Intracochlear pressure measurements related to cochlear tuning
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Pressure in turn one of the scala tympésit) was measured close to the basilar membi@nm.)

and at additional positions as the pressure sensor approached and/or withdrew from the b.m. The s.t.
pressure measured within about 10 of the b.m. varied rapidly in space at frequencies around

the region’s best frequency. Very close to the b.m. the s.t. pressure was tuned and scaled nonlinearly
with sound level. The scala vestib@di.v) pressure was measured at one position close to the stapes
within seconds of the s.t. pressure and served primarily as a reference pressure. The driving pressure
across the organ of Corti and the b.m. velocity were derived from the pressure data. Both were tuned
and nonlinear. Therefore, their ratio, the specific acoustic impedance of the organ of Corti complex,
was relatively untuned, and only subtly nonlinear. The impedance was inspected specifically for
negative resistand@mplification and resonance. Both were detected in some instances; taken as a
whole, the current results constrain the possibilities for these qualitie0@&L Acoustical Society

of America. [DOI: 10.1121/1.1369098

PACS numbers: 43.64.Kt.HC]

I. INTRODUCTION ties in cochlear models nor decisive experimental evidence
for them. The present results inform but do not resolve the
Basilar membranéb.m, motion is tuned and nonlinear matter. Negative resistance was observed but not in all mea-
(Rhode, 1971 Probing the mechanical basis for b.m. tuning surements on healthy cochleae. A spring-mass resonance was
and nonlinearity was the major objective of this work. Thegpparent in the phase data of several experiments at frequen-
experimental strategy was to find the basilar membrane’gies just above the best frequendy.f.) of the response,
motion and local driving pressure over a wide range of frewhere it is expected to be. However, at frequencies above the
quencies including the best frequency of the observatiom f. the driving pressure difference was close to zero, which
point. The driving pressuréhe pressure difference across made the analysis of this frequency region susceptible to
the organ of Corti complex, defined to include the organ ofexperimental inaccuracieé-ollowing common usage, a re-
Corti and the basilar and tectorial membraneas estimated  gjon’s best frequency is the frequency for which b.m. motion
according to cochlear-mechanical theory by combining intrapeaks at low sound pressure levels.
cochlear pressure measurements in the scala tyn{gani The pressure measurements here are unique in empha-
close to the b.m. with measurements of the scalar VeStibUgizing spatia| variations in pressure close to the sensory tis-
(s.v) pressure near the stapes. The b.m. velocity was estsue. Intracochlear pressure close to the cochlear wall has
mated from measurements of the s.t. pressure gradient negéen measured to investigate the forward and reverse transfer
the b.m. The primary observation was that the driving presfunctions of the middle eaiNedzelnitsky, 1980; Dancer and
sure was tuned and nonlinear to nearly the same degree gganke, 1980; Puria and Rosowski, 1997; Magreral,
b.m. motion. This observation speaks for the global nature 0{999; Purieet al, 1997; Decoryet al, 1990; Olson and Coo-
tuning in the mammalian cochlea, which sets it apart fromper, 2000, the cochlear input impedanéeynchet al., 1982;
hearing organs in which local tuning mechanisms, e.g., elecAjbara et al, 1999 and distortion productéMagnanet al,
trical resonances in turtle hair cellSrawford and Fettiplace, 1997: Avanet al, 1998. Intracochlear pressure was mea-
1981, mechanical resonances of the stereociliary bundles ofyred in several turns and/or both scalae by Dancer and

alligator lizard hair cellsFreeman and Weiss, 1990ave  Franke(1980 and Nedzelnitsky1980.
been observed or inferred to be dominant. It is notable that in

previous results from the extreme basal region the driving
pressure appeared to be tuned substantially less sharply thﬁ.nMETHODS
b.m. motion(Olson, 1998 This difference between the ex-
treme base and turn one is discussed at the end of Sec. VIB, The methods of this study were similar to those of Olson
impedance results. (1998 and are described in more detail there.

The specific mechanical impedance of the organ of Cortk Pressure sensor construction and calibration
complex(OCC) is equal to driving pressure divided by b.m. ™
velocity. The impedance was found and inspected specifi- A pressure sensor consists of a glass capillemyer and
cally for negative resistance and a spring-mass resonanceuter diameters 100 and 176n) tipped with a gold-coated
These qualities are fundamental to many models of cochlegrolymer diaphragm. Light from an LED is delivered via an
operation—the resonance to peak the cochlear travelingptic fiber threaded into the capillary, and reflects from the
wave and then bring it to a full halt; negative resistance tadiaphragm. The amount of light retuning to the optic fiber for
enhance the peak at low levelgeBoer, 1984; Kolston, transmission to a photodetector varies linearly with the
2000. However, there is neither a consensus for these qualpressure-induced bending of the diaphragm. The acoustic
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impedance of the sensors is at least an order of magnitude
larger than that of the cochlea measured at the stapes.
Sensors were calibrated in water and air following as-
sembly and in water before and after every experiment ex-
cept in unusual cases in which a sensor broke. The difference
between before and after calibrations was similar to what
was reported previously. In the current experiments, the dif-
ference ranged from 0O to 6 dB, except experiment 12-10-98,
for which the s.t. sensor calibration changed by 10 dB. For
analysis, the average of the before and after calibrations was
used. Calibration uncertainty was most detrimental when cal-
culating the pressure difference across the OCC, because 0 hole to scala'\estib
then the difference between two pressures measured with ) )
different sensors was taken. In a few experiments the s.t. Ha vasculars
sensor was swapped into s.v. or vice versa at the end in order _—
to check the relative sensitivity of the sensors. A minority of
sensors was found to be temperature sensitive. Therefore, 1mm a
following assembly, sensors were screened for temperature
sensitivity and were not used if the variation with tempera-
ture between 26 °C and 38 °C was more than 3 dB. scala vestibuli

+Qne scala tympani

=

B. Animal preparation

Animal procedures were approved by the Princeton Uni- 2 dingetion
versity Institute Animal Care and Use Committee. The ex- ’.\T B
perimental animals were young adult mongolian gerthils- é’”}/g_\%&mﬁég@, 5.

riones unguiculatus40—65 g in weight. Ketaminé40 mg/

kg) was administered to sedate the animal, followed by the
anesthetic sodium pentobarbitéhitial dose 60 mg/ky
Supplemental smaller doses of sodium pentobarbital were | Pressure sensor _
given when deemed necessary from a toe pinch response,| Positioned ~30um from) basilar fnembrz
typically every half hour. The animal was deeply anesthe-

tized throughout the procedure and then sacrificed with afi'G- 1. (@ View of the cochlea during experiments. Not shown are the
overdose of anesthetic. The anmal core temperature wacoeue 150 Wi wer sered o o and . olsand e CA”
maintained at 38 °C with an animal blanket. A small heatefized to-scale drawing of a pressure sensor positioned close to the b.m. in
was attached to the head holder. The bulla was widely opethe s.t.

during all data collection.

scala tympani

C. Sound system and calibration above the round windowr.w.) opening. Figure (&) shows

- ., th itions of the s.t. and s.v. holes. The s.t. sensor w
Stimuli were generated and responses collected with ge positions of the s.t. and s oles € s.t. sensor was

Tucker Davis Technologies DD1 using a 6.48 sampling positioned so that it was pointing as closely as possible to-

. . v(\iard the cochlear apex. An excised temporal bone and ana-
period. The response to a click was collected and averaged . . L
with a LeCrov diaital oscilloscone. Sound stimuli were oro- omical landmarks served as guides for positioning the s.t.
y dig pe- P sensor, which was tricky. A hole too close to the stapedial

Sgggld Vviv;g ilssagéositizk;ﬁ?::ﬁr ﬁ,nirzilrwﬁ, reciltigrg:z ﬁ?értery made it impossible to correctly angle the sensor and
. L y ’ . Ihstead of the b.m., the spiral lamina was approached. This
stimulus, at the beginning of every experiment a pressure

sensor was inserted into the ear canal via a small hole th r?sulted In greatly reduced pressure gradients. A hole too far

was made in the bulla just in front of the tympanic mem_E?rom the stapedial artery damaged the spiral ligament, ending

) . n experiment. When the hole was all right, often several
brane. The system was calibrated at up to 62 frequencies. In . . ,

. ) Lo approaches were made at slightly different angles in order to
previous experiments the calibration hole was covered dur- oo .
: N . change the longitudinal and/or lateral position of the sensor
ing and after calibration. In the current experiments that pro-

. : ) on the b.m. by 50-10@&m. In one of the experiments pre-
cedure was not followed without appreciable difference. y o perir P
sented here, the s.t. pressure was measured in the extreme

base. To access the extreme base of the s.t. the sensor was
inserted through the r.w. opening following removal of the

In order to access the s.v. a hole just large enough for aw. membrane.
pressure sensor was hand drilled through the bone basal to The s.t. sensor was held in a micromanipulator capable
the oval window. The s.v. sensor was held in a micromanof both manual and motorized positioning. The sensor was
ipulator and its tip was inserted 100—2@aén into the s.v. To  guided into the hole manually, and advanced within the hole
access turn one of the s.t. a similar hole was hand drilledising the motorized manipulator. Figurédl illustrates the

D. Intracochlear pressure measurements

350 J. Acoust. Soc. Am., Vol. 110, No. 1, July 2001 Elizabeth S. Olson: Intracochlear pressure and cochlear tuning

Downloaded 30 Jun 2010 to 156.145.57.60. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



sensor positioned close to the b.m. When close to the b.m.,
measurements were usually spaced by 10 ouf0in the
direction along the sensor axig axis). In later experiments

the s.t. sensor was held in a piezoelectric bimorph assembly
similar to that described in Olson and Mountaih991),
which in turn was held in the motorized manipulator. The
bimorphs were driven with DC voltage in order to advance
and retract the s.t. sensor in the direction along its axis. In
these experiments at each frequency and level the s.t. pres-
sure was measured consecutively at two positions separated
by 12 um. This procedural change was made in order to
reduce the effect of slow changéfor example, in fluid
level) on the calculation of fluid velocity. The distance from
the b.m. was determined by touching it with the sensor,
which produced a bouncy sensor response on the oscillo-
scope.

The pressure stimuli were pure tones, 32 ms in duration.
The number of averages taken ranged from 20 to 200. The
responses were stored and later analyzed via fast Fourier
transform to find the magnitude and phase at the stimulus
frequency. The initial 5 ms of the response was truncated
before analysis in order to exclude the transient response. In frequency (kHz)
one of the presented experiments the pressure stimulus was a

. . . FIG. 2. Turn-one scala tympani pressures far from the b.m., 14 experiments.
click prOduced by dl’lVIng the earphone with a A8 VOItage Also shown are the average of these measurements and the average of the

pulse. Because of the frequency response of the speaker t§9. pressures near the stapes from the same experiments. The stimulus level
acoustic pulse in the ear canal was longer tharu40 was 80 dB SPL in the ear cané&) Magnitudere stimulus level in ear canal.
(b) Phase relative to the simultaneously measured pressure in s.v. near the
stapes.

magnitude (dB re stimulus)

phase re s.v.p. (degrees)

0 10 20 30 40 50 60

E. Compound action potential

A silver wire electrode insulated to its tip was positioned
on the bone near the r.w. This was used to measure tHg1Z the s.v. pressure scaled lineafgxcept as discussed at
compound action potentialCAP) response to tones, as a the end of Sec. IVBR and that it was nearly flat with fre-
monitor of cochlear conditiofJohnstoneet al, 1979. CAP  duency, with a gain relative to the ear canal pressure 30
stimuli were tone bursts, 3 ms in duration. They ranged fronflB. The s.t. phase is shown relative to thesimultaneously
20 to 80 dB SPL in 10 dB increments and from 0.5 to 40 kHzMeasured pressure in the s.v. Figure 3 shows the Fig. 2 s.t.
at 10 or more frequencie€SPL is decibels re 2pPa) Typi-  data from the experiments that will be used in the impedance
cally 60 responses were averaged. The polarity of alternat@nalysis, and include data from an extreme basal experiment.
tones was reversed to reduce the cochlear microphonic in tHaeferring to Fig. 2, the s.t. pressure was substantially smaller
averaged response. The averaged response was displayedtéan the s.v. pressure at frequencies below 10 kHz, and had

line and stored. “Threshold” CAP was defined as the visualtWo broad peaks, centered &tl2 and 45 kHz. The lower
threshold, 5 to 1QuV peak-to-peak. frequency peak is just under the best frequency of this re-

gion. This peak and the phase drop between 10 and 20 kHz
are likely manifestations of the traveling wave. Similar be-
havior occurred between 20 and 30 kHz in the extreme base
In all the results, phases are shown referenced to the s.ycurve 2-26-97 of Fig. B The 45 kHz peak was also present
pressure phase measured at the stapes within seconds of eaglthe s.v. pressure and might be due to a standing wave in
s.t. pressure measurement. The s.v. pressure at the stapes ti@h ear canal described in “sound system calibration” in

Ill. RESULTS

be considered as the input pressure of the cochlea. Olson(1998.
The behavior of the extreme basal s.t. pressR+26-97
IV. GROUPED RESULTS of Fig. 3 at frequencies well below the b.f. can be under-

stood in terms of a lumped element model. The model is

shown in Fig. 4 with element values in the caption. In the
In Fig. 2 scala tympani pressure magnitude and phase issual way(Beranek, 1954mass is treated as an inductor and

shown from 14 turn one experiments. The stimulus level wastiffness as a capacitom, andm; are the fluids in the s.v.

80 dB SPL in all cases, and these were initial data, takemand s.t. in the region between the cochlear windowss the

with the s.t. sensor-150 um within the s.t.,~300 um from  “transmission line” resistance of the cochléZwilslocki,

the b.m. The average s.t. pressure is also shown, and tH®69. The capacitor represents the stiffness of the basilar

average s.v. pressure close to the stapes from these expariembrane in the immediate vicinity of the windows. The

ments. The character of the s.v. pressure was described pneodel is kept very simple; e.g., the mass and resistance as-

viously (Olson, 1998, here it suffices to repeat that above 1 sociated with fluid flow through the helicotrema are not in-

A. General description
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S FIG. 4. Simple lumped parameter model of extreme base of cochlea at
; frequencies well beneath the region’s best frequeiiy, is the pressure
o measured in the s.v. near the stages. is the extreme basal scala tympani
o pressure, measured about 10t within the s.t. fluid. The round window
iz membrane was removed for measurements of extreme basal s.t. pressure and
S the sensor entered the s.t. through the r.w. opemmgandm, are the fluid
masses within the s.v. and s.t. in the basal region. They are taken to be equal

' ; ; ; “ ; with a value of 3.%X10°mks acoustic ohms.[An acoustic ohm

0 1020 30 40 50 60 =pressure/volume velocityN/(m®/s).] This value is reasonable given the

frequency (kHz) depth of the fluid column between the oval and round windéw$ mm),
and the sizes of the windows, is the “transmission line” resistance of the

FIG. 3. Turn-one scala tympani pressures far from the b.m. Similar data agochlea, and its value of 2710 ohm is based on measurements of gerbil
in Fig. 2, but only from those experiments used in the impedance analysigochlear input impedancéOlson and Cooper, 2000 For comparison,
and including an extreme basal measurement. The response of the lumpkdnchet al. (1982 found a value of 1.2 10 for r. in cat.kis the stiffness
parameter model in F|g 4 is included to shed ||ght on the low frequencyof the OCC in the region between the oval and round windows. The stiffness
results. value was found using the 4 Pa/nm value reported in O{§898 for the
extreme basal OCC stiffness. Similar values were repdeed.m. compli-
ance from a number of sources in Table IV of Ruggebal. (1990, and
cluded (Lynch et al, 1982. Figure 3 shows the extreme the results presented later in this paper are also in reasonable accord with
basal s.t. pressure that the model predicts at a defith0  this value. The width of the OCC in this region-i0.2 mm, and a length of
um within the fluid of the s.t. In particular, the model ex- ~1_ mm is in the V|C|2|ty of the stapes. From these, the OCC stiffness was
. . . . . estimated as-2x 10'® ohm/s.
plains how the interaction of fluid mass and basilar mem-

brane stiffness can cause the phase of s.t. pressure re s.v.

pressure to increase to a value greater than 90°. The mod@fS above 40 kHz. A 45° spread at 40 kHz grew to a 180°
read at 58 kHz. This spreadnnotbe traced to sensor

does not apply to the turn-one measurements, which weraP'€ad . ot e .
made some distance along the “transmission lingTo variability. Comparing calibrations within experiments 3-22-

model the turn one measurements must be partly ex- 99, 9-8-98, and 4-5-99which produced the most extreme

panded into inductive and capacitive elements so the me&N@s€ in Fig. @)] revealed a s.t. sensor calibration—s.v. sen-
surement position could be placed some distance along the?" calibration difference of at most 8° at frequencies up to
transmission ling.Nevertheless, the well-below-b.f. turn-one 40 kHz, and an overall maximum difference (_)f 27°. The
results are fairly similar to the basal result, and can bd€ason for the divergent high frequency phases is not known.
loosely interpreted in a similar way.

2. Perturbative effect of holes and sensors in the

B. Experimental uncertainties and perturbations cochlea

The s.v. hole was expected to perturb cochlear mechan-
ics more than the s.t. hole. This is because the s.t. hole was

The spread of s.t. values in Fig. 2 is likely due to ajust above the r.w. and the effect of a small hole near such a
combination of experimental conditions and calibration inacdarge opening is expected to be minor relative to the effect of
curacies. The measurements rely on both the s.t. sensor atite s.v. hole near the stapes. In order to evaluate the effect of
the ear canal sensor, so much of thé2 dB variability in  the s.v. hole, in several experiments the s.t. hole was made
magnitude could be due to inaccurate calibration. An influfirst and the pressure 150 um within the s.t. was measured
ential experimental condition is the fluid level in the r.w. before and after drilling the s.v. hole and inserting the s.v.
opening. A higher fluid level caused an increase in the turrsensor. The results are shown in Fig. 5, where the after—
one s.t. pressure at frequencies above the b.f. In one expetiefore differences in s.t. pressure magnitude and phase are
ment(7-13-99 the s.t. pressure around 40 kHz increased byshown for three experiments. The differences were rarely
~10 dB when the r.w. opening was filled relative to when itmore than 2 dB in magnitude or 15° in phase.
was drained. At higher frequencies the effect was slightly = The CAP response was also used to gauge the effect of
less, and at frequencies below 23 kHz, the changes were introducing sensors into the cochlea. The CAP thresholds
dB. The s.t. pressure phases in Figh)ZXan out at frequen- often increased at all frequencies after making the holes and

1. Exploring the variability
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FIG. 5. Perturbation study: Change in the s.t. pressure after drilling the s.v.
hole and inserting the s.v. sensor. Results from three experiments are shown.
The magnitude changdblack lines use the left axis, the phase changes
(gray lines use the right. The changes were small.

voltage (mV)

b 9-8-98¥ 20 kHz 50 dB SPL
introducing the sensors. When the s.t. sensor was close to the '
. 0 2 4 6
b.m., further changes in the CAP response to tones at fre-
guencies close to the b.f. sometimes occurred. Both these time (ms)
effects are I:|UStratedhln EI? 6, V\rl]hICh ShO.WS CAPf re.SponseEIG. 6. Perturbation study using CAP response. CAP responses to a tone pip
to a tone COS? to the b.f. In the e).(pe“ment 0 F|ga)_6 with frequency close to the b.f. of the longitudinal location under study were
(5-6-99, very little change occurred in the CAP following measured at various times. “Init” was the initial CAP, measured prior to
sensor introduction, but the CAP was reduced when the setilling cochlear holes. “Aft holes” was after drilling the s.t. and s.v. holes
sor was 1Qum from the b.m. The Change was reversed Whel‘i"md inserting the sensors. “5 or X aft hit” was the response when the
o . s.t. sensor was 5 or 1@m from the b.m., just after tapping it. “Far later”
the sensor was retracted. In the eXpe”m_ent of F(g) - was after retracting the s.t. sens@). Expt. 5-6-99. Here, the CAP response
8-98), the CAP response decreased after introducing the semid not change upon introducing the sensors to the cochlea but was revers-

sors, but was unchanged when the s.t. sensor was close to thl reduced when the s.t. sensor was close to the BnExpt. 9-8-98.
ere, e response was reaucea upon introaucing e sensors to the
b.m Here, the CAP duced trod th to th

. . . cochlea but did not change further when the s.t. sensor was close to the b.m.
Another observation which bears on the influence of the

sensor to cochlear mechanics is that the s.v. pressure mea-

sured at the stapes sometimes changed when the s.t. senawnts over hours, especially 9-8-98. The basic observations
was close to the b.m. The changes were largest at smadlre(i) the s.t. pressure close to the b.m. was tuned and com-
sound levels and at frequencies close to the b.f. Thespressively nonlinear(ii) in some approaches the pressure
changes were small, 3 dB at most, and reversible. variations close to the b.m. suggested that the distortion of

The conclusion drawn from these observations is thathe moving OCC was level dependent, diid the pressure

making holes and introducing sensors into the cochlea distvas composed of a sum of a traveling wave component
not cause an overall reduction in the intracochlear pressureyhich varied rapidly in space and a compressive component
but usuallydid traumatize the cochlea, leading to an overallwhich varied very little in space. The last point is supported
decrease in sensitivity. When close to the b.m., the sensarith an approach from a more recent experiment in which

sometimes perturbed cochlear mechanics. the pressure response to a click was measured.
This paragraph provides a brief guide to the figures in
V. SCALA TYMPANI PRESSURE VS POSITION this section. Figure 7, from experiment 9-8-98, shows the s.t.

pressure gaine ear canal pressure and the s.t. pressure phase

A series of pressure measurements made with spatiae the simultaneously measured s.v. pressure at stimulus lev-
changes solely in the direction along the axis of the sensor isls of 50 dB SPL(left panel$ and 80 dB SPLright panels.
referred to as an approach. A “run” is a single run throughThe measurements were made at distances ranging from 7 to
of a data collection program, which comprises a series 0822 um from the b.m. The complete approach included mea-
frequencies and levels. When the piezoelectric positionesurements at 13 positions. To improve figure clarity the data
was in use, during a single run these data were collected are not shown from every position. Figure 8 compares pre-
two positions in the s.t. which were separated byl in  and post-mortem data from 9-8-98. In Fig. 9 the results from
the z direction [see Fig. 1b)]. In this section, approaches an approach from experiment 5-6-99 are shown. For clarity
from the two best turn-one experiments, 9-8-98 and 5-6-99%nly one of the intra-run positionghe closer of the twpis
are shown. Experiment 9-8-98 was performed before the pincluded in this figure. Responses were collected at 40, 50,
ezoelectric positioner was in use; 5-6-99 did use the posié5, and 85 dB SPL, with the lower level responses collected
tioner. These experiments had relatively strong CAP reeover a narrower range of frequencies. The 50 dB $left
sponses, relatively strong compressive nonlinearity in s.panel$ and 85 dB SPL(right panel$ results are in Fig. 9.
pressure, stable fluid levels and repeatability of measurd-igure 10 shows magnitude data from the closest 5-6-99 run,
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which is not included in Fig. 9 for the reason described indeBoer and Nuttall, 2000; Rhode and Recio, 208&sed on

Sec. VC, at the two intra-run positions and all SPLs. Figurehe CAP thresholds even the best cochleae of this report were

11 shows the click response approach of experiment 4-25-0@ompromised slightly; this might account for the moderate

level of compression. The data of Fig. 8 were taken just after

those of Fig. 7, at a position 6&m from the b.m. The
The similarity of Figs. 7 and 9 attests to the repeatabilitypre-mortem data were taken, the animal was sacrificed with

of the results in fairly healthy preparations. The results inanesthetic, and the post-mortem data were taken minutes

Figs. 7, 9, and 10 show a moderate degree of compressivater. Nonlinearity disappeared post-mortem.

nonlinearity. For example, in Fig. 10, over the 40 to 85 dB

range of stimulus levels the nonlinearity at the K18 kH2 B suggestion of level dependent distortion of the

was 20 dB. Nonlinearity began approximately a half octaveprgan of Corti

below the b.f., at 12 kHz, and extended to just above the b.f.,

at 22 kHz. These nonlinear characteristics are similar tqQ

those reported for basal b.m. motion, although the degree

nonlinearity here was smaller than that of b.m. motion in th

healthiest preparation&®uggeroet al, 1997; Cooper, 1998;

A. Nonlinearity

In the data of Fig. 9 the closest measurensgwnwas
pm from the b.m. The closest data run, Lfh from the
o-m., is not shown in Fig. 9 because, anomalously, the pres-
sure was smaller at 10 than at 20n. This is illustrated in
Fig. 10, which shows the pressure at the two intra-run posi-
tions of the closest run. The positions are 10 ang&2from

o 40 the b.m. At 40 and 50 dB SPL and frequencies between the
= onset of nonlinearity and the b.f., the pressure aug2was

£ 304 substantially bigger than at 1m. At 65 dB the effect was

. present but smaller. At 85 dB SPL the usual behavior, bigger
é 20 pressure at the closer location, was observed. It is not diffi-
e cult to imagine how the pressure at the closer location could
2™ e 50dB-pre —* 80dB-pre be smaller than at the further location: For a simple beamlike
=3 v 50dB-post ™ 80dB-post radial profile of b.m. motion the pressure is greatest at the
g o 4 = acn = 0 radial center(Steele and Taber, 19Y.9ldeally, the sensor

approaches the radial center of the b.m. perpendicularly, as
frequency (kHz) in Fig. 1(b). If the sensor approach is not quite perpendicular

FIG. 8. The s.t. pressure magnitude re stimulus level measured atadistanlcte$ deQree of centerm.g.WlII change as it approaCheS' Then,
67 um from the b.m. premortem and a few minutes postmortem. Expt When very close to hitting the b.m. the sensor could move

9-8-98. Nonlinearity disappeared postmortem. from a region of relatively high pressu@emore centerexto a
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85 dB SPL stimulus

FIG. 9. The s.t. pressure as the s.t.
sensor approached the b.m. Expt. 5-6-
99. The key indicates the distance of
the sensor from the b.m. To improve
the clarity of the figures the phase data
are shown at fewer positions than the
magnitude data. Magnitudes are
shown relative to the stimulus level in
the ear canal; phases are relative to the
simultaneously measured s.v. pressure.
() Magnitude, 50 dB SPL stimulus.
(b) Phase, 50 dB(c) Magnitude, 85
dB. (d) Phase, 85 dB.

magnitude (dB re stimulus)

phase (degrees)

0 10 20 30 10 20 30 40
frequency (kHz) frequency (kHz)

region of lower pressuréless centered This effect was by the compression of the cochlear fluid by the motion of the
sketched in Olsor(2000. What was intriguing about the stapes and fills the cochlea approximately unifornttythis
reversal in the pressure gradient was that it sometimes dénterpretation:(i) The phase accumulated at positions close
pended on stimulus level, as in Fig. 10. This observatioro the b.m. because the traveling wave component is domi-
suggests that the radial profile of b.m. motion—in othernant thergFigs. 7 and 9(b) and(d)]. (iii) The phase accu-
words, the shape the b.m. took as it moved—underwent levehulated more at low stimulus levels because nonlinearity
dependent changes. The level dependent distortion coulhakes the traveling wave relatively stronger at low levels
arise via a force generated from within the @€g., Moun-  [Figs. 7 and 9(b) and(d)]. (iii) The phase did not accumu-
tain and Hubbard, 1989; Kolston, 1998hose strength was |ate at frequencies above the peak because the traveling wave
Ieve_l dependent. In studies of the_radlal profile qf basal _b-mis small (perhaps nonexistentelative to the compressional
motion, Cooper(2000 fOL_md a unimodal, beamllke_ profile pressure therEFigs. 7 and 9(b) and(d)]. (iv) Spatial varia-

of gerbil basal b.m. motion whose shape was mildly leveljong \which register fluid motions, were large at frequencies

dependent; the trimodal rad_ial profile reported by Nilsen andof the peak because the fluid motions of the traveling wave
Russell (1999 from the guinea pig base was also mildly are substantia(Figs. 7 and 9 (v) Spatial variations were
level dependent. In the current study, level dependent reveL il at frequencies above the peak because the fluid mo-
sals in pressure gradient occurred in several experiment
although not in experiment 9-8-98 or in a second approach o?
experiment 5-6-99[Finally, the pressure sensor could be
influencing the level dependence of the reversals. The per? st in part actualljime dependent changes, as can be seen
turbation of the sensor depends on the relative impedances com parin data coIIecteF:j with the sengsor’close tothe b.m
the sensor and the OCC. The frequency region just below th paring - T
b.f. is implicated in cochlear amplificatioje.g., deBoer and alt(;che begldnnmq_tz_o pm 'pol\slltlcoz and end of ths gpproachl
Nuttall, 2000 and see beloyso the impedance in this region (10 #m-end position] (vi) Notches were caused by cancel-

might be level dependent. Therefore, the perturbative effect@tion between traveling wave and compressional wave com-
of the sensor might be level dependent in this region. ggggmsﬂ:'gs- 7 and 9,(& and (c)] (Cooper and Rhode,
. . Figure 11 also speaks for the two component nature of

C. Multi-component nature of intracochlear pressure the pressure. It shows the response to a clkperiment

Many aspects of the s.t. pressure reflect its being thé-25-00, maximum level in the ear canal 77)dBeasured at
sum of a traveling wave and a compressive wave. As backseveral distances from the b.m. in the s.t. The initial peak of
ground to this viewThe traveling wave pressure is produced the response, which is presumably the compressional wave,
by and produces the traveling wave motion of @€C.Itis  did not change with position. In contrast, the “slow” ringing
largest near theOCC and spreads with decreasing ampli- response, presumably the traveling wave, became more and
tude into the scalae. The compressional pressure is producedore pronounced as the b.m. was approached.

bns associated with the compressional wave are very small
Fig. 7). [In Fig. 9c) the pressuralid vary in space at fre-
uencies above the peak. However, these changes were at
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5 5 : FIG. 11. The s.t. pressure response to a click measured at several distances
0 T T T from the b.m. Expt. 4-25-00. The click was produced by driving the ear-
0 10 20 30 40 phone with a 1Qus voltage pulse, but filtering in the sound system produced

frequency (kHz) a longer stimulus as measured in the ear canal. The key indicates the dis-
tance of the s.t. sensor from the b.m. The prolonged ringing response, pre-

FIG. 10. The s.t. pressure magnitudestimulus level 10 and 2zm from  sumably the traveling wave pressure, grew as the b.m. was approached,
the b.m. Expt. 5-6-99. These measurements were from the same approachv#Rereas the initial pressure peak, presumably the compressive pressure,
in Fig. 9; this was the closest position of that approach. The results heréemained almost the same.

show level-dependent reversals in the relative magnitudes of the ¢lier

wm) and farther(22 um) pressures. Responses at 40, 50, 65, and 85 dB SP . . .
are shown. At 85 dB SPL the pressure at the closer position was larger, asL‘QOked for at frequenmes S“ghtly above the b.f. If the SpANg

usually the case. At 40, 50, and 65 dB SPL the pressure at the closdNass resonance exists the imaginary part of the impedance
position was smaller over some portion of the left side of the response peakyill make a transition from stiffness dominated (negative) to

mass dominated (positive) at the resonant frequency

VI. IMPEDANCE OF THE ORGAN OF CORTI COMPLEX
A. Derivation

The specific acoustic impedance of the OCG,§) was
derived from the pressure da#yc is defined as the pressure
across the OCCAPge) divided by thez component of b.m.
velocity (vpm). [The z axis was defined in Fig.(h).]

In a passive systenz,oc depends on the material prop- 1. Basilar membrane velocity
erties and geometry of the OCC. For example, up to frequen-  The calculation of,,, uses one s.t. pressure measure-
cies through the peak the passive partZgf is likely, in - ment close to the b.mA,) and a second s.t. pressure mea-
simple terms, a combination of stiffness and damping. In aryyrement a small distance from the firtj. The line that
active system in which a force generator is present within th@nnects the two points of measurement is defined ag the
organ of Corti, that forcef-acive, adds a term to the passive girection, and it points away from the b.m., from the s.v.
impedance which is equal tF,darea on which force  toyards the s.{Fig. 1(b)].* At frequencies above a few kHz

act9/vpm.. The Zoc that these experiments find when the the 7z component of fluid velocity can be written very simply
measured\ Poc is divided by the measured, , is the sum using these two pressures:

of the passive part and the active pateBoer and Nuttall, )
2000. In cochlear models the active part is most successful ~ Vz~1(Pa—Pp)/(wpA2). (€

at producing realistic b.m. tuning when it has the character ofn the expressiony is the angular frequency,is the density

a negative damping that is large enough to cause the nef the cochlear fluid, and z is the distance between the two
damping to be negative over a limited region somewhat basgjressure measurements. The fluid very close to the b.m. is
to the peak(e.g., deBoer, 1983; Neely and Kim, 1986; Kol- expected to move with it, so whep, is very close to the

ston, 2000. In the current experiments, performed at onep m. the fluid velocity approximates b.m. velocity. Then
place and many frequencies, this negative resistance would )
Vom~1(Pa=Pp)/(wpAZ). 2

appear as a negative real part of the impedance at frequen-
cies slightly below the b.f.

In the classic traveling wave/resonant model of cochleaf- Pressure across the organ of Corti complex
operation, the traveling wave, produced by the interaction of AP is the pressure close to the OCC in the s.v.
fluid inertia and OCC stiffness, ripples down the cochlear(P,, _ocd minus the pressure close to the b.m. in the s.t.
spiral. The decreasing stiffness of the OCC causes the trayP,). What wasmeasuredvas the pressure in the s.v. near
eling wave to slow and grow. At the point that the OCC masshe stapesR,,) and the pressure in the s.t. close to the b.m.
begins to dominate its stiffness the traveling wave stopgP.). With the simplifying assumptions that the cochlea is
(e.g., Peterson and Bogart, 1950; Lighthill, 128The symmetric and the pressure at the r.w. is zeRy,
spring—mass transition is expected to occur slightly apical of- P, _oc=P,—0, and
the peak of the traveling wavé&herefore, below and through APomP. —2p 3)
the b.f. the imaginary part of the impedance is expected to be oc " Tsw. b
that of stiffness, and the sprirgnass resonance will be (see Footnote)2

The analytic method for derivind Poc andvy, , from
the pressure measurements was described in @1898. It
is summarized here.
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Pressure data g Derived quantities FIG. 12. Pressure data and derived
g - % 40 Lol quantities, 12-10-98. This was a nearly
3 80 o r s 2 & linear cochlea and only 85 dB SPL
= SRRNETTN T3 5 data are shown(a) and (b) The s.t.
e - S 3 and s.v. pressures for impedance cal
2 20 i | m 2 A'A -
g ¢ m/ 2E, culation. Magnitude is shown relative
8 oo swlepm | 2 B to the stimulus level in the ear canal;
£ T :;’f?:r': £ %, I \ phase(s.t. only is relative to the si-
g a —+ st36um o % - multaneously measured s.v. pressure.
>5§ ol /\\ I L Distances in the key refer to the dis-
- M‘\k tance between the b.m. and the s.t.
g o 7 -180 f”’v"\‘ \ sensor.(a) Magnitude.(b) Phase(c)—
g X& e 360 R85 (&) APoc, Upm., andZoc. The usual
g -180 3 .s40 . —— L85 calculation for APoe was used.(0)
£ X{ 8 Magnitude of vy, and APgc (re
360 - Y2200y £ TR0 : ¢ 10 20 By 40 stimulus leve). (d) Phase oby, , and
: -900 : ; frequency (kHz) APoc (re simultaneously measured
0 10 20 30 40 0 10 20 30 40 s.v. pressure (e) Real and imaginary
frequency (kHz) frequency (kHz) parts ofZoc.
3. Specific acoustic impedance of the organ of Corti P.,~2P,. This weakness has been addressed by doing
complex variations on the calculation, by findingPoc as 0.9,
Zoc=APoclvpm.- (4) — 2Py (<_:ontribution of s.v. pressure ha!ved relative to usual
calculation and as P, — 2Py, (contribution of s.v. pressure
B. Impedance results doubled in a few cases. These variations showvha 6 dB

] ] _calibration difference affects the impedance results and point
Impedance results from six experiments are shown iyt robust and fragile aspects of the results.

Figs. 12—-25. Impedances calculated for an additional six ex-

periments are not shown because the results were noisier )

(due to time dependent variations or lower sensor sensitivityl: General conclusions

and therefore less revealing than the six experiments that are Taken as a whole the results lead to some general con-
presented. In each case the pressure measurements that welnsions. From the\ P, andvy, , plots: (i) The accumula-
into the impedance calculation, the deriva®,c andvy,,,.  tion of the phases of both Poc andvy, ,, indicates that both
and the real and imaginary parts @fc are plotted. Two are part of the cochlear traveling wau@) Whether or not
introductory comments are in orddf) The case-study pre- nonlinearity was presen(i.e., in active and passive co-
sentation is fitting for communicating the impedance resultshleag, bothAPqc andvy, ,, were tuned(iii) When nonlin-
because the meaning and authority of a particdlgs result  earity was in evidence it was usually present to nearly the
is closely linked to the pressure measurements that generateedme degree in both P andvy, . (An exception to this

it. Showing several case studies was necessary to demoamerges from the analysis 9-8-98-1-double, as discussed be-
strate repeatability, variability, passive versus active, andow.) The Zy plots illustrate the relative and absolute sizes
turn one versus extreme bag@) The weakest part of the of the real and imaginary parts of the impedance, and indi-
analysis is the calculation &Pgc. It was based on a sym- cate where it was stiffness dominat@éahaginary part nega-
metric cochlea, which could be an oversimplification. Fur-tive), mass dominate@imaginary part positive and where
ther, it subtracts responses measured with two sensors, #te resistance was negativeeal part negative The Zg¢
even small calibration errors will introduce large errors whenplots are most reliable in the broad region of the peak,

Pressure data Derived quantities FIG. 13. Pressure data and derived
0 quantities, 3-22-99. This was a nearly
linear cochlea and only 85 dB SPL
data are shown(a) and (b) The s.t.
and s.v. pressures for impedance cal-
culation. Magnitude is shown relative

/]
p—vw"/
"""‘// 40 to the stimulus level in the ear canal;
f&,\’/ phase(s.t. only is relative to the si-
multaneously measured s.v. pressure.

30 ! £
gﬁ E&
20 L ne gt ns hr b
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—— s.t:10 pm
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5 4180 —— i —. 'H{
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o

Distances in the key refer to the dis-
tance between the b.m. and the s.t.
sensor(a) Magnitude.(b) Phase(c)—

-180

phase (degrees)

Magnitude of vy, and APgc (re

stimulus level. (d) Phase o, ,, and

-900 frequency (kHz) APqoc (re simultaneously measured

0 10 20 30 40 0 10 20 30 40 s.v. pressufe(e) Real and imaginary
frequency (kHz) frequency (kHz) parts ofZqc.
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roughly 8—23 kHZz10-35 kHz for the extreme basal experi- Pressure data
ment 2-26-97, because there both the s.t. pressure and the 80 : 1
spatial variations of the s.t. pressure were large. From these 40
reliable regions of the plots, the additional general conclu-

sions can be drawn(iv) The imaginary part was negative 30 1y,
(stiffness dominatedfrom low frequencies right up to and 20
through the b.f(v) In the ~5-10 kHz region(8—16 kHz for ; . ev.25um
2-26-97 the magnitude of the imaginary part usually de- 10 e e s
creased as frequency increased, as is expected for a stiffness. a 45dBSPL | —+—s.t 25um
(vi) Overall, the real and imaginary parts were similar to 5 : :
each other in size; at 8—10 kHz they were mostly within
5-20 Pafmm/9 for the turn one experiments, ane0 Pa/
(mm/9 for the extreme basal experime@-26-97.

An additional general conclusion derives from the basic
pressure data that introduces each case study, and bears on
the calculation forAPoc. Recall thatAPqc is found as
P.,—2Py. From the basic pressure data it is seen that at
frequencies above the b.f. in the region of the phase plateau
the s.t. pressureR,) was nearly in phase with the s.v. pres-
sure and about 6 dB smalldiThe calibration uncertainty of
+6 dB makes this observation true within the uncertainty in
all cases. Therefore, the data are generally consistent with a
AP above the peak that is zero or close to it, which is true
in most cochlear models. This is particularly pertinent to the
investigation of spring—mass resonance.

magnitude (dB re stimulus)

40 \ ................ , ............... ..............

2. Specific investigations

The six experiments were explored individually f@y
nonlinearity in the pressure datdi,) evidence for negative
resistancebelow the b.f.and (iii) evidence for spring—mass
resonancelosely above the b.T.able I, which appears at the
end of the text, summarizes these results.

a. Spring-mass resonancdn the table, the “detec-
tion” of spring—mass resonance refers to an indication of
spring—mass resonance in the phase. Resonance can be seen frequency (kHz)
by inspecting the phase of, ,, relative toAPoc. A 90° lead ,
indicates stifiess, a 90° lag indicates masomething less ~F19, 14 Pressre s, 9695, The s and sy pressres fr impedarce
than 90° indicates resistance is present as)va@ltl the tran-  are shown relative to the stimulus level in the ear canal; phisesonly
sition from leading to lagging will occur at the resonanceare relative to the simultaneously measured s.v. pressure. Distances in the
frequency. Alternatively, the imaginary part @f,c can be key refer to the_ distance betwe_en the b.m. and the st sdasbhagnitude,
inspected—it will make a transition from negative to positiveéiaig i:ljll‘e\fggu'us'(b) Magnitude, 65 dB.(c) Magnitude, 85 dB.(d)
at the resonance frequency. Consider experiment 12-10-98 '

(Fig. 12. This cochlea was just barely nonlinear due to in-
gg:/ae 2?2 tsﬂicqug.er;z Iihoeci)%?slgak; e:l;]haenre;‘;) rzei(ﬂglﬁf_sl%'? SPEOC from 12-10-98 qf course Fglls the same story: the sign
with respect to the s.v. pressure, began to accumulate rapidﬁbanged f_rom hegative to_ positive &0 kHZ'_ .

at 8 kHz, and leveled off at 20 kHz and—730°. Thevy, Experiment 3-22-99Fig. 13 was very similar to 12-
phase went through a similar accumulation, but began b 0-98 and is shown primarily to demoqstrate repeatapll|ty.
leading A Poc by about 40°, crossed theP .. phase at 20 he phase.s obp m. andAPQC showed a S|m!lar course with
kHz, and leveled off at 21 kHz, lagginyPoc by ~70°. The frequency in the two experiments. In experiment 3-22-99 the
relative phase behavior suggests tAat was stiffness and fesonance frequency indicated by the phase crossing was 25
resistance dominated below 20 kHz, mass and resistanddiz, which like 12-10-98 was slightly above the b.f. and at
dominated above 20 kHz, and had a spring—mass resonantit¢ beginning of the phase plateau. Similar to 12-10-98,
at 20 kHz. A spring—mass resonance is used in many co3-22-99 showed no sign of the resonance in the relative mag-
chlear models to bring the cochlear traveling wave to a halthitudes ofvy, ,, and APoc. A difference in 3-22-99 com-
and the signature of a resonance just where the phase plpared to 12-10-98 is that in the final plateay,, lagged
teaus is compelling. Notably however, the magnitudes did\ Poc by slightly more than 90fwhich indicates a compo-
not indicate a spring—mass resonance: the velocity did natent of negative resistance—unlikely in this linear cochlea,
peak relative to pressure at 20 kHz. The imaginary part ond suspected as an experimental errbievertheless, the

-180

phase (degrees)

-360

-540 : : :
0 10 20 30 40
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Derived quantities 9-8-98 I-usual
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b .30 FIG. 15. Derived quantitie® Poc, vpm, and Zoc,
40 = —T—— 9-8-98-l-usual. The usual calculation fdPoc was
: / \ b used. (a) Magnitude ofvy, and APqc (re stimulus
20 ! level). (b) Phase ofv,,, re simultaneously measured
f s.v. pressure(c) Phase of APoc re simultaneously
measured s.v. pressule) Real part ofZo¢ (€) Imagi-
0 ............... nary part szoc )
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() E 20 i S
8 E :
o ® d real part
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3 K : 5
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phase data are close enough to looking like a spring—masgsual(Fig. 21), andvy, m led AP slightly in this region for
resonance to qualify for a yes in the table. 3-29-99-double(Fig. 22. In 2-26-97-usual(Fig. 24 and

In the analysis of 9-8-98-IAPoc was calculated in the  2.26-97-half(Fig. 25 in the plateau region above the b.f.
usual way and the two alternative ways, in which the contri-, jed AP by ~180°.

bution from s.v. pressure was halved or doubled. While |, Negative resistanceNegative resistance was indi-

spring—m_ass resonance was apparent_ in the phase of 9-8-9804 wherv,, ., led or laggedA Poc by more than 90°. If
I-usual ('t:'_g' ti\a arr:d 9-8}:%8;-g§ulbr|]€(Flg. 117),_||_thwas not present, it is expected at stimulus frequencies somewhat be-
apparent in the phase of 9-8-98-I-hgig. 1. The reason |, e b.f., as these responses were passing through on the
for the difference is that in 9-8-98-I-half at frequencies above : . o,
. .~ way to their b.f. place. For the purposes of “detection,

the b.f. the s.t. pressure dominated the s.v. pressure in the © . . . . .

. : . negative resistance must be in this region to be counted.
calculation forAPqc (Figs. 16 and 14, which shows the (Strict] Ki i ist fen | id
pressure dajaBecause of this the plateau level of th& ¢ i L'C yhspela Ing nega |vebre3|shance vi\(/aa orten n i\” encle
phase changed by about 180° compared toARey. phase within the p at'eau region above the peak. o.wever,'t e result
for 9-8-98-I-usual and 9-8-98-I-double, causing the high freWas too erratic there to be trustworthjNegative resistance
quencyvy, ., to lead APge by ~90° ratr,1er than lagging by Was cautiously detected in the two most nonlinear experi-
~90°. This comparison makes the point that, particularly inmentsf, 5-6-99 and 9-8-98. To_ explore its character, consider
the plateau region, the calculatédPoc can undergo large €XxPeriment 9-8-98. 9-8-984Figs. 15, 16, and J7had a
changes due to variations in s.v. and s.t. pressure that a¥é9gle in thevy, , phase and magnitude about half an octave
within the experimental uncertainty. below the b.f. The phase wiggle causegh, to leadAPoc

On the spring—mass resonance question, the nonline&y slightly more than 90° at 15 kHz. Therefore, negative

experiment 5-6-99Fig. 19 is not helpful because it has an resistance was indicated. Negative resistance appeared at 45
erraticvy, ,, phase at frequencies above the b.f. Spring—massnd 65, but not at 85 dB SPL for analyses 9-8-98-l-usual
resonance was not apparent in the analyses of experimerffsig. 15 and 9-8-98-1-hali(Fig. 16. In these cases both the
3-29-99 and 2-26-9%, ,, andA Py were nearly in phase at frequency at which negative resistance appegskghtly be-
frequencies in the plateau region above the b.f. for 3-29-990ow the b.f) and its level dependendpresent at low levels,
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Derived quantities 9-8-98 I-half
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absent at high levelsare consistent with model predictions. the mildly nonlinear experiment 3-29-98,P,c was calcu-
Negative resistance appeared at all three levels for 9-8-98-|ated in the usual way and with the s.v. contribution doubled.
double(Fig. 17). Recall that in the “double” calculation, the  [The relative sizes of the s.v. and s.t. pressures in this experi-
contribution of s.v. pressure to the calculationdPoc Was  ment(Fig. 20 suggest that a calibration might have been in
doubled.. In the case of 9-8-98-I-double this varle}tlon hassrror and the 3-29-99-double analysis might be more accu-
substantial effects. For one, thePoc phase found with the | i0 than the usual analygis\ Po for 3-29-99-usualFig.

double calculation was less smooth than that found with th%l) showed a sharp notch at 15 kHz and 85 dB SPL, which
other calculations. This change is what caused the negativg. .« #om a notch in the s.t pressure. In 3-29-9,9-usual
resistance to appear at all three levels. A second effect Wansegative resistance was apparent only in the region of the
thatA Poc was substantially less nonlinear thag,,, so their

. : . . . notch. The level where negative resistance was apparent and
ratio, Zoc, wasnonlinear. Negative resistance did not appear,

in 9-8-98-11 (Fig. 18 a separate but equally nonlinear ap- the observation that it is related to a notchARoc make it

proach of this experiment. As can be seen in the pressurd/SPIclous asan analytical error. In 3-29-99-doyblg. 22),
data from this approach, the s.t. pressure was relatively larga€9ative resistance was not apparent.

in the region of the peak. Because of this, the s.t. pressure C- EXtreme base compared to tumn oria. gerbil the
dominated s.v. in the calculation farPc, and thusA Poc extreme basal region of the OCC is sandwiched between the

was very similar in shape toy, ,,. ThereforeZo was quite cochlear windows, where it would be directly exposed to
featureless, with little frequency change and no sign of nega€vanescent pressure modéteele and Taber, 1979Be-

tive resistance. 5-6-99Fig. 19 was similar to 9-8-98-1 in cause of this anatomy it is reasonable to expect that the re-
that negative resistance was detected at low le¥é@lsand 50  sults, particularly oA Poc, would differ in the extreme base
dB, but not 65 and 85 dBat a frequency about half an compared to turn one. Itis notable that in healtblyinchilla)
octave below the peak. Also similar to 9-8-98-I, the negativecochleae the character of b.m. motion is quite similar in the
resistance stemmed from a wiggle in the velocity phaseextreme base and turn orilarayan and Ruggero, 2000;
None of the nearly linear experiments, 12-10-98, 3-22-99Rhode and Recio, 2000

and 2-26-97 showed negative resistance. In the analysis of 2-26-97 was an extreme basal experiment, and was dis-
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cussed in Olsori1998. In addition to findingAPoc in the ~ motion. These points were evident both in the primary s.t.
usual way(2-26-97-usualit was also found with the contri- pressure data, and the derivAdPoc. Therefore a primary
bution from s.v. pressure halvé@-26-97-half. This varia- conclusion is that compared to b.m. motion, the impedance
tion was calculated because the s.v. pressure was bigger thahthe OCC is relatively untuned, and is nonlinear in a dif-
the average in this experime(fig. 23, suggesting that the ferent, subtler way.
s.v. sensor calibration might be in error. In that case the The specific question of whether the cochlea provides
2-26-97-half analysis might be more accurate. The 2-26-97power amplification in the form of negative resistance
usual and 2-26-97-half analyses showed substantial dissimproved difficult to answer decisively. The two best cochleae,
larities. vy, APoc, andZgc from 2-26-97-half(Fig. 25  9-8-98 and 5-6-99, both exhibited a brief flare of negative
were quite similar, just shifted up in frequency, to thoseresistance over a 1-2 kHz rangene to two data poinjs
quantities in turn-one of the linear cochleae 12-10-98 andvithin a kHz of the frequency where nonlinearity started,
3-22-98 (Figs. 12 and 1B In contrast,APqc for 2-26-97-  ~half an octave below the b.f. However, negative resistance
usual (Fig. 24 was just barely tuned. Becausg, was was not detected in a separate equally nonlinear run of
tuned, Zoc for 2-26-97-usual was more sharply tuned thang-g-98 or in the more mildly nonlinear cochlea 3-29-99. This
for any of the turn one eXperimentS. ConSidering the d|SS|m|amb|gu|ty suggests that amp“ﬁca‘[ion’s Signature in the pres-
larity in the -half and -usual results, more measurements arg,re close to the b.m. might vary radially. To address this
necessary to decide whether and how cochlear mechaniggatter requires a smaller pressure sensor. In the literature the
differs in the region of the windows compared with other most direct probe of negative resistance is that of deBoer and
locations. Nuttall (e.g., 1999, 2000 They derived the OCC impedance
with an inverse method by coupling basilar membrane mo-
VII. DISCUSSION: CONCLUSIONS, COMPARISONS tion data to a 3-dimensional model of the cochlear fluid and
AND OTHER STRATEGIES FOR MEASURING geometry. Nuttall and deBoer made measurements of the fre-
Zoc quency response at a single location, then used scaling and
The primary observations of this report were that thethe cochlear map to convert the measured frequency re-
pressure close to the sensory tissue was tuned, and thatsponse into an inferred spatial response. “Below the b.f.” in
possessed a degree of nonlinearity similar to that of b.mthis study corresponds to “basal to the peak” in their analy-
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FIG. 18. Pressure data and derived
guantities, 9-8-98-Il. In approach 9-8-
98-1I the sensor was angled relative to
9-8-98-I by about 15° so that it would
contact the b.m~100 um from the
first approach in a direction towards
the lamina(a)—(c). The s.t. and s.v.
pressures for impedance calculation.
Magnitudes are shown relative to the
stimulus level in the ear canal; phases
(s.t. only are relative to the simulta-
neously measured s.v. pressure. Dis-
tances in the key refer to the distance
between the b.m. and the s.t. sensor.
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FIG. 19. Pressure data and derived quantities, 5-6-99. The analysis of this experiment used s.t. pressure data at the position not closestlosessézond
the b.m. because of the reversal in pressure magnitude that was described in @Eg-(ELThe s.t. and s.v. pressures for impedance calculation. Magnitudes

are shown relative to the stimulus level in the ear canal; phase®nly) are relative to the simultaneously measured s.v. pressure. Distances in the key refer

to the distance between the b.m. and the s.t. sef@advlagnitude, 40 dB SPL stimulugb) Magnitude, 50 dB(c) Magnitude, 65 dB(d) Magnitude, 85 dB.
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sis. The detections of negative resistance above agreed witmpedance. These robust detections occurred at low stimulus
deBoer and Nuttall's results in that a relatively small degredevels in very sensitive cochleae. If this is true, negative re-
of nonlinear negative resistance at frequencies below the b.gistance will be challenging to detect decisively with the
produced a large degree of nonlinearity in the response in theore direct approach of the present study.

b.f. region. However, in the report of deBoer and Nuttall the ~ The results of de Boer and Nuttdll999 and those of
region of negative resistance was broader, and more robuite present report agree on other points as well. In both re-
than in the current report. Notably, at the frequencies wher@orts well beneath the b.tbasal to the peakthe real part
they found negative resistance its magnitude was at mosind imaginary part of the impedance were usually witkin
20%-30% of the magnitude of the imaginary part of thea factor of 2 to each other in magnitude. In both reports even

Derived quantities 3-29-99-usual
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in passive cochleae the real part of the impedance variedompressive modéor other nonpropagating modeand a
substantially with frequencyplace. phase plateau will be observed. In the presented study
The question of whetheZ 5 possesses a spring—mass spring—mass resonance was detected in the impedance phase
resonance is fundamental. If it does, the frequency map ah half the measurements, appearing in both linear and non-
the cochlea is established primarily by the stiffness and madmear cochleae. These detections were based on the presence
of the OCC and at frequencies above the resonant frequenof a stiffness-mass transition, which occurred where the
(a little above the b.f.of a particular point the traveling phase plateau began. The strength of this detection was com-
wave is not present at all. Many cochlear models employ g@romised by the fact that in the plateau region the analysis
resonanZ,¢ (e.g., Neely and Kim, 1986; Peterson and Bog-for APo- was susceptible to experimental inaccuracies.
art, 1950; Kolston, 20001f the spring—mass resonance doesMoreover, to be convincing the resonance should be appar-
not exist the frequency map of the cochlea is established bgnt in both the magnitude and phase and it was not apparent
the stiffness of the OCC and wavelength dependent chang&s the magnitude. The inverse method of deBoer and Nuttall
in fluid massZqc never becomes masslike, and the traveling(e.g., 1999 did not detect a resonance. Although one could
wave is small but present at frequencies well above the b.fargue that their frequency range was not extended high
Many cochlear models daot contain a resona@oc. Steele  enough above the b.f. to address resonance their results ap-
and colleagues in particular maintain that the OC masgear to weigh in against it. There is experimental evidence
should have very little effect on cochlear mechaniesy., from linear cochleae that speaks against resonance. In linear
Steele, 1999; Steele and Taber, 198The argument against cochleae with drained scala tympani the b.f. shifted up by
the OC mass playing a mechanical role is that most of thebout half an octavédiscussed in Steele and Taber, 1981;
cells of the OC are soft and the fluid within the cells would Patuzziet al, 1982. This is predicted if fluid mass, not or-
move almost as it would if it was not enclosed within cells. gan of Corti mass, determined the location of the peak. A
Experimentally, there is nothing truly compelling either complementary observation is that of Cooper and Rhode
for or against resonance. In the present studies and broadly {1995, who in measurements of b.m. motion in the apex of
the literature a phase plateau is present at frequencies abogainea pig cochleae found no difference in peak location or
b.f. (e.g., Rhode, 1971 At first glance this seems like evi- shape when the organ of Corti was removed.
dence that the traveling wave has stopped. However, the This report concludes with further strategies for probing
traveling wave mode need only be small compared with thenegative resistance and resonanc&yy. The question of
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a60dBSPL ., Q) L e
40 ’\e /é.'j‘_"/ e a
30 @wd&v&,N e, EE
| . : 25
g 10 fo e s 28 umiy ) ®
k7 P oTosv.3um ¢ 52
0 i —e+st.3um o3
s b 80 dB SPI; : E 2
o ; ; ‘ i pe ®
3 40 “‘Mﬁ*\ . - "}',:“’fw’“ y 8
T 30 [T e
o ?
© | . o -180
E 20 el il N W0, %
: ; : @ 360
10 {- e SET o E
: z : @
O b i § 240
S 720
w
g o ~
S 2
g £
@ -180 =
)
2 o
o 4]
-360 N
0 10 20 30 40 50

0 10 20 30 40 50

frequency (kHz) frequency (kHz)

FIG. 23. Pressure data, 2-26-97. The s.t. and s.v. pressures for impedan . .
calculation 2-26-97-usual and 2-26-97-half. This was an extreme basal ex'gFG' 24. Derived quantitiesAPoc, vpm,, andZoc, 2-26-97-usual. The
sual calculation for\ Poc was used(a) Magnitude ofvy, ,, andAPqc (re

periment. Magnitudes are shown relative to the stimulus level in the ear ;
canal; phasess.t. only are relative to the simultaneously measured s.v. stimulus level. (b) Phase ofv,, , and APqc (re simultaneously measured

pressure. Distances in the key refer to the distance between the b.m. and the/- Pressure (c) Real and imaginary parts @oc.
s.t. sensor(a) Magnitude, 60 dB SPL stimulugb) Magnitude, 80 dB(c)
Phase, both levels.
resonance exists if and whemgcc dominates me( «)

(Lighthill, 1981). me{«) is prominent in many modeling
negative resistance might be explored via a more detailegapers[meq(,() is a scaled version of (k)" or * Q()”
map of the s.t. pressure. The impedance of the OCC influfound in, e.g., Steele and Taber, 1979; Lighthill, 1981; de
ences the way that the fluid velocity varies with distanceBoer, 1984. Its variation with« is what distinguishes 1D,
from the b.m. For example, in a simple two-dimensional2D, and 3D cochlear modelgln the following, w is the
(2D) system an impedance of stiffness is linked to an expoangular frequencyz is thez displacement of the b.m. arsds
nentially decreasing velocity-with-distance. However, athe OCC stiffness/length at the longitudinal location of the
partly resistive impedance introduces oscillations into the exmeasurement. As in most cochlear modslis assumed in-
ponential decreas@le Boer, 1984 The fluid velocity over a  dependent ok.)
range of distances from the b.m. is measurable via pressure By equating the potential and kinetic energies of the
gradients(Olson, 1999. Such measurements, linked to a traveling wave at every longitudinal location the relationship
three-dimensional3D) cochlear model might illuminate the between stiffness, mass and frequencyLighthill, 1983):
guestion of negative resistance. Lo 1 )

The resonance question might be explored via measure- S7= 2(Med &) + Mocd) 02" ®)
ments of the longitudinal curvature of the traveling wave. Experimentally measuring curvature at many frequen-
Experimentally, curvature is found by taking the differencecies leads tac(w), or equivalently,w(x). Equation(5) can
in b.m. motion phase&S¢) between two locations spaced by be rewritten as
a small longitudinal distancedk). The curvature equals _
5¢18x and is represented by the “wave numbers’ The (Mef 1)+ Moc)/s=(w(x)) ©)
frequency dependence of the curvature depends on the organ The right-hand side of Eq6) is an experimental quan-
of Corti mass(mgpcc, the OC mass/unit lengthand fluid  tity, so the left-hand side is experimentally accessible. The
masgme«), the equivalent mass of fluid/unit length which idea is to find how the wave curvature varies with frequency
resists the displacement of the b.r(Bteele and Taber, in the region of the peak, and to use the result to “measure”
1979]. These masses relate directly to resonance—mqq«)+Mocd/s vs k. Does it begin to level off to a con-
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Derived quantities 2-26-97-half stant value?If yes, resonance is supportg®oes it look just

: : : like mgq(x) from 3D cochlear models looks, sopcc is ef-
fectively zero?(If yes, resonance is contested.ighthill
(1981 examined Rhode’$1971) measurements, longitudi-
nally spaced by 1.5 mm, and decided that the variatiow of
with « was consistent with the presence of resonance. How-
ever, more closely spaced longitudinal measurements, such
as have been appearing in the experimental literafilres-
sell and Nilson, 1997; Ren, 2001; Rhode and Recio, 2000
are better for measuring curvature and for addressing the
question of resonance.

and APoc re stimulus (dB)

vbm re stimulus (dB re (1mm/s)/Pa)
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This derives from a simplification of the Navier—Stokes equatiGi®,
=—pdvldt—pvVuv+uV?. The equation can be approximated Bg
w =—pdvlat at high enough frequencies. In Ols@D98 the relative sizes
£ of the three right-hand terms was approximated using dimensional analysis.
\\E, The length scale over which fluid velocity changed-bya factor ofe was
g estimated as 10@m. Then at 1.5 kHz the first right-side term was 1000
= times bigger than the second term and 100 times bigger than the third term.
N -25 The dominance of the first term grows with frequency. However, in recent

: : : measurements close to the b.m. the length over which the velocity dropped
50 E : off by a factor ofe was found to be only 15%m (Olson, 1999. This

0 10 20 30 40 50 reduced length scale reduced the dominance of the first term; at 3.5 kHz, it
is 300 times bigger than the second term and 5 times bigger than the third
term. Therefore, the method to find fluid velocity close to the b.m. using
Eq. (2) is restricted to frequencies over several kHz.

FIG. 25. Derived quantitiesAPoc, vpm., and Zgc, 2-26-97-half. The  2with a symmetric cochlear model, the pressure can be decomposed into

frequency (kHz)

contribution of Pg,, was half what it is in the usual calculation faP . symmetric and antisymmetric part8eterson and Bogart, 1960For sim-

(a) Magnitude ofvy, ,, and AP (re stimulus leve). (b) Phase ob,, ,, and plicity the derivation above only discussed the antisymmetric part. Includ-
APqc (re simultaneously measured s.v. presgufe) Real and imaginary  ing the symmetric component does not change the answer as long as the
parts ofZqc. symmetric component does not vary spatially. The symmetric component is

associated with the compressional wave. It is expected to vary in space

TABLE I. Summary of impedance results from six experiments. Symbols in the table refer to the following *Réssilts ambiguous, see discussion.

'Roman numerals | and Il in expt 9-8-98 refer to two different approaches. The suffixes half, double, and usual are appended when alternatine taiculatio
APoc were donefDuring the first approach of expt. 9-8-98, two pressure series were actually taken, separated by more than an hour in time, but without
repositioning the sensor. The results of these two series tested repeatability. They were similar and in particular both showed negativérdyistam ot

these is presented he(@-8-98-)). In a separate approa¢®-8-98-1) the sensor was angled relative to the first by about 15° so that it would contact the b.m.
~100 um from the first approach in a direction towards the lamina. Because this approach found larger s.t. pressures the sensor was probably more radially
and/or perpendicularly centered on the b.m. then.

Measurement Spring—mass
Experiment date Nonlinear and analysis Figure Negative resonance?
and region experiment? namet numbers resistance? (apparent in phage
12-10-98 turn no (or just 12-10-98 12 no yes
one barely
3-22-99 turn no (or just 3-22-99 13 no yes
one barely)
9-8-98 turn yes 9-8-98-I-usual 14,15 yes yes
oné
9-8-98-I-half 14,16 yes no
9-8-98-I-double 14,17 * yes
9-8-98-11 18 no no
5-6-99 turn one yes 5-6-99 19 yes *
3-29-99 turn yes, 3-29-99-usual 20,21 * no
one somewhat
3-29-99-double 20,22 no no
2-26-97 extreme no (or just 2-26-97-usual 23,24 no no
base barely
2-6-97-half 23,25 no no
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much more slowly than the antisymmetric périghthill, 1981) and in the intracochlear acoustic pressure measurements in the guinea pi@Ii- in
section on pressure versus position this was confirmed. Therefore, it can beversity in Auditory Mechani¢sdited by E. R. Lewis, G. R. Long, R. F.
considered as an offse?.. The antisymmetric part satisfieB;,, Lyon, P. M. Narins, C. R. Steele, and E. Hecht-Poif\@orld Scientific,
—Pl, _occ=Pb—P|. . but these primed quantities are no longer the actual Singaporg pp. 333-338. _
pressure at each of these positions. Addimgto each term returns itto a Magnan, P., Dancer, A., Probst, R., Smurzynski, J., and Ava1929.
form that includes actual pressures:P.(+Pc)—(P., _occt Pe) “Intracochlear acoustic pressure measurements: Transfer functions of the
sV, S.V.— . .
/ / s , - middle ear and cochlear mechanics,” Aud. Neuroo#0l123-128.

=(P/+P,.)— + . + - : : - PR

(P . Pe) = (Pru.tPo) [,equatpnu)] (Ps.Pc) is the pressure mea Mountain, D. C., and Hubbard, A. F1989. “Rapid force production in the
sured in the s.v.Rg,), (P}+P.) is the s.t. pressure measured close to the

e, cochlea,” Hear. Res42, 195-202.
b.m. (Py). Because of the r.w. boundary conditioR/(, + Pc)=0 [equa-  Narayan, S. S., and Ruggero, M. &000. “Basilar membrane mechanics
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