechanism-based classification of SOAEs within the gro
of reflection-source OAEs~Shera and Guinan, 1999!. In ad-
dition, they provide compelling evidence that mammali
SOAEs constitute a global collective phenomenon
amplitude-stabilized cochlear standing waves—rather t
the local, autonomous oscillation of some cellular constitu
of the organ of Corti.

A. Analogy with a laser oscillator

The existence of amplitude-stabilized standing wa
within the cochlea suggests that the cochlea is acting a
biological, hydromechanical analog of a laser oscillator~see
also Zweig, 1991; Russell and Ko¨ssl, 1999; Kemp, 2002!.
Reduced to its essentials, a laser oscillator consists of a r
nant cavity enclosing a gain medium that supports cohe
wave amplification~see Fig. 8!. In the cochlea, the ‘‘resonan
cavity’’ spans the region between the stapes and the pea
the traveling wave. At either end of this region, cochle
traveling waves are partially reflected back into the cavity.
the stapes, backward-traveling waves reflect due to the
pedance mismatch with the middle ear; at the apical end
the cavity, forward-traveling waves undergo coherent refl
tion near the peak of the traveling wave. With partially r
flecting ‘‘mirrors’’ at both ends, the cochlea differs from
typical optical laser, in which one of the mirrors is ma
perfectly reflecting. In further contrast with an optical las
where reflection back into the cavity occurs at a well-defin
254 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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location ~i.e., in the plane of the reflecting mirror!, the co-
herent reflection near the peak of the traveling wave is d
tributed over a finite region of the cochlea~i.e., the width of
the traveling-wave envelope!. The cochlear gain medium
consists of the cellular force generators and surrounding
chanical, hydrodynamic, and electrical processes known
lectively as the ‘‘cochlear amplifier.’’ In contrast to an optic
laser, where amplification occurs uniformly throughout t
cavity, amplification in the cochlea occurs almost entire
near the apical mirror~i.e., in the region just basal to th
peak of the traveling wave!.

On each pass through the cavity, waves are amplified
their interaction with the gain medium. At certain spec
frequencies—those for which the round-trip phase chang
an integral multiple of 2p—multiple internal reflection cre-
ates standing waves. If the round-trip gain matches
round-trip losses~e.g., due to damping and acoustic radiati
into the environment!, stable oscillations can result that a
pear in the ear canal as SOAEs. Just as in an optical la
oscillation amplitudes are self-stabilizing. Since the cochl
amplifier is limited in the energy it can produce, the ga
medium is nonlinear, with the amount of amplification d
creasing as the wave amplitude grows. Standing-wave
plitudes are therefore stable against perturbations: If so
random fluctuation increases the wave amplitude slightly,
round-trip gain decreases a little and the wave amplitu
falls back down. Conversely, if the wave amplitude d
creases, the total gain increases, pulling the oscillation
plitude back up. Amplitude stabilization of this sort produc
SOAE signals with the statistical properties illustrated in F
7. Similar probability distributions characterize the cohere
radiation generated by optical lasers~e.g., Golay, 1961; Sieg
man, 1986!.

Unlike optical lasers, the cochlea can emit at multip
nonharmonically related frequencies. In an optical laser,
cavity size is fixed and tuned to a single frequency and
harmonics. Wave propagation in the cochlea, however
highly dispersive and the location of the wave peak—a
hence the location of the partially reflecting mirror—depen
on frequency. Consequently, the round-trip phase condi
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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is satisfied at many frequencies and the cochlea can pro
multiple SOAEs simultaneously.

B. Sources of initial traveling-wave energy

The global standing-wave model indicates that the m
tiple internal reflection and amplification of traveling-wav
energy responsible for SOAEs can be initiated simply
sounds from the environment and/or by physiological no
In addition, autonomous oscillations of cells or subcellu
structures may sometimes kick-start the emission proces
acting as initial generators of traveling-wave energy. For
ample, should some ‘‘resonant element’’ within the coch
suddenly begin to oscillate mechanically, the resulting mo
ments presumably create backward-traveling waves~if the
oscillation frequency is less than or equal to the local C!.
These backward-traveling waves subsequently reflect off
stapes, thereby initiating the process of multiple internal
flection characteristic of global standing-wave resonance

Even though the original disturbance may arise throu
the action of some local oscillator, long-term stability r
quires that any final SOAE frequency be consistent with
~5!, so that round-trip phase shifts equal an integral multi
of 2p. Unless the initiating oscillator can adapt by changi
its frequency to satisfy this global constraint~or is largely
impervious to the perturbing influence of its own energ
which is fed back to it by reflection off the stapes!,17 the
oscillator’s output will be highly unstable and unlikely t
persist. Computational studies of ‘‘completely active’’ c
chlear models consisting of an array of coupled van der
oscillators confirm the importance of cochlear stand
waves and the middle-ear boundary condition in determin
SOAE frequencies~van Hengelet al., 1996!.

C. Relationship to phenomenological oscillator
models

Properties of SOAEs such as their interactions with o
another and with external tones have been successfully
scribed by representing individual SOAEs using a nonline
limit-cycle oscillator such as the van der Pol~e.g., Murphy
et al., 1995a, b, 1996; van Dijk and Wit, 1990a, b!. These
phenomenological, limit-cycle oscillator models were not,
a rule, developed to describe the ‘‘oscillating elemen
within the cochlea; rather, their aim was to approximate
behavior of a complex system of equations~such as those
describing the generation of standing waves in an act
nonlinear transmission line! by a single effective oscillator
thereby providing simple, analytically tractable represen
tions of SOAEs as they appear in the ear canal. Thus, th
phenomenological models are not inconsistent with the g
bal standing-wave model, which proposes a mechanism
which SOAEs originate within the cochlea. The evident s
cess of the global standing-wave model contradicts the
tion, often implicit in the local-oscillator framework, tha
SOAEs measured in the ear canal provide direct access t
local elementary cellular oscillators within the organ of Co
~e.g., Sisto and Moleti, 1999!.
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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D. The mechanism of reflection within the cochlea

According to the global standing-wave model, SOA
are simply a special case of a more general and ubiqui
otoacoustic phenomenon: the production of reflection-sou
OAEs by the ear. Although many predictions of the mod
depend only on the empirical form of the cochlear travelin
wave reflectance,R( f ), understanding the mechanism b
which reflection-source OAEs~such as low-level stimulus
frequency and transient-evoked emissions! originate pro-
vides deeper insight.

Considerable evidence suggests that the generatio
reflection-source OAEs is well described by the theory
coherent reflection filtering~Shera and Zweig, 1993b; Zwei
and Shera, 1995; Talmadgeet al., 1998; Shera and Guinan
2003!. The theory indicates that reflection-source OAEs ar
via coherent reflection from densely and randomly distr
uted impedance perturbations. These perturbations pres
ably include both those clearly visible in the anatomy, su
as spatial variations in outer-hair-cell~OHC! number and
geometry ~e.g., Engstro¨m et al., 1966; Bredberg, 1968
Wright, 1984; Lonsbury-Martinet al., 1988!, as well as mor-
phologically less conspicuous perturbations, such as va
tions in OHC forces due to random, cell-to-cell variations
hair-bundle stiffness or the number of somatic motor p
teins.

The coherent-reflection model predicts that the SFO
evoked by a tone comprises a sum of wavelets scattere
perturbations located throughout the peak of the trave
wave. The SFOAE therefore arises from a distributed reg
roughly equal in extent to the width of the traveling-wa
envelope. In the 1–2-kHz region of the human cochlea,
distance spans on the order of 100 rows of outer hair cell
sound levels near threshold~Zweig and Shera, 1995!. Al-
though Kemp’s~1979b! original standing-wave model pos
tulated that the backward-traveling wave originates from
point reflection, the coherent-reflection model indicates t
this wave necessarily arises over a region equivalent to
span of many hair cells.18

The theory of coherent-reflection filtering resolves oth
problems with the original standing-wave model. For e
ample, Kemp~1979b! pointed out that an ‘‘apparently ran
dom dependence@of the amplitude of the reflectance# on fre-
quency for each ear ... is necessary to account for
presence of strong resonances at some frequencies an
others.’’ The coherent-reflection model explains this rand
variation in reflectance magnitude by representing the t
backward wave as the sum of many wavelets having an
regular distribution of amplitudes and phases dependen
the particular array of impedance perturbations encounte
within the peak of the traveling wave. This same mechan
also produces random variations in reflectance phase
frequency, giving rise to the distribution of SOAE spacin
about their mean value~Fig. 4!.

According to the coherent-reflection theory, quantitati
features of the distribution of SOAE spacings such as
central value and relative spread are determined dynamic
by properties of the traveling wave~Zweig and Shera, 1995
Talmadgeet al., 1998!. For example, the characteristic min
255C. A. Shera: SOAEs are amplitude-stabilized standing waves
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mum spacing at frequencyf is set by the value of the wave
length,l̂, near the peak of the wave envelope:

N̄SOAE~ f !'N̄SFOAE~ f !'2NBM~ f !, ~22!

where

NBM5 l /l̂, ~23!

and is a function of location~or characteristic frequency!
within the cochlea.19 In these equations the parameterl rep-
resents the distance over which the characteristic freque
~CF! changes by a factor ofe, and the factor of 2 originate
in round-trip phase shifts and the Bragg scattering condit
According to the theory, the observed increase in the valu
N̄SOAE towards the base of the cochlea~Fig. 3! reflects the
systematic decrease in the wavelengthl̂, which diminishes
at a rate of roughly 25% per octave with increasing
~Shera and Guinan, 2003!.

Since Kemp’s~1979b! original standing-wave model did
not include the effects of traveling-wave propagation ga
and/or losses,20 the model needed to associate large reflect
coefficients with many points along the basilar membrane~at
a minimum, those corresponding to SOAE frequencies! in
order to generate sizable standing waves. In the coher
reflection model, by contrast, cochlear traveling waves
amplified as they propagate toward and away from the sit
scattering; values ofuRu.1 measured at the stapes are the
fore readily obtained with only small perturbations in t
mechanics~Talmadge and Tubis, 1993; Zweig and She
1995!. Since small, densely distributed perturbations c
produce large values ofuRu, the modern standing-wav
model predicts that most SOAEs result from normal m
chanical variability rather than from pathologically large im
pedance discontinuities.@A possible exception may be th
relatively rare class of ‘‘atypical SOAEs’’ characterized b
their unusually large amplitudes and frequent associa
with significant audiometric abnormality~reviewed in
Lonsbury-Martin and Martin, 2001!.#

In contrast to the local-oscillator model, which typical
emphasizes the pathology of the condition by ascrib
SOAEs to a ‘‘disturbance’’ or outright ‘‘failure’’ of some lo-
cal feedback control mechanism, the global standing-w
model emphasizes thenormality of most SOAEs by demon
strating both their close relation to other types of evok
OAEs ~i.e., low-level SFOAEs and other reflection-sour
emissions! and their origin as the expected consequence
distributed wave amplification and reflection in the prese
of small, nonpathological impedance perturbations. In t
way, the global standing-wave model resolves the para
noted by Geisler~1998! in his discussion of the van der Po
oscillator as a local-oscillator model for SOAEs:

‘‘ @Why# doesn’t every section of the cochlea act that
way @i.e., as a limit-cycle oscillator# and @the cochlea
therefore# produce emissions at all frequencies? It fol-
lows that there must be something different about those
cochlear sites that generate the relatively few emis-
sions observed. Unfortunately, the search for such dif-
ferences has not been successful.’’
256 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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Viewed from the perspective of the global standing-wa
model, the failure of this search for differences is not surp
ing. Indeed, cochlear sites corresponding to SOAE frequ
cies need manifest no special distinguishing features. In
global standing-wave model, SOAE frequencies are de
mined byRRstapes, and SOAEs therefore trace their origin
aspects of the mechanics as subtle—and asnonlocal to the
site in question—as the magnitude and angle of the imp
ance mismatch at the cochlear boundary with the middle
the spatial-frequency content of the cochlear impedance
turbations that scatter the wave, and the total round-
traveling-wave gain and phase shift experienced en rout

E. Representations of the characteristic minimum
spacing

SOAE frequency spacings are conventionally display
using a histogram that masks any frequency dependenc
the data~e.g., Fig. 2!. As a result, the characteristic minimum
spacing,D f SOAE, has been somewhat misrepresented in
literature. We note, for example, that the frequency dep
dence ofN̄SOAE( f̄ SOAE) evident in the scatterplot of Fig. 3
demonstrates thatD f SOAE corresponds neither to a consta
fraction of an octave, to a constant distance along the ba
membrane, nor to a constant fraction of the psychophys
critical band measured in Barks~e.g., Zwicker, 1989; Rus-
sell, 1992; Talmadgeet al., 1993; Braun, 1997!.

Although the human characteristic spacingD f SOAE( f )
bears no simple relationship to Zwicker’s critical band ra
scale @contrary to folklore in the field, D f SOAE( f )
Þ0.4 Bark], the spacingD f SOAE( f ) does roughly corre-
spond to a constant fraction of the equivalent rectangu
bandwidth~ERB! estimated from otoacoustic and behavio
measurements at frequencies greater than 1 kHz~Shera
et al., 2002; Oxenham and Shera, 2003!. Using the power-
law approximations toD f SOAE( f ) and ERB(f ) @Table I and
Shera et al. ~2002!# yields D f SOAE( f )'b( f /@kHz#)a

•ERB(f ), whereb50.9360.08 anda520.0160.08. Note
that the power-law exponent is indistinguishable from ze
The approximate proportionality betweenD f SOAE and the
psychophysical ERB demonstrated here should not be ta
to imply some direct causal connection between human
chlear tuning and SOAE spacings. According to the glo
standing-wave model and the theory of coherent reflec
filtering, the proportionality arises because both SFO
phase slopes~and hence SOAE spacings! and the bandwidths
of peripheral auditory filters are, for very different reason
strongly correlated to the group delays of basilar-membr
transfer functions~Shera and Guinan, 2003!.

We emphasize thatD f SOAE is merely the mode of a dis
tribution of spacings and therefore has no absolute sign
cance; inappropriate reification of its value can lead to du
ous conclusions. Braun~1997!, for example, argues agains
the global standing-wave model in order to propose an
tensible connection, mediated via efferent feedback from
inferior colliculus, between SOAE spacings and psych
physical critical bands. Braun proceeds by plotting the d
tribution of spacings computed from all possible SOAE pa
~i.e., an all-order distribution rather than the distribution
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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first-order intervals computed from adjacent SOAEs as
Fig. 2! The all-order distribution shows only weak or none
istent peaks at multiples of the characteristic minimum sp
ing D f SOAE ~which he calls the ‘‘preferred minimum dis
tance,’’ or PMD!. Braun concludes that the ‘‘total lack of an
system of multiples of the PMD in the interval distributio
curve contradicts all concepts that assume a spectral pe
icity of SOAEs.’’ Braun’s argument, however, neglects bo
the frequency dependence ofD f SOAE( f ) and the substantia
variability in the distribution of first-order intervals at fixe
frequency~see Fig. 3!. Because adjacent intervals are large
independent of one another, the nonzero width of the fi
order distribution~see Fig. 4! smears out the distribution o
higher-order intervals. For example, the distribution
second-order intervals can be approximated by convolv
the first-order distribution with itself and is therefore broad
than the first-order distribution by roughly a factor of 2. As
result of this smearing, peaks corresponding to higher-o
intervals are difficult or impossible to discern in the all-ord
histogram.

1. The corresponding length scale

The spatial distance along the basilar membrane
corresponds to the modal frequency spacingD f SOAE( f SOAE)
can be found as a function of SOAE frequency by noting t
exponential position–frequency functions map constant
tancesDx to constant relative frequency intervalsD f / f . Ac-
cording to Table I, N̄SOAE( f̄ SOAE)5 f̄ SOAE/D f SOAE varies
with emission frequency asf̄ SOAE

a with a'0.3160.05; if the
human cochlear map is exponential~Greenwood, 1990!, the
distanceDxSOAE corresponding toD f SOAE therefore varies as
1/f̄ SOAE

a .
We can relate the distanceDxSOAE to the wavelength,l̂,

of the traveling wave at its peak by combining these res
with Eqs.~22! and ~23!. The calculation yields

DxSOAE'
1
2l̂. ~24!

In other words, the characteristic places associated w
nearest-neighbor SOAEs are separated, on average, by
tance equal to one-half the wavelength of the traveling wa
According to the coherent-reflection theory, variations ab
this modal value occur not becausel̂ varies irregularly with
position, but because the distribution of frequency spaci
D f SOAE reflects an underlying disorder in the process t
creates backward-traveling waves by reversing the forw
flow of traveling-wave energy~i.e., scattering by random im
pedance perturbations!. For clarity, we emphasize that th
coherent-reflection theory predicts that the length sc
DxSOAE arises dynamically and need have no geometric c
relate in the structure or mechanics of the cochlea~Zweig
and Shera, 1995!.

F. Strategies for testing the standing-wave model

The principal distinguishing prediction of the glob
standing-wave model is that SOAE frequencies are de
mined by RRstapes. Specifically, the model predicts tha
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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SOAE frequencies f SOAE satisfy the standing-wave
quantization-condition@Eq. ~5!#, which requires thatRRstapes

be positive real; equivalently

u~ f SOAE!50 ~mod 2p!, ~25!

whereu( f )[/$RRstapes%. Direct experimental confirmation
~or refutation! of Eq. ~25! would provide a definitive test o
the global standing-wave model. Unfortunately, althou
possible in principle, this test is difficult in practice. Rigo
ous tests of Eq.~25! require measurement of both/R( f )
and /Rstapes( f ) at SOAE frequencies in a single ear. Fu
thermore, in the case of/R( f ), the measurement must b
made at intracochlear sound intensities equivalent to th
normally produced by the SOAEs in question. One is th
left in the unfortunate position that the very SOAEs one
trying to understand ineluctably compromise and conta
nate the measurements of/R( f ) needed to test the theory.21

Our strategy in this paper has been to recast the mo
predictions of Eq.~25! in a theoretically less definitive bu
experimentally more tractable form. Rather than probe
absolute phase ofRRstapesat frequenciesf SOAE, we examine
the distribution of human SOAE spacings by using nonin
sive measurements of SFOAEs to estimate the frequency
pendence of/R( f ) and measurements of middle-ear pre
sure transfer functions~Puria, 2003! to argue that middle-ea
contributions to the distribution of spacingsD f SOAE are gen-
erally small, at least in human ears. The results prov
strong but indirect support for Eq.~25! in humans~see Figs.
2–4!. In addition, we use the standing-wave quantizat
condition to predict the effect of changes in middle-e
boundary conditions on SOAE frequencies. Although inco
plete knowledge of both/Rstapes( f ) and the magnitude o
posture-induced stiffness changes in individual ears p
cludes a more rigorous comparison with experiment, the g
bal standing-wave model successfully reproduces the m
trends in the data~Fig. 5!.

Despite their inherent limitations, our tests provid
strong support for the idea that human SOAEs arise via g
bal standing-wave resonances. Although definitive exam
tion of the standing-wave model awaits a direct experimen
probe of Eq.~25!, extending the measurements and ide
developed here to SOAEs in other species, mammalian
nonmammalian alike, would provide important tests of t
generality of the model.

G. SOAEs in nonmammals

Although the evidence reported here suggests that m
mammalian SOAEs are amplitude-stabilized standing wav
local autonomous oscillation of some cellular constituent
the ear may, of course, underlie some subset of mamma
SOAEs~e.g., the ‘‘atypical SOAEs’’ mentioned above!. The
local-oscillator mechanism may also operate in species s
as frogs, lizards, and birds, in which spontaneous cellu
oscillations have been observed~e.g., Crawford and Fetti-
place, 1985; Denk and Webb, 1992; Martinet al., 2001! but
which appear to lack basilar-membrane traveling waves~e.g.,
Peake and Ling, 1980; Manley, 1990!.
257C. A. Shera: SOAEs are amplitude-stabilized standing waves
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Even in these species, however, we conjecture
mechanisms analogous to those posited by the glo
standing-wave model may often be operating. Note, for
ample, that the frequency selectivity of primary auditory
ferent fibers in some bird and lizard species can evide
match or exceed that found in many mammalian cochlea
comparable frequencies~Manley, 2001!, and associated with
this tuning are substantial frequency-dependent group de
~e.g., Hillery and Narins, 1984; Smolders and Klinke, 198
Gleich and Narins, 1988; Manleyet al., 1990!. If frequency
tuning in these species arises or is manifest mechanic
one expects significant mechanical group delays—and
the possibility of global standing-wave-like resonances
despite the apparent absence of a clear analog of the ba
membrane traveling wave. Although the phase changes a
ciated with frequency tuning appear inextricably linked
basilar-membrane motion in the mammalian cochlea,
global standing-wave model imposes no such requiremen
‘‘resonant cavity’’ containing a nonlinear ‘‘gain medium’’—
comprising in this context a slightly irregular array of tun
oscillators, all coupled together through the surrounding
ids and/or via ancillary structures~e.g., the tectorial mem
brane! to produce the large mechanical phase shifts conco
tant with sharp tuning—may be all that’s required f
creating global resonances analogous to those evidently
sponsible for SOAEs in the mammalian ear.

A common origin in global, standing-wave-like res
nances may account for many of the otherwise puzz
similarities among mammalian and nonmammalian SOA
For example, in humans and lizards the frequency spa
between multiple SOAEs appears roughly compara
~within a factor of 2 or 3!, even though the human organ
Corti is roughly 17–170 times longer than lizard papillae
overall length~Manley, 1990, 2001!. The global standing-
wave model explains this seemingly paradoxical observa
by implying that the length of the hearing organ is essentia
irrelevant to the generation of SOAEs. In the glob
standing-wave model, SOAE spacings are determined no
the cochlear distance between putative ‘‘oscillating e
ments’’ but by the frequency dependence of mechan
phase shifts; that is, by the characteristics of mechanical
ing, a functional arena where the differences between
mans and lizards are less pronounced than in the anat
~Manley, 2001!. To understand more clearly the similaritie
and differences between mammalian and nonmamma
SOAEs, one needs to extend the types of measurements
here ~e.g., determination of quantitative relationships b
tween evoked and spontaneous OAEs and their modula
by changes in external boundary conditions! to the nonmam-
malian ear.

H. Implications for the cellular basis of the cochlear
amplifier

The local-oscillator model of SOAEs plays a central ro
in recent discussions of the cellular basis of the mamma
cochlear amplifier. For example, Hudspeth and colleag
~e.g., Hudspeth, 1997; Martin and Hudspeth, 1999; Egu´luz
et al., 2000; Martin and Hudspeth, 2001; Martinet al., 2001,
2003; Ju¨licher et al., 2003! argue that the cellular constitu
258 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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ents of the ear’s amplifier operate near a ‘‘critical poin
~specifically, near a so-called Andronov–Hopf bifurcation!22

where spontaneous cellular oscillation sets in. In this vie
dating back to the work of Gold~1948!, SOAEs occur when
the cellular control mechanisms needed to hold a hair
close to the critical point break down:

‘‘Because self-tuning positions the system slightly on
the oscillating side of the critical point, self-tuned criti-
cality provides a natural explanation for@spontaneous#
otoacoustic emissions. In its normal working state, the
inner ear would generate faint sounds with a broad
range of frequencies. If the feedback mechanism were
to fail in certain cells, the spontaneous oscillations
could become large enough for distinct tones to be
emitted.’’ ~Camaletet al., 2000!.

In this guise, the local-oscillator model has been repe
edly invoked to argue that outer-hair-cell~OHC! somatic mo-
tility is unlikely to constitute the ‘‘active process’’ in mam
malian hearing. Martin and Hudspeth~1999, 2001; Martin
et al., 2003!, for example, question the role of OHC soma
motility in the generation of mammalian SOAEs~see also
Köppl, 1995; Martinet al., 2001; Duke, 2002; Ju¨licher et al.,
2003!. They note that although spontaneous movements h
been reported in nonmammalian hair bundles ‘‘there h
been no observations of spontaneous outer-hair-cell con
tions.’’ Since they claim that ‘‘unprovoked mechanical osc
lations of some constituent of the inner earmustunderlie the
production of spontaneous otoacoustic emissions’’~Martin
et al., 2003, emphasis added!, the evident conclusion is tha
mammalian SOAEs—and, by implication, the mammali
cochlear amplifier—require active hair-bundle motility.23

But Martin and Hudspeth’s argument rests on a logi
fallacy: that what’s true of the whole must be true of t
parts~the fallacy of division!; that because the ear oscillate
spontaneously some of its cellular constituents must do
themselves, and, furthermore, that only the autonomous
cillation of the ear’s constituent parts can explain the sp
taneous emission of sound by the whole.

We argue here, however, that most mammalian SOA
arise not through autonomous cellular oscillations b
through the collective action of the entire cochlea. SOA
are not primarily the result of ‘‘unprovoked movements’’ o
cellular constituents of the cochlear amplifier; rather, they
continually self-evoking stimulus–frequency OAEs that ar
via the multiple internal reflection and coherent amplificati
of traveling-wave energy within the cochlea. As Kemp a
others long ago suggested, the ‘‘bifurcation’’ responsible
the creation of self-sustaining SOAEs can ariseglobally
rather than locally, much like that in a laser oscillator~e.g.,
Kemp, 1979a, b; Talmadge and Tubis, 1993; Zweig a
Shera, 1995!.

The global standing-wave model thus reverses the ch
of causality inherent in the local-oscillator model: the ma
malian ear does not whistle because individual hair cells
cillate spontaneously; rather, hair cells oscillate sponta
ously because the ear whistles. Not only is the whole ‘‘mo
than the sum of its parts,’’ but the parts acquire new prop
C. A. Shera: SOAEs are amplitude-stabilized standing waves
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ties by virtue of their embedding in the whole. The appar
absence of spontaneous contractions in isolated OHCs
been presented asprimae facieevidence against a role fo
somatic motility as the primary motor element underlyi
the mammalian cochlear amplifier~e.g., Martin and Hud-
speth, 1999, 2001; Martinet al., 2001, 2003; Ju¨licher et al.,
2003!. Although a strong reductionist bias in our thinkin
may render these arguments superficially compelling,
logic that supports them is evidently fallacious.

Many qualitative emission phenomena, including t
spontaneous production of sound, are no doubt generi
mechanical systems~such as the inner ears of frogs, lizard
birds, and mammals! that contain coupled arrays of activ
nonlinear oscillators tuned to different frequencies. Althou
the existence and qualitative features of SOAEs may be
neric, their quantitative properties~e.g., their bandwidths
their frequency separations, their interactions with one
other and with external tones, their relationship to oth
emission types! presumably depend on details of the mo
phology, the physiology, and the hydrodynamics of the s
tems that produce them. Indeed, quantitative difference
features such as these do distinguish mammalian and
mammalian SOAEs~e.g., van Dijk and Wit, 1990a; Ko¨ppl,
1995; van Dijk et al., 1998!, and to some extent even th
SOAEs from different mammals~e.g., Ohyamaet al., 1991;
Long et al., 2000!. Just as one can construct functional las
around a variety of gain media, so one expects to find qu
tative family resemblances among SOAEs arising from he
ing organs that employ diverse strategies for enhancing t
frequency selectivity and sensitivity to sound~e.g., Martin
and Hudspeth, 1999; Libermanet al., 2002!; much more sur-
prising indeed would be the finding that a single quantitat
theory provides a satisfactory explanation for them all.
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1Previewing answers to these questions provided by the global stan
wave model, we note that the model predictions hinge on the ‘‘stand
wave quantization condition,’’ which determines the set of possible SO
frequencies via Eq.~5! and characteristic SOAE spacings via Eq.~11!.
According to the theory of coherent-reflection filtering, the modal value
the characteristic SOAE spacing can be traced to the value of the w
length of the traveling wave at its peak~or, equivalently, to the group delay
at the peak of the basilar-membrane transfer function!.

2For example, the cochlear reflectanceR( f ) can be written as the product o
Rx with the forward (T0→x

1 ) and reverse (Tx→0
2 ) traveling-wave transfer

functions ~e.g., R5T0→x
1 RxTx→0

2 ) only in the unrealistic case that wav
reflection/re-emission at frequencyf occurs at the single pointx.

3The stimulus source pressureP0( f ) is the ear-canal pressure that would
measured ifR were zero. In practice it is usually obtained by calibrating t
stimulus earphone at moderate to high sound intensities~i.e., by rescaling
the earphone pressure measured whenuPSFOAE/P0u!1).

4Gmert is the product,Tme
1 Tme

2 , of the forward and reverse middle-ear pre
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sure transfer functions measured at sound intensities whereuPSFOAE/P0u
!1. The forward pressure transfer function is defined byTme

1 [(Pv

2Pt)/Pec, where Pv and Pt are, respectively, the pressures in the sc
vestibuli and scala tympani at the base of the cochlea;Pec is the pressure in
the ear canal. The middle ear is presumed driven in the ‘‘forward’’ direct
with a sound source in the ear canal. Similarly, the reverse pressure tra
function is defined byTme

2 [Pec/(Pv2Pt), where the middle ear is now
presumed driven from within the cochlea. Note thatTme

2 depends on the
characteristics of the transducer assembly used to measurePec; Eq. ~2!

assumes that this same transducer is used during the measureme
PSFOAE. SinceuPt /Pvu!1 ~Nedzelnitsky, 1980!, Tme

1 and Tme
2 can be ap-

proximated by measurements made in the scala vestibuli~e.g., Tme
1

'Pv /Pec).
5Equation~2! assumes that the cochlear input impedance at frequencyf is
approximately real at intensities such thatuPSFOAE/P0u!1 ~e.g., Aibara
et al., 2001!. Reality of the cochlear input impedance is guaranteed by
tapering symmetry manifest, for example, by the cochlea of the cat~Shera
and Zweig, 1991b!. Shera and Zweig~1991a! discuss the more general cas
in which the cochlear input impedance is complex and the character
wave impedances of the cochlear transmission line depend on the dire
of propagation.

6The reflection coefficientRstapes has the valueRstapes5r 21 @ t1t2Rs/(1
2r 1Rs)#, where the functionsr 6 and t6 are the reflectance and transmi
tance coefficients characterizing the residual ear-canal space and midd
~Shera and Zweig, 1992a! andRs is the Thévenin-equivalent reflectance o
the ear-canal acoustic load. Talmadgeet al. ~1998! derive formulas for
Rstapes and Gmert valid for specific models for the middle-ear, ear-can
space, and earphone.

7The equationRRstapes51 thus defines the ‘‘instability modes’’ of this linea
analysis~Talmadge and Tubis, 1993; Talmadgeet al., 1998!. Note that
because little energy escapes from the cochlea asuRstaplesu→1, the bound-
ary conditions optimal for producing large intracochlear standing waves
simultaneously those making their detection in the ear canal most diffic

8In the active model, standing-wave amplitudes are actively maintained
wave amplification; in the passive model, they are driven by ongoing b
logical noise.

9Kemp’s~1979b! original standing-wave model uses an approximate form
the quantization condition valid over frequency intervals roughly cor
sponding touDnu&2. Kemp’s condition can be obtained from Eq.~5! by
approximating/R( f ) by 2vT( f ), whereT( f ) is the emission group
delay at the stapes, defined byT( f )52d/R/dv, with v52p f . Kemp’s
formula would be equivalent to Eq.~5! if T( f ) were independent off ; in
fact, however,T( f );1/f 12a with a'0.37 ~see Table I and Shera an
Guinan, 2003!. Kemp’s formula applies over frequency intervals suf
ciently small thatT( f ) can be regarded as constant. An estimate,D f K , of
the size of this interval follows from the requirement thatud ln T/dfuDfK

,e, wheree!1. Evaluating the logarithmic derivative and expressingD f K

in terms of the characteristic spacingD f SOAE yields D f K,e @N̄SOAE/(1
2a)#D f SOAE, where N̄SOAE is the modal value ofNSOAE. Taking e
;0.15 andN̄SOAE'15 at 1500 Hz yieldsD f K /D f SOAE&4, or, equivalently,
uDnu&2.

10SOAEs with frequencies within 2 Hz of the value 2f 1– f 2 computed by
using other SOAE pairs in the same ear as primariesf 1 and f 2 were tagged
as likely to represent lower-sideband cubic distortion products formed
the interaction of other, independent SOAEs in the same ear~cf. Burns
et al., 1984; Talmadgeet al., 1993!. SOAE pairs that included one o
more of these probable ‘‘distortion-product SOAEs’’~16 of the 503 pairs
of adult emissions! were excluded both from Fig. 3 and from the powe
law fit.

11Comparisons of psychoacoustic and emission cancellation levels
(2 f 1– f 2)-combination-tones~Zwicker and Harris, 1990! suggest that a
0-dB SPL SOAE may produce as much intracochlear excitation as a
50-dB SPL tone presented in the ear canal. Interpretation of these
surements, however, is complicated by a number of factors, including
controlled mixing of reflection- and distortion-source DPOAE compone
~e.g., Kalluri and Shera, 2001! and uncertainties associated with the ps
choacoustic cancellation paradigm~e.g., Smoorenburg, 1974; Siegel an
Borneman, 1999!.

12According to the measurements and analysis of Neelyet al. ~1988!,
evoked OAE latencies measured at sound levelL1DL ~in dB SPL! will
259C. A. Shera: SOAEs are amplitude-stabilized standing waves
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differ from those measured at levelL by a frequency-independent factor o
approximatelyc2DL/100, with c55. This value is likely to be an uppe
bound; Neelyet al.’s characterization presumably overestimates the int
sity dependence of OAE latencies at low sound levels, where coch
mechanics becomes approximately linear.

13Rstapeshas the formRstapes5(Zmer2Zc)/(Zmer1Zc), whereZc is the co-
chlear input impedance~assumed resistive! and Zmer is the ‘‘reverse
middle-ear impedance’’~Puria, 2003!.

14With the subject reclining comfortably in a sound-isolated chamber,
canal pressure was transduced using an Etymot̄ic Research ER-10c micro
phone and digitized at a sampling rate of 12.2 kHz using a Tucker-D
System III running custom software. Eighty seconds of data were filte
using a tenth-order, recursive-exponential bandpass filter~Shera and
Zweig, 1993a; Kalluri and Shera, 2001! centered on the nominal SOAE
frequency (f SOAE52449.6 Hz). The filter bandwidth~approximately 200
Hz! was taken to be much larger than the emission bandwidth~approxi-
mately 1 Hz!. The analytic signal,zSOAE(t), of the filtered waveform was
then obtained using the Hilbert transform~e.g., Cohen, 1995! and the
function p̃SOAE(t) computed using the equation p̃SOAE(t)
5zSOAE(t)e

22p i f SOAEt. Multiplication by the phasore22p i f SOAEt isolates
the slowly varying components ofzSOAE(t) by dividing out the rapid phase
rotation due to the carrier~SOAE! frequency. Temporal resolution wa
improved by a factor of 4 using bandlimited sin(x)/x interpolation prior to
computing the probability distributionD@ p̃SOAE(t)#.

15Many of these dynamic features are best illustrated by animating the
evolution of D@ p̃(t)# ~see http://epl.meei.harvard.edu/;shera/soae-
movie.zip!. To keep the animation short~and continually interesting! the
time interval between movie frames was increased as the square o
elapsed time. The statistical power of the distribution therefore incre
linearly from frame to frame.

16The Bialek–Wit analysis actually involves computing the distributi
D@pSOAE(t)#5D@Re$zSOAE(t)%#5D@Re$p̃SOAE(t)e

2p i f SOAEt%# ~see footnote
14 for an explanation of the notation!. Because it includes smearing effec
due to rapid phase rotation at the carrier frequency (f SOAE), the Bialek–
Wit distribution is generally much smoother thanD@Re$p̃SOAE(t)%#. The
two distributions are nearly identical, however, when computed over t
intervals long compared to the reciprocal of the emission bandwidth.

17For example, an autonomous cellular oscillator would not experie
strong, bidirectional coupling to the external environment if the stapes
adjoining structures somehow conspired to present a nearly reflectio
boundary. Although normal, in vivo values ofRstapes remain uncertain,
typical transducer assemblies have The´venin-equivalent reflectances clos
to 1 in magnitude; the conditionuRstapesu!1 therefore seems unlikely to
apply in most experimental situations.

18Incoherent reflection from large punctate perturbations may, howe
dominate in certain pathologies or in specialized cochleae, such as i
‘‘auditory fovea’’ of the CF-FM bat~e.g., Kössl and Vater, 1995!, in which
the mechanical properties of the cochlear partition change rapidly
position.

19Local scaling symmetry implies thatNBM also equals the group delay o
the basilar-membrane transfer function at its peak, measured in perio
the CF~Shera and Guinan, 2003!.

20Kemp’s ~1979b! original standing-wave model was published before
term ‘‘cochlear amplifier’’ had even been coined~Neely, 1983; Davis,
1983!.

21A similar problem is encountered when trying to determine whether
middle-ear reflectance has magnitude greater than 1 at frequencies
SOAEs~e.g., Allenet al., 1995; Tubis and Talmadge, 1998; Burnset al.,
1998!.

22For a critique of this claim, see Zweig~2003!, and the comments and
discussion reprinted following the text.

23Even when a possible amplificatory function of OHC somatic motility
acknowledged, SOAEs are invariably presumed to arise via autonom
subcellular oscillations, with the hair bundle retaining its role as puta
causal agent~e.g., Duke, 2002!: ‘‘In the mammalian cochlea, the outer ha
cells are widely believed to power the movement of the basilar m
brance. It remains unclear, however, whether the outer-hair-cell moto
itself a Hopf oscillator, or whether it is simply an additional linear amp
fier that boosts oscillations generated by the hair bundle. Spontan
oscillations of an outer hair cell have never been observed.’’ Ju¨licher et al.
~2003! argue along similar lines: ‘‘The concept of self-tuned critical osc
lations applies essentially to all vertebrate ears since they all have sp
260 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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neous otoacoustic emissions. However, the question of what are the
derlying specific mechanisms at the origin of spontaneous oscillations
subject of active research. In mammals, it is widely thought that outer
cells are the active elements and thus might contain mechanical oscilla
However, even though it is well established that outer hair cells can c
tract their cell bodies in the presence of electrical stimuli, no spontane
oscillations have so far been observed.’’
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Köppl, H. Fastl, and H. Oeckinghaus~World Scientific, Singapore!, pp.
207–218.
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