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This paper tests and applies a key prediction of the theory of coherent reflection filtering for
the generation of reflection-source otoacoustic emissions. The theory predicts that reflection-
source-emission group delay is determined by the group delay of the basilar-meniBiine
transfer function at its peak. This prediction is tested over a seven-octave frequency range in cats
and guinea pigs using measurements of stimulus-frequency-emi6SEDAE group delay. A
comparison with group delays calculated from published measurements of BM mechanical transfer
functions supports the theory at the basal end of the cochlea. A comparison across the whole
frequency range based on variations in the sharpness of neural tuning with characteristic frequency
(CP) suggests that the predicted relation holds in the basal-most 60% of the cochlea. At the apical
end of the cochlea, however, the measurements disagree with neural and mechanical group delays.
This disagreement suggests that there are important differences in cochlear mechanics and/or
mechanisms of emission generation between the base and apex of the cochlea. Measurements in
humans over a four-octave range indicate that human SFOAE group delays are roughly a factor of
3 longer than their counterparts in cat and guinea pig but manifest similar trends across CF. The
measurements thus reveal global deviations from scaling whose form appears quantitatively similar
in all three species. Interpreted using the theory of coherent reflection filtering, the group delay
measurements indicate that the wavelength at the peak of the traveling wave decreases with
increasing CF at a rate of roughly 25% per octave in the base of the cochlea. The measurements and
analysis reported here illustrate the rich potential inherent in OAE measurements for obtaining
valuable information about basic cochlear properties such as tuning0@ Acoustical Society of
America. [DOI: 10.1121/1.1557211

PACS numbers: 43.64.Bt, 43.64.Kc, 43.64[1bIC]

I. INTRODUCTION lay of the basilar-membrangBM) mechanical transfer
function at its peak. Since BM transfer functions at low lev-
The theory of coherent reflection filteringshera and els manifest many of the characteristics of minimum-phase-
Zweig, 1993b; Zweig and Shera, 199%elates ear-canal shift filters (e.g., Zweig, 1976; de Boer, 1997%their band-
otoacoustic measurements to the mechanical response of thddths and phase slopéise., group delaysare related, with
organ of Corti, providing a quantitative theoretical founda-sharper tuning corresponding to longer group delays. If the
tion for the use of otoacoustic emissions as noninvasivéheory’s prediction about reflection-source-emission group
probes of cochlear mechanics. The theory indicates thatelay is correct, otoacoustic measurements can be used to
reflection-source otoacoustic emissiofsich as stimulus- provide a noninvasive measure of basilar-membrane group
frequency emissions, or SFOAESs, evoked at low sound leveelay, and, hence, indirectly, of the frequency selectivity of
els (Shera and Guinan, 19909arise via coherent reflection cochlear tuning. In this paper we test the predicted relation
from densely and “randomly” distributed cochlear imped- between otoacoustic and BM group delaysge apply these
ance perturbations. These perturbations may include spatiileas to estimate the frequency selectivity of cochlear tuning
variations in outer-hair-cel(OHC) number and geometry in another publicatioriSheraet al, 2002.
(e.g., Engstrm et al, 1966; Bredberg, 1968; Wright, 1984;
Lonsbury-Martin et al, 1988 and/or perturbations not
clearly visible in conventional anatomical preparations, sucH!- RELATING SFOAE AND BM GROUP DELAYS

as variations in OHC forces due to random, cell-to-cell varia- The theory of coherent reflection filtering predicts that

tions in the number of'somatic motor proteins. ~ the SFOAE group delayrsroad(f ), is approximately equal
Among the theory’s many predictions and applicationsy nyice the group delay of the basilar-membrdB&1) me-

(e.g., Zweig and Shera, 1995; Talmadgeal, 1998 is one  chanical transfer function, evaluated at the cochlear location
of special relevance to the noninvasive measurement of cQgitn cF equal to the stimulus frequency:

chlear tuning. Specifically, the theory predicts that reflection-
source-emission group delay is determined by the group de- | rgpoap(f)~2tm(f)s D

dElectronic mail: shera@epl.meei.harvard.edu whereTgy(f )= mem[Xce(f ), f]. The factor of two arises be-
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cause reflection-source-emission group delay depends auch effective localization of the reflection to the region
round-trip wave travel. Derived in the next sectfolg. (1) about the peak. For example, many models assume only
is the central relation about which the arguments of this pasparse, isolated impedance discontinuitesg., Kemp, 1980,
per revolve. 1986; Zwicker, 198§ in such models reflection occurs at the
site of the discontinuity, which coincides with the peak re-
gion only at certain frequencies. In other models, such as

To derive Eq.(1) from the theory of coherent reflection Strube’s (1989, the perturbations are dense but quasi-
filtering we approximate SFOAE group delay-ond(f) by  sinusoidally distributed; reflection is then largely localized to
the round-trip wave travel timer—(X.s,f) between the the region where the wavelength of the traveling wave
stapes and the region of reflection, assumed centered abawatches twice the spatial period of the assumed periodic dis-
an as yet unspecified point,.(f). Since emissions at dif- tribution.
ferent frequencies may arise from different cochlear loca-
tions, we writex,(f) as an explicit function of frequency.
The identification of emission group delay with cochlear
round-trip travel times neglects contributions tg:oa(f)
introduced by eardrum transduction and subsequent trans- Combining Eqs(2)—(5) yields
mission through the middle eiMeasurements indicate that .

o S _ xH 1 9 asT

delays due to round-trip middle-ear transmission are small; 7, (f )~_2f — _  dx (6)
in cat and gerbil they amount to approximately 58, or o 2maf ox

only about 1 cycle at 20 kH@Puria and Allen, 1998; Olson, Continuity guarantees the equality of mixed partiésg.,

1998. . i .. Apostol, 1969, so we interchange the order of differentiation
We compute the round-trip wave travel time by dividing i, the integrand to obtain

the total distance into segments of length and adding up .
the times required to traverse each segment. Taking the limit ¢\ _fo(f) izl
SFOAI -~

A. Computing the round-trip travel time

2. Finding the group delay

asAx—0 vyields the integral ox2m af X
xe(f)  dX () Iy
TSFOAE(f)"‘T:’[Xref(f)1f]_2JO o)’ ) =2f0 o 9%, )

wherev (x,f ) is the group velocity at location of waves of  here we have used the definition of the traveling-wave
frequencyf traveling along the cochlear spiral. The recipro- group delay,

cal of the group velocity is given bge.g., Brillouin, 1946 1 a1

:iﬁ_k @) TBM(X,f)Z—ET- (8)

27 of

where the(real-valuedl wavenumberk(x,f) is 27 divided

U71

Evaluating the integral yields

by the local wavelengtfi.e., 2/\(x, f )]. The wavenumber Tsroad f)~2{Tgm[X(f),f)]—7m(0,f)}. 9
is related to the spatial derivative of the phase of the travelSince the wave speed slows considerably as it approaches the
ing wave through the equation peak location(e.g., Lighthill, 1983, contributions to the
/T travel time coming from the lower limit of integration can be
k(x,f)=— R (4) neglected. We thus obtain the relation given above agBqg.
Tsroad f ) ~27gu(f), (10

whereT(x,f) is the traveling wave at frequendy Written
in terms of its amplitude and phas&, has the formT  wherergy(f )= gu[X(f),f].

=|T|e'“T. In the above derivation we have regarde,f ) as the
) ) traveling wave(i.e., as a function ok at fixed f). Local
1. The region of reflection scaling symmetry implies that the same functic(x, f ) also

According to the theory of coherent reflection filtering, represents the BM transfer function as a functionfoht
reflection-source OAEs arise by reflection off densely andixed x. Scaling therefore implies that empirical estimates of
irregularly distributed cochlear impedance perturbations. Athe traveling-wave group delégy(f ) appearing in Eq(1)
all frequencies the net backward-traveling wave is dominategan be obtained from measurements of the slope of the phase
by wavelets reflected within the region about the peak of the@f BM transfer function near its peak.
traveling wave, where the wave amplitude is much larger
than it is elsewhere. The centroid of the scattering region,

Xef(f ), is then the characteristic place for frequerfcyln . MEASUREMENTS OF SFOAE GROUP DELAY IN
other words, THREE SPECIES
Xref ) =Xce(f)=X(F), 5

To test Eq(1) we measured SFOAE phase over a seven-
where the diacritical hat denotes the peak of the travelingctave frequency range in two species widely used as models
wave. Other models of reflection-source OAEs predict ncof mammalian hearin¢cat and guinea pjg For comparison,
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and for application to noninvasive estimates of cochlear tun- 10
ing (cf. Sheraet al, 2002, we made measurements spanning
four and a half octaves in humans. | o'

A. Measurement methods 5 o0 3@

The methods and equipment used to measure SFOAE<w’
were generally similar to those detailed previougBhera ,§,
and Guinan, 1999; Guinan, 1986Briefly, we measured Ll
SFOAESs in guinea pigsn(=9) and humansn(=9) using a S
variant of the acoustic suppression meth@hera and s
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Guinan, 1999 and in cats using either acoustin=3) or
efferent =5) suppressioriGuinan, 198% In both meth-
ods, the emission is obtained as the comtaxvectoy dif-
ference between the ear-canal pressure at the probe fre
qguency measured first with the probe tone alone and then%
with the addition of a “suppressor.” The suppressor was ei- 2
ther (1) an acoustic suppressor tone at a nearby frequency otO
(2) olivocochlear efferent stimulation via electrical shocks L 201
applied at the floor of the fourth ventricle. Both acoustic and ]
efferent suppression are assumed to reduce the SFOAE at thLL
probe frequency substantially. In all cases, probe level was
approximately 40 dB SPL in the ear canal. Measurements 10+
were made versus probe frequency over at least a four-octave i
range with a frequency resolution sufficient to prevent ambi- 1
guities in phase unwrapping. Emission group delays,
Tsroag—defined as the negative slope of the emission-phase o
(in cycles versus frequency function—were calculated from
unwrapped phase responses using centered differéages Frequency [kHZ]
Presset al., 1992. Only group delays at frequencies where
the emission amplitude was at least 15 dB above the med!G. 1. Stimulus-frequency emission group delayroae(f), versus fre-
surement noise floatypically ~25 dB SPU are included in LTy 1 ee spece, T sate e shoun o2 ¢ ot cos
the final data set. Since no significant differences betweeolig lines. Human SFOAE data from Dreisbaeh al. (1998 are included
the delays measured using acoustic and efferent suppressi@rsupplement our data at high frequendigsts with error bars representing
were found, data from the two techniques were pooled. Destandar_d dev!atior)sThe _black squared) provide a test of Eq(l) in cat
tails of animal care and preparation are discussed elsewhef8d 91inea pig by showing values ofg, computed from published mea-
. . sturements of BM mechanical transfer functions in the same sp@teper
(Guinan, 1986; Sherat al, 2000. Treatment of animal and  ang Rhode, 1992; Nuttall and Dolan, 1996ike the SFOAE measurements

human subjects accorded with protocols established at thehown here, the BM measurements were made in healthy preparations at

Massachusetts Eye and Ear Infirmary. stimulus levels of roughly 40 dB SPL. Note the difference in vertical scale
between the human and animal graphs; human group delays are roughly a
factor of 3 larger than those in cat and guinea pig.
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B. Empirical SFOAE group delays

Figure 1 show scatterplots of our measurements ofion amplitude and phase are predicted by the theory of co-
rsroad ) in three species together with loess trend linesherent reflection filtering. To understand their origin, note
(Cleveland, 1998 to guide the eye. The group delay that the theory indicates that SFOAEs are analogous to
rsrond f ) decreases with increasing frequency, a dispersivébandpass-filtered noisetZweig and Shera, 1995In this
trend consistent with time-domain measurements of the laanalogy, the “noise” is the irregular spatial arrangement and
tency of click- and tone-burst-evoked emissigesy., Kemp, strength of the impedance perturbations that scatter the wave,
1978; Wilson, 1980; Norton and Neely, 1987; Sisto and Mo-and the “bandpass filter” results from interference among
leti, 2002. For each frequency, SFOAE group delays in hu-the multiple wavelets originating from the scattering region
man are roughly a factor of 3 larger than in cat and guinedZweig and Shera, 1995 Unlike distortion-source emis-
pig (see also Zwicker and Manley, 1981 sions, whose amplitudes and phases typically vary relatively
slowly with frequency, reflection-source emissions often
vary considerably with frequency. For example, SFOAE am-

Although the trend line is robust both between andplitude spectra are often punctuated by relatively sharp
within individual subjects, the data points show considerablaotches(e.g., Fig. 9 of Shera and Guinan, 1998ccording
scatter. This scatter does not arise from measurement noisw®; the model, such notches result from random spatial fluc-
indeed, the measurements are quite reproducible in each suforations in the irregularities that scatter the wave. At some
ject. Rather, the scatter comes from intrinsic variations infrequencies, wavelets scattered from different locations
emission phase that are correlated with variations in emiswithin the scattering region combine nearly out of phase,
sion amplitude across frequency. Intrinsic variations in emisresulting in near cancellation of the net reflected wave.

1. Origin of the variability
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Along with these large and small scale amplitude variationdandwidths and phase slopes are reciprocally related, with
come corresponding phase variations whose effect is magnémaller bandwidths corresponding to steeper phase slopes
fied here by taking the frequency derivative to compute thdi.e., longer delays
group delay.

A. Dimensionless measures of tuning bandwidth and

C. Testing the predicted relation at high frequencies group delay

We test the predicted relatidigq. (1)] by overlaying in Our two measures of coch!ear tunmg—bandwdth and
Fig. 1 values of 2gy computed from published measure- 97oup delay—have different unit§requency and time, re-
ments of basilar-membrane motion in the cat and guinea pigPectively. To compare them we render them dimensionless
Like the SFOAE measurements reported here, the BM meg normalizing each by the corresponding natural units of
surements shown for comparison were made in healthff€dquéncy and/or time. For the bandwidth, the natural fre-
preparations at stimulus levels of roughly 40 dB SPL. Al-duency unit is the local characteristic frequentyy. We
though the BM data are limited to high CFs, and to a Sing|etherefore represent cochlear fre.quency selectivity using the
animal in each species, the agreement in the figure appedp@rameter-free measu@:rg, defined as
good in both cat and guinea pig. Computing the ratio  Qcpg(fep)=fcr/ERB(fep), (11)

Tsroae! Tem @llows a more quantitative comparison. The ) ) 5
calculations yield ratios of 170.2 in the cat and 160.3 where ERB is the equivalent rectangular bandwids, the

in the guinea pid, where the error bars represent nominal ba_mdwidth of the rectangular filter with the same peak am-
95% confidence intervals based on the uncertainties arisin I|tude“that passes the same total POW@ers is measure
from the estimates of phase slope. In both species, the e T the *sharpness” of tuning: the smaller the bandmdth, the
pirical ratiosrsroae/ Tay » although significantly greater than '2r9€r theQegg. For the BM group delay, the natural unit of

1, are smaller than the value 2 predicted by the theory. Notéime is the reciprocal of the characteristic frequency. We de-

however, that the confidence intervals given here underest]c'-ne Nem(fcr) as
mate the actual uncertainties because they do not include Ngy(fcp=fcr Tau(fep)- (12

contributions arising from the variation iy, between ani- L . .
9 Tu sm(fcp) is simply the group delay measured in periods of

mals. Additional data are therefore needed to assess the dﬁ-}e characteristic frequency. In an analogous fashion we de-
ferences among preparations and determine whether the{.e d Y- 9

are systematic deviations from the theoretical relationt:rr:]ee tihne pdei:]oednsag?ltehss sSt:ir?u?Li ?‘rr(e)gl?egglp?y byE(T)e_a?urmg
SFOAI =

TSFOAE™ 2TaM - - 7srond f ). Equation(1) implies that

IV. RELATING SFOAE GROUP DELAY TO COCHLEAR
TUNING Nspoar(f )=2Ngu(f ). (13

Although SFOAE group delays are readily measured
over a wide frequency rangeee Fig. 1, direct compari- B. Frequency dependence of cochlear tuning
sons between SFOAE and BM group delays are currently . . .
constrained to those few locations for which access to the  F'9ure 2 shows ANF-derived values Qerg(fcr) in cat
basilar membrane can be obtained without significant Iosgmd guinea plg._The figure illustrates _that the sharpness of
of cochlear function(e.g., the squares in Fig.).1To test cochlear tuning increases gradually with CF throughout the

whether SFOAE delays are consistent with the prediction§00h|ea' Although close examination of the data suggests a

of Eq. (1) over a broader region of the cochlea, we explorepossmle flattening of th@ggg at the highest CFs, this trend

the relation between SFOAE group delay and cochlear tunhay well be a measurement artifact. Mechanical responses in

- ; - : ; the high-frequency region of the cochlea are extremely la-
ng, assessed ditory-nerve-fibeNF) tun . ; . :
Icu%\/eass SSes5ed Lising auditory-nerve-l ) tuning bile, and cochlear tuning at high CFs can easily be damaged

We base our approach on the observation that at Iovx(/e'g" as a result of trauma caused by surgically opening the

sound levels the tuning of the basilar membrane appeal‘%Udit.ory k?“"a' As illustrated in the figure, power-law fjts
nearly identical to the tuning of corresponding auditory- _strwght lines on log-log a_lxésprowde an excellent descrlp-_
nerve fibers at frequencies in the tip region near(W&ayan tion qf the_ overall trends in the data. Parameters for the fits
et al, 1998. Although systematic measures of ANF group are given in Table I.

delay are not available in the basal half of the cochlea—the o ] ]

loss of phase locking above a few kilohertz means that coC- Expected covariation of tuning bandwidth and

chlear phase characteristics cannot readily be obtained gioup delay

high frequencies from ANF responses to tones or Because bandwidth and group delay are inversely re-
noise—measurements of cochlear frequency selectivity ardated, the product of the twdi.e., the “tuning ratio”
easily obtained from threshold tuning curves over the entirdNgy, /Qggrp) is likely to vary more slowly along the cochlea
range of hearing. We relate BM group delay to cochlear-filtethan does either factor by itself. Consider, for example, rep-
bandwidth by noting that at low levels BM transfer functions resenting BM tuning by a minimum-phase band-pass filter
manifest many of the characteristics of minimum-phase-shifte.g., a gammatone filteiof center frequency.r. Denote
filters (e.g., Zweig, 1976; de Boer, 1997n particular, their  the filter bandwidth(e.g., the ERBby Af. If the filter phase

J. Acoust. Soc. Am., Vol. 113, No. 5, May 2003 C. A. Shera and J. J. Guinan, Jr.: Reflection-source emission group delay 2765



307 ]
{ Cat - 1
= 10
104 e 3
m ] - -
o T ’fj’ ]
Ll 1 -

S 1% 13
o) ' ' — )
o 307 % ]
Qo | Guinea Pig { o k! 1
_:>)s ° o 103
o 104 . ) = ]
] ° ﬁ [y 2 P |

] ° iﬁF °
] '.'"o"o Yk g 13
- ”' [ ) [ ] E

5 od o Tsuji & Liberman (1997) < 3 _

0.2 05 4 2 5 4 2 50 100
Characteristic Frequency [kHz] ]
FIG. 2. Physiological values dggg in cat and guinea pig. In guinea pig, 10—
values ofQgrg Were computed from high-spontaneous-ridtigh-SR ANF 3
threshold tuning curves$Tsuji and Liberman, 1997using standard algo- ]
rithms (Evans and Wilson, 19%3Since original tuning curves were unavail- i
able in cat, the approximate proportionality betwe@pzg and Q4 dis- 1

cussed in footnote 6 was used to convert measuremer@gah high-SR

fibers (Liberman, 199D to corresponding values ddgrg. The cat data

represent means and their standard errors in eight logarithmically spaced

frequency bins. The dashed lines give power-law fits to the @@@meters Frequency [kHZ]

in Table ). Shown for comparison ai®ggg values(l) computed from the

magnitudes of the mechanical transfer functions whose group delays appeBtG. 3. Ngroae Versus frequency in three species. The group-delay data

in Fig. 1 (Cooper and Rhode, 1992; Nuttall and Dolan, 1996 (gray dot$ and trendgsolid lineg from Fig. 1 are replotted in dimensionless
form in units of periods of the stimulus frequency. Shown for comparison
are power-law fits to the data from roughly the basal-most 60% of the

lag increases by an amoukzt¢| (in cycles over the band- cochlea(dashed lines; parameters in TabJe Note that all vertical scales

: : : ; :_ span two decades. Comparison with Fig. 2 demonstrates that in cats and
width AfA (mNHZ)’ then the filter group delay is apprOXI guinea pigs the frequency dependencdNgfoadf ) generally parallels the
mately Tgy~|A¢|[/Af. The value of Ngy/Qerg is CF-dependence of the sharpness of tuning, at least in the basal half of the

thereforé cochlea.

0.5 1 2 5 10 20 50

o_
(M

Ngm /QERB=TfBM—/;F=”TBM Af~|Adg|. (14  phase changén cycles across the filter bandwidth f. In
CF filters of fixed type and order this phase change is largely
In other words, the tuning ratidgy /Qgrg is simply the independent of bandwidth. Since the shapes of neural tuning
curves change relatively slowly with CF in the basal half of
the cochlealLiberman, 1978; Liberman and Kiang, 1978
TABLE |. Parameters of power-law fits to the functioNgroag(f) and we therefore exped@ere and Nguv to vary in almost con-
Qere(fcr) in three species. Power-law fifise., straight-line approximations  gtqnt proportion across CF. If this is the case, @§) relat-

on log-log axepare an excellent approximation Msgroae at f>1 kHz and . . . .
to Qerg OVer the entire frequency range. For each species, the parametel‘gg Neu 10 Nsroae implies thatQerg and Nspoae Will also

{a, B} characterizing the frequency dependenchlgioaf ) andQera(fcp) vary together across CF.
in the high-frequency region of the cochlea were determined by linear re-

gression using power-law fits of the foryn= 8x“, wherey is the dependent
variable andx=f/[kHz] (i.e., frequency or CF in kHz The numbers in
parentheses give the approximate uncertaiingy, 95% confidence interval SFOAE

in the final digits) estimated from the fit§e.g., 0.44(5%0.44+0.05]; . o .
when the uncertainty is 1 or greater, the position of the decimal point is We test the predicted covariation Qgrg andNsroagin

shown for clarity. The uncertainties im and logg are strongly correlated, Fig. 3 b_y replqtting the group delayssroa(f ) _from Fig. 1
with a typical correlation coefficient between them of rougki.9. in the dimensionless forMigeoae(f ). Comparing the func-

tions Ngeoadf) (from Fig. 3 with Qerg(fcp) (from Fig. 2

D. Testing the predicted covariation of  Qgrg and

p (H/lkHz])*® cat Guinea pig Human demonstrates that in cats and guinea pigs the frequency de-
N @ 0.4405) 0.443) 0.377) pendence ofNgroad(f) generally parallels the CF depen-
SFOAE B 3.3236) 3.56126) 11.01.2 dence of the sharpness of tuning, at least in the basal half of
o 0.3710) 0.354) _ the cochlea. In addition, note that although SFOAE group
Qere 8 5.0(1.1) 4.03) — delays decreaseat higher frequencies when measured in

fixed units of time(e.g., milliseconds, as in Fig.)lthey
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the tuning ratios characteristic of threshold-level tuning. The
intensity dependence of human OAE latencies reported by
Neely et al. (1988, if generally applicable to the cat and
guinea pig, suggests that the values in Fig. 4 systematically
underestimate threshold-level tuning ratios by perhaps 30%.
(This value is likely to be an upper bound; Neayal’s

¢ Cat characterization presumably overestimates the intensity de-
pendence of OAE latencies at sound-levels near threshold,

e
o
1

Nsroae/ Qers
o o
N oW
1 1
[¢]

e gp gp Guinea Pig s . ) -
! h Hiian where cochlear mechanics is approximately lineAddi-

0.1 —_— tional data are needed to determine the appropriate correction

0.0 0.2 04 06 0.8 1.0 factor in each species. We focus here on the CF dependence

shown in Fig. 4; since roughly the same correction applies at
all frequencies(Neely et al, 1988, the overall frequency
FIG. 4. Estimated tuning ratidlg, /Qgrs in three species. Tuning ratios dependence is largely unaffected.

were computed from the data in Figs. 2 and 3 using either the loess trend  Figure 4 indicates that the estimated tuning ratio be-
lines (solid lineg or the corresponding power-law fitdashed lines Values haves very differently in the base and the apex of the co-

for the humanQgrg Were obtained by combining the otoacoustic and be- 0 .
havioral estimates of tuning reported by Shetaal. (2002; see also Oxen- chlea. In the basal 60% of the cochlig, /Qerg increases

ham and Shera, 2002The horizontal axes represent relative cochlear loca-SIOWly with distance from the apex, its value changing by
tion obtained by inverting the corresponding cochlear position-frequencyonly 20% over a region wherblgy,, and Qgrg vary by at
map(Liberman, 1982; Greenwood, 1990; Tsuji and Liberman, 19B@sed least 300%Npgy, and Qers thus vary together in nea“y con-
on the intensity dependence of human OAE latencies reported by Neelgt t i ted f filter th dth
et al. (1998, the values shown here may underestimate threshold-level tun= _an propor IO_ﬂ, a$ expected from Hiter theory an e pre-
ing ratios by perhaps 30%, independent of frequeseg text In the apical  dicted proportionality betweeNsgoae andNpgy, . In the api-
40% of the cochlea, where the ratios and their dependence on frequency agal 40% of the cochlea, however, the tuning ratio varies more
of more uncertain reliability, the estimates are shown using dotted lines. rapidly with position. This change in the form bsy, /Qgre
reflects a mid-frequency change Mgeoad(f). Figure 3
increasewith frequency when measured in natural dimen-demonstrates a “bend” in the functioNgroae(f) at a fre-
sionless unitgi.e., periods of the stimulus waveform, as in quency that maps in each species to a location just apical to
Fig. 3. In cats, for example, th&lsroad(f) trend line in-  the midpoint of the cochlea. The bend, a change of slope on
creases by roughly a factor of 20 from apex to base; similafog-log axes, represents a change in the power-law exponent.
variations inNgeoag @re apparent in guinea pigs and humans.No bend or other change of form corresponding to that seen
Given the sharpening of neural tuning at high GFgy. 2, in Fig. 3 for Ngeoad(f) is apparent in the functions
the frequency dependence NEgoag(f) demonstrated here Qgrg(fcp) reproduced in Fig. 2. As a result, the bend in
is in qualitative agreement with expectations from filter Ngroae(f ) appears also in the ratigpoag/Qerg, and the
theory about the covariation of bandwidth and group delaytuning ratio changes form. Note that because the tuning ratio
Figures 2 and 3 thus support a general proportionality bevaries more slowly thalNggoad(f )—thereby allowing an

Fractional Distance from Apex

tweenNgeoag andNgy, as predicted by Eq13). expanded vertical scale on the plot—the bend is much more
. ' salient in Fig. 4 than in Fig. 3. The strong variation of
1. The tuning ratio Ngm/Qers in the apex may reflect either rapid changes with

The approximate proportionality betweeMisroae and — CF in the form pf me_chanical tuning.g., the_ effective orde_r
Qceres can be quantified by explicit calculation of the tuning ©f the mechanical filtgrand/or a systematic breakdown in

ratio Ngy /Qgrg Using the theoretical estimate the proportionality between otoacoustic and BM group de-
lays [e.g., a violation of Eq(1)]. Whatever its origin, the
Ngw~ zNsrone- (15  mid-cochlear bend ilNgroag(f ) assumes a remarkably simi-

lar form in all of the three species. Interestingly, the location

Figure 4 shows the estimated tuning rahi@y,,/Qgrg as a . .
function of relative cochlear location as computed from theOf the bend corresponds approximately with the frequency at

data in Figs. 2 and 3Values for the humarQggs Were which cat ANF tuning curves change from the classic tip/tail
obtained by combining the otoacoustic and behavioral esti
mates of tuning reported by Shezaal. (2002; see also Ox-
enham and Shera, 2002’ he otoacoustic estimates Qirg

in that study were obtained by assuming approximat
species-invariance of the tuning ratieee Sec. V E)l] Note
that the values in Fig. 4 were obtained by combining mea-  Although Eg. (13) appears valid at high CFs, several
surements oNgroae and Qerg Made at somewhat different pieces of evidence suggest that the relation breaks down in
sound intensities(The measurements &fsroae Were made the apex of the cochlea. Figure 5 compares values of
at 40 dB SPL; the values @grg Were obtained from ANF  Ngpoad f) with estimates of Rlgy(f) obtained from me-
tuning curves with thresholds typically near 10 dB SPL in catchanical and neural data at low CFs. In the cat,NRgoae

and 15 dB SPL in guinea pigSince OAE latencies generally trend line and round-trip group delays estimated from
decrease at higher sound levédsg., Neelyet al, 1988, the  auditory-nerve fibergGoldsteinet al,, 1971 part company
values ofsNsgoae/ Qers in Fig. 4 presumably underestimate at CFs below 3 kHz. At the apical end of the guinea pig

form characteristic of high-CF fibers to the more complex
shapes found in the apdkxiberman, 1978; Liberman and
Kiang, 1978.

eE. Apparent breakdown in the apex of the cochlea
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chanical transfer functiong),) through Eq.(1). We tested
this prediction by comparing ear-canal measurements of
7sroae ) in cats and guinea pigs with values oFgy(f)
computed from published measurements of BM transfer
functions (Cooper and Rhode, 1992; Nuttall and Dolan,
1996. Although an explicit comparison is possible only at
the extreme basal end of the cochlea, the mechanical and
otoacoustic data appear generally consistent with the theory,
especially considering the possible sources of error, and that
the mechanical group delays represent only a single animal
in each species. The comparison suggests, however, that the
ratio Tspoag/ Tem » @lthough significantly greater than 1, may
be slightly less than the value 2 predicted by the theory.
Ratios somewhat less than 2 would occur if the region of
. wave scattering were skewed slightly basally from the peak
. Guinea Pig of the traveling wave. Definitive tests of the theory using BM

T T T T T T — T measurements require additional détae Sec. VI

A comparison betweenggoae and 7gy based on the
variation in the sharpness of neural tuning with CF can be
made over the entire frequency range and suggests that the
proportionality rgpoad(f )< 7gm(f) holds in roughly the
basal-most 60% of the cochlea. At low frequencies, however,
the otoacoustic measurements disagree with neural and me-
chanical group delays from the apex of the cochlea. Human
R —— R —— — SFOAE group delays measured over a four-octave range are
0. 1 2 5 410 20 50 roughly a factor of 3 longer than their counterparts in cat and

Frequency [kHz] guinea pig but show similar trends across CF.

10

Ngpoag trend o

—h
o

-y

Group Delays [periods]
o
o

—_
o

—_
L

o©
N

A. Global deviations from scaling
FIG. 5. Ngroae cOmpared with mechanical and neural data in the apex. . . )
Superimposed on the data and trend lines from Fig. 3 are values of mechani-  In locally scaling-symmetric cochleae, transfer functions

cal and neural group delays at low CFs. The mechanical data in the guine‘ﬁ(xlf ) measured at nearby locations overlie one another

pig (open symbolswere obtained from measurements on Reissner’'s mems : ;
brane (Cooper and Rhode, 1995]) or the reticular lamingKhanna and when plotted as a function of the normalized frequency

Hao, 1999,0) at high sound levels. The neural data in the (catted line flfcr, V_Vhere fce is the Ch_araCteriStiC frequenc@Z_weig,
is a curve fit to energy-weighted group delays obtained from auditory-nervél976; Siebert, 1968; Sondhi, 1978n perfectly scaling co-
fiber (/;\'\(‘j':]) r?,sbpmlses by G_O'dzfel'ﬁ E‘- (19:;3- tT_he 1ANF \I’Ba';lhes Wehfe _ chleae, the relative bandwidths of tunifeg., the functions
corrected for fiber transmission delay by subtracting 1 ms. Both mechanic : . .

and neural group delays were doubled to estimate round-trip delay for com- era(fcr)] are constant, _mdepen_dent of _CF' leewlse, the
parison WithNgroag- theory of coherent reflection filtering predicts that in a per-

fectly scaling cochlea, SFOAE group delays—expressed in

cochlea, similar differences between otoacoustic and méhe dimensionless forMisgoae(f) as the number of stimu-
chanical group delays are seen based on measurements frdff§ Periods—are also constant, independent.oAlithough
Reissner’'s membran&ooper and Rhode, 1998nd the re- Mmeasurements of BM motion a_nd neural tuning curves indi-
ticular lamina(Khanna and Hao, 1999Although interpreta-  €ate that an approximate scaling symmetry applies locally
tions are complicated—both by potential problems relatingRhode, 1971; Kiang and Moxon, 1974; Liberman, 1978
neural and mechanical group delays and because the mel€ Plots 0fQerg andNsroae in Figs. 2 and 3 demonstrate
chanical data from the apex were obtained from measur(g|0ba| Qeylat|pns from Spallng_whose form appears quantita-
ments on Reissner's membrane or the reticular lamina dfvely similar in cats, guinea pigs, and humans. .
high sound levels in cochleae of uncertain condition—the ~ We note that the systematic deviations from scaling
data suggest thaigeona(f ) is systematically smaller than demgnstrated'here |mply 'that when t.he cochlear frequency-
predicted by Eq(13) in the apex of the cochlea. Note, how- POsition map is logarithmic the functioh(x,f) cannot be
ever, that a simple straight-line extrapolationMfroag ) symmetric gbout its peak in both_ the space and log-frequency
to low CFs using the slope characteristic of the high-cFdomains S|mul_taneously. Consider, fo_r example, the case
region yields a curve largely consistent with the mechanicayVhere the spatial envelope of the traveling wave at frequency

and neural data from the apex. fo[i.e.,|T(x,fo)| vsx] is symmetric about its peak &(f,).
Approximate symmetry about the peak of the traveling wave

has recently been reported in longitudinal measurements of
basilar-membrane motiofRen, 2002 If the sharpness of
The theory of coherent reflection filtering predicts thatfrequency tuning increases with CF, other things being equal,
reflection-source-emission group delaysfoap is deter-  then the amplitude of the transfer function at locatian
mined by the group delay of the basilar-membrane me=X(f,) [i.e.,|T(Xo,f)| vs f] must be asymmetri¢on a log

V. SUMMARY AND DISCUSSION
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TABLE Il. Otoacoustic estimates of the wavelength at the peak of the travgt |ow CFs(Fig. 5 suggests that there are important differ-

eling wave in three species. For each species, the paranﬁégebs} char-
acterizing the frequency dependence Miff cp) =X, (fcr/[kHz])® in the

high-frequency region of the cochlea were computed from the parameters i

Table | using the formula~I/Ngy, where NBMm%NSFOAE and| is the
distance over whiclic(x) changes by a factor @& in the basal turn of the
cochlea. The values ofl assumed for each species were
={5.2,3.3,7.2 mm for cat, guinea pig, and human, respectivéljperman,
1982; Tsuji and Liberman, 1997; Greenwood, 1998s in Table |, the
numbers in parentheses give the approximate uncertéiety 95% confi-
dence intervalin the final digits) [e.g., 3.13(35% 3.13+0.35]; confidence

intervals were estimated from the fits Mycoae and do not reflect uncer-

tainties in the values df.

A (fee/[KHZ])® Cat Guinea pig Human
A1 [mm] 3.1335) 1.8515) 1.31(15)
@ —0.44(5) —0.44(3) —-0.37(7)

frequency axisabout its peak at, (i.e., CH.° In particular,

ences in mechanisms of emission generation between the
base and apex of the cochlea. These apparent otoacoustic
Bifferences may be related to other, more well-established
differences in the mechanical and neural responses of the
base and apex. For example, recent data from the guinea pig
(Cooper and Dong, 200%uggest that mechanical nonlin-
earities differ markedly in form and/or frequency depen-
dence between the base and the apex. Since the suppression
method used here to measure SFOAEs relies on nonlinear
interactions between the probe and the suppressor to extract
the emissiort? the differences between otoacoustic and me-
chanical group delays in the apex may reflect changes in the
form of cochlear mechanical nonlinearities with CF.

Other possibilities are suggested by the observation that
mechanical and neural responses from the apex appear to
result from multiple interacting mechanical drivesviewed
in Lin and Guinan, 2000 For example, auditory-nerve fibers

the frequency transfer function must fall more rapidly atat low CFs in cats have multi-lobed tigsiberman and Ki-
frequencies above CF than below. Note, however, that irang, 1978—in their overall form apical tuning curves more
addition to variations in tuning bandwidth, other, less wellnearly resemble a distorted “W” than the classic “V” shape
characterized deviations from scaling, such as possible sysharacteristic of tuning curves from the base—and the phase-
tematic variations in transfer function height, will presum- versus-frequency curves for these low-CF fibers manifest
ably contribute to any apparent asymmetry. Nevertheless, wievo well-defined and different group delays, separated by a
note that the sign of the asymmetry in the transfer functiortransition at the “seams” between the lob&3feiffer and
(i.e., a steeper high-frequency slgppredicted from the Molnar, 1970; Kiang, 1984 Since different mechanical
variations in bandwidth reported here is similar to that meadrives may couple differently to propagating pressure-
sured experimentall{e.g., Robles and Ruggero, 2001; Ren,difference waves and thereby produce backward-traveling
2002. waves with different characteristics, the relationship between
OAEs and the motion of the organ of Corti, like the shapes
of neural tuning curves, may vary systematically along the
length of the cochlea. Perhaps significantly, the discrepancy
é)etween otoacoustic theory and experiment first becomes
evident in cat at approximately the same frequency where
neural tuning curves change from the classic tip/tail form to
the more complex shapes found in the apex. Additional data
and analysis are needed to explore these possibilities and to

the wave-
wav %rovide definitive tests of Eq1) in the apex.

B. Wavelength of the traveling wave

The locally scaling-symmetric form of (x,f) implies
that the spatial wavelength of the traveling wave and th
group delay of the transfer functidulefined by partial de-
rivatives of 2 T with respect tox and f, respectively; see
Egs. (4) and (8)] are related to one another. When the co-
chlear position-frequency map is exponential,
length and group delay at the peak are related through th
equation

D. Definitive tests of the theory

ANgy/I=1, (16) _ _

Rigorous tests of Eq(l) should ideally be performed
wherel is the distance over whicfce(x) changes by a fac-  ysing simultaneous measurements of SFOAEs and BM mo-
tor of e (Zweig and Shera, 1995The theoretical estimate tion in the same animal. In addition to eliminating uncer-
Nem~ 3Nsroae allows us to compute the wavelength at thetainty in the conclusions arising from differences among
peak of the traveling wave from our otoacoustic measurepreparations, simultaneous otoacoustic and BM measure-
ments and parameters of the cochlear neg., Liberman, ments would enable one to perform the more definitive ex-
1982; Tsuji and Liberman, 1997; Greenwood, 1p%bwer-  periment of testing the theory’s prediction for the change in
law estimates of the wavelengihas a function of CF in cat, the reflection-source-emission spectrum caused by the intro-
guinea pig, and human are given in Table II. The table indi-duction of artificial impedance perturbatiorfgweig and
cates that in each of the three spediedecreases systemati- Shera, 1995 For a masslike perturbation located at position
cally at higher CFs at a rate of roughly 25% per octave. InX, the theory predicts that the change in the emission spec-

~ H H 2
humans, for example, the wavelengthdecreases from a trum is proportional tanT=(x,f ).
value equivalent to about 130 rows of hair cells at the 1 kHz
place(assuming 1Qum/row) to about 55 rows near 10 kHz. E. Applications of the tuning ratio

The tuning ratioNgy, / Qggrg is equivalent to the product
of BM group delay and bandwidtitas measured by the

The large deviation from the predicted relation betweerERB); its value provides a dimensionless measure of the
otoacoustic and mechanical group deldgs. (1)] apparent effective “shape” or “order” of cochlear tuning. Local scal-

C. Differences between base and apex
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ing can be used to interpret the tuning ratio in the spatiakame(unknown, possibly frequency dependefactor from
domain. The exponential form of the cochlear map impliestheir values near threshold, then the unknown factors cancel
that the spatial correlate of the EBometimes called the out when computingdas" from Eq. (17).]
“equivalent rectangular spread” or ER&f. Allen, 1996] We apply these ideas in another publicatit®hera
has the value ERSI/Qgrg. Combining this relation with et al, 2002, in which we combine the theory of coherent
Eq. (16) for \ shows that the tuning ratid\gy /Qerg, rep-  reflection filtering with otoacoustic measurements to com-
resents the ratio of the ERS to the wavelength at the peak d¢fare cochlear tuning across species and to test the correspon-
the traveling wave (ER@). dgnce between physiologigal and behavioral measures of au-
A quantity analogous to the tuning ratio can be com-ditory frequency selec_t|V|ty. '_rhe. results indicate that.,
puted for any bandpass filter Mgy (fcp) is identified with contr_ary to common belief, tuning in t.he human cochlea is
the group delay at the filter peak. For example, in the fami|ycon5|d.e.rably sharper than that found in the other ma}mmals.
of gammatone filters widely used as models of peripheral? @ddition, at low sound levels human cochlear tuning ap-
auditory filters (e.g., Johannesma, 1972; Pattersetral, Pe€ars to be more than twice as sharp as implied by standard
199, the tuning ratioNgy, /Qgrg Uniquely determines the behavioral studl_es _and has a dlfferent d_ependence on fre-
filter order™ By specifying the filter order, the tuning ratio 9uency. These findings are consistent with new behavioral
controls the asymmetryor skewness of the impulse- measurements designed to minimize the influence of nonlin-
response envelope about its maximum: larger ratios corre2@' effects such as suppressi@xenham and Shera, 2002
spond to higher orders, and thus to more symmetrical imJhe measurem.ent.s and anegS|s reported hgrt_a thus illustrate
pulse response@ertsen and Johannesma, 1980 the r!ch potenual mherent.m OAEs for obta|_n|ng valuable
Measurements of the tuning ratio across CF—when opl®W information about basic cochlear properties.
tained from values oNgroae and Qerg Measured at compa-
rable sound intensities—can thus be used to determine tHRCKNOWLEDGMENTS

characteristics of gammatone or other models of cochlear \ye thank Nigel P. Cooper, M. Charles Liberman, and

tuning. It would be instructive to compare the filter charac-ajfred L. Nuttall for generously sharing their data, Jont B.
teristics determined in this way with those obtained by fittingajlen and Andrew J. Oxenham for stimulating discussions,
filter models to ANF impulse responses measured using resng paul F. Fahey, K. Domenica Karavitaki, William T.

verse correlatiorte.g., Carney and Yin, 1988Since addi-  peake, and Robert H. Withnell for valuable comments on the
tional delays not directly associated with cochlear tun'“gmanuscript. This work was supported by Grant Nos.
(e.g., acoustic and/or neural transmission dglays implic-  pco3687 and DC00235 from the NIDCD, National Insti-
itly included in the definition of the revcor filter, group de- {tes of Health.

lays obtained otoacoustically presumably provide better esti-

mates of mechanical group delay in the cochlea. IPreliminary accounts of this work have been presented elsewBéera

and Guinan, 2000a,)b
2Alternative derivations of Eq(1) are available elsewheréShera, 1992;
1. Noninvasive measurement of cochlear tuning Zweig and Shera, 1995; Talmadgeal., 1998.
3By characterizing the middle-ear using transmittance and reflectance coef-

_ Rather than committing oneself to a parti9U|ar tY_pe Of ficients (Shera and Zweig, 19920ne can easily show that the SFOAE
filter (e.g., a gammatongone can apply the tuning ratio to pressurePsgoae, has the value
estimate the frequency selectivity of cochlear tuning in a . - R(1+Rgaped

: Psroac=PoTmel me——m5o
more model-independent manngheraet al, 2002. The SFOAE™T0TmeTme 1 — R Ryapes |
method is based on the assumption that at correspondingnere P, is the calibrated ear-canal stimulus pressiig, and T e are,
cochlear locations the tuning ratio is broadly similar acrossrespectively, the forward and reverse middle-ear pressure transfer func-
mammalian species. If this assumption is con(eog. if the tions, Rapeds the reflection coefficient for retrograde cochlear waves at the
analytic structure of mammalian mechanical transfer func-St2PesShera and Zweig, 1991; Talmadgeal, 1998; Puria, 200 andR
. . . | d aci@n non- is the cochlear traveling-wave reflectari&hera and Zweig, 1993a; Zweig
FIOHS .|S appr'OX|mate y CONnserved across spec ! and Shera, 1995; Talmadge al, 1998, defined as the ratio of the emitted
invasive estimates of the humaggg can be obtained by  (backward-travelingto the stimulus(forward-traveling pressure wave at
combining otoacoustic estimates of the huniNay, with the the stapes. Note th&,, T, and T, are measured at sound intensities

tuning ratios measured in cat and/or guinea pig. More pre-Where |Psroae/Po|<1. Noncochlear contributions toseoae are small
cisely when £ R dominates the frequency dependence’ @ groae-

’ “The value of rgeopg Used to compute the ratio was obtained using the
Ng‘f\ﬂma“, 17 power-law fits given in Table I.
i ) SMeasurements of ANF group delay in fibers with CFs near 12 kHz have
where k= QERY N is the reciprocal of the guinea-pig been obtained in the guinea pig using responses to amplitude-modulated

tuning ratio obtained by Combining otoacoustic and neuro_tones(Gummer and Johnstone, 198Zhe authors of that study argue that

hvsioloaical t in Fia. 4. Note that | the “group delay difference,” obtained as the difference between the
physiological measuréments as in Fig. 4. Note that So long ape, cF group delay and the group delay measured about one octave below

the otoacoustic measurements are made at comparable Soug#, correlates well with the sharpness of tuning measured usin@ihe
intensities in the two specigén this example, human and Although the group delay differences reported for their most sensitive units
gu|nea p|g, Systema“c errors due to d|fferences in the |nten_ agree well with our values OtSFOAE near 12 kHz in the guinea plg, we do

iti whichN n rem r will fir not sh_ow these neural (_jata here becau;e of_ our uncertainty about the inter-
sities at chNsroae @nd Qerg are measured , 10 first pretation of the delay difference, especially in light of other measurements

i ifN 9Pig
order, cancel in the prOdUCEFor example, Iﬂ\ISFOAE and suggesting that neural group delays at tail frequencies often have a non-

NRma" measured at 40 dB SPL both differ by roughly the monotonic frequency dependenée.g., Allen, 198% See also van der

huma@uk

ERB gpig
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Heijden and Jorig2002 for another method to estimate high-frequency Dreisbach, L. E., Siegel, J. H., and Chen, (#998. “Stimulus-frequency

phase characteristics from ANF responses to complex stimuli.

otoacoustic emissions measured at low and high frequencies in untrained

SAlthough we adopt the ERB-based measure to facilitate comparisons with human subjects,” Assoc. Res. Otolaryngol. ABg, 349.

behavioral measurements, we obtain similar conclusions Wipg de-
fined asf .c/BW,q, where BW, is the bandwidth 10 dB below the peak. In

Engstran, H., Ades, H. W., and Andersson, A.966. Structural Pattern of
the Organ of Corti(Williams and Wilkins, Baltimorg
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8According to the measurements and analysis of Neelgl. (1988, evoked
OAE latencies measured at sound leivel AL (in dB SPL will differ from
those measured at level by a frequency-independent factor of approxi-
matelyc ™21 with c=5.
%As a convenient example, consider the simple Gaussian envelope
x—X(f)|?

|T(X,f )|°C exr{m} ,
where the frequency-position magf ) is proportional to—log(f ) and the
width of the excitation patternr,(f ), varies with frequency. Althoug|T|
is symmetric when considered as a functionxaét fixed f (the traveling
wave), the function is asymmetric when considered as a function off jog(
at fixedx (the transfer function
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