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Basilar-membrane responses to single tones were measured, using laser velocimetry, at a site of the
chinchilla cochlea located 3.5 mm from its basal end. Responses to lowfte®620 dB SPL
characteristic-frequencfCF) tones(9—10 kH2 grow linearly with stimulus intensity and exhibit

gains of 66—76 dB relative to stapes motion. At higher levels, CF responses grow monotonically at
compressive rates, with input—output slopes as low as 0.2 dB/dB in the intensity range 40-80 dB.
Compressive growth, which is significantly correlated with response sensitivity, is evident even at
stimulus levels higher than 100 dB. Responses become rapidly linear as stimulus frequency departs
from CF. As a result, at stimulus levels80 dB the largest responses are elicited by tones with
frequency about 0.4-0.5 octave below CF. For stimulus frequencies well above CF, responses stop
decreasing with increasing frequency: A plateau is reached. The compressive growth of responses
to tones with frequency near CF is accompanied by intensity-dependent phase shifts. Death
abolishes all nonlinearities, reduces sensitivity at CF by as much as 60—81 dB, and causes a relative
phase lead at CF. €997 Acoustical Society of Amerid&50001-496@7)05104-7

PACS numbers: 43.64.Kc, 43.64.Jb, 43.64.Ld, 43.64F0F]

INTRODUCTION the Mossbauer techniqugRhode, 1971, 1978; Sellickt al,
Perh th t influential ey i 1982; Roblest al, 1986, which is time consuming, highly
eérhaps the most infiuéntial eévent In mammalian CO'nonlinear, and probably deleterious to cochlear health

chlear physiology during the last quarter century WaS(KIiauga and Khanna, 198&nd thus severely limits the ex-

Rhode’s discovery of a basilar-membrane nonhneantytent and quality of the attainable data. More recently, most

(Rhode, 1971 Rhode showed that, in relatively healthy co- laboratories performing basilar-membrane measurements

;:hleae, bgsnzilr—membranet responses to ésghatLaCtelr'St'ﬁéve adopted some form of laser interferometry. Application
requency(CF) tones grow at compressive rai s than of this technique, which is essentially linear and offers other
dB/dB) at moderate-to-intense stimulus levels. This d'scov'advantages over the Msbauer techniquesee Ruggero and
ery met with much initial skeptigism, but the antral _findings ich, 19914, has permitted a detailed description of basilar-
have be_en sub_sequently replicated and refined in SeVeraembrane responses to tones at the 18-kHz site of the
laboratoriegSellick et al, 1982; Roblet al, 1986; Cooper healthy guinea pig cochle@uttall and Dolan, 1996 The
;nd erllodleg,9199N2; Nuttr:alll and tﬁolan, 1993; Murugasut aNtresent account provides a comparable description for the
ussel, b Nevertheless, there are many aspects o —10 kHz basilar-membrane site of the chinchilla cochlea,

basilar-membrane responses to .tones which, although au'pdating a report that was based on thesktmauer technique

ready add_ressed by previous §tud|es, .CO.UId be usefully dOClﬂRobleS etal, 1989 and addressing the questions posed

mented W|th.greater quant|ta_t|ve deta|I. n he.alth.y COChIeaeabove. A summary of the main results has been published in

Among the |ssues.that merit fqrther |nvest|gat|qn é.ﬁe abstract formRuggeroet al, 19960.

What is the magnitude of basilar-membrane vibration at

neural-threshold levels?2) Do basilar-membrane responses

to CF tones grow linearly at these threshold leve{8PHow . METHODS

do the compressive rates of growth vary with stimulus inten—A Animal i

sity?; (4) Does the compressive rate of growth persist at in- nimal preparation

tense stimulus levels?5) How does the compressive rate Basilar-membrane responses to tones were measured,

vary as a function of frequency?6) Is there a high- using laser velocimetry, at a site of the chinchilla cochlea

frequency magnitude plateau7) Is there a phase plateau? located 3.5 mm from the oval window. Chinchillas, anesthe-
Rhode’s finding of a basilar-membrane nonlinearity andtized with sodium pentobarbitdinitial dose: 65 mg/kg; in-

its initial confirmations and extensions were obtained usingected intraperitoneally were tracheotomized and intubated,
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but forced respiration was usually not used. Normal bodyResponses were usually averaged over 512 or 1024 stimulus
temperature was maintained by means of a heating pad saepetitions(exceptionally: 64 repetitionsand velocity spec-
vocontrolled by a rectal probe but no other precautiery., tra were computed off-line by Fourier transformation. Re-
heating of the headholdewas taken to maintain cochlear sponse magnitudes are given throughout the paper as the
temperature. The left pinna was resected, the bulla wapeak amplitudes of velocity waveforms. For more details on
widely opened, and the tensor tympani muscle was cut. Ithe application of laser velocimetry to the measurement of
many experiments, the stapedius muscle was detached frobasilar-membrane vibration in the chinchilla, see Ruggero
its anchoring. A silver-wire electrode was placed on theand Rich(1991a.

round window to record compound action potentials evoked

by tone burstgfundamental frequency: 500 Hz to 16 kHz, in Il. RESULTS

1/2 octave steps Compound action potenti@CAP) thresh-

olds (sound-pressure levels—SPLs—required to elicigA0- The initial preparations for basilar-membrane recordings

. . : were performed in 129 chinchillas but useful data were ob-
N1 responsesserved to monitor the physiological state of __: . . . .
tained in only 43. Judging from elevations in compound ac-

the cochlea. A small hole made in the basal turn of the otic; . .
. . . : ion potential(CAP) thresholds at near-CF frequencies, all
capsule allowed direct visualization of the basilar membrane .
. ) . . experimental cochleae were damaged to some extent by the
and placement on it of a few glass microbeddameter:

10-30 um), which served as reflecting targets for the light surgical procedures involved in opening the otic capsule. The

beam of the laser velocimeter. In some experiments, basila resent paper is largely based on the analysis of data from

Lo . he six cochleae that yielded the most sensitive basilar-
membrane vibrations were measured after covering the hole

: . ; . . ., membrane responses to CF tones. Two of these cochleae,
in the otic capsule with a small window fashioned from slide_ . . : . .
coverslip glass. which yielded an extensive sampling of basilar-membrane

responses to tones as a function of stimulus frequency and
o . intensity, are highlighted throughout the paper. These re-
B. Acoustic stimulation sponses were selected for presentation becélstitiey were

Acoustic stimuli were produced under Computer Contr0|excepti0na”y Stabléremaining invariant over several hours
by either a custom-built arbitrary waveform generdRug- ~ ©Of recording; (2) they were collected in near-normal co-
gero and Rich, 19830r by a Tucker—Davis System' and ChleaE(SUrgica”y induced CAP threshold elevations at CF of
were delivered through a Beyer DT-48 earphone. This wa§—12 dB; and(3) they were especially sensitive.
mounted on the back of a plastic speculum sealed to the bony All the recordings were obtained at a region of the basi-
ear canal by means of ear-impression compound. A Knowler membrane located about 3.5 mm from the oval window
(1842 or 1785 miniature microphone equipped with a probe (Robleset al, 1986. At the beginning of the recording ses-
tube was used to measure the sound pressure within 2 mm &fons(and usually also at later times throughout the sessions
the tympanic membrane. Single-tone stimuli were gated)asilar—membrane responses to clicks were measured at sev-
tones modulated at onset and offset by 1/2 period of a raise@ral intensities. Responses to low-intensity clicks provided
cosine waveform(1.16-ms rise/fall timg The tone bursts for rapid estimation of CF and basilar-membrane sensitivity.
had durations of 5, 10, 25, or, exceptionally, 3 ms, and repResponses to tones were then measured as a function of in-
etition periods of 25, 50, 100, or 15 ms, respectively. The uséensity and frequency, typically in 10-dB and 1-kHz steps.
of large off-time/on-time ratios prevented the induction of CFs were always in the range 8-11 kHz, most often 9 or 10
threshold shifts by the repeated presentation of intenskHz.

stimuli (see Fig. 16 and corresponding texfone stimuli A \waveshape and spectrum of responses to tones

were typically presented in steps of 1 kHz and 10 dB. ] ) ] )
Figure 1 illustrates basilar-membrane velocity record-

ings from a cochlea in which the preparatory surgery caused
only small (6 dB) elevations of the CAP thresholds for
Laser velocimetry measures the velocity of a vibratingstimulus frequencie$8 and 11.3 kHg closely flanking the
object by detecting the Doppler frequency shift of light re- CF (10 kH2) of the recording site. The traces show the av-
flected from it. In our application of this method, the lasereraged responses to 10-kHz tone bursts presented at 30—70
beam is reflected from glass microbeads placed on the basildB SPL. The responses to the lower-level stimuli resemble
membrane. The velocimeter used in these experiments cothe stimulus waveforms, which have symmetric envelopes.
sisted of a 20-mW He—Ne las€Bpectra Physics 10651a At higher stimulus levels, the response offsets are longer
Dantec 41X60 fiber viborometer, and a Dantec 55N20 Dop+than the onsets and the traces exhibit “ringing” that persists
pler frequency tracker. The velocimeter head was coupled twell after the end of the stimulus. At even higher stimulus
a compound microscop&Olympus BHMJ equipped with intensities(not shown, response asymmetry is often accom-
5X and 20X ultralong working-distance objectivé@ditutoyo  panied by overshoot-like irregularities with instantaneous
Plan Apo 5X, N. A. 0.14, and 20X, N.A. 0.42The electrical frequency equal to CF regardless of the stimulus frequency.
output of the Doppler frequency tracker, a voltad@ge-10 V)  Asymmetry and “overshoots” are usually present in the re-
proportional to velocity, was frequency filtered with a passsponses of sensitive cochleae to intense tones with frequency
band of 1-15000 HZ1-20 000 Hz exceptionallybefore  near to or higher than CF, but are absent from responses to
analog-to-digital conversion under computer conttgpical  tones with frequency well below CF or, at any frequency, in
sampling rate: 40 kHz; exceptionally: 100 or 166.6 kHz insensitive cochleae.

C. Laser velocimetry
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% s tones. The steady-state peak velocities of waveforms such as those of Fig. 1
[P B B | ! l o l | are plotted for six relatively healthy cochleae against stimulus intensity. The
0 2 4 6 8 10 12 14 16 straight line at right indicates the average motion of the stapes in response to

Time (ms) 9-kHz tones(measured by Ruggeret al, 1990. The right ordinate indi-
cates basilar-membrane displacement. This scale is exact for responses to

9-kHz tones but approximate for responses to 8 or 10 kHz.
FIG. 1. Basilar-membrane velocity responses to 10-kHZF) tones. Each

waveform represents the average of 512 responses. Stimulus intensity is . . . .
indicated at right. Zero time corresponds to the onset of the electrical inpuBit moderate intensitie®0—-80 dB. At the highest stimulus

to the earphone. Data recorded in cochlea L113. intensities (>80 dB), the curves tend to diverge. Two
velocity-intensity  functions (L13 and L113 reach
Although the waveforms of Fig. 1 are not visibly dis- asymptotic velocities of 0.6 and 1.6 mn{0 and 25 nm
torted, their Fourier transform®ot shown do contain even-  but three curves show increased rates of growth between 90
order harmonics. In general, responses to tones, regardless@fd 110 dB, reaching velocities of 3-8 mni&—140 nm
frequency, are symmetrig.e., they are devoid of dc compo- at 100 dB SPL.
nent$ and exhibit very low levels of harmonic distortion. Figure 3 displays the slopes of the input—output func-
Second-harmonic components occasionally reach levels dns of Fig. 2. Growth rates are highest, approaching linear-
high as—20 to —30 dB relative to the fundamental. Such ity, at intensities lower than 20 dB SPL. Growth rate is com-
distortion, which is generally accompanied by a small dcPressive(<1 dB/dB) at all intensities higher than 20 dB. In
shift, appears to arise as an artifact in the velocimeter systerfhe range 40-90 dB, rates are relatively stable for any single
The presence of even-order distortion is typically associategochlea but vary across cochleae between 0.2 and 0.5 dB/dB.
with poor recording conditionévhen little light is reflected Probably not coincidentally, the lowest rates of growth
from the target and/or with a large fundamental signal and (<0.3 dB/dB in the mid-intensity range belong to cochleae
high-sensitivity settings of the Doppler-frequency tracker.(L13 and L113 that produced the largest responses at low
Under such circumstances, decreasing the sensitivity settirgfimulus levels(Fig. 2.
dramatically reduces the magnitudes of both the second har-
monic and the dc shift.

B. Magnitude of responses to CF tones as a function
of intensity

The steady-state amplitudes of velocity traces such as:_@
those of Fig. 1 were measured by means of Fourier transforg
mation. Figure 2 displays velocity-intensity functions for £
basilar-membrane responses to CF tones in six sensitive cogz
chleae. The CF&determined to the nearest kHare: 8 kHz 5}
(L126), 9 kHz (L13 and L1295, or 10 kHz(L57, L113, and
L110). Response amplitudes generally grow monotonically
with stimulus intensity, with remarkably little variation
among different cochleae in the intensity range 20-70 dB
SPL. To a first approximation, in the 20—70 dB range all the 0 20 40 60 80 100 120
velocity-intensity curves lie close to a single straight line in Sound Pressure Level (dB)
|Og—|pg Coord.mates’ defining velocity as a simple powerFlG. 3. Slopes of basilar-membrane responses to CF tones, plotted against
function of stimulus pressure. However, all curves growgsmyius intensity. The slopes of the CF input—output functions of Fig. 2 are

more steeply at the lowest stimulus intensitigR0 dB) than  expressed in units of dBrelocity)/dB (pressurg
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FIG. 4. Gain of basilar-membrane responses to CF tones, plotted against Maximum gain (dB re 1 mm/s/Pa)

stimulus intensity. Basilar-membrane gains were computed by dividing thg-|g 5. Relationship between the sensitivity and the nonlinear growth of
peak response velocities shown in Fig. 2 by the corresponding stimulugasilar-membrane responses to CF tones. The scatter diagram plots, for each
pressuregeft scalg. The right scale indicates the gaim decibels of  of 43 cochleae, the maximal gain of basilar-membrane vibratiag, Fig.

basilar membrane motion relative to stapes mofibarizontal dash line, 4) against the average slope of the velocity-intensity functiag., Fig. 3
Ruggeroet al, 1990. This scale is exact for responses to 9-kHz tones buteasured between 40 and 80 dB SPL.

approximate for responses to 8 or 10 kHz.

CF in cochleae L13 and L11®3 and 59 dBe: 1 mm/s/Pa
ields slopes of 0.24 and 0.28 dB/dB, respectively. If one
®akes into account sensitivity losses due to surgéyand 6

In all cochleae represented in Fig. 3, the nonlinea
growth of basilar-membrane motion persists even at th

highest of physiologically relevant stimulus intensities. In4g respectively, in cochleae L13 and L11Be predicted

the two most sensitive cochledel3 and L113, the rates of g 15he5(hased on corrected maximal gains of 75 and 65 dB
growth dip down to zero or negative values at the higheste: 1 mm/s/paare 0.14 and 0.23 dB/dB. Thus, one expects
stimulus intensities. In other cochleae, growth rates climb tq, o+ velocity-intensity functions for CF tones in entirely nor-

values of 0.5-0.7 dB/dB at intensities higher than 90 dB. Iny | cochleae have slopes of approximately 0.2 dB/dB in the
even less sensitive cochle@eot shown that nevertheless 44_gg 4B intensity range.

retain some degree of nonlinearity, responses to intense CF

tones can reach nearly linear growth rat@s8—0.9 dB/dB.

This suggests that the increase in the slope of responde Variation of velocity-intensity functions with
growth at high stimulus levels varies directly with the extentStimulus frequency

of surgically induced cochlear damage and may be smaller  Figure 6 presents a family of velocity-intensity functions
(or even absentn completely normal cochleae. for responses of a single basilar-membrane site to tones with
Figure 4 illustrates the systematic decrease in ga@,  frequency equal to and higher than CI kH2). Responses

velocity per unit pressujethat basilar-membrane responsesto 11-kHz tones grew at rates slightly more compressive than
to CF tones undergo with increasing stimulus intensity. At

100-110 dB SPL, basilar-membrane gain can be as much as
69 dB lower than at intensities 20 dB. The right scaléthe —o— oKz ' ' '
magnitude of basilar-membrane motion relative to stapes -
motion; Ruggeraet al,, 1990, indicates that at low stimulus
levels basilar-membrane vibrations are enormously larger
than stapes motion, amounting to gains of 66-76 dB. 10°F
Basilar-membrane vibration exceeds stapes motion even aE
stimulus levels as high as 110 dB SPL. 2 |
It was noted above that, among the cochleae representecg' 102 |
in Figs. 2—4, the two with the most compressive rates of% ;
response growtkFig. 3) were also among the most sensitive >
ones(Figs. 2 and 4 We explored the relationship between
sensitivity and nonlinear growth in a sample of 43 cochleae i ]
(Fig. 5 by correlating the maximal gaind-ig. 4) with the [ RIEI

average slopes of velocity-intensity functions in the range h pos y S e ——
40-80 dB SPL(Flg 3) These quantitie$gain: dBre: 1 Sound Pressure Level (dB)

mm/s/Pa; slope: dB/dBwere significantly and negatively

e — . FIG. 6. Velocity-intensity functions of basilar-membrane responses to tones
correlated, witfr 0.60, slope of~0.0090(dB/dB)/(dB re: with frequency equal to and higher than €I kHz). The straight dashed

1 mm/S_/Pa’- ?—nd y intgrcept of 0.81 dB/dB. Applying the line at right has a linear slop@ dB/dB). The data were recorded in cochlea
regression-line equation to the measured maximal gains at13.
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FIG. 7. Velocity-intensity functions of basilar-membrane responses to toneg|G, 8. A family of isointensity curves representing the velocity of basilar-
with frequency equal to and lower than GO kH2). The straight dashed  membrane responses to tone pips as a function of frequihsgissaand
line at right has a linear slopgl dB/dB). The data were recorded in the intensity(parameter, in dB SPLThe isointensity curves represent the same
same cochle@.113) represented in Fig. 6. data of Figs. 6 and 7.

responses to CF tones at intensities of 40—80 dB but grew %to and 20 dB SPL but grew at highly compressive rates at
higher rategcloser to linear at intensities lower than 30 dB higher intensities(The 10-dB curve in Fig. 8 has been ex-

SPL and higher than 80 dB. Responses to 12-kHz tones alﬁo . D
: . ) rapolated linearly from responses to stimuli presented at
displayed a central compressive region flanked by less non-

. . . ; " . slightly higher levels; see Figs. 6 and The most nonlinear
linear regions at lower and higher intensities. In this case .

. ; . ) rowth rates were those for tones with frequetity kH2)
however, the highly compressive region was restricted to . : ;

: ust above CF. At stimulus frequencies of 14 kHz and higher,
narrower range, 50—80 dB. Responses to tones with fre- .
: . responses grew linearly and reached a plateau.
quency higher than 13 kHz were linear. The frequency-specific compressive nonlinearity caused
Figure 7 shows velocity-intensity functions at the same q y-sp P y

cochlear site for tones with frequency of 10 kHzCF) and a systematic reduction of the most effective stimulus fre-

lower. Responses to 9-kHz tones arew nonlinearly but aguency as a function of increasing stimulus intensity. At in-
' P 9 y ensities equal to or lower than 50 dB SPL, the peak re-

rates higher than responses to CF. Thus, although 9-kHz rgponses occurred at 10 kHz: at 60 and 70 dB the largest
sponses were some 7.3 dB smaller than at CF for 10-d . )

T responses were elicited by 8-kHz tones; at 80 and 90 dB
stimuli, they surpassed CF responses at 60 dB SPL and we . .

L, the peak response shifted to 7 kHz, equivalent to a
some 6 dB larger at 90 dB. Responses to 8-kHz tones 9 equency decrease of 0.51 octave relative to CF. Peak re-
linearly between 10 and 50 dB, displayed a mildly nonlinear a y ’ ’
rate of growth between 50 and 90 dB, and exceeded CF
responses by some 14 dB at 90 dB. Responses to tones with
frequencies lower than 7 kHz were linear and, in the range  1¢3
4-7 kHz, larger than responses to CF tones at 90 dB. For
frequencies near CF, the slopes of the velocity-intensity
functions varied systematically with frequenéyot shown 102
explicitly). For example, in the 40—80 dB range the slopes ©

10&20dB

T T T T
Ll

T T 17T
Ll

o
for tones with frequency of 6, 7, 8, 9, 10, 11, and 12 kHz & 40
were 0.99, 0.94, 0.66, 0.41, 0.25, 0.21, and 0.37 dB/dB, re-g 10'E 3
spectively. E : .

v

S 1°

D. Variation of isointensity functions with stimulus

intensity stapes ® 108
The variation of response velocity as a function of 107 E Lits ‘/\/\/\/_ E
stimulus frequency and intensity can be viewed comprehen- = ; — 1L =
2 3 4 5 6 7 8 910 20

sively by recasting the data of Figs. 6 and 7 into a family of
isointensity functiongFig. 8). For tones with frequency well
below CF, isointensity curves for stimuli 10 dB apart areriG. 9. A family of isointensity curves representing the gaislocity di-
separated by velocities that differ by a ratio of 3ik., 10  vided by stimulus pressuref basilar-membrane responses to tone pips as a

dB), indicating linear growth. Response growth became in_function of frequency(abscisspand intensity(parameter, in dB SPL The
! ' ispintensity curves represent the same data of Figs. 6—8, recorded in cochlea

creasingly compressive as stimulus frequency approach@d 13 The thick line at bottom indicates the average motion of the stapes
CF. Responses to CF tonéK) kHz) grew linearly between (Ruggeroet al, 1990.

Frequency (kHz)
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divided by stimulus pressuref basilar-membrane responses to tone pips asFigs. 6—9 are presented as isovelocity contours for responses of 25, 50, 100,
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thick line at bottom indicates the average motion of the stdBe®gero  contours (dashed lings The thick solid line is an average frequency-

et al, 1990. Data recorded in cochlea L13. threshold tuning curve computed from the rate thresholds of 50—274 chin-
chilla auditory-nerve fibers with CFs of 8—12 kHz and high spontaneous
activity.
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sponses in another sensitive cochl@d3; see Fig. 1D
changed from 9 kHZCF) at low stimulus levels to 7 kHz at  more sensitive at low stimulus levels. CF responses grew
80 dB, amounting to a decrease of 0.36 octave relative to CHinearly between 5 and 10 dB SPL but exhibited strongly
Another trend of the variation of isointensity functions with compressive growth between 10 and 80 dB. The change of
stimulus intensity consists of a systematic broadening of theesponse gain at CF as a function of stimulus level was 55.6
response bandwidth: Whereas for 20-dB stimuli the 10-dBjB (measured between 10 and 80 dB $PAs previously
bandwidth in this cochlea is 2.5 kHz, at 90 dB the 10-dBnoted in the case of L113, the change of response gain would
bandwidth is 5 kHz. presumably have been even larger had responses been avail-
The data of Fig. 8 are replotted in Fig. 9 after normal-aple for higher stimulus intensities. The difference between
ization to stimulus intensity, thus yielding gaifwelocity per  the peak gains for low-levéb or 10 dB and intens¢80-dB)
unit stimulus pressure Had responses grown linearly with stimuli was 47.9 dB. Corrected for the surgically induced
stimulus intensity, the isointensity gain curves would supergeterioration of the preparatiqi2 dB, estimated from CAP

impose. In fact, the curves superimpose only at frequenciegreshold elevations at 8 and 11.3 KHthe corresponding
removed from CF, i.e., below 7 kHz and above 13 kHz. Atyalue is 59.9 dB.

near-CF frequencies, gain grows systematically larger as a
function of decreasing stimulus level, except between 10 an
20 dB, in which range responses grow linearly and gain
attain a maximalasymptoti¢ value. The change in gain as- For comparison with responses to sound at more central
sociated with nonlinear growth at CF cannot be expressed agages of cochlear processifeyg., hair cells, auditory-nerve
a single value because compressive growth prevails even &ibers, it is convenient to present basilar-membrane magni-
levels higher than 100 dRompare 10-kHz gains at 100 and tude data in the form of isoresponse contofis., “tuning
108 dB SPL. Thus, it is only possible to specifyrminimum  curves”). Figure 11 shows tuning curves for velocities of 25,
change in gair(e.g., 69 dB in cochlea L113, measured be-50, 100, 200, and 40@um/s (thin solid lineg, derived by
tween 20 and 108 dB SPL; see also Fig. However, it is interpolation from the velocity-intensity curves for a single
possible to specify a single value for the difference betweerochlea(L113: Figs. 6 and ), and isodisplacement tuning
the maximal sensitivity at CF and the peak sensitivity forcurves(dashed linesfor displacement values of 0.4 and 0.8
responses that grow linearly or nearly G@., at 7 kHz. In nm (derived from the isovelocity curves at 25 and /s,
cochlea L113, this difference between the peak gain at lowespectively. On the high-frequency side, isovelocity tuning
(10-20 dB and high(90 dB) stimulus levels amounts to curves have slopes averaging 260 dB/octave between 40 and
32.5 dB(Fig. 9). Taking into account that cochlea L113 had 70 dB SPL. On the lower-frequency side, the slopes are
experienced a 6-dB sensitivity loss at CF during the prelimi-much lower, in the order of-52 dB/octaveQ;, values(CF
nary surgeryas judged by CAP threshold elevations at 8 anddivided by 10-dB bandwidthfor the 25-, 50-, 100-, 200-,
11.3 kH2, one can estimate that the difference in the intactand 400um/s curves are 5.3, 5.6, 6.1, 7.1, and 5.2, respec-
cochlea would have amounted to 38.5 dB. tively. Q,q values(CF divided by 20-dB bandwidjrare 3.2,
Figure 10 presents another family of isointensity func-3.3, 3.3, 3.4, and 2.9, respectively.
tions normalized to stimulus intensity. The basilar-membrane  In addition to basilar-membrane tuning curves, Fig. 11
responses in cochlea L13 resembled those of L113 but wemrepicts an average frequency-threshold tuning curve com-

. Tuning curves
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FIG. 12. Basilar-membrane and auditory-nerve tuning curves. The data af|G. 14. Intensity dependence of basilar-membrane response phases. The
Fig. 10 are presented as isovelocity contours for responses of 25, 50, 10Bhases represented in Fig. 13 have been normalized to those at 80 dB SPL.
200, and 40Qum/s (thin solid lineg and isodisplacemer(0.44 and 0.88 nln  Positive phases indicate leads relative to responses at 80 dB.

contours (dashed lines The thick solid line is an average frequency-

threshold tuning curve computed from the rate thresholds of 50-274

auditory-nerve fibers with CFs of 8—12 kHz and high spontaneous activityneural and mechanical tuning curves resemble each other

closely at near-CF frequencies but the resemblance is weaker
puted from the rate responses of chinchilla auditory-nerveit frequencies well below CF. In the range 2—10 kHz, the
fibers with CFs in the range of 8—12 kHz and spontaneougeural curve most closely approximates the 60/s isove-
activity higher than 18 spikes/s. The tuning curve is a deqocity curve.
tailed composite of the features of 58—274 fib@hspending Figure 12 shows isovelocity and isodisplacement tuning
on frequencyin 86 animals(Temchinet al, 1997. For fre-  curves for another cochle@13). For the 50—20Qum/s is-
quencies near CF, the averaged features were the frequencigglocity curves, high- and low-frequency slopes average
corresponding to stimulus intensities sampled in 3-5 dBs589 and—125 dB/oct, respectively. For the same curn@s,
steps between CF threshold and 70-80 dB SPL. For “tail’values average 6.0. The CF threshold from the average
frequencies, the averaged features were the SPLs corrauditory-nerve frequency-threshold curi8dB SPL) corre-
sponding to frequencies sampled in 0.25 octave stega-  sponds in cochlea L13 to a basilar-membrane velocity of 73
tive to CPH. The average frequency-threshold curve has a Clym/s or a displacement of 1.3 nm. In this case, one isodis-
threshold of 8 dB SPL, which corresponds to a velocity of 39placement curvg0.88 nnm) provides a better match to the
wm/s or a displacement of 0.62 nm in cochlea L113. Theneural tuning curve than the isovelocity curves.
neural tuning curve has high- and low-frequency slopes of

318 and—117 dB/oct, respectively, and iRy is 4.6. The | . . . response phases as a function of

stimulus frequency and intensity

oF kb e 4 10dB SPL Figure 13 shows the phases of responses in cochlea
I e o | L113, corresponding to the magnitudes of Figs. 6—9. Each

1k A - phase curve, which indicates displacement toward scala tym-
| —o— 80 1 pani relative to condensation at the eardrum, represents one

2k e n i stimulus intensity. The curves show phase lags that increase
| —o— 90 ] monotonically as a function of increasing frequency. In order

1o to resolve 360-deg ambiguities in unfolding the phases, we

have taken advantage of recordings of responses to clicks
(not shown, whose spectral phases match fairly closely
those of responses to ton¢Ruggeroet al, 1992a. The
slopes of the curves become steeper as CF is approached. For
stimulus frequencies 4—7 kHz, for which response magni-

| | | | L L tudes grow linearly or nearly s@-igs. 7—9, the slope varies

) 3 5 > s 11 13 15 17 19 little with stimulus intensity, averaging-1.15 rad/kHz,
equivalent to a group delay of 183s. Near CF, the slopes
vary systematically with stimulus intensity: Group delays
FIG. 13. The variation of basilar-membrane response phases as a function pange from 0.99 ms for 10-dB tones to 0.61 ms for 90-dB
frequency. Phases—displacement toward scala tympani relative to condeines_ The phase slope is steepest at frequencies just higher

ST phase re condensation (cycles)

Frequency (kHz)

sation at the eardrum—were computed from the responses of cochlea L113,
whose magnitudes are represented in Figs. 6-9 and 11. Each curve repiélan CF. Measured between 10 kKKi2F) and 12 kHz, the

sents data for a single stimulus intensitygend. group delays are 1.1-1.3 ms. The rapid increase of phase lag
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FIG. 15. Phase-versus-frequency curves, relative to stapes motion, ¢fiG. 16. Stability and vulnerability of responses to CF and near-CF tones.

basilar-membrane responses to 70- or 80-dB tones in several cochleae. Tige open symbols depict the peak velocities of responses to CF (ks

filled symbols indicate phases at the CF frequencies. squares; L113: circlesand 9-kHz tonegL113: triangle$ recorded in the
sensitive cochleae of two live chinchillas. The filled symbols represent the

. . . . . CF responses recorded immediately afteithin minutes of death. Re-
with stimulus frequency is interrupted at frequencies hlghegponses to CF tones in both cochle@ad also responses to 9 kHz in

than 12 kHz, at which the phase lags essentially reach gochlea L113 were measured both early in the experiment and 160—-240
plateau. min later. The numbers next to the 9-kHz data points indicate the relative
At near-CF stimulus frequencies, where response magimes(in min) of the early recordings.
nitudes grow nonlinearly, response phases vary with stimu-
lus intensity. The phases are displayed in Fig. 14 after nor0.9—1.6 cycles. The transition frequency between the two
malization to the responses to 80-dB tones. In the intensitgegments seems to increase as a function of increasing CF.
range 30—80 dB, responses to CF tofasow) change little  The low-frequency segments of the phase-versus-frequency
with stimulus intensity. In the same intensity range, responseurves have similar group delagise., slopeg averaging 144
phases for frequencies lower than CF systematically lagts. The segments with frequency just higher than CF have
phases for lower-intensity stimuli. The lags are largestgroup delays that may grow larger with decreasing(€g.,
(>100 deg between 30 and 80 dir responses to 8 kHz 1.6, 1.0, and 0.56 ms for L13, L113, and L114, with CFs of
and diminish at lower frequencies, becoming insignificant9, 10, and 11 kHz, respectively
below 6 kHz. Response phases for tones with frequency just Two of the phase curves of Fig. 15 exhibit plateaus at
higher than CF systematically lead the phases for lowerfrequencies higher than CF. One cuiftd63) was obtained
intensity stimuli. For any given intensity, the largest leadswith small frequency steps and therefore it was not subject to
(exceeding 90 degoccur for tones with frequency of 11-12 phase ambiguities. In the case of the other cuivEL3), a
kHz. The systematic leads do not persist at levels of 90 an@w phase ambiguity at frequencies of 12 kHz and higher was
100 dB. At these intensities, regardless of stimulus fretesolved using phase-versus-frequency curves computed
guency, response phases lag responses to lower-level stimuliom responses to clicks in the same cochlgahe phase-
Thus, for frequencies lower than CF, responses to intenseersus-frequency curves for responses to clicks closely re-
tones can be nearly antiphase relative to responses to lovgemble those of responses to tofiesiggeroet al., 19923.]
level tonege.g., 9 kHz. A dependence of response phase onin both cochleae, the plateaus hovered around phase lags of
stimulus intensity similar to that depicted in Fig. 14 also3.7—4.1 cycles relative to inward stapes displacement.
characterized the near-CF basilar-membrane responses in
other sensitive cochleae, including L{see Figs. 10 and }2
The phase effects appeared to be extremely dependent on tﬁe
state of the cochlea, since only small phase shifts could be Basilar-membrane responses to near-CF tones often de-
demonstrated in many less-sensitive cochleae that neverthieriorated with the passage of time, becoming less sensitive
less retained substantial nonlinearity. and more linear. However, responses in several cochleae re-
Phase-versus-frequency curves for basilar-membrane réained their initial sensitivity and nonlinearity over several
sponses to 70- or 80-dB tones in several cochleae are plottdwurs. Figure 16 shows two velocity-intensity functions
in Fig. 15 after normalization to stapes displacement. Théopen circle} for the responses of cochlea L113 to 10-kHz
curve for L163 was normalized using stapes data collected ifCF) tones, one recorded early in the experiment and the
the same animal. The other curves were normalized usingther abou4 h later, after recording the responses depicted
average stapes dafdopen” curve in Fig. 11 of Ruggero in Figs. 6-9, 11, 13, and 14. The two velocity-intensity func-
et al, 1990. All the phase curves contain a low-frequency tions were very similar. The responses of another cochlea,
segment, with relatively shallow slope, and a near-CF segt13, to CF toneqopen squargswere measured some 2 h
ment, with steep slope. The phase lags at CF amount tand 40 min apart, before and after the recordings illustrated

Response stability and the effects of death
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120 — — intact cochleae would have amounted to 60 dB in L113 and
1 81 dB in L13.
- Whereas the slopes of the intensity functions at moder-
ate stimulus levels were originally lower than 0.3 dB/d®e
. Fig. 3, the post-mortem curves had essentially linear slopes
] (dashed lines; L13: 1.12 dB/dB; L113: 0.95 dBjdBAI-
7] though no post-mortem responses are available for intensities
1 higher than 80 or 90 dB, linear extrapolation suggests that
the latter became larger than pre-mortem responses at stimu-
lus levels higher than 100 dB SPL in both cochleae.

The post-mortem reductions in the magnitude of re-
sponses to CF tones were accompanied by relative phase

—%— L13-9 kHz (CF)
j00 b —~— 1L83-10KHz (CP)
—— L33-9kHz

L113 - 10 kHz (CF)

60 -

40 -

Post- re pre-mortem phase (deg)

| ] leads(Fig. 17). The phase leads were small at stimulus in-

20 A R S SR B tensities<70 dB but tended to grow with intensity. For the
50 80 70 80 90 100 10 two cochleae illustrated in Fig. 16, the phase leads amounted
Sound Pressure Level (dB) to 79—-105 deg at stimulus intensities of 80—100 dB. Post-

FIG. 17. The effects of death on the phases of responses to near-CF ton&‘,ortem phase Char,]g?s for responses to 10-4¢ . 2 and
plotted as a function of stimulus intensity. The phases for the responses 8-kHz tones were similar but somewhat smaller in another,

CF tones in live animalgopen circles and squares in Fig.)28ere sub-  less-sensitive, cochle@.33; see Ruggeret al., 1992a and
tracted from the post-mortem response phagksd symbols. Thus, posi- Ruggero, 1994

tive phase values indicate relative phase leads of the post-mortem responses.

Also shown are the net post-mortem phase changes for 10(€Hg and

9-kHz tones in another cochlea. IIl. DISCUSSION

A. Evaluation of laser-velocimetry recordings:
in Figs. 10 and 12. As in the case of L113, the response§ontamination by a fluid-depth artifact

remained quite stable. The stability of the responses to CF Cooper and Rhodé.992 have described an artifact that
tones in these two cochleae convincingly demonstrates th@hyst be taken into account in interpreting basilar-membrane
the frequency specificity of the magnitude and phase nonlinrecordings obtained using laser velocimetry. These authors
earities illustrated in Figs. 6—14 is not an artifact of record-noted that a laser velocimeter cannot distinguish Doppler
ings obtained under dissimilar physiological conditidgsse  shifts caused by motion of the laser-beam taigje¢ beads
Khanna, 1984, p. 216 on the basilar membrahdrom frequency shifts caused by
Also shown in Fig. 16 are responses to 9-kHz toneshanges of the path length of the laser beam due to alter-
(open trianglesin cochlea L113 that demonstrate that the ations in the depth of the fluid in scala tympani. The latter
repeated presentation of intense near-CF stimuli did not leagre certain to exist as result of stapes vibration. When the
to changes in response sensitivisuch as noted in some stapes is pushed inward, the fluid meniscus overlying the
Mossbauer studies: Selligk al, 1982; Patuzzet al, 1984.  recording site must bulge out of the otic capsule, causing an
Two velocity-intensity functions were recorded, one early injncreased beam path length. When the stapes is pulled out-
the experiment and the other ngedi h later. At each stimu-  ward, the path length must be shorter. Thus, when basilar-
lus intensity, 512 repetitions of 10-ms tone bursts were premembrane motion is small in comparison with the variation
sented every 50 ms. Responses for the curve obtained earligr fluid depth, the velocimeter output should grow in propor-
were measured with tones presented at systematically inon to stapes velocity rather than in proportion to basilar-
creasing intensity, from 13 to 106 dB SPL, followed imme- membrane velocity.
diately by a presentation at 10 dB. Comparison of the re-  The effect of fluid-meniscus motion is most conspicuous
sponse magnitudes at the latter intensity shows that they afer low stimulus frequencies, which elicit the largest middle-
nearly identical, thus demonstrating that the repeated presesar responses and the smallest basilar-membrane vibrations
tation of 106-dB tone bursts did not alter the sensitivity of(e.g., Ruggercet al, 1990; Cooper and Rhode, 1992n-
responses to low-level stimuli. Presumably the thresholdieed, we have strong evidence that responses to tones with

shifts reported in some Msbauer studiesSellick et al,  frequencies lower than 2—3 kHz actually reflect stapes mo-
1982; Patuzzet al, 1984 resulted from the presentation of tion. At such frequencies, stapes and “basilar-membrane”
long-duration tones. motion can have comparable magnitudegs. 9 and 10; see

Figure 16 allows a comparison of velocity-intensity also Fig. 19 of Ruggeret al., 1990 and the response phase
functions for CF tones in cochleae L13 and L113 before(out-of-phase with stapes inward displacematiffer from
(open circles and squapeand after deatt{solid symbol$.  those previously recorded with the s&bauer technique
Death produced large decreases in the sensitivity and nonlifRuggeroet al., 1986 but are consistent with those expected
earity of responses. For low-level CF stimuli, death dimin-from the artifact(Cooper and Rhode, 1992; p. )7®/ost
ished sensitivity by 54L113) or 69 dB(L13). Taking into  convincingly, when measurements at the chinchilla cochlea
account that the pre-mortem responses were measured in care performed after covering the hole in the otic capsule with
chleae that had sufferedsurgically inducedl sensitivity a glass window, responses for low stimulus frequencies are
losses of 6-12 dB, it is likely that the net effect of death inselectively reduced relative to those recorded without the
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window (Recio et al, 1997. Therefore, in this paper we complete correction of attenuation errors at large nominal
have not presented data for stimulus frequencies lower than &tenuationgPfeiffer, 1974. After fully correcting for this
kHz and view responses to 2—3 kHz tones with caution. “feed-through” artifact, we are now convinced that, at the
Fluid-meniscus motion could conceivably also contami-8—10 kHz site of the chinchilla cochlea, basilar-membrane
nate responses to near-CF stimuli at sufficiently high levelstesponses to CF tones grow linearly at stimulus levek
when the linear growth of the artifact might overtake thedB SPL (Figs. 2 and 3
slower(compressivegrowth of basilar-membrane responses. The intensity of CF tones at the transition between linear
In such a case, responses should grow linearly and their gaBnd compressive basilar-membrane grovfigs. 2 and 3
should be comparable to that of stapes motion. In fact, renearly coincides with the threshold of chinchilla auditory-
sponses to CF tones had magnitudes that exceeded stapesve fiberqFigs. 11 and 1R Our present estimate of maxi-
vibration even at intensities of 100 dB or high&ig. 2) and  mal basilar-membrane gain at the 3.5-mm site of the healthy
their growth remained substantially nonlinear even at intenehinchilla cochlea is similar to a previous one that was based
sities of 100—-110 dBFig. 3). Perhaps most telling, the mag- on Mossbauer datéRobleset al,, 1986. This similarity sug-
nitude of basilar-membrane responses to CF tones exceedgdsts that the two sets of measurements were carried out in
stapes vibration even in cochleae that yielded insensitive ancbchleae that were in simildr.e., near-normalphysiologi-
nearly linear responsesiot shown as a result of surgical cal state, and that the basilar-membrane recording sites were
damage. also comparabld.Radial position, which was not measured
Finally, it is worth considering whether the high- in these experiments, could cause variations in vibration
frequency magnitude plateaiFigs. 8 and 9 reflects the magnitude as large as 20 dB, depending on distance from the
fluid-depth artifact. Although this hypothesis seems to bespiral lamina or the spiral ligamer{Cooper and Rhode,
supported by the linearity and the insensitivity of response4992.] The newly estimated average neural thresi8ldB
at the plateau, we tend to discount it because a plateau witBPL), based exclusively on fibers with high-spontaneous ac-
identical characteristics has also been demonstrated at thieity, differs from a previous valué€l6 dB) which was based
same site of the chinchilla cochlea using theddloauer tech- on a different population of auditory-nerve fibers, averaged
nigue (Robleset al, 1986. Gamma rays are far more pen- without regard to spontaneous activity. Thus, our revised es-
etrating than visible-light photons and thus are minimallytimate of the magnitude of basilar-membrane vibration at
refracted at the air-perilymph interface. Therefore, changeseural threshold39-73 um/s or 0.62—1.3 ninis slightly
in perilymph depth should translate into insignificant lower than the previous estimate of 1pén/s or 2 nm(Rob-
changes in effective path length. les et al, 1986. At the guinea pig basilar-membrane site
with CF 18-20 kHz, the transition between linear and non-
B. Waveshape and spectrum of basilar-membrane linear growth also occurs at intensities close to neural thresh-
responses to tones old (0—10 dB; Nuttall and Dolan, 1996However, another
) ) ] study in guinea pig found nearly linear growth for responses
Beqause of_ the inherent severe nonlinearity of thgg CF (15 kH2) tones at levels as high as 50 dB SRMu-
Lorentzian function that relates gamma-ray counts to Velocfugasu and Russell, 1995There is no obvious explanation

ity (Rhode, 1971; Ruggero and Rich, 1991studies that  for the discordant ranges of linear response growth found in
used the Mesbauer methoge.g., Sellicket al, 1982, 1983b;  these two studies.

Robleset al, 1986; Ruggeret al, 1986 could not address

effectively the question of whether basilar-membrane re-

sponses to tones contain harmonic distortion. The presem nonlinear growth of basilar-membrane responses

chinchilla data concur with laser velocimetry recordings iny, sypra-threshold CF tones

guinea pig(see Fig. 20 of Cooper and Rhode, 1982show- . ) _

ing that basilar-membrane responses to tones, regardless of Mossbauer experiments showed that basilar-membrane

CF, are largely free of harmonic distortion, even though theif€SPonses to CF tones in healthy chinchilla cochleae grow at
rate of growth with intensity may be highly compressive. rates as low as 0.3 dB/d&Robleset al, 198§ but provided
little detail on the range over which such compressive

growth occurred. In particular, due to the limited dynamic
range of the Lorentzian function, and because of the need to
limit the duration of cochlear exposure to intense tones, al-
Mossbauer measurements of basilar-membrane vibranost no Massbauer data were obtained at the chinchilla basi-
tions at the 3.5-mm site of the chinchilla cochlea suggestedar membrane for responses larger than 1 mm/s or CF tone
but could not establish unequivocally, that CF input—outputintensities higher than 90 dB SPL. Taking advantage of the
functions grow linearly at low stimulus intensiti€Robles  greater linearity and speed of laser velocimetry, the present
et al,, 1989. Describing responses in one sensitive cochleaexperiments were able to collect data at more intense stimu-
Robleset al. stated that, for the CF velocity-intensity func- lus levels, using large off/on time ratios to prevent acoustic
tion expressed in logarithmic coordinates, “slope is less thatrauma(see Sellicket al,, 1982 and Patuzat al., 1984. Itis
unity even at the lowest velocities we were able to measuraeow clear that basilar-membrane responses to CF tones in
with our system.” Subsequent recalibration of the acoustichormal chinchilla cochleae grow at rates as low as 0.2 dB/
stimulus system has revealed that such apparent compressig@B, and that these highly compressive growth rates may be
growth at low stimulus levels was an artifact caused by in-maintained over a 40—60 dB range of stimulus intengtig.

C. Magnitude and rate of growth of basilar-membrane
responses to near-threshold CF tones
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3), from 40 dB SPL or lower intensities to 90 dB or even coinciding with the onset of a magnitude platd@iscussed
higher intensities. below; Figs. 8, 9, and 11

Some of our laboratory’s publications noted in passing Nonlinear growth disappears progressively at frequen-
that velocity-intensity functions of chinchilla basilar- cies lower than CF so that, for CFs of 9-10 kHz, responses
membrane responses to CF tones could approach linearity ate linear at all stimulus frequencies lower than 0.4-0.5 oc-
high stimulus intensitie@Ruggero and Rich, 1991b; Ruggero tave below CF. At these frequencies, responses are larger
et al, 1992b; Ruggeret al, 1993. Such tendency toward than at CF or at any other stimulus frequency at intensities
linearization was rarely observed in"lg&bauer experiments higher than 80—90 dB. The intensity-dependent shift of the
in normal cochleaéSellick et al,, 1982; Roblet al.,, 1986, response peak toward lower frequencies probably accounts
but some authors argued for its existence on the basis of thedequately both for equivalent shifts in responses to tones of
effects of acoustic trauméPatuzziet al, 1984 and from  high-CF auditory-nerve fiberg¢Geisler et al, 1974; Sachs
theoretical considerationsJohnstoneet al, 1986; Patuzzi and Abbas, 1974and for the fact that temporary threshold
et al,, 1989; Yates, 1990; Goldstein, 1995; Nobili and Mam- shifts induced by intense tones are maximal at frequencies
mano, 1996 The present investigation shows that within theabout 0.5 octave higher than the stimulus frequefizgvis
range of intensities that are physiologically relevéng., up et al, 1950; Hood, 1950; Hubbard and Geisler, 1972;
to 100-110 dB complete linearization does not occur in Lonsbury-Martin and Meikle, 1978; Cody and Johnstone,
healthy cochleae. The rate of growth in some sensitive co1981).
chleae does become less compressive at the highest intensi-
ties than in the mid-intensity range, but it never surpasses 0.F. The gain of the “cochlear amplifier”

dB/dB (Fig. 3. On the other hand, responses to high- Th . . . . .
ere is widespread belief that something akin to an
intensity CF tones do reach growth rates of 0.8—0.9 dB/dB "};\mplifier (IIDa\\//;ISI 1883' Dalllos 1088 1%'2 gctiv:a in
many insensitive cochleae that nevertheless retain some noﬂéalthy cochlea;e and bresuma’bly resi’ding in the organ of
linearity (not shown, suggesting that the less CompreSSIVeCorti, is responsible for boosting the otherwise insensitive

growth rates at high intensities reflect cochlear damage. O asilar-membrane responses of “passive” cochleae. One

copclusmn s that if responses to C.F tones in nqrmal ‘.:h'nbroposed method for measuring the gain of the cochlear am-
chilla cochleae become linear at high stimulus intensities

. _plifier is based on the presumption that responses to CF tones
they must do so at levels higher than 110 dB SPL. In fact, 'grow linearly at both low and high levels of stimulatiéag.,

is possible that in completely normal cochleae response ohnstoneet al. 1986° Patuzziet al. 1989: Yates. 1990
may approach saturatighe., undergo little groyvthqt levels Goldstein, 199)’3 The ’gain is define,d as tﬁe differ,ence b’e-
higher than 7080 dB SP{e.g., cochlea L113 in Figs. 2 and tween the sensitivities of responses to high- and low-level

3). CF tones. However, this method is impractical because

. The grot\)/vthlof respog]ses 0 Cfltonttas at basal sites of thl?asilar—membrane responses to CF tones grow compressively
guinea pig bastiar memorane 1S at Ieast as COmpressive as lyo 4t the highest of physiologically relevant stimulus in-

ch:nchill{;\. Nutt'all ?nd DOIa'fﬂlggﬁ; Ig?(lﬁ A have sh'or\]/vn & tensities(Figs. 2—4, 9. Assuming that linear growth would
ve OC|ty-|nt|enS|tyf l:)nggogB/(()jrB bF(t ) Z)Z;L)onez \gg daBn ccur for sufficiently intense stimulation, the data for co-
average siope or ©. etween an aN%pleae L113 and L13 indicate that the amplifier gain must be
Murugasu and Russ€ll995 have measured slopes that av- larger than 69 or 56 dB, respectivelfigs. 4, 9, and 10

erage 0.12 dB/dB for CE16-kH2) tones at stimulus intensi- A second definition states that the gain of the amplifier

ties between 50 and 100 dB. Minimal response growth, ap(‘:orresponds to the difference between the sensitivity of re-

proa}ching satur_ation, has a_Iso bgen d-educed from respons onses to low-level CF tones in healthy cochleae and in
gl;?égh-lC;I;%ag(ijrlrt]ci}gﬁne_rvehflbﬁ rskm 99'”eaf Ffl}@OOper a';(lj freshly dead cochleag@uttall and Dolan, 1996 According

' : Y, _mt € hook region o t gcat cochiea v, this definition, at the base of the chinchilla cochlea the
responses to tones with frequency slightly higher than C ain amounts to 6081 dBaking into account pre-existing
grow at rates as low as 0.3 dB/dB between 65 and 100 d ochlear damage: Fig. L6At the 18-kHz site of the guinea

SPL (Cooper and Rhode, 1992 pig basilar-membrane, the corresponding gain amounts to
65—78 dB(as measured, respectively, by Nuttall and Dolan,
1996 and Selliclet al, 1982, Fig. 15B. All of these values
should be viewed with some caution because of the possibil-
ity that even the acute effects of death may alter not only
Basilar-membrane responses to tones with frequencie&ctive” processesdi.e., requiring expenditure of metabolic
somewhat higher than CF grow at highly compressiveenergy but also passive mechani@sg., the elasticity of the
growth rategguinea pig: Sellicket al., 1982; Murugasu and basilar membrane
Russell, 1995, and Nuttall and Dolan, 1996; cat: Cooper and  Yet a third definition is possible: The gain of the ampli-
Rhode, 1992; chinchilla: Roblest al, 1986. At the chin-  fier corresponds to the difference between the gains of re-
chilla cochlea, for CFs of 9 or 10 kHz, growth rates for tonessponses to low-level CF tones and of the peak responses to
with frequency 1 kHz higher than CF are at least as comhigh-intensity tones. According to this definition, the gain of
pressive as at CHrigs. 5 and 7. The nonlinearity disappears the amplifier at the base of the chinchilla cochlea amounts to
abruptly at higher frequencies: Growth rates become esse39—-60 dB(taking into account surgically induced trauma;
tially linear at a frequency about 1/3 octave higher than CFFigs. 9 and 10

E. Nonlinear growth of basilar-membrane responses
at frequencies other than CF
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G. The variation of response phases with stimulus quency was first described by Rhod@971) at the basilar
frequency and intensity membrane of squirrel monkey cochleae that responded non-

An intensity dependence of near-CF response phasdf'€arly to near-CF tones. Magnitude plateaus were also
was first described for auditory-nerve fibésdersoret al, found at the basilar membrane of cat and guinea pig cochleae

1971 and subsequently demonstrated at high-CF basilartVilSon and Johnstone, 1975; Wilson and Evans, 1988t
membrane sites in several speciBfiode and Robles, 1974 _responded linearly, presu.mably as the resqlt of surglcall)_/
Geisler and Rhode, 1982; Selli@t al, 1982: Cooper and induced damage. The existence of a magnitude plateau in
Rhode, 1992; Ruggeret ;Ell., 1992a: Nuttalll and Dolan, normal cochleae was questioned by Gummer and Johnstone

1993, 1996. At the chinchilla basilar membran@ig. 14, (1984 who, on the bases of the experiments by Seléthl.
the pattern of the variation of phase with increasing(lgsz' 1983k suggested that the plateau resulted from co-

intensity—phase lags for frequencies lower than CF, phasghlear damage, including acoustic trauma incurred while

leads for frequencies higher than CF, and little phase varial€Sting for the presence of the plateau. Rolgteal. (1986,

tion at CF—strongly resembles that for low-CF auditory- _however, presented evidence that the plateau is demonstrable

nerve fibers. In the chinchilla, the largest phase leads fof? normal chinchilla cochleae using test stimuli that do not

frequencies higher than CF are comparable to those me4lPair normal sensitivity(see their Fig. 1D The present

sured in basal regions of the cat and guinea pig cochlea®sults(and those of other investigations using laser interfer-
(140—230 deg: Cooper and Rhode, 1992; Nuttall and DolarPMetry: Cooper and Rhode, 1992, and Nuttall and Dolan,
1993, 1996 but the phase lags for frequencies lower than CF-999 support the existence of the plateau.

(e.g., 100 deg for 8 kHz in the 30—80 dB intervate larger However, we still entertain serious doubts regarding the
than’those measured in other studies. existence of the plateau, in part because of the possibility

The frequency range over which phases are intensit)t»hat laser velocimetry recordings are contaminated by the

dependent, from about 1/2 octave below CF to 1/3 octav&orementioned fluid-depth artifactCooper and Rhode,

above CF, is similar to the frequency range over which com1992, 1996. Although fluid-meniscus motion probably can-

pressive growth occurs at the chinchilla basilar membran&©t account for the presence of the plateau in recordings

(compare Figs. 9 and 14Further, the changes of phase areUsing the Mesbauer methodsee Sec. Il A, it is possible
qualitatively appropriate for the concomitant changes of tunthat the plateau is associated with opening of the otic capsule

ing: As intensity increases, the sharpness of tuning decreas§s00Per and Rhode, 199&urthermore, it is disturbing that
(Fig. 9 and group delayi.e., minus the slope of the phase- recordings from auditory-nerve fibers have never revealed a

versus-frequency curyealso decrease&Fig. 13. It is puz- counterpart of the mechanical plateau, which should appear
zling that such coupling of tuning and group delays at the?S @ prominent inflection of the frequency-threshold tuning

basilar membrane, whose responses are nonlinear and ndrirve (Fig. 11.
minimum phasgRecioet al,, 1996a, 1996} are those pre-
dictable, at least qualitatively, for linear minimum-phase sys-ACKNOWLEDGMENTS
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