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Otoacoustic emission®©AES) of all types are widely assumed to arise by a common mechanism:
nonlinear electromechanical distortion within the cochlea. In this view, both stimulus-frequency
(SFOAEs and distortion-product emissionDPOAES arise because nonlinearities in the
mechanics act as “sources” of backward-traveling waves. This unified picture is tested by
analyzing measurements of emission phase using a simple phenomenological description of the
nonlinear re-emission process. The analysis framework is independent of the detailed form of the
emission sources and the nonlinearities that produce them. The analysis demonstrates that
the common assumption that SFOAESs originate by nonlinear distortion requires that SFOAE phase
be essentially independent of frequency, in striking contradiction with experiment. This
contradiction implies that evoked otoacoustic emissions arise by two fundamentally different
mechanisms within the cochlea. These two mechaniglinear reflection versus nonlinear
distortion are described and two broad classes of emissions—reflection-source and distortion-
source emissions—are distinguished based on the mechanisms of their generation. The implications
of this OAE taxonomy for the measurement, interpretation, and clinical use of otoacoustic emissions
as noninvasive probes of cochlear function are discussedl9@9 Acoustical Society of America.
[S0001-49669)02202-X

PACS numbers: 43.64.Jb, 43.64.Kc, 43.64.BLM ]

INTRODUCTION Probst et al, 1991; Allen and Neely, 1992; Allen and
Lonsbury-Martin, 1993; Patuzzi, 1996; Hartmann, 1997

During the 20 years since Kempd978 discovery, _ :
g y pH978 y In this paperwe argue that the common view cannot be

otoacoustic emissionfOAES have become widely used, t F ithouah th i distorti del
both as research tools and as clinical diagnostic and screeffo'tect ror afthoug € noniinear-distortion modet ac-
ing aids(e.g., Kempet al, 1986: Norton and Stover, 1994; counts for distortion products, it cannot explain stimulus-
Whiteheadst 'aI 1996a: F'{obineite and Glattke 199!7’hter- " frequency or transiently evoked emissions, in particular their
pretation of measured otoacoustic responses is grounded ase, which rotates.rapldly with frequency at low sound
an underlying picture of the origin of evoked OAEs. Al evels. Although considerably elaborated, our central argu-

categories of evoked OAEs are commonly regarded as origf—nent is similar in spirit to that first used by Kemp and Brown

nating in nonlinear distortion, presumably through the elec-(lgg?’a and later formalized by othedStrube, 1989; Shera

tromotile responses of outer hair celiBrownell, 1990. f'fmd Zw,e'g’d%??3b; ]EWZ'S’ an_d _Shera, 1h996' d'St'régu'Sh
These nonlinearities in cochlear mechanics are thought to a {rave--and “place-lixec emission mechanisms. By com-
as “sources” of backward-traveling wavéemp, 1978; de °Ining our argument with data on emission phase, we con-
Boer, 1983; Allen and Neely, 1992Kemp (1997) describes  clude that at low sound levels stimulus-frequency and tran-

the physical mechanism—often simply abstracted as “nonSently evoked. emissions - must arise by mechanisms
linear stimulus re-emission” by cellular “emission fundamentally different from pure distortion produétsve

generators’—in a recent review: therefore distinguish two classes of emissions—reflection-

and distortion-source emissions—based on the mechanisms
of their generation. Our mechanism-based taxonomy has im-
portant implications for the measurement, interpretation, and
use of otoacoustic emissions as noninvasive probes of co-
chlear functior?

“The model of the phenomenon adopted at that time
[circa 1978 is still relevant. It is that ... a nonlinearity

at the peak of the traveling wave turns around or scat-
ters back some of the traveling wave energy, and re-
turns  both stimulus frequency and intermodulation

signals back to the middle ear.” |. DEFINITIONS AND BACKGROUND

S ) ) Otoacoustic emissions are typically classified according
We epitomize in Table | the major elements of this “com- , the stimulus waveform and related details of the measure-
mon view'—and the nonlmear-dlstortlon model that under- ot paradigne.g., Zurek, 1985 Initially, we follow suit
lies it—as culled from the literatur@.g., Kemp, 1980, 1998; y gistinguishing two classes of evoked emissions based on
the relationship between the emissions and the stimuli used
3E|ectronic mail: shera@epl.meei.harvard.edu to elicit them?

782  J. Acoust. Soc. Am. 105 (2), Pt. 1, February 1999 0001-4966/99/105(2)/782/17/$15.00 © 1999 Acoustical Society of America 782



TABLE |. Synopsis of the “common view” of evoked emissions pre-
sented in the literature.

50dB

Common view of evoked emissions

[
=N
=

* Evoked otoacoustic emissions arise through nonlinear
stimulus  “re-emission” by cellular “emission
generators”(e.g., outer hair cel)s

» Stimulus re-emission occurs because electromechanical 40dB
nonlinearities—principally those near the peak of the
traveling-wave envelope—act as ‘“sources” of
backward-traveling waves.

¢ SFOAEs and DPOAEs both arise through nonlinear
distortion (e.g., SFOAEs can be thought of as
“zeroth-order” DPOAEs arising from distortion at the
first harmonig.

30dB

Amplitude [dB]

2

20dB

(i) Echo emissions comprise stimulus-frequency and
transiently evoked emissions (SFOAEs and
TEOAES), grouped together because they occur at the 104dB
frequency(or frequenciegof stimulation, whether the
stimulus is a pure tone or an acoustic transient.

(i)  Distortion-product emissiondPOAES occur at fre-
guencies not present in the evoking stimulegy., at
the frequency 2,—f, in response to stimulus tones at
frequencied; andf,).

AMoe

1.0 12 14 16 18 2.0
Our use of the distortion-product nomenclature is standard, Frequency [kHZ]

and We. introduce the term “echo em|$S|ons S|mply as aFIG. 1. Frequency dependence of ear-canal pressure and its variation with
convenient Shqrthand- In the common view .these two classegnd level in a normal human ear. The curves, offset vertically from one
of evoked emission both arise from nonlinear electrome-another for clarity, represent the normalized amplitude of the ear-canal pres-
chanical distortion within the cochlea. Preparatory to furthersure,Pe., measured with a constant voltage applied to the earphone driver

. . . . oo hera and Zweig, 1998aThe approximate sensation level of the stimulus
anaIySIS’ we review basic properties of echo emissions at lo‘égne at 1300 Hz is indicated on the right. At the highest level the pressure

sound levels. amplitude varies relatively smoothly with frequency. As the stimulus level is
lowered, sound generated within the cochlea combines with the stimulus
A. Characterizing echo emissions at low levels tone to create an oscillatory acoustic interference pattern that appears super-

posed on the smoothly varying background seen at high levels. Near 1500
As one sweeps the frequency of an acoustic stimulusiz, the frequency spacingfoae between adjacent spectral maxima is ap-
tone, the pressure in the human ear cafal, varies as Proximately 100 Hz. Data from Shera and Zwel9933.
shown in Fig. 1. As the stimulus level is lowered, a regular

oscillatory component appears superposed On a MOfgyaracterize their properties, we define thwchlear
smoothly varying “"background” response. Whereas theygyeling-wave reflectanceR, as the complex ratio of the
shape of the background depends on the acoustics of the &it-going (or emitted pressure wave to the in-goin@r

canal and middle ear, the oscillatory component represenig;mjug wave at the basal end of the cochlea near the stapes
an acoustic interference pattern created by the superpoan@hera and Zweig, 19934

of the stimulus tone and a second tone at the same frequency

originating from within the cochle@emp, 1978, 1979a)b P out-goin

The relative amplitude of the oscillatory component grows as ~ R(FEA)=5—— 1)
the stimulus level is reduced, until, at the sound levels near 10019 'stapes

threshold shown in Fi_g. <5 (_18 Sb), the interference pat- _whereR depends on both the frequendyand amplitudea,
tern becomes approximately independent of sound level, ing¢ the stimulus. The cochlear reflectance provides a phenom-

dicating that stimulus and response are linearly relateds|qgical characterization of the emission process as seen
(Zwicker and Schloth, 1984; Shera and Zweig, 199%Mi-  fum the base of the cochléa.

lar quasi-periodic oscillations appear in the frequency spectra By regarding the intervening middle ear as a linear, two-

of the responses to low-level acoustic transie(sg., port network, one can relate the cochlear reflectafcep
Zwicker and Schlothz 1984 At frequencies .near 1500 Hz, measurements of ear-canal pressiitg, (Shera and Zweig,
the frequency spacinAfoae between adjacent spectral 19934 When the emission amplitude is small relative to the
maxima is approximately 100 Hz in human ears. stimulus (R|<1), the relation reduces to the simple
1. Interpretation using the cochlear traveling-wave formuld®
reflectance, R

We inter issi indicati . PdBiA A

pret evoked emissions as indicating the pres ~—[1+m(HR(F:A)] 2

ence of backward-traveling waves within the cochlea. To  Ped fiArer)  Aver B
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the stimulus. Solving Eq2) for mR using measurements of
P.cYields a function of slowly varying amplitude and rapidly
rotating phasegShera and Zweig, 199RaTypical results,
obtained from the measurements of Fig. 2 in the low-level
linear regime, are shown in Fig. 3. Although the function
m(f) characterizing middle-ear transmission is not known in
detail, middle-ear transfer functions vary relatively slowly
with frequency compared to the oscillations in the ear-canal
pressure spectrume.g., Puriaetal, 1997; Puria and
Rosowski, 199Y. The frequency dependence of the product
mRis therefore primarily that of the reflectanReReference

to Fig. 3 shows thdt

Amplitude [dB]

Emission |R|~slowly varying
measurements / R=~locally linear with f.

©)

Over frequency intervals corresponding to a few oscilla-
tions in the pressure spectruire., over intervals a few times
the size ofAfgap), the reflectancdr has the approximate
form??

R(f)~|Rje 277, 4

where the amplitudéR|~ constant and—~10 ms near 1500
FIG. 2. Linearity at low levels manifest by measurements of the ear-canaHz. Whereas the amplitude of the reflectance varies slowly,
pressureP,, normalized by the amplitude of the earphone-driver voltage, jts phase rotates rapidly, circling one full period over the
at sound levels of.5 dB SLA)_and 0 dB SL(V) relative to threshold at frequency intervaIAfOAEw 1/r. Since the Iargest contribu-
1300 Hz. The vertical dotted line marks the frequency of a known sponta-. L . L.
neous emission. Aside from a small drift in the background—probably thellONS to the emission are believed to originate near the peak
result of slow changes in middle-ear cavity pressure and/or variations in thef the forward-traveling wave, the approximate constancy of
temperature of the recording microphone—the two functions nearly super|-R| suggests—via the cochlear mapping between frequency
pose, indicating that the response appears linear at these near-threshold lgy- e - .
els. Adapted from Fig. 6 of Shera and Zwelpo3a. And position—that a_II points along the cochlegr partition are
about equally effective at reflecting the traveling wave. The
_ _ _ . _ linear variation ofZ R with frequency suggests the presence
whereA is the stimulus amplitude and, is a high-level  of 3 delay(in this case, of about 10 ms
reference amplitude at which the relative amplitude of the Although deduced from measurements of stimulus-
emissions is negligibige.g., in humansA~60dB SPL.  frequency emissions, E(4) can be reinterpreted in the time
The complex functiom(f) characterizes round-trip middle- domain to provide a description of transiently evoked emis-
ear transmission and varies relatively slowly with frequencysions valid in the low-level linear regime: The echo evoked
(Shera and Zweig, 1998a _ by a narrow-band tone burst is a scaleg a factor|R|) and
At sound levels near threshol® becomes independent delayed(by 7 seconds version of the stimulus waveform
of level, indicating that the emitted wave varies linearly with (e.g., Wilson, 1980; Norton and Neely, 198% Having

characterized the properties of echo emissions at low levels,

Phase [degrees]

1.1 1.2 13 14 15 1.6
Frequency [kHz]

1.0 1 we next consider whether they can originate through nonlin-
ear distortion.
0.8
D)
—g 0.6 Il. DO ECHO EMISSIONS ARISE BY NONLINEAR
_.‘_.:.’ ) DISTORTION?
g" 0.4 A. The nonlinear-distortion model
< 0.2 \/\,—/\_/”_’\ The nonlinear-distortion model that underlies the com-
) |mR| mon view of evoked emissions is illustrated schematically in
0.0 : l -4 Fig. 4. When the cochlear response is nonlinear, traveling
4 waves can induce spatial distortions in the mechanics that act
1.2 1.3 . 1.5 as “sources” of backward-traveling waves. In addition to
Frequency (kHz] accounting for distortion-product emissions, the model also

appears to provide a natural explanation for echo emissions.
FIG. 3. Amplitude and phase ohR versus frequency computed from a For example, the observation tH&| ~slowly varying—that
subset of the data in Fig. 2 that avoids the spontaneous emi&tena and  js, that all points “reflect” about equally—might be natu-
Zweig, 19933 The curves indicate tha has a slowly varying amplitude o ey hlained by supposing that the sources that generate
and a locally linear phas@ssumingm is slowly varying. The frequency . . .
interval A fone between spectral maxima in ear-canal pressure correspondd1€ backward-traveling wave are induced by the wave itself

to a full rotation of the phase d® Data from Shera and Zweig.9933. through nonlinearities in the mechani¢&emp, 1978, 1979a;
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Nonlinear-Distortion Model

172}
175} —
g Smooth variation underlying mn 20
= ¥ the cochlear map =,
a —8
2 g’
g o
&= N 5 -20
M4 | Induced mechanical distortions thau

generate backward-traveling waves

1

Snapshots of traveling waves

Position x

FIG. 4. Mechanical distortions induced by pure-tone stimulation. When the
cochlear response is nonlinear, the traveling wéwettom panel is pre-
sumed to induce distortions in the mechariicg panel that act as sources

of backward-traveling waves. In the example shown here, the traveling
wave induces distortions in the effective stiffness of the cochlear partition
(e.g., via nonlinearities in the mechanisms of force generation by outer hair - 1
cells). The dotted line shows how the region of induced mechanical distor- ' !

tion moves with the wave envelope as the stimulus frequency is increased 1 10

fromfto . Frequency [kHz]

. ; FIG. 5. Constancy of phase accumulation at the peak of the wave envelope.
de Boer, 1983; Allen and NeeIY’ .19}92\nd, since the phase The figure shows Rhode{4971, Fig. 8 measurements of basilar-membrane
of R ha§ the form of a delay' itis natur‘.”‘l to aSSOC|at_e tha{ransfer functiongi.e., basilar membrane to malleus displacement ratibs
delay with wave travel to and from the site of generation oftwo nearby positons along the basilar membrase~1.5 mm. As indi-
the re-emitted wave. cated by the dotted lines, the total phase accumulation at the peak of the

; ; A ; : transfer functior(horizontal ling is not a strong function of frequendyer-
An atiractive feature of the nonlinear-distortion model IStical lines. The scale bafdouble-headed arrgwin the lower right-hand

its implicit unification of eCh_O_ar_‘d d|3t0rt|0n'proqua €MIS- comer provides an estimate of the relative phase accumulation necessary to
sions through a common origin in cochlear nonlinearity. In-account for the rapid rotation of R (see footnote 12 Relative to the scale

tuitively, the model seems to account naturally for both strik-bar, the observed difference in phase accumulation is negligible.
ing features of the frequency dependence Rf (i.e.,
|R|~slowly varying, since the induced sources depend oremission at the peak of the wave envelppad any phase
the form and strength of cochlear nonlinearities, which preshift due to the re-emission process itself. Consistency with
sumably vary relatively slowly with position; and the data of Fig. 3 requires that the sum of these phase shifts
ZR~locally linear with frequency, due to the round-trip rotate rapidly with frequency. Does the model agree with
traveling-wave delay between the stapes and the site of rexperiment?
emission.
In what follows, we analyze the model more carefully .
and show thathe nonlinear-distortion modeldespite its 1. Phase shifts due to wave travel cannot account for
apparent virtues-actually predicts a constant reflectance R
phase, in striking contradiction with experiment First, we consider phase shifts due to wave travel. Does
A Ororwarg Totate rapidly with frequency? Figure 5 answers
) o this question using measurements of basilar-membrane mo-
B. Can the nonlinear-distortion model account for tion. The figure shows the phase accumulated by the
LR? forward-traveling wave as it propagates from the stapes to
To simplify the analysis of the model without sacrificing the peak of its envelope at its characteristic place. Perhaps
any essential feature, we assume that the forward-travelingurprisingly, the phase accumulation at the peak of the wave
wave is re-emitted by a nonlinear source induced apttek envelope is almost independent of frequency:
of the traveling wave. Recall that R represents the accu-
mulated phase shift between the out- and in-going waves at
the stapes. In our simplified nonlinear-distortion model, this
phase shift can be written as the sum of three componentsEor comparison, the scale bar in Fig. 5 illustrates the phase
shift necessary to account for the estimated change
£ R= A Gronvard-ravert A the-emissiont A theverse-rave ®) over the same frequency rantfeRelative to the scale bar,
representing phase shifts due to forward and reverse wawbe observed difference in the phase accumulation is negli-
propagation(i.e., between the stapes and the site of regible.

Basilar-membrane

- ~ .
measurements aforward—travef" constant (6)
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Position x Position x

FIG. 6. The demon emitter. Charged with generating emissions by pushin§lG. 7. When the stimulus frequency is changedy., fromf—f’), the

and pulling on the basilar membrane, the demon needs to determine trenvelope of the traveling wave shifts along the basilar membrane. Because
stimulus frequency in order to create a backward-traveling wave with thehe demon moves with the wave, changing the stimulus frequency changes
correct relative phase. To determine the stimulus frequency the demon mugiie demon’s local time reference correspondingly. As a result, the demon
compare the period of basilar-membrane vibration with the ticking of acannot detect changes in stimulus frequency and thus cannot generate
“clock.” The only clock available, however, is the local resonator that backward-traveling waves whose phase depends on that frequency.
determines the characteristic frequency.

the cochlea by a tiny demon who “surfs” the peak of the

The constancy oA fy,narg is an immediate consequence envelope of the traveling wave, where the effects of nonlin-
of the approximate local scaling symmetf¥weig, 1976; ear distortion are presumably greatesste Fig. 6.6 The de-
Siebert, 1968; Sondhi, 19y8manifest by basilar- and mon, agent for nonlinear distortion, is charged with launch-
tectorial-membrane transfer functiof®hode, 1971; Gum- ing backward-traveling waves by pushing and pulling on the
meret al, 1987; Rhode and Cooper, 19%hd neural tuning  pasilar membrane. In the process, the demon introduces the
curves(e.g., Kiang and Moxon, 1980; Liberman, 197Bo-  phase shiftA Bre-emission Can the demon supply the frequency
cal scaling symmetry implies that rather than depending ojependence necessary to produce the observed foriR6f
pOSition and frequency independently, basilar-membrane At first S|ght, the answer appears to be “Yes.” For ex-
transfer functions depend on the two variabtedf only in - ample, when the ear is stimulated with a pure tone the demon
the single combinatiof/ f ¢ (x), wheref(x) is the cochlear  simply determines the stimulus frequency and consults a for-
position-frequency map. When the cochlear map is exponefnula he keeps in his pocket that tells him how to compute, as
tial, the symmetry implies that traveling-wave envelopes are function of frequency’ the phase with which he must push
locally “shift-similar,” with the number of wavelengths in and pull (relative to the local motion of the basilar mem-

the traveling wave nearly independent of frequency. Comprang in order to produce the appropriate value of

pared to the higher frequency wave, the lower frequencyy Bre-emission -
wave travels further along the cochlea and requires a longer How does the demon determine the stimulus
time to reach its peak. Butoth waves travel the same num- frequency’:!}g From his position atop the trave”ng_wave en-

ber of wavelengthsand the total phase accumulation is velope the demon counts the number of times the basilar

therefore the same. _ membrane rises and falls and compares that number with the
_ Although we have no direct measurements of the phasgcking of a “clock.” But what clock does he have available?
shift A 6reverse - Standard cochlear modétspredict that The demon’s time reference is the local “resonator” that
. . . . . O
A G roverse-travd A rorward-rave @) determines the characteristic frequenty, at his locatiorf’

The demon'’s clock therefore ticks at intervals proportional to

Consequently; 1/f +,%! counting out time in units appropriate to his position
Measurements along the cochlear partition.
and models— 2 tround-uig™ constant. () Suppose that we fix the stimulus frequency at some

value,f. Because the demon sits at the peak of the traveling

For the nonlinear-distortion model of echo emissions toy5ye (i.e., at the characteristic place corresponding to fre-
agree with experiment, the phase rotation/dR must origi-  guencyf), he sees the basilar membrane undergo one oscil-
nate iNA bre.emission 10 test whether this is possible, we con- |ation for every tick of his clocKsincef/f=1). The demon
sider the thought-experiment of the demon emitter. concludes that the stimulus has unit frequeficy units of
cycles/clock-tick and, after evaluating his formula, pushes
and pulls on the basilar membrane appropriately. For ex-
ample, at unit frequency the demon might push downwards

Rather than bog ourselves down in the model-on the basilar membrane during every upwards zero-crossing
dependent—and, for our purposes, irrelevant—details of af its local motion.
particular nonlinear re-emission mechanism, we argue more Now suppose that we increase the stimulus frequency to
generally by imagining that emissions are generated withithe valuef’ as illustrated in Fig. 7. By increasing the fre-

2. Phase shifts due to re-emission cannot account for
/R
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guency, we shift the envelope of the traveling wave basal-
wards towards the stapes. And the demon, because he surfs @ @
the envelope, is carried along with the wagjast as the
sources induced by nonlinear distortion move with the wave;
cf. Fig. 4. Again the demon determines the stimulus fre-
guency by counting the number of basilar-membrane oscil-
lations per clock tick. But note thdtecause he moved with
the wave, the demon now uses a different clbttknow uses
the local resonator corresponding to his new location, and
that resonator ticks at time intervals off 1/ Thus, once )
again, the demon measures a frequency of 1 cycle/clock-tick fz ﬁ fé
(sincef'/fi=1) and, after consulting his formula, pushes p
and pulls with the same relative phase that he did for fre- .
quencyf. Position x

Although the stimulus frequency changes—f’), the FIG. 8. The demon, responsible here for generating DPOAES, generates the

, : , 2f,—f, distortion product from his position near the peak of thdravel-
demon’s clock changes Correspondlngfxf{_)fcf)' As a re- ing wave. When the primary frequency rafig/f, is held constant during

sult, the demon cannot detect the change and so pushes afé frequency sweep, the stimulus and distortion-product wave patterns are

pulls with the same relative phase at all stimulus frequenciesimply translated along the cochlear partition. As before, the demon is un-

The demon—a proxy for nonlinear distortion, or, indeed anya\ble to detect changes in the stimulus frequencies and, consequently, gen-
.. . . P ' erates a DPOAE with constant phase.

emission mechanism that moves with the wave envelope—

cannot generate backward-traveling waves with a phase shift

that depends on frequenéy:

changing the stimulus frequency simply shifts the resulting
wave pattern(and thus any nonlinear emission soujces
Thought .
Abe.emissiof= CONStant. (99  along the basilar membrane. As a consequence of local scal-
ing symmetry, this shift corresponds to a simple frequency

As suggested by the appearance in the thought-experiment BiScaling that results in approximate constancy of both

the relative frequency/f 4(x), this conclusion can be under- A bround-trip @3N A Ore.emission NOte, however, that Slm_llar ar-

stood, equivalently, as a consequence of local scaling synfluments should apply tany measurement paradigm for

metry (Shera and Zweig, 1993b; Zweig and Shera, 1995 wh|_ch an approximate frequency scaling of the stimulus is
By combining the predicted phase shifts due to wavemhaintained.

. =
experiment

travel and reflection we conclude thahe nonlinear- Specifically, the analysis should apply to the generation
distortion model predicts a constant reflectance phase, iff _distortion-product - otoacoustic 'emissions when the
striking contradiction with experiment primary-frequency ratlof?/fl, is held flxed(s_ee Fig. & _
When the cochlear position-frequency map is exponential, a
Nonlinear constant frequency ratio corresponds to a constant distance
distortion model” < R~ constant. (100 along the basilar membrane; the constant rdti¢f; thus

fixes the spatial separations and relative phase relationships
Although the measured R varies rapidly with frequency, (referenced to stapes motjorof the primary traveling
the nonlinear-distortion model predicts a constant value fowaves’* So imagine, for example, that the demon—
each of the three component phase shifts in &g. This  responsible now for generating distortion-products—surfs
contradiction effectively rules out nonlinear distortion as thethe peak of the envelope of theg traveling wave. Since the
origin of echo emissions at low levels local resonator ticks at a rate proportionalftg the demon
Note that our analysis of the nonlinear-distortion modelmeasures the primary frequenciesfasf, and 1, values that
is independent of the detailed form of the emission sourcedo not change as the two-tone complex is swept along the
and the nonlinearities that produce them. Made above fogochlea(since the frequency ratib,/f; is held constant™
simplicity, the assumption that emissions originate from alhe analysis thus predicts that for fixéd/f,, the demon
single point(e.g., from the peak of the wave envelpenot  emitter should be unable to detect changes in the primary
critical to the conclusion. The argument is easilyfrequencies. Consequently, the resulting emission phase
generalized—Dby considering many demons surfing many difshould be roughly constant.
ferent parts of the wave—to include emissions created over a  Figure 9 provides a test of this prediction in the human
broad region of the cochlea. ear. The figure shows the phase of the cubic distortion prod-
uct 2f,—f, measuretf at fixed f,/f;=1.2. As predicted,
the emission phase is essentially independent of frequ&ncy,
varying by less than half a cycle over most of the nearly
Our analysis of the nonlinear-distortion model can bethree octave range of the figu#eln contrast, SFOAE phase
tested experimentally by measuring the frequency depermmeasured in the same subject varies by more than 30 cycles
dence of emission phase under circumstances where the gasver the same frequency ranffeMeasurements in other
eration mechanism isnownto be scaling-symmetric nonlin- subjects(total n=3) are consistent with these results, and
ear distortion. Central to the argument is the notion thaKemp and Brown have reported similar findinggemp and

C. Testing the predictions of the thought-experiment
using DPOAEs
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40 stimuli that preserve the approximate frequency scaling of

=) 20 - Amplitude MAB-L the stimulus wave pattern characterizing the measurement of

% 0 stimulus-frequency emissionsecho and distortion-product
0 . ‘ | emissions manifest profound differences in the frequency de-
S, -20 SRR A ,;-ri%,,:‘.;nﬁ’y‘f,,wm o4 pendence of their phase that contradict the notion, succinctly

-40 — 17— expressed by Brass and Ker(#993, that “SFOAESs can be
Phase thought of as zero-order DPs, and thus as part of the DP

04 Py, at fixed £f, series.
] lll. ECHO EMISSIONS ARISE BY COHERENT
REFLECTION

-10 ] If echo emissions do not arise by nonlinear distortion,

] how do they originate? Thémistaken prediction of the
] nonlinear-distortion model that R~ constant hinges on the
20 - essential feature that the emission sources move with the
wave. The resulting contradiction with experiment suggests
that rather than “surfing” the wave envelope like the demon,

| ‘ the perturbations that reflect the wave may instead be fixed
-30 in space. Thus, rather than being “re-emitted” by “emission

1 generators” induced through nonlinear distortion, the travel-

— 1t - T T T T ing wave simply scatters off pre-existing irregularities in the

Phase [cycles]

1 2 3 4 5 6 7 mechanics.
The recent theory of coherent reflection filterig@hera,
FrequenCYfz [kHz] 1992; Shera and Zweig, 1993b; Zweig and Shera, 1995

_ characterizes this scattering and indicates that at low stimu-
FIG. 9. Constancy of “frequency-scaled” DPOAE phase. The solid curvesI | | h . . . herent reflection from
with small crosshairgé+) show the amplitude and phase Bf,, the human us “eve S eC” 0 emissions anse Vla_ co o
2f,—f, cubic distortion product measured while holding the ratio of the the “random |mpedan_c_:e perturbations characteristic of co-
primary frequencies fixedat f,/f;=1.2 with primary levels{L,,L,} chlear anatomy(Engstran et al, 1996; Bredberg, 1968;
={40,50 dB SPL). With The ratiof ,/f, fixed, the plrimaryr/] trabvel_ilng waves Wright, 1984; Lonsbury-Martiret al, 1988. Although the
maintain an approximately constant separation along the basilar membran : :
To reduce the confounding effects of reflection-source emissisres Sec. ﬁ‘ppedance perturbatlons may b,e, densely and randomly dis-
IV C below), the DPOAE was measured in the presence of a 55-dB spLiributed a!ong the cochlgar partition, the tall, bro'ad peak of
suppressor tone nearf2-f, (e.g., Kemp and Brown, 1983b; Heitmann the traveling wave localizes the effective scattering to a re-
et al, 1998. (Although the suppressor tone substantially reduced thegion Spanning the peak of the wave enve'ope_ Most scattered

DPOAE fine structure, it had little effect on the secular variation of the .
phase important hepeShown for comparison are measurements in the samewaveletS combine out of phase and cancel one another out.

subject ofA Pgrongs the stimulus-frequency emission obtained using a vari- BUt & simple analog of Bragg's laiWfrom x-ray crystallog-
ant of the suppression meth¢elg., Guinan, 1990; Kemet al., 1990 with raphy (Brillouin, 1946 enables a subset of scattered wave-
Fmbe_ a“g suppressor 'fveﬂs MOH53 dB SPL, respectively. The df)tte(fil lets to combine coherently and form a large reflected wave
res 1 e uer pane st e pproiale mesurement 195 1o%hing th characteristics of echo emissions abserved exper:
sessions; as a consequence of variations in system calibration, small discomentally. In this model, wavelets scattered over an extended
tinuities are sometimes visible near session boundaries. Detailed methodegion of the cochlea interfere with one another to create a
for both measurements are presented in the Appendix. region of coherent reflection that sweeps along the cochlear
partition as the frequency is varied. This interference be-
tween multiple scattered wavelets precludes the representa-
Brown, 1983b; Kemp, 1986 Our abstract thought- tion of 2R as a simple sum of phase shifts due to wave
experiment thus correctly predicts the striking frequency i”‘propagation and reflectiofe.g., along the lines of Ed5)].
dependence of the phasg of emissi_ons gengrated tNevertheless, the theory predicts that the delay parameter
frequency-scaled (or  “scaling-symmetric’) nonlinear  ._hich characterizes the local average phase sloRinf
distortion* Eg. (4)—equals twice the peak group delay of the basilar-
This result supports the argument of Sec. Il B—and itsyemprane transfer function. Details of the theory, including
contrast with the frequency dependence of echo-emissiofig many predictions and applications, are presented else-

phase rules out nonlinear distortion as the origin of echqynhere(e.g., Zweig and Shera, 1995; Talmadgeal, 19984.
emissions at low levels. If echo emissions and distortion

products shared a common origin in cochlear nonlinearity

echo-emission phase, like the phase 6f2f, measured at V. DISCUSSION

fixed f,/f,, would be essentially independent of frequency. The arguments we present here demonstrate that the
But instead, echo-emission phase rotates rapidly. Contrary ttcommon view"—which attributes all otoacoustic emis-
the common view, echo emissions apparently arise bygions, both echo emissions and distortion products, to non-
mechanisms fundamentally different from distortion prod-linear distortion—cannot be correct. Although many argue
ucts. When measured with comparable paradigfins., that otoacoustic emissions share a common origin in co-

788  J. Acoust. Soc. Am., Vol. 105, No. 2, Pt. 1, February 1999 C. A. Shera and J. J. Guinan, Jr.: A taxonomy for OAEs 788



Mechanism-Based Taxonomy for OAEs

Otoacoustic Emissions

OAEs that arise by OAE:; that arise by
Linear Reflection Nonlinear Distortion
Reflection Emissions Distortion Emissions
Due to coherent reflection from Due to nonlinearities acting as ‘sources’
‘random’ impedance perturbations of cochlear traveling waves
Examples: Echo emissions (SFOAEs Examples: DPOAEs when coherent
and TEOAE:s) at low levels reflection from the DP place is
negligible
o g

Evoked Emissions

Typically, a mixture of emissions

produced by both mechanisms

Spontaneous Emissions

Due to standing waves caused by ‘run-away’
multiple internal coherent reflection

(from ‘random’ perturbations and stapes)
stabilized by cochlear nonlinearities

FIG. 10. Proposed mechanism-based taxonomy for mammalian otoacoustic emissions. For conciseness, the names “reflection-source” and ‘“distortion-
source” emissions are here shortened to “reflection” and “distortion” emissions, respectively.

chlear nonlinearity—that, as Kem997 puts it, “nonlin-  These observations would be more difficult to explain if echo

earity is at the heart of OAE generation”—we argue thatemissions arose through nonlinear distortion.

OAEs arise by two fundamentally different mechanigines, The conclusion that reflection-source emissions arise

linear coherent reflectidf versus nonlinear distortion through linear coherent reflection may appear to conflict with
the well-known level dependence of stimulus-frequency and
transiently evoked emissions, which exhibit a nonlinear

A. A mechanism-based taxonomy for otoacoustic growth in amplitude at all but the lowest sound levété

emissions Figs. 1 and 2 We emphasize, however, that nonlinear

To codify this fundamental distinction we propose a tax-growth with level does not imply that reflection-source emis-
onomy for mammalian otoacoustic emissions based on th&ions arise by a nonlinear process. Rather, the theory of co-
mechanisms of their generation. This OAE taxonomy, theherent reflection filtering suggests that the nonlinear growth
simplest consistent with current data, is presented in Fig. 1¢hould be understood as a consequence of the level-

Our mechanism-based taxonomy divides evoked otodependent amplification of forward and reverse traveling
acoustic emissions into two broad classes: Waves(Zweig and Shera, 1995&3 schematized in Flg 11.

] ) o ) Since the outer hair cells are limited in the forces they can
(i) Reflection-source emissignsn which backward-

traveling waves arise through the lindaoherent re-

flection of forward-traveling waves by pre-existing stimulus—3» > >
. . . L. w Wave travel along cochlea Linear
perturbations in the mechaniés.g., echo emissions |5 ¢ coherent

QL

such as SFOAEs and TEOAEs measured at low soun § 3213 Level-dependent reflection
levely; and S{E|®° gain and phase delay near peak

.. . " .. . . flecti due to cochlear amplifier f
(i)  Distortion-source emissionsin which backward- fmf:;‘::<— < P —] 7

traveling waves arise through sources induced by non

linear distortion(e.g., pure DPOAES.

. . L . FIG. 11. Simplified conceptual model for the generation of reflection-source
Whereas distortion-source emissions would not occur in themissions. Reflection-source emissions arise from a region of linear coher-
absence of cochlear nonlinearities, the coherent reflection rent reflection near the peak of the traveling-wave envelope. Incident and
sponsible for reflection-source emissions is a linear proces&fected waves undergo level-dependent gains and phase delays while trav-

. . . . eling to, from, and within the scattering reigon. At medium and high stimu-
The taxonomy is thus consistent with the observatitis lus levels, reflection-source emissions therefore exhibit a nonlinear growth
Fig. 2) that at sound levels near threshold echo-emission amwith sound level. Note that although they appear separated here for clarity,
plitude grows linearly with the amplitude of the stimulus the regions of coherent reflection and maximal gain overlap within the co-
(e g., Kemp and Chum. 1980: Wit and Ritsma. 1979: Wilson chlea. Figure 12 fleshes out this conceptual mdgiincluding phase shifts
SN . ' ! ! ! due to wave propagatigrand extends the model to illustrate the mixing of

1980; Zwicker and Schloth, 1984; Shera and Zweig, 1993areﬂection— and distortion-source emissions that occurs during the generation

and the principle of superposition holdgwicker, 1983.  of DPOAEs.
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Stimulus-Frequency Emissions

stimulus

ear canal
middle ear
cochlea

phase shift and gain
(level-dependent)
hase of wave

fo,
fward try Yy

partial reflection

coherent reflectioif create narrow-band cochlear standing
waves measurable in the ear cafiélveig and Shera, 1995;
Talmadge and Tubis, 1993; Talmadegeal., 1997.

When we argue that reflection- and distortion-source
emissions arise by different mechanisms, we mean that the
processes responsible for creating backward-traveling waves
differ for the two emission types. For example, although the

backward-traveling waves created by nonlinear distortion
may arise, at least in part, through the action of nonlinear
cellular demongOHCs pushing and pulling on the basilar

ﬂqe\ rciion of linear
ceverse coherent reflection near
peak of traveling wave

reflection
emission

~

0 partial reflection at stages phase shift and gain ] ANnd _
K {phase shift not shown)  (level-dependent) membrane, reflection-source emissions do not result directly
5 from OHC forces. Rather, we argue that reflection-source
= Distortion-Product Emissions waves arise _by the linear, “passive” scattering of the
forward-traveling wave off more or less random perturba-
simulus ™) ! o tions in the mechanics. Although the waves created by this
atfo region of nonlinear distortion . = .
stimulus near peak of fj traveling wave scattering may then be amplified through the collective ac-
afi 7 ¥ (acts as source of fdp waves) : « TR ;

P tion of the *“cochlear amplifier,” the backward-traveling
distgrgion<_ re waves themselves are not fundamentally the product of non-
cmisston . . .

atfip [R] partial reflection linear force generation by outer hair cells.
mix . Once generated, however, backward-traveling waves
3 region or linear - .
reflection_ | coherent reflection near produced by either mechanism propagate basally to the

peak of fip traveling wave stapegfrom which they may be partially reflectedhrough

the middle ear, and out into the ear canal. While propagating,
emissions of both types undergo delays, phase shifts, and
gains(e.g., due to the cochlear amplifier or reverse middle-

FIG. 12. Schematic diagrams illustrating the generation of stimulus-ear transmission as illustrated in Fig. 12. Thus, although

frequency(top) and distortion-product emissiofisottom at low sound lev- their mechanisms of generation are fundamentally different
els. Both diagrams show phase lags relative to stimulus plageéncreas- !

ing downward of forward- and backward-traveling waves versus distanceP0th emission types traverse a Sim”?r pathway on their way
from the stapes. At low levels, SFOAEs arise from a region of coherento the ear canal, and both are potentially vulnerable to modi-
reflection(R) near the peak of the traveling-wave envelope. Stimulus andfications or disruptions of this pathwe(ge.g., to changes in

reflected waves undergo level-dependent gains and phase delays while tray- hair. . . _ L.
eling to and from the scattering region. The generation of Iow-IeveIaBUter hair-cell function, middle-ear transfer characteristics,

DPOAES is more complicated and involves the mixing of reflection and€tC). Although a common dependence on propagation path-
distortion emissions in the ear canal. A region of nonlinear distoridn ~ ways from cochlea to ear canal presumably introduces cor-
near the peak of th, wave generates waves at frequefigythat propagate  re|ations in reflection- and distortion-source emission ampli-
in both directions: The backward-traveling wave propagates to the ear can d th t hasi that thei ti

as a distortion-source emission; the forward-traveling wave undergoes pal uae, _e axonomy gmp asizes a ) €ir respective

tial coherent reflectiofiR) near the peak of its wave envelope, generating amechanisms of generation—and hence their dependence on
second backward-traveling wave that propagates to the ear canal asumderlying parameters of cochlear mechanics—remain fun-

reflection-source emission. The DPOAE measured in the ear canal is thus&amenta”y distinct.

mixture of emissions arising not just from two spatially distinct regions, but . . .
from two fundamentally different mechanisms. Backward-traveling waves Although identifying what we suggest are the two prin-
arriving at the stapes are partially reflected, creating new forward-travelingCipal branches of the OAE family tree, our taxonomy makes
waves (arrows with three dojsthat subsequently undergo partial coherent ng attempt to adumbrate the sub-branches. For example, in
][lefle‘ctlon_themselves. The rgsultn('lgflnlte) series of multiple |r]ternal re- some specie$e.g., rodents and rabbjtsconsiderable evi-
ections is truncated for clarity. Note that possible phase shifts due to re- . . L
flection are not shown. dence suggests that distortion-source emissions can be use-
fully divided into subtypes, conventionally designated the
“active or low-level component” and the “passive or high-
produce, traveling-wave amplitudes are compressive fundevel component”(e.g., Norton and Rubel, 1990; Mills and
tions of sound level, with the greatest compression occurringRubel, 1994; Whiteheaét al., 1992a,b, 1995; Whitehead,
near the peak of the wave envelope, where scattering i$998.%° The differential vulnerability of these two distortion
maximal. Although the propagation of traveling-wave energycomponents to physiological insult suggests that they arise
is a nonlinear function of sound level, the physical mechafrom different mechanisms within the cochf®aAnd al-
nisms responsible for reversing the direction of that propathough coherent reflection from “random” mechanical per-
gation(i.e., coherent reflection from perturbations in the me-turbations appears to be the dominant reflection mechanism
chanic$ are essentially linear. in the normal primate ear, reflection by other mechanisms
In our taxonomy, spontaneous emissions are grouperthay contribute in some circumstances. For example, inco-
with reflection-source emissions. As originally suggested byherent reflection from large punctate perturbations may
Kemp (1980, spontaneous emissions may result from a prodominate in certain pathologies or in specialized cochleae,
cess of “run-away” multiple internal reflection stabilized by such as in the “auditory fovea” of the CF-FM bae.g.,
cochlear nonlinearities. In the view espoused in the taxKossl and Vater, 1995in which the mechanical properties
onomy, multiple cycles of propagation, amplification, andof the cochlear partition change rapidly with position. When

at fap —

— Distance from Stapes —>
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coupled with knowledge of the underlying mechanisms, adentifies these two sources as arising not simply from two
more complete identification of the different emission sub-distinct locations, but frontwo different mechanisma dis-
types could presumably prove of considerable value in theortion source near thé, place and a coherent reflection

application of OAEs to noninvasive diagnostics. from the fq, place.(The combined process is illustrated in
the bottom panel of Fig. 12, where the distortion- and
B. Relation to the conventional classification of OAEs reflection-source regions are denof2@ndR, respectively.

o Indeed, as our argument demonstrates for the frequency-

As the taxonomy implies, we argue that backward-gcqjeq, fixedk,/f, paradigm, it is fundamentally this differ-
traveling waves originating by coherent reflection and Nnongnce in emission-sourcmechanism-and not, as is often
linear distortion constitute the elemental OAE *“building implied (e.g., Brownet al, 1996, the difference in source
blocks™ that combine to form evoked emissions measured ifgcation—that is ultimately responsible for the different fre-
the ear canali.e., echo emissions and DPOAESN any 4 ,ency dependencies of the phase of the emissions arising
given measurement, the two types mix in varying degreegom the two interfering sources. Thus, as commonly mea-
dependent on the species, the stimulus parameters, and g4 pPOAEs actually comprise a mixture of backward-

state of the cochlea. For example, although presumably arigz, eling waves that arise by two fundamentally different
ing largely by coherent reflection, echo emissions measuretq]

provide elegant experimental corroboration of these ideas.
The relative mix of the two OAE *“building blocks”

easured in the ear canal presumably depends on stimulus

arameters such as frequency and level. For example, Fig. 12

Yates, 1998
The OAE taxonomy thus provides a mechanism-baseﬂ1
alternative to the conventional classification scheme, Whic%

cllgs_t5|f[|hes eT'SS'O_?TEgaASEd psrggﬁgny on(;heDsgrR)l'lelTuhsed t redicts that variations in the DPOAE mix should occur as a
elet efm z'g‘t’_ q Z torti S, an onEsine th consequence of any change in the relative amplitudes of the
g]all)r(”(]:gnZI rereiTJSQ; irr]\ ﬁ';e%r 'C%r;;zgugcnzsgzséoeﬁégn t(:]neet forward- and backward-traveling distortion-source waves
WO schemF;At low Ieve)lls however gcho emissiofise emanating fromD. Mechanisms that may produce such
TEOAEs and SFOABsarise predominantly through linear changes include syppressmn by t'he pnma(eg., K‘?‘T"S

. . nd de Boer, 1997; Shera and Guinan, 1990nlinearities
coherent reflection. And under circumstances when coherer?t

reflection from thef 4, place can be neglected, DPOAEs ariseIn the effective forward and reverse "load impedances

. X . ! Shera and Zweig, 1991, 1992; Fahey and Allen, }98id
predominantly from distortion-source waves due to nonlineal . ) X
: : ) . — hase-dependent interference between distortion-source
distortion. Thus, in these special cases, the division o

evoked emission into “echo emissions” and “distortion wavelets within the DP source regide.g., van Hengel,

products”—a division made at the beginning of this paperlg%; Neely and Stover, 1997; Kemp and Knight, 1999

. . Variations in the relative mix would also be expected as a
based on the relative spectral content of the stimulus and threesult of any mechanisrte.q., suppressiorthat affects the
emission—corresponds to a fundamental difference in gen- y -g., Supp

eration mechanism as wéfl. As commonly measured, how- cochlear am_p_lmer in the region betweem_and R and .
ever, evoked OAEs typically represent mixtures of the dif_thereby modifies the strength of the reflection-source emis-

ferent emission types. We therefore find the conventionals'gégb_thKat scattetr Falcggg_oHrR .t(e.g., Tejnplgznd Brown,
stimulus-based emission homenclature more confusing tha:h ; rummeret al, » nelmanret al, . .8' .
Several studies can be interpreted in this light as provid-

helpful for understanding the origin and properties of OAESs.
P g g prop ing evidence for stimulus-dependent mixing. For example,

_ ) _ the data of Fahey and Allefl997 in cat suggest that the

C. An example of reflection- and distortion-source relative amplitude of the distortion- and reflection-source
mixing components varies with the primary level ratib,/L;.

Our taxonomy and its identification of the fundamental Similarly, Kemp’s(1986 measurements in human ears sug-
OAE *“building blocks” provides a framework that simpli- gest a dependence on the rafip/f,. At values off,/f,
fies the often bewildering complexity of OAE phenomenol- relatively close to onef(/f;=<1.1), the frequency depen-
ogy. The phenomenon of DPOAE fine structure, for ex-dence of the 2,—f, DPOAE shows regular variations
ample, can be understood in terms of the mixing of the twanulls) in amplitude and a more rapidly rotating phase dis-
OAE “building blocks.” As originally suggested by Kim tinctly different from the nearly constant amplitude and
(1980, much of DPOAE fine structure apparently arisesphase obtained at larger valuesfgfif, (cf. Fig. 9. These
through the interference of two distinct sources located nedeatures appear consistent with the view that the measured
the f, and fy, places(e.g., Kim, 1980; Kemp and Brown, DPOAE arises from a variablé,/f,-dependent mix of
1983b; Shera and Zweig, 1992lthough the “two-source”  waves from two distinct sources, and, furthermore, that these
model for DPOAEs now appears well establish@dg., two sources—in accordance with their respective identities
Gaskill and Brown, 1990; Browet al, 1996; Engdahl and as sources of nonlinear distortion and coherent reflection—
Kemp, 1996; Brown and Beveridge, 1997; Talmadgel., produce emissions with very different frequency dependence
1997, 1998b; Heitmanat al, 1997, 1998; Fahey and Allen, in their phase. Applying the reasoning of Sec. Il B to emis-
1997; Siegelet al,, 1998, our taxonomy goes further and sions evoked by any frequency-scaled stimules., fixed
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f,/f1), we hypothesize that(l) a nearly frequency- for their differential responses arise. For example, the experi-
independent phase implies that the OAE arises mainly bynents of Martinet al. (1988 suggest that aspirin may some-
nonlinear distortion, whered®) a rapidly rotating phase im- how reduce the gain of the cochlear amplifier while preserv-
plies that the OAE arises mainly by coherent reflection.  ing the nonlinearities responsible for generating distortion
emissions. Although a reduction in the gain of the cochlear
D. The taxonomy resolves OAE “paradoxes” amplifier would be expected to have a dramatic effect on
eflection emissions—which arise from scattering near the
eak of the traveling wave, where the gain is presumably
argest—the effect on distortion-source emissions could be
significantly less. To see this, note that suppression studies
indicate that distortion-source waves appear to be generated
(i)  whereas primates tend to have large SFOAEs angredominantly in the region of maximum overlap between
TEOAEs, many SOAEs, and small DPOAEs, rabbitsthe primaries near the peak of tlig traveling wave(e.g.,
and guinea pigs have the relative amplitudes and/oBrown and Kemp, 1984; Kummaegt al, 1995. The region
prevalence of these emissions reversed)., Zurek, of nonlinear distortionD in Fig. 12 is therefore often sig-
1985; Whiteheadbt al., 1996q; and nificantly basal to the 4, place (nearR). For example, the
(i) ~ whereas SFOAEs and SOAEs are abolished by aspirigeneration of cubic distortion products at the frequehgy
administration, DPOAEs can remain almost un-=2f,—f, at a primary-frequency ratio of,/f;~1.25 oc-
changede.g., Martinet al, 1988; Wieret al, 1988.  curs at the frequency ratiéy,/f,~0.6, corresponding to
In the common view these observations are largely unintelfonghly three-quarters of an octave. At th_e_ low "’?”‘?' m‘?d“_"_“
Pund—pressure levels for which the amplifier gain is signifi-

ligible and, indeed, are often presented as paradoxes. For ¢ this f i ds to a dist f th
all emissions shared a common origin in cochlear nonlinears@nt Nis frequency ratio corresponds to a distance from the

ity, their relative amplitudes would be expected to vary to—fdp pIac¢4el larger than_ the_ width of t.he traveling-wave
gether, both between species and in response to aspirin Spvelope. Thus, the distortion source lies basal _to the re-
other ototoxic drugs® Our taxonomy resolves these “para- gion of maximal gain for thé, traveling vv'ave(s.ee F'.g' 17
doxes” by recognizing fundamental differences in theand’ consequently, the. backward-traygllng d|stort|0n-source
mechanisms of OAE generation. As shown below, when gif\vave experiences relatively little amplification as it travels to

ferences in their mechanisms of generation are taken intH]e stapes. The resulting DPOAE would thus appear rela-

account, the observation that the different emission types ca&vily t|_nsen5|t(|jve ttcf) the gaé% of the cochlear amplifier at the
be “decoupled,” both between species and by certain ex- Istortion-product frequency. . .
Note, however, that the analysis is complicated by pos-

perimental manipulations and/or pathologies, is no longer . S . - .
surprising(indeed, it is predicted sible mixing of the emission types, specifically by contribu-

tions to the measured DPOAE from reflection-source emis-

First, consider species differences in OAE amplitude”. ttered back f ¢ | Although -
and prevalence. Whereas distortion-source emissions depeﬁﬁmS scattered back from g, place. ough aspirin

on the form and magnitude of cochlear nonlinearities., may have little effect on the distortion sour@®), the argu-
on the effective “operating point’ along hair-cell ment outlined above predicts a decrease in the magnitude of

displacement-voltage transduction functipngeflection- &Y concomitant reflection-source emissigdse to reduc-

source emissions depend strongly on the size and spatial djons in thefq, amplifier gain neaR) and thus significant

rangement of micromechanical impedance perturbation%hanges in the resulting distortion-product microst_ructure.
(e.g., on variations in hair-cell number and geomgethy the nforttunatelyt, the melas;J_remefnttﬁl repor(;g(:lét%yNMaantr:I.
light of these different dependencies, species differences b 0 not permit an evajuation of this prediciohiveverthe-
tween the two emission types no longer appear mysteriou ess, the general idea that reflection-source emissions may be

They simply reflect differences across species in the respeg-]Ore gensmve to chaqges in th, ampllﬁ_er gain 1s consis-
tive factors underlying emission generation. Indeed, thdent with the observation that the emission component from

theory of coherent reflection filtering provides an interestingthe fap place (i.e., the coherent reflectidnis differentially

hypothesis to explain the striking species differences irldiminished by presumed reductions in the amplifier gain due
reflection-emission amplitud€Zweig and Shera, 1995The to efferent_ feedback evoked by contralateral naBeown
model predicts that disorderly patterns of impedance perturf-ind Beveridge, 1997
bations produce large reflections whereas orderly patter
produce only small reflectioriS. Correspondingly, in con-
trast to the cellular disorder characteristic of the primate or-  As a consequence of their different origins, reflection-
gan of Corti, anatomical regularity constitutes an “impres-and distortion-source emissions presumably manifest differ-
sive feature” of the rodent cochlege.g., Wright, 1984 ent dependencies on cochlear pathologies. However, the
Thus, the theory of coherent reflection filtering accountsmixing of the two emission types confounds an understand-
naturally for the relative amplitudes of reflection emissionsing of their individual characteristics and clouds the assess-
in humans(large and guinea pigsmal).*° ment of their different utilities as clinical diagnostic and
Next, consider the effects of aspirin on OAEs. Oncescreening aids. As a result, it is of considerable theoretical
reflection- and distortion-source emissions are understood asd practical interest to isolate and characterize the proper-
separate emission types, a number of possible explanatioties of each emission typ@nd related subtypgseparately,

The taxonomy provides a conceptual framework that
helps resolve issues that appear paradoxical if all emissio
are regarded as sharing a common origin in nonlinear disto
tion. For example, consider the observations that

né Implications of the taxonomy for the use of OAEs
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to understand the factors that control their mixing, and tohardware was computer controlled using a custom data-
determine their individual correlations with cochlear pathol-acquisition system implemented in LabVIEW and supple-
ogy. mented with hand-coded time-domain artifact-rejection and
Although some degree of mixing among the OAE synchronous-averaging routines. Acoustic signals were
“building blocks” may prove unavoidable, several existing transduced at sampling rates of 59.94 kHz using a calibrated
measurement techniques hold promise for at least partialliztymotic Research ER-10c DPOAE probe system supple-
separating the two types of emissions. For examplemented with an ER-3A earphone whose sound-delivery tube
reflection-source emissions can be studied at low sound lewas threaded through the ER-10c foam ear-tip. Measurement
els using methods that do not cancel the low-level lineafrequency resolution was always sufficient to resolve ambi-
components of the responge.g., Kemp and Chum, 1980; guities due to phase unwrapping. Control experiments in a
Shera and Zweig, 19938aAnd in DPOAE measurements, the small cavity indicated that the measurement-system distor-
confounding contributions of reflection-source emissions carion was at or below the noise flo¢ypically less than—25
be substantially reduced by using a third primary tone withdB SPL). Treatment of human subjects was in accordance
frequency nearfy, to suppress amplification of the with protocols approved by the Human-Studies Committee at
reflection-source emissions that scatter back from this locathe Massachusetts Eye and Ear Infirmary.
tion (e.g., Kemp and Brown, 1983b; Heitmaghal, 1998. Measurement of DPOAES 0 reduce reflection-source
Alternatively, the reflection- and distortion-source compo-contributions to the measured emissisee Sec. IV
nents of DPOAEs may be separable based on onset latendyPOAEs were measured in the presence of a suppressor tone
either in the time(e.g., Whiteheackt al,, 1996b; Talmadge with frequency near 2, —f, (e.g., Kemp and Brown, 1983b;
et al, 1998h or the frequency domaife.g., Brownet al, Heitmannet al,, 1998. Although the suppressor tone sub-
1996. Note that extracting or suppressing individual compo-stantially reduced the DPOAE fine structure, it had little ef-
nents of an evoked emission may be more difficult—andfect on the more secular variation of the phase of primary
problems of interpretation correspondingly greater—wherinterest in the context of this paper.
the respective regions of wave generatjerg., the regions At each measurement frequency the acoustic stimulus
of nonlinear distortioD) and coherent reflectiofiR) in Fig. had the form
12] overlap extensively within the cochlea. For DPOAEs,
significant overlap can be expected when using primary- stimulus=(XX...X),
frequency ratios close to one. —
. . . . #=M
Our taxonomy predicts that reflection- and distortion-

source emissions—when properly separated and StUdiedWhereX represents a periodic 4096-sampie58.33 m3 seg-
will manifest considerable differences in their correlations

ment containing an integral number of periods of the stimu-
2 : fus waveform. The waveform consisted of three frequency
of both types .Of. evoked emissions W'". _p_resumably becomponents: a component at each of the two primary fre-
”ee,ded tp maximize the power and .speC|f|C|ty of OAEs a%quenciesf1 andf,, and a third component at the suppressor
noninvasive probes of cochlear function. frequency,f, near ¥,—f,. The phase of each component
was adjusted to produce an upwards zero-crosssige-
ACKNOWLEDGMENTS phase at the beginning of eacX segment. The respective
We gratefully acknowledge many stimulating discus-Stimulus levels{L,,L,,L¢ were {50,40,5% dB SPL. To
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supported by NIDCD/NIH Grant Nos. DC00108, DC03494, Suppressor frequency was also swept, with=2f,—f;
DC00119, and DC00235. +Afg and Afg=43.9Hz** The periodic segmentX were

presented repeatedly until a total bf=32 corresponding
artifact-free respons&swere collected; at each frequency
the total stimulus duration was therefore32x68.33 ms
This appendix outlines the methods used to obtain the=2.2 s. To reduce unwanted transients the waveform was
distortion-product and stimulus-frequency emission dataamped on and off by pre- and postpending two additional
shown in Fig. 9. All measurements were performed withsegmentgindicated by the angled bracketand)) with en-
subjects comfortably reclined in a sound-proofed, vibrationvelopes of half Blackman windows with 2.5-ms rise and fall
isolated chamber(Ver etal, 1975, well shielded from times. After digitizing the resulting ear-canal pressure, re-
sources of electrical interferend&olka, 1994. Stimulus  sponses to the segmerXsvere averaged and the amplitude
waveforms were generated and responses acquired and avand phase of thef — f, distortion component extracted us-
aged digitally using a Spectrum Signal Processing PC/C3ing Fourier analysis.
DSP board with two Burr-Brown analog daughter modules  Measurement of SFOAEStimulus-frequency emissions
providing eight channels of synchronized analog 1/0. Thewere measured using a variant of the suppression method

(A1)

APPENDIX: MEASUREMENT METHODS
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(e.g., Guinan, 1990; Kempt al, 1990; Brass and Kemp, where the complex exponential compensates for the phase
1991, 1993; Souter, 1995In this method, the emission is shift in the probe due to the time intervdl NAT, between
obtained as the compler vectoy difference between the the probe-alone and probsuppressor segments. Herel
ear-canal pressure at the probe frequency measured first withthe sampling intervalkreciprocal of the sampling rateand
the probe tone alone and then in the presence of a strongAm represents the total number of these intervals that sepa-

suppressor tone at a nearby frequency. rate the two segments:
At each measurement frequency the acoustic stimulus
had the form AN=# samplegI1,I157,75) =25X4096=10240. (A5)
stimulus=(XX...X) (A2) Note that when_ the two segments are separated by an integral
\ ) number of periods of the probe waveform, the phase shift
#=M modulo 27 is zero.

Lo Due to the long averaging time and high-frequency reso-
where X represents a periodi5x4096-sample(~341.66 | tion (the probe frequency was typically decremented in

ms) segment consisting of two components: steps of approximately 15 BizFig. 9 shows data obtained
over several measurement sessions. Unwrapped phase curves

- (A3) from the different sessions were patched together by shifting

0,0,05(4052627)g (Suppressor earphone them vertically by integer multiples of 2 to obtain a
(nearly continuous curve. As a consequence of variations in

Each component consisted of four loagppercaseand four  system calibration, small discontinuities are sometimes vis-

short (lowercase and angled brackeistervals. The long ible in both amplitude and phase at the “seams” near ses-

intervals were each 4096 samples68.33 m$ in duration  sjon boundaries.

and contained an integral number of periods of the probe

(IL;), suppressorY;), and zero Q;) waveforms, respec- 1n the common view, stimulus-frequency emissié85OAES are regarded

tively. The short intervals were one-fourth the duration of the as “zeroth-order” distortion-productéDPOAES produced by the degen-

long intervals(i.e., 1024-samples 6¢17.08 mg and did not, ~ erate primary stimulus paif,=f (€.g., Brass and Kemp, 1993; Kemp,

in general, contain an integral number of periods of the cor—ézfs%esg\t/:,zz'(lgge' for example, argues this point from an operational

responding waveform. The Short intervais, T and o, “The nonlinear growth of ear canal sound pressure with stimulus level is
allowed for response settling time and contained segments of easily explained by a nonlinear input admittance to the ear canal, due to

the probe, suppressor, and zero WaveformS, respective'y. The the nonlinear input admittance of the cochlea. Because the sound level in

. the ear canal doesot scale proportionately with the stimulus level, the
short Intervals{<4’>8} were used to ramp the suppressor tone sound level predicted at low stimulus levels on the basis of linear ex-

{on,off} using theffirst,seconyl half of the Blackman win- trapolation from high stimulus levels does not agree with that actually
dow. The two components of were synchronized and pre-  measured. The difference between the expected and measured acoustic

sented simultaneously through separate earphones. Note thatvaveforms is often attributed to the presence of a ‘stimulus frequency

whereas the probe tone plaved continuously during the mea- OAE,” when it is just as easily explained by a nonlinear cochlear input
p play y 9 admittance and an error of extrapolation. The measurement of SFOAEs

surement, the suppressor tone cycled on and off repeatedly can be viewed as an analysis of the first harmonic of the nonlinear input
due to alternation of the zero and suppressor waveforms. The admittance[...] Just as the SFOAEs represent the nonlinear growth of
probe and suppressor |eVQ|Sp,LS} Were{40,55} dB SPL. the first harmonic of the cochlear input admittance, the DPOAESs can be

viewed as two-tone interactions due to the nonlinearity of the cochlear
Measurements were made versus probe frequency by ot agmittance.”

sweeping both probe and suppressor from high frequenci€8ve use the qualifier “pure” here because distortion products measured in
to low, with f,= fp+ Afg and Af,=43.9Hz. The periodic the ear canal are oftemixturesof emissions generated by both distortion-

segmentsX were played repeatedly until a total & =64 and reflection-source mechanisms. We elaborate on this point in Sec. IV
elow.

corresponding artifaCt'f_ree responsgs were collected; at eae preliminary account of this work has been presented elsewt&hera
frequency the total stimulus duration was therefcré4 and Guinan, 1998
%X 341.66 ms=22 s. To reduce unwanted transients the probé‘ln this paper, we focus on acoustically evoked otoacoustic emissions; emis-

waveform was ramped on and off by pre- and postpendinngnnssidi\;zléed by direct electrical stimulation of the organ of Corti are not

two ad.ditional segmgntﬁndicated by the angled braCk.etS 5In a normal ear, the threshold hearing curve often manifests corresponding
(and) in Eq. (A2)] with envelopes of half Blackman win- peaks and valleyé.g., Elliot, 1958; Thomas, 1975; Long, 1984t levels
dows with 2.5-ms rise and fall times. After digitizing the near threshold, a swept tone of constant driver level moves alternately into

. . ) nd out of perceptiofe.g., Kemp, 1979b; Cohen, 1982
resulting ear-canal pressure, responses to all probe-alone seﬁ:e symbol ‘=" denotes equivalence—it means that the quantity on the

ments(i.e., all segment$l, andIl3) were averaged to form et (in this case, the cochlear reflectanizdefined by the quantity on the
Yp; similarly, the responses to all probsuppressor seg- right (here, the complex ratio of forward- and backward-traveling pressure

ments(i.e., all segment$l andIl;) were averaged to form _Waves at the stapes

Y From these averaaed response waveforms. the co 7@Ithough we later conclude that the terminology is physically appropriate,
p+s: verag P wav ! Mihe term “reflectance” should not be understood to imply any tacit assump-

plex amplitudes of thé, components of the ear-canal pres- tion of a particular emission mechanism.
sure, denotede(fp) and Pp+s(fp), were extracted using 8Equation (2) neglects terms proportional t8?,R,... that arise due to
Fourler analys|s The Complex quant'WPSFOAE(fp) was multlple internal reflection within the COChIéBEe Shera and ZWelg, 1993a;
then defined as 9Zwe_lg and Shera, 1995_See also Fig. 12 of this paper. _

A wider range of emission data from humat&hera and Zweig, 1993a
) shows that there exist extended frequency regions well characterized by
APspoad fp)=Py(fp) — Pp+s(fp)e_2”'ANATfp, (A4) statementg3) punctuated by short “anomalous regions™ in which the re-

mll I3 amsllgll;rg  (probe earphone

794  J. Acoust. Soc. Am., Vol. 105, No. 2, Pt. 1, February 1999 C. A. Shera and J. J. Guinan, Jr.: A taxonomy for OAEs 794



flectance varies more rapidlgee also Fig. 9 and footnote )29 ity, that the stimulus amplitude is held constant during the measurement
%0ver a wider frequency rang® varies roughly as (e.g., as it was during the frequency sweeps shown in Big. 1

180f course, the demon must also determine, from his measurements of
) ) ) basilar-membrane displacement, hberd he must push in order to gen-
where f, is the maximum frequency of hearing. Except near “anoma- arate an emission with the correct relative amplit e,

lous regions” (see footnote B both the complex amplitud®, and the  19pegpite an aptitude for pushing and pulling, the demon is no omniscient or

ReRye 27N I1/fmas)

dimensionless parameté generally vary slowly with frequencyShera omnipotent being. Rather, the demon is but a stand-in for unspecified
and Zweig, 1993n By expandingZ R in a power series about an arbitrary  biophysical mechanisms and, consequently, must make do with the tools
reference frequency one can show that the effective “delayappearing he finds at hand.

in Eq. (4) varies inversely with frequency a$f)=N/f. The parameteN Every transverse section of the cochlear partition may exhibit, in addition

thus represents the delay measured in units of the stimulus period. to the macromechanical oscillator tunedft@, various micromechanical

YFor simplicity, we have ignored dispersive effects due to sound transmis- oscillators, modes of vibration, or other processes with different resonant
sion through the middle ear. The echo described here is that which would frequencies and/or characteristic time scalegy., tectorial-membrane

be measured at the basal end of the cochlea near the stapest the resonances, membrane time constants, efferent feedback signalsietc.
point where the reflectand® is defined. each location, the cochlear partition may therefore contain not one but
Ane wish to compare the observed changeAifiynag With the value multiple “clocks;” and these multiple clocks could, in principle, be ar-
predicted using the assumption thatR~2A 6;,.ag- [The factor of 2 ranged to enable the demon to detect changes in the stimulus frequency.
arises from round-trip travel; see E€f).] The changeA{ZRY}, in the However, so long as the emission process does not depend sensitively on

phase ofR over the frequency intervahf, between the characteristic the re]ative vaIue; of the_se additional resonant frequerﬁeig;, because
frequencies of the two measurement points can be estimated as follows.the micromechanical oscillators have nearly the same spatial depe_ndence
Since Z R rotates through 2 radians over the intervahfoe between asfe(x) (e.g., Allen and Fahey, 199&nd/or because the relevant time

spectral maxima, the intervalf between the characteristic frequencies scales are either much larger or much smaller thag|1then each loca-

of the two measurement points corresponds to a phase shift of roughly tlpn alpng the cochlear partition can effectively be regarded as having a
single independent clock. At low and moderate sound levels, this assump-

A{£R=~2mAf/Afope- tion is supported both by the existence of scaling symmetry and, most
Unfortunately, the frequency spacinif ooz between emission spectral ~ compellingly, by the measurements of emission phase presented in Sec.
maxima has not been measured in the squirrel monkey. However, mea-Il C. These measurements suggest that even if additional clocks exist, the
surements of SFOAEs at frequencies of 1-2 kHz in the rhesus monkey demon (i.e., the source of nonlinear distortionloes not consult them
(Lonsbury-Martin et al, 1988 indicate thatAfOAE/fmﬁ—compared while generating distorti_on-product emissions. ) )
with roughly 115 at similar frequencies in humanShera and Zweig, 2lwith no loss of generality we can take the proportionality constant to be

19933—suggesting that species differences may be small among pri-zzu”ity- ) )
mates. Using the human value yields More precisely, the demon cannot generate backward-traveling waves
with a phase shift that dependsproducibly on frequency. The demon
AMLR~2m15A f o /f o~ 6, N could, however, generate a stochastic frequency dependence by pushing
where the ratioA f i/ ~|f(X1) = f (%) |/ VEci(X1) ft(X2) =~ 5 has been and pulling on the basilar membrane at random. Such a strategy would, of
estimated from the data in Fig. 5. Under the assumption th& course, be at odds with the repeatability of the emission measurements.
~2A Bigar the predicted change it B IS SA{ZR} (i.e., approxi-  In the nonlinear-distortion model, stimulus-frequency emissions simply

mately 3r, as shown by the scale bar in Fig. Blote that human emission 24correspond to .the I|m|t|-ng casy /f,=1. ) )
measurements suggest that the ratfp,.=/f decreases at higher frequen- ~ A constant ratiof,/f, fixes not only the spatial separation between the
cies (Zweig and Shera, 19950ur calculation based on the value of envelopes of the primary traveling waves, but also the distances between

Afope!f near 1 kHz may therefore underestimate the valuafof R} at all resulting distortion-product waves whose frequencies fall in the expo-

6 kHz nential portion of the cochlear maproof. If a=f,/f;=constant, then
Alternatively, the value of\{Z R} can be estimated directly from the fap/f2=(nf;—mf;)/f,=n/a—m=constant,

data in Fig. 5 using the theory of coherent reflection filtefisee Sec. 1)), for all values ofn andm.

which predicts the relatiom\ foag/f~1/2f 7y, Where 7y, is the ZFor simplicity, we have assumed here that the demon is able to separate

transfer-function group delay measured at the characteristic frequencythe complex temporal waveform of basilar-membrane vibration into its

(Zweig and Shera, 1995Calculating the slope of the transfer-function = component frequencies. To the demon sitting atfthplace, the two-tone

phase from the data in Fig. 5 yields the vaIAléOAE/f~%, an estimate complex might look like a sinusoid of frequenéy(lJrfl/fz), amplitude

that implies a value oA{~ R} roughly half that obtained above. Because modulated at the frequené(l— f1/f,), where frequencies are measured

the transfer-function phase varies more rapidly when the amplitude re- in the demon’s local unit§.e., in units off,).

sponse is sharper, the estimatesrgf,, and A{Z R} obtained here from  26\jeasurement methods are detailed in the Appendix.

Fig. 5 presumably underestimate the values characteristic of healthy prep&’The near constancy of “frequency-scaled” DPOAE phase differs from the

rations at low sound levekef. Zweig and Shera, 1995 more rapid phase rotation obtained when DPOAESs are measured using a

The obvious uncertainty in these various estimates notwithstanding, stimulus paradignie.g., fixedf,, fixed f,, or fixed 2f;—f,) for which

the value ofA{£R} consistently appears many times greater than the the cochlear wave pattern is not simply translated along the cochlear par-

observed change it fnarg- tition (e.g., Kimberleyet al, 1993; O Mahoney and Kemp, 1995The
3Direct determination of phase shifts due to reverse propagation may now strong dependence of the observed phase gradient on the measurement

be possible using careful measurements of OAEs evoked by focal electri- paradigm argues against any naive equivalence between DPOAE phase

cal stimulation of the cochlear partitiofe.g., Nakajimaet al, 1994, gradients and “wave travel times” within the cochlea.
1999. 2The slow variation in DPOAE phase apparent in the data at frequencies
For nice reviews, see the series by de BA&80, 1984, 1991 less than roughly 3 kHz may reflect a gradual breaking of scaling symme-

Even if A Oronyarg ANA A breyerse@re ot numerically equal, the constancy of  try in the apical turns of the cochlea. Deviations from scaling at similar
A Broung.tip TOllows S0 ong asA feyersCONStant, as expected in an ap- frequencies are apparent in the shapes of cat auditory-nerve tuning curves
proximately scaling-symmetric cochlea. zg(e-g-, Kiang and Moxon, 1980; Liberman, 1978

160ur thought experiment alludes, of course, to “Maxwell’s demde’g., Although we focus here on SFOAE phase, a few remarks about SFOAE
Maxwell, 1871; Leff and Rex, 1990a “very observant and neat-fingered amplitude may be helpful. In particular, we emphasize that the irregular
being” invented by Maxwell to illustrate the statistical character of the Vvariations in SFOAE amplituddAPsroad, apparent in the top panel of
second law of thermodynamics. Compared to Maxwell’s demon, our de- Fig. 9 should not be confused with the quasi-periodic oscillations in ear-
mon is rather myopic, but is capable of doing work. canal pressure amplitudé?.J, seen in Figs. 1 and 2. Whereas oscillations

"The demon’s phase formula may depend not only on the frequency of in |Ped arise due to acoustic interference between stimulus and emission
basilar-membrane vibration, but also on its local amplitude. We focus caused by the quasi-periodic cycling of SFOAE phése equivalently,
here, however, on changes in stimulus frequency and assume, for simplic-the locally linear variation ofZR) with frequency, the variations in
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|APgeoad result from changes in SFOAE amplituder, equivalently, rates at high sound levels, these effects are likely to be small at the sound
changes ifR|). Frequency intervals whet&| changes rapidly are known 43|6V6|S used by Martiret al. (i.e., 80 dB SPL.

as “anomalous regions(Shera and Zweig, 1993a; see also footngte 9 N addition, the high primary sound levels they employed may well have
The theory of coherent reflection filtering accounts for the origin and prop- SUPPressed the gain of ttig, amplifier, reducing the reflection component

erties of these irregular variations|iR| with frequency(Zweig and Shera, even in the absence of aspirin ototoxicity. -
1995. 4To preserve the frequency scaling of the stimulus waveform, the suppres-

30The analysis here can be “inverted” by asking “What constraint does the sor frequencyfs should, ideally, be swept while maintaining a fixed fre-

striking frequency independence of fixéglif, DPOAE phase place on ~ duency ratiofs/f, rather than the constant frequency differeddg=f,
cochlear mechanics?” That constraint might reasonably be expected to ~ 'ap USed here. However, the frequency-quantization constraints imposed
take the form of a symmetry principle enforcing the empirical relation by our use of digital stimulus generathn and time-domain averaging pre-
£LPg~constant. The arguments presented here identify the underlying cluded our use of a constaht/f, pargdlgm. Nonetheless, CO_”_”°| experi-
symmetry principle as local scaling symmetry. ments suggest that the phageAPy, is not especially sensitive to the
31Bragy’s law—formulated by English physicists W. H. Bragg and his son, precise value of ;. Similar remarks apply to the measurement of SFOAEs
W. L. Bragg—states that when monochromatic x rays are incident upon a discussed below. _
crystal, diffracted beams of maximal intensity occur when the x rays that The time-domain responsés, and Y., to stimulus segmentX,, and
scatter back from different atomic layers within the crystal combine in X,+1 Were judged to contain an artifact if
phase with one another. ma)dYn-ﬁ—l[i]_Yn[i]|>Yrejecti0nv
2t may be worth remarking that the principal and eponymous conclusion of i
this paper—namely, that mammalian OAEs arise by two fundamentally \here Y[i] represents théth sample ofY, and Y ejecion iS the rejection
different mechanisms—while certainly consistent with the theory of co- threshold(set on a per subject and per session bagihen an artifact was
herent reﬂect?on filtering, is by no means logically dependent upon it. S0 detected, both responses were discarded and naftheor Y, , added to
far as the logic of the present paper is concerned, the existence of a plaue fina| average. We adopted this artifact-rejection scheme primarily be-
sible candidate theory for the origin of reflection-source emissions is N0 5,se of the ease with which it could be implemented in real fiche

more than a happy coincidence. Keefe and Ling, 1998
%3These observations are not conclusive of linearity both because the mea-

surements have only limited precision and becagéocnonlinear sys-
tems can always be constructed that will mimic the response of a linear

34system to a finite collection of test signals. ] Allen, J. B., and Fahey, P. F1993. “A second cochlear-frequency map
Just as with stimulus-frequency emissions, the forward-traveling wave that correlates distortion product and neural tuning measurements,” J.
scatters off perturbations in the mechanics of the cochlear partition located Acoust. Soc. Am94, 809—816.
near the peak of the wave envelope. The backward-traveling wave reflecigjien, J. B., and Lonsbury-Martin, B. L(1993. “Otoacoustic emissions,”
from the impedance mismatch at the stag8kera and Zweig, 1991, J. Acoust. Soc. Am93, 568—5609.
1992. Allen, J. B., and Neely, S. T(1992. “Micromechanical models of the
%The extent to which these two components reflect actual distortion-source cochlea,” Phys. Todags, 40—47.
subtypes—as opposed to uncontrolled-for, level-dependent mixing oBrass, D., and Kemp, D. T1991). “Time-domain observation of otoacous-
reflection- and distortion-source emissiofsee Sec. IV C and Fig. 12 tic emissions during constant tone stimulation,” J. Acoust. Soc. 8@.

below—remains an important open question. 2415-2427.
36Two distortion components with differential sensitivity to acoustic trauma Brass, D., and Kemp, D. T(1993. “Suppression of stimulus frequency
have also been identified in the alligator lizdflosowskiet al., 1984. otoacoustic emissions,” J. Acoust. Soc. A&8, 920-939.

3™To clarify the distinction we maintain between “echo” and “reflection- Bredberg, G.(1968. “Cellular patterns and nerve supply of the human
source” emissions: As defined in Sec. |, the term “echo emissions” is organ of Corti,” Acta Oto-Laryngol. SuppR36, 1-135.
simply a convenient shorthand for stimulus-frequency and transientlyBrillouin, L. (1946. Wave Propagation in Periodic Structur¢slcGraw—
evoked emissions; as defined by the taxonomy in Sec. IV A, the term Hill, New York).
“reflection-source emissions” refers to OAEs that arise by linear reflec-Brown, A. M., and Beveridge, H. A1997. “Two components of acoustic
tion. At low levels, echo emissions are examples of reflection-source emis- distortion: Differential effects of contralateral sound and aspirin,’Din
sions. versity in Auditory Mechani¢sedited by E. R. Lewis, G. R. Long, R. F.
%8ndeed, based on their observations Maeinal. (1988 suggested that ~ Lyon, P. M. Narins, C. R. Steele, and E. L. Hecht-Poifiéorld Scien-
SFOAESs and DPOAEs may arise by different mechanisms, a suggestion tific: Singaporg, pp. 219-225. o
fleshed out by the taxonomy presented here. Brown, A. M., and Kemp, D. T(1984. “Suppressibility of the Z,—f,

*0rderly patterns of impedance perturbations typically do not contain sig- Stimulated acoustic emission in gerbil and man,” Hearing R8529-37.

nificant components at the spatial frequencies for which scattering is coBOWN, A- M., Harris, F. P., and Beveridge, H. £1996. “Two sources of

herent(Zweig and Shera, 1995 acoustic distortion products from the human cochlea,” J. Acoust. Soc.

40Concomitant with the small amplitudes of rabbit and rodent reflection- Am. 100, 3260-3267. . . . .
source emissions is the absence of pronounced DPOAE fine—structu%rowne.“’ W. E. (1990'. Outer hair cell electromotility and otoacoustic
(e.g., Whiteheactt al, 1992a; Whitehead, 1998Both observations can emissions, " Ear He;armgl,_ 82-92. . .

be understood—with reference to Fig. 12—as a consequence of the rela(L:-Ohen’ M. F '(1982.' Detection threshold microstructure and its effect on
tively small amplitude of the reflection-source emissiBy scattered back temporal mtegratlorl dat‘f’" J- ACOL_’SL Soc. Am 40.5_.409' . .
from the f, place de Boer, E.(1980. “Auditory physics. Physical principles in hearing

dp ’ theory. I,” Phys. Rep62, 88-174.

M . . ) ,

At low sound-pressure Ievz_als, the Wldth of the traveling-wave envelopede Boer, E.(1983. “Wave reflection in passive and active cochlea mod-
can be approximated by using local scaling symmetry to convert the band- els,” in Mechanics of Hearingedited by E. de Boer and M. A. Viergever
width of the basilar-membrane transfer functi@n neural tuning curveto (Martinus Nijhoff, The Hagug pp. 135—142.

a spatial distance using the cochlear niep., Liberman, 1982; Green- ge Boer, E.(1984. “Auditory physics. Physical principles in hearing
wood, 1999. For comparison with the ratiby,/f,~0.6 calculated in the theory. 11,” Phys. Rep105, 142—226.

text, the upper-frequend®; qge-point on thef, transfer function occurs at  de Boer, E.(199). “Auditory physics. Physical principles in hearing

the frequency theory. lll,” Phys. Rep203 125-231.
fo,=fap(1+1/2Q10). EIIli(c));GE. (1958. “A ripple effect in the audiogram,” Naturé_ondon) 181,

For a realisticQy, of order 10, this yields a frequency ratio &f,/fq, Engdahl, B., and Kemp, D. T1996. “The effect of noise exposure on the

~0.95, corresponding to a distance along the cochlear partition spanning details of distortion product otoacoustic emissions in humans,” J. Acoust.
less than a semitone in characteristic frequency. Soc. Am.99, 1573-1587.

“20f course, distortion amplitudes also depend on amplifier gains at thé&ngstran, H., Ades, H. W., and Andersson, £.966. Structural Pattern of
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