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Observing middle and inner ear mechanics with novel
intracochlear pressure sensors
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Intracochlear pressure was measuredin vivo in the base of the gerbil cochlea. The measurements
were made over a wide range of frequencies simultaneously in scalae vestibuli and tympani.
Pressure was measured just adjacent to the stapes in scala vestibuli and at a number of positions
spaced by tens of micrometers, including a position within several micrometers of the basilar
membrane, in scala tympani. Two findings emerged from the basic results. First, the spatial variation
in scala tympani pressure indicated that the pressure is composed of two modes, which can be
identified with fast and slow waves. Second, at frequencies between 2 and 46 kHz~the upper
frequency limit of the measurements! the scala vestibuli pressure adjacent to the stapes had a gain
of approximately 30 dB with respect to the pressure in the ear canal, and a phase which decreased
linearly with frequency. Thus, over these frequencies the middle ear and its termination in the
cochlea operate as a frequency independent transmission line. A subset of the data was analyzed
further to derive the velocity of the basilar membrane, the pressure difference across the organ of
Corti complex~defined to include the tectorial and basilar membranes! and the specific acoustic
impedance of the organ of Corti complex. The impedance was found to be tuned in frequency.
© 1998 Acoustical Society of America.@S0001-4966~98!00906-0#

PACS numbers: 43.64.Kc, 43.64.Ha, 43.64.Yp, 43.38.Kb@RDF#
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INTRODUCTION

The cochlea is a fluid dynamic system. Of special int
est is the motion of the cochlea’s organ of Corti~O.C.! be-
cause it stimulates hair cells, and this motion has been
emphasis of intracochlear experimentation and models of
chlear mechanics. One force driving the motion is the fl
pressure difference across the organ of Corti. Localized m
surements of pressure, and the pressure gradients that
cate fluid motion, are key to understanding the motion a
mechanics of the organ of Corti, and cochlear fluid dynam
in general. On another note, scala vestibuli~S.V.! pressure
near the stapes, the ‘‘input’’ pressure to the inner ear, is a
the ‘‘output’’ of the middle ear, and its measurement is k
to understanding the middle ear’s operation.

In previous studies the pressure measured near
stapes in S.V. has been used to estimate the cochlear
impedance and to determine the gain of the middle
~Dancer and Franke, 1980; Nedzelnitsky, 1980; Lynchet al.,
1982; Decoryet al., 1990!. The current measurements e
tend those measurements to another species and inc
much higher frequencies. The frequency range exten
from either 200 or 500 Hz to 46 kHz, which comprises mu
of the approximately 60-kHz auditory range of the ger
~Ryan, 1976!. A particularly simple relationship between th
S.V. pressure just inside the stapes and the pressure in th
canal emerged at frequencies between 2 and 46 kHz.
pressure gain was relatively flat, at approximately 30 dB,
the linear phase versus frequency relationship could be c
acterized as a constant 25-ms delay. The gain decreased

a!Electronic mail: olson@pupgg.princeton.edu
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the frequency was reduced below 2 kHz, and was appr
mately 10 dB at 200 Hz.

Intracochlear pressure is fundamentally a field, and
illuminating cochlear mechanics examining the pressur
spatial variation is essential. In the current study the press
field in scala tympani~S.T.! was mapped close to the basil
membrane~B.M.! through the round window opening. Th
S.T. pressures and spatial variations that were found ca
economically interpreted as being a combination of two pr
sure modes, a ‘‘fast wave’’ mode and a ‘‘slow wave’’ mod
The fast mode was dominant at positions relatively far fro
the B.M. and the slow mode at positions less than 100mm
from the B.M. The fast and slow waves have been discus
in the theoretical and experimental literature. In a theoret
model Peterson and Bogart~1950! showed that the pressur
in the cochlea could be mathematically separated into a c
ponent that traveled with the speed of sound~fast! and a
component that traveled at the speed of the O.C. trave
wave~slow!. Because it is linked to the O.C. traveling wav
the slow mode has been emphasized in most cochlear m
els. However, Lighthill~1981! suggested that the fast wav
might be responsible for the high frequency plateaus in B
motion found by Rhode~1971! and subsequently in man
other B.M. motion studies~Ruggeroet al., 1997; Nuttall and
Dolan, 1996; Ulfendahl and Khanna, 1993; Cooper a
Rhode, 1992a!. The fast wave was implicated by Cooper a
Rhode~1996! in producing artifactual O.C. motions in co
chleae in an unnatural condition~open apex!. Dancer and
Franke ~1980! discussed the two pressure waves, and
associated difficulty of using point intracochlear press
measurements to find the pressure across the O.C. com

The spatial variation of the S.T. pressure and in parti
lar the emergence of a slow wave pressure close to the B
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Downloade
underscore the intimate link between the intracochlear p
sure field and the motion of the O.C. complex. The fin
analysis demonstrates the use of the pressure data to est
the quantitative form of the impedance of the O.C. compl
and finds that it is tuned.

It is important to note at the outset that the condition
the cochleae, as determined from changes in compound
tion potential threshold, was not optimal.

I. METHODS

A. Sensor

The sensor is illustrated in Fig. 1. The sensor has b
described briefly~Olson and Borawala, 1997!, and its con-
struction is detailed here.

1. Sensor tip

The sensor tip is composed of a hollow core glass fi
~inner diameter 100mm, outer diameter 167mm, Polymicro
Technologies, Phoeniz, AZ!, terminated with a pressure se
sitive diaphragm made reflective with a thin layer of go
The diaphragm is a plastic thin film, formed by floating
drop of photosensitive polymer adhesive~Norland, New
Brunswick, NJ, type #68! on water. With proper surface ten
sion, vessel and drop size, the drop expands into a thin
of submicron thickness~Zhou et al., 1993!. The thickness is
estimated by the interference-induced coloration of the fi
in a manner described in texts on electron microscopy.
the adhesive expands bands of bright interference colors
come visible, and then fairly broad regions of one color.
that point, the film is probably less than one optical wav

FIG. 1. Fiber optic pressure sensor tip. During measurements the pre
sensitive diaphragm was located at the measurement position within
cochlea or ear canal. The optic fiber that is shown threaded into the se
tip is one of two output arms of a fiber coupler. The second output arm is
used. The two input arms are coupled to a LED, which delivers light to
sensor diaphragm, and a photodiode, which detects the light that reflec
the diaphragm.
3446 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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length in thickness, some hundreds of nanometers. The fl
ing adhesive is cured with ultraviolet light for 5 min. Fo
lowing curing the film appears thicker, but brigh
interference colors are still present, indicating that the thi
ness is still on the order of a micrometer.~Films several
micrometers thick appear clear, not colored.! The diaphragm
is formed by scooping up the floating film with a glass ho
low core fiber. The sensor tip is cured for at least 15 ad
tional minutes. The hollow core fiber is prepared by remo
ing sections of the outer plastic coating using the heat o
microelectrode puller and cleaving the fiber into sectio
1–2 cm in length, with blunt perpendicular ends. After
batch of diaphragms was prepared, 50–60 nm of gold w
evaporated on their outer surfaces to make them reflecti

2. Optical system

The position of the diaphragm is read optically, using
optic lever. Optic levers are available commercially~Opto-
acoustic sensors, Raleigh, NC!, although the one in use i
home-made. Much larger optic-lever-based micropho
have been described previously~Hu et al., 1992!. The LED
light is delivered down one of the input fibers of an op
fiber coupler with a 50:50 splitting ratio~Gould Corp., Mill-
ersville, MD!. The light that returns in the second input ar
is collected by a photodiode. Only one output fiber is us
~the other is optically sunk!, and it is etched down from its
original 125mm diameter to slightly less than 100mm by
soaking in 6% hydrofluoric acid for 4 h. After etching, th
output fiber is cleaved to a blunt 90 degree angle, which
monitored both under the microscope, and by the amoun
light reflected off the blunt surface.

The output fiber is threaded into the sensor tip and glu
in position~using Norland adhesive NEA 123! with the fiber
end 50 to 100mm from the diaphragm. In operation, th
LED light fans out as it exits the fiber, reflects from th
diaphragm, and returns to the fiber. The amount of light t
reenters the fiber core for transmission back to the phot
ode depends on the distance to the diaphragm. This pos
detection scheme, based on geometric optics, is the ess
of an optic lever. In order to control the quality of the co
structed sensors, in practice the fiber is threaded into dif
ent tips until a high level of reflected light is collected by th
fiber. Prior to fixing the fiber in place, the response to aco
tic stimuli is checked in air. The sensors are fragile, a
might be used in many experiments, or be broken alm
immediately. The fiber couplers can be reused. At least th
sensors are on hand during an experiment. Complete sen
are made up at least a few days prior to an experiment so
their sensitivity and stability can be checked. Sensors h
lasted up to 8 months.

The linear working range of an optic lever depends
the fiber size and is roughly equal to the fiber radius, a
position approximately one fiber diameter from the reflect
In operation in the pressure sensor the fiber–reflector
tance is modulated by the diaphragm’s pressure induced
flections, and the variation in returning light comprises t
sensor’s output signal. Based on the sensor stiffness~see
below! the deflections we expect are at the most tens
nanometers, well within the working range.
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Downloade
3. Sensor calibration

a. In fluid. The sensitivity, as photodetector voltag
pressure, was calibrated by delivering a known pressur
the sensor by immersing it in a vibrating column of wa
~Schloss and Strassberg, 1962; Nedzelnitsky, 1980!. The
sensor head was immersed a prescribed distance~typically
0.5 to 2 mm! under the surface of a small vial of water on
dynamic shaker with a built-in monitor accelerometer~Bruel
& Kjær model 4290!. The shaker was vibrated at a pr
scribed acceleration over 25 frequencies ranging between
and 46 kHz. The shaker produces a hydrodynamic pres
proportional to the immersion depth, the fluid density, a
the acceleration amplitude. At high frequencies the effect
the acoustic standing wave set up in the vial modify
simple proportionality, and the depth of the fluid colum
must be accounted for~Schloss and Strassberg, 1962!. Due
to the small vial size, the standing wave correction is sm
even at the highest frequencies~less than 20%!. Neverthe-
less, the correction is made in the calibration. In Fig. 2,
shaker amplitude was set to deliver calibration pressure
80 and 94 dB SPL. The responses of two sensor/electr
systems are shown. The calibrations are nearly flat with
quency, indicating that the diaphragm’s motion in respo
to pressure is dominated by the sensor/diaphragm stiffn
~See more on the sensor impedance below.! Both sensors
show a slow decrease that accumulates 3~#9! or 6 dB ~#6!
over the 46-kHz span, suggesting that viscous drag is
completely negligible. With 6.4 s of signal averaging t
signal of 80 dB SPL is 20 dB out of the noise. Sensor l
earity has been verified at levels ranging from 70 to 120
SPL. Figure 2 shows that the two sensor/electronic syst
have nearly equal phases. This was generally true, an
essential because all of the pressure data is reference
pressure data taken with a similar sensor.

FIG. 2. Absolute sensor calibration in fluid. A vibrating fluid column w
used to deliver a known pressure to the sensor over a wide range of freq
cies. The stimulus level in dB SPL is indicated in the legend. The se
responses are almost flat with frequency, and the calibrations are repres
by a single value at all frequencies. Sensor #6 would be calibrated at238
dBV/80 dB SPL, sensor #9 at241 dBV/80 dB SPL. The noise level show
corresponds to roughly 60 dB SPL and was determined in the absen
stimulation with 6.4 s of signal averaging. During experiments signals w
typically averaged for 3.2 s, and the noise floor was approximately 65
SPL. The phase differences between sensor #6 and its electronic syste
sensor #9 and its electronic system are less than 15°. When analyzin
perimental data, phase data taken with one sensor at one location~S.T. or
S.V.! are referenced to phase data taken with another sensor in an
location ~S.V. or ear canal!.
3447 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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A measure of the absolute phase of the sensor was m
by referencing it to the phase of the shaker’s monitor acc
erometer. The pressure induced by the shaker’s motion
theory is in phase with the acceleration of the shaker. If
sensor’s specific acoustic impedance is dominated by ac
tic stiffness, the phase of the sensor output will be in ph
with pressure, and thus will be in phase with the output
the monitor accelerometer. The phase difference between
sensor and the accelerometer was found to be close to ze
the lowest frequencies, and to decrease monotonically
230 degrees at 46 kHz. The phase departure from z
might indicate that, in deflecting the sensor diaphragm,
pressure is working not just against the stiffness of the d
phragm and air gap, but against viscosity in the fluid or d
phragm. This explanation is consistent with the small d
crease in the magnitude of the sensitivity as frequency
increased.

The small decrease in the magnitude of the sensitiv
with frequency was not accounted for because it is simila
size to inherent calibration uncertainties. The calibrated s
sitivity of a sensor sometimes changed during the cours
an experiment, introducing an uncertainty in the calibrat
of up to 66 dB. When calibration changes occurred, th
included all frequencies approximately equally. Chang
>4 dB occurred in at least one sensor in 50% of the exp
ments. In order to minimize this uncertainty, sensors w
recalibrated whenever it was practical in the course of
experiment.~See Sec. I E below.!

b. In air. Independent calibrations were performed usi
the substitution method, in air. Tones were measured wi
Bruel & Kjær microphone~1

4 in. model 4135!, and then with
a sensor placed in the same sound field. The relative out
of the sensor and the microphone, and the factory spec
sensitivity of the microphone were used to calibrate the s
sor. Sensor calibrations in air were flat with frequency, w
a value within a few dB of the sensitivity in water. The pha
of the sensor output relative to the microphone was clos
zero at the lowest frequencies, and 10 to 20 degrees at
quencies above 40 kHz. The maximum variation, 35 degre
occurred between 20 and 30 kHz, where the microph
sensitivity exhibits small dips and peaks. At these frequ
cies, it is likely that the phase difference occurs because
impedance of the microphone is not simply that of an aco
tic stiffness.

4. Sensor impedance: The ratio of pressure to
diaphragm velocity

The specific acoustic~S.A.! impedance of the senso
defined as the ratio of sound pressure to the velocity o
center point on the diaphragm, is critical to gauging wheth
and to what degree, the sensor loads the measurement
sensor’s S.A. impedance is expected to be dominated by
stiffness, and the calibration described above supports
expectation. The S.A. stiffness has two additive compone
the diaphragm’s S.A. stiffness, and the S.A. stiffness of
air gap between the diaphragm and the fiber end. T
Young’s modulus of the diaphragm material is reported
the manufacturer as 0.14 GPa, and plate theory predic

en-
or
ted

of
e
B
and
ex-

her
3447Elizabeth S. Olson: Intracochlear pressure measurements

opyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



,
k-
e
ill
d
te

-

s
n
o
nm
y

th
f
re
te
a

xi

m-
ely

-
ut
a

t 40
s
cat
lea

lear

sor
ave
nd
,

fre-

n-

s at
od-
ly
e

is

ian

an-

ital
f

sary
was
m

the
taxic
the

tube
ely
A

the
he
s
to
an

ot
lly
ro
he
pe

Downloade
S.A. stiffness ~pressure/center deflection! slightly greater
than 0.1 Pa/nm for a circular plate of 1-mm thickness and
100 mm diameter ~Timoshenko and Woinowsky-Krieger
1959!. The S.A. stiffness is proportional to diaphragm thic
ness cubed, so small variations in thickness produce r
tively large variations in stiffness. Tension in the plate w
increase the stiffness, but because the adhesive is cure
fore being attached to the hollow core fiber, it is not expec
to be under tension. The S.A. stiffness of a 100-mm-deep air
gap ~air gap depths vary between 50 and 100mm! is calcu-
lated as either approximately 1 Pa/nm~isothermal compres
sion, wherePV 5 constant! or 1.4 Pa/nm~adiabatic com-
pression, wherePVg5 constant, andg, the specific heat
ratio, has a value of 7/5 in air!. Air gap stiffness scales a
1/gap depth, so a 50-mm gap has twice this stiffness. I
summary, the air gap stiffness should dominate and the t
S.A. stiffness should have a value of approximately 2 Pa/
This is best considered a lower bound due to uncertaint
the diaphragm stiffness.

The sensor S.A. stiffness should be compared with
S.A. stiffness of the organ of Corti.In vivo measurements o
O.C. stiffness at the same longitudinal position as the cur
measurements found a mechanical stiffness of approxima
7 N/m @20-mm-diameter probe tip, radially centered me
surements~Olson and Mountain, 1994!#. With a beam model
of the O.C. this translates to a S.A. stiffness of appro

FIG. 3. The approach to the cochlea. The drawing is traced from a ph
micrograph. The S.V. sensor was inserted into the hole indicated, usua
a depth between 0.25 and 1 mm. The S.T. sensor was inserted via the
window opening following removal of the round window membrane. T
CAP electrode was positioned on the bone outside the round window o
ing.
3448 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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mately 4 Pa/nm~Olson and Mountain, 1991!. Therefore, the
sensor has a S.A. stiffness similar to that of the O.C. co
plex, and when it is close to the basilar membrane it is lik
to reduce the pressure.

The sensor’s acoustic impedance~pressure/volume ve
locity! should also be compared with the cochlear inp
acoustic impedance, which is primarily resistive, with
value of approximately 1011 Pa m23s in cat ~Lynch et al.,
1982!. ~No data on gerbil are available.! The acoustic imped-
ance of the sensor is proportional to 1/frequency, and a
kHz is calculated as 1012 Pa m23s. Therefore, the sensor’
acoustic impedance is substantially larger than that of the
cochlea even at the highest frequencies. If the gerbil coch
is similar, the sensor is not expected to reduce the coch
input pressure substantially.

5. Spatial resolution of the sensor

In order to resolve cochlear micromechanics, the sen
diameter should be at most half the size of the traveling w
wavelength. The wavelength varies both with frequency a
with longitudinal location. At a given longitudinal location
it is expected to be smallest at the local characteristic
quency~c.f.! ~Lighthill, 1981!. Rhode~1971! found the c.f.
wavelength to be 1.5 mm at the 7-kHz place in squirrel mo
key. Cooper and Rhode~1992a! found the c.f. wavelength to
be 0.6 mm in cat and 0.9 mm in guinea pig, in both case
the 31-kHz place. Three-dimensional passive cochlear m
els indicate a wavelength of approximate
1 mm~Steele, 1974, 1-kHz place!. Therefore, it is reasonabl
to believe that the sensor’s 0.1-mm-diameter diaphragm
capable of resolving cochlear micromechanics.

B. Animal

1. Basic preparation

The experimental animals were young adult mongol
gerbils ~Meriones unguiculatus! 40 to 60 g in weight. The
gerbil was given a subdermal injection of the analgesic tr
quilizer acepromazine~dose 1 mg/kg! followed by an intra-
peritoneal injection of the anesthetic sodium pentobarb
~initial dose 60 mg/kg!. Supplemental 10 mg/kg doses o
sodium pentobarbital were given when deemed neces
from a toe pinch response. The animal temperature
maintained at 38 °C with an animal blanket and a roo
heater. To maintain a clear airway, a slit was made in
trachea. The anesthetized animal was secured in a stereo
frame on its back and surgery was performed to expose
left cochlea. The pinna was removed and an earphone
was positioned into the ear canal. The bulla was wid
opened, as indicated in Fig. 3, during all data collection.
silver wire electrode, insulated to its tip, was placed on
bone just outside the round window opening. With it, t
compound action potential~CAP! response to tone pips wa
measured as a monitor of cochlear condition. At or close
the end of an experiment animals were euthanized with
overdose of anesthetic.
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2. Sensor approach for intracochlear pressure
measurements

Figure 3 illustrates the approach. In order to access s
vestibuli, a hole just large enough to accommodate a se
was hand drilled through the cochlear bone adjacent to
oval window, in the region between the oval and round w
dows. The S.V. sensor was held in a micromanipulator
tached to the stereotaxic frame. The sensor was inserted
than 1 mm into the hole unless otherwise noted. It was
sealed into the cochlea with cement or glue, but was m
chanically quite well sealed in most experiments becaus
the precise hole size.

Scala tympani was accessed through the round wind
opening following removal of the round window membran
Part of the basal turn of the basilar membrane is visi
through the round window, and the S.T. sensor was angle
approach the B.M. perpendicularly, and~typically! centered
radially, as indicated in Fig. 4. The c.f. at this position
close to 30 kHz~Xue et al., 1995!. Perilymph often wells out
of the round window opening after removing the membra
In order to control the perilymph fluid level, in later exper
ments a wick was positioned behind the round window op
ing. Sensor fibers were held in a glass micropipette glue
a stainless steel rod, with less than 2 cm emerging. A sm
amount of modeling clay fixed the sensor fiber where
emerged from the pipette, so that it could not move latera
within the pipette. This was necessary to reduce the influe
of the forces due to surface tension, which could interf
with controlled positioning of the S.T. sensor. The S.T. s
sor rod was held in a motorized micromanipulator, capa
of undergoing prescribed 0.5-mm motions in three dimen
sions.

C. Stimulus delivery and response collection and
analysis

1. Pressure measurements

Stimuli were pure tones, 32 ms in duration, with rise a
fall times of 0.3 ms. The tones were generated at levels

FIG. 4. Position of the S.T. sensor. This sketch shows an ideal approa
the basilar membrane: the sensor is centered radially, and approache
pendicularly. The outer diameter of the sensor is 167mm, and is drawn
approximately to scale. The drawing of the O.C. derives from a 2mm
plastic-embedded section prepared by Dr. Martin Feldman of Boston
versity School of Medicine.
3449 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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40, 60, and 80 dB SPL, as measured in the ear canal~see
sound system calibration below!, and frequencies of approxi
mately 500 Hz, 1 kHz, 2 kHz, and then with a 2-kHz spaci
to 46 kHz. The actual frequencies were adjusted from th
values in order to coincide with the frequencies of the ana
sis FFT. In a series of S.V. pressure measurements m
after the main data set the frequencies 188, 264, and 378
were added. The earphone was a Radio Shack 40-1
tweeter. Stimuli were generated and responses collected
a Tucker Davis Technologies~Gainesville, FL! DD1 using a
6.48-ms sampling rate. Typically 100 averages were tak
for total averaging times of 3.2 s. During ‘‘simultaneous
pressure measurements in the two scalae, actually the
measurement followed the S.V. measurement, so the two
curred within approximately 7 s. The averaged data recor
each response to each tone was stored for later analysis
standard analysis was a FFT of the 4096 points of the d
record beginning 5 ms into the record~point 805!. The first 5
ms were truncated to exclude any transient response.
amplitude and phase at the stimulus frequency were
tracted from the FFT. The complete FFT spectrum and r
data record was occasionally inspected. When plotting
phase as a function of frequency, ambiguity is handled
subtracting or adding 360 degrees or a multiple of it wh
the resultant phase differs from that of the adjacent low
frequency by less than6180 degrees.

2. CAP

Stimuli were pure tones, 3 ms in duration, with 0.3 m
rise/fall times. The polarity of alternate tones was reverse
cancel the cochlear microphonic in the averaged respon
The tones were generated at levels of 60, 80 and in l
experiments also 40 and 100 dB SPL and frequencies of 2
10, 20, 30, and 40 kHz. Typically, 100 averages were tak
The averaged data records were displayed on line, and st
for later inspection. ‘‘Threshold’’ CAP is defined as the vi
ible threshold, 5 to 10mV peak-to-peak. The CAP was use
as a monitor of cochlear condition~Johnstoneet al., 1979!.
Of particular interest are changes in the CAP after drilli
the S.V. hole, after removal of the round window, and w
time following opening the cochlea.

D. Sound system calibration

A 1-in. long earphone tube, coupled to the earphone
a machined housing, was inserted into the ear canal of
left ear following removal of the pinna. The bone of the bu
that overlies the tympanic ring and tapers down to form
ear canal contains natural cracks. A hole less than 1 mm
diameter was made in the skin-like tissue beneath one of
cracks, allowing access to the ear canal approximately 3
from the eardrum. A sensor was inserted approximat
1 mm into the hole and the hole was sealed with tissue pa
reinforced by the slightly mucous fluids in the region. Ton
generated with a constant voltage were delivered to the
and the sensor’s response to these tones was used to cal
the sound system. Following calibration, 80 dB SPL tones
the standard frequencies were delivered to the ear, and
corded in order to check the magnitudes~which were 80 dB

to
per-

i-
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FIG. 5. The S.V. pressure with a stimulus level in the ear canal of 80 dB SPL; 500 Hz to 46 kHz.~a! Magnitude.~b! Phase relative to the pressure near t
eardrum in the ear canal.
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by construction! and to find the phase in the ear canal a
reference. The tissue paper was dampened to loosen it
sensor removed, and the tissue paper replaced to cove
opening.

In two experiments following the set reported here t
pressure field within the ear canal was mapped along the
between the sensor entrance and the umbo, a distanc
approximately 3 mm, with a 0.5-mm resolution. The resu
of the two experiments were very similar. The detailed d
scription of the results is beyond the scope of the pres
paper, but a brief description is relevant to the sound sys
calibration. At frequencies through 40 kHz the pressure cl
to the umbo was not more than 5 dB greater, and the pha
the umbo differed by at most260 degrees, relative to th
usual calibration position approximately 1 mm within the e
canal. At 46 kHz, the largest differences were seen. T
magnitude at the umbo was 15 dB greater than at the u
calibration position and the phase differed by2160°.

E. Standard experimental sequence

~1! Sensors calibrated by immersion.
~2! Initial surgery, CAP electrode and earphone in place
~3! Sensor 1 in ear canal, sound system calibration, C

recalibrate sensor 1.
~4! Scala vestibuli hole, CAP.
~5! Sensor 1 in scala vestibuli, pressure measurement, C

recalibrate sensor 1.
~6! Round window membrane removed, sensor 1 in S

sensor 2 in S.T., CAP, near simultaneous pressure m
surements.

~7! Sensor 2 advanced towards B.M., pressure measure
both scalae after every 20- or 30-mm advance. CAP
measured periodically.

~8! Sensor 2 contacted B.M., as determined by sensor 2 p
todetector voltage, which undergoes abrupt increas
low frequency fluctuations.

~9! Sensor 2 retracted several micrometers, pressure m
surements, CAP.

~10! Further measurements including post mortem meas
ments following anesthetic overdose.

~11! Sensors recalibrated.
3450 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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II. RESULTS AND DISCUSSION

The results reported here are from 13 animals. The S
pressure data are not presented from all the experiment
6-16, 7-1, 8-5, and 8-12 S.T. pressure was not measure
design. In 10-29, 1-27, 2-5, and 2-18 it is not presented ei
because the B.M. was damaged during removal of the ro
window membrane, or because the S.V. and S.T. press
were unstable. Instability was apparently caused by a cha
ing round window fluid level or by an unvented ear cana

A. CAP

The baseline CAP response was determined just a
sound system calibration and prior to opening the coch
but with the bulla opened widely. The usual baseline C
response was as follows: The CAP was visible at the low
SPL ~40 or 60 dB SPL! at 2, 6, 10, and 20 kHz. At 30 kHz
the CAP was suprathreshold at 60 or 80 dB SPL, and a
kHz the CAP was suprathreshold at 80 or 100 dB SP
Through 30 kHz, these results are in keeping with those
Müller ~1996!, who found~in his Fig. 1! a CAP threshold of
30 dB SPL at frequencies between 1 and 10 kHz, rising to
dB SPL at 20 kHz, and close to 60 dB SPL at 30 and 40 k
The 40 kHz threshold here is 20 dB higher than Mu¨ller’s.
The difference might be due to differences in method~elec-
trode placement, sound system calibration, definition
‘‘threshold’’! or to physiological changes in the extrem
base related to the widely open middle ear.

Following drilling the S.V. hole, a change in sensitivit
was always seen. Typically, both 30- and 40-kHz tones
quired one increment~20 dB! in sound level to be suprath
reshold~a notable exception is experiment 2-26, in which t
30-kHz threshold was unchanged!, whereas the CAP re
sponse to the 2- to 20-kHz tones was unchanged to
coarse degree measured. Following round window remo
the CAP response could be unchanged, and remain lar
unchanged over hours of experimentation. A tempor
threshold shift that might be due to the close proximity of t
S.T. sensor to the B.M. occurred in experiment 2-26~as de-
scribed more fully below!, and suggests that the sensor mig
indeed ‘‘load’’ the organ of Corti when positioned close to
3450Elizabeth S. Olson: Intracochlear pressure measurements
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B. Scala vestibuli input pressure

1. Grouped data

In Fig. 5 scala vestibuli pressure is shown when
sound level in the ear canal was set to 80 dB SPL. T
measurements were made with the round window memb
intact. Figure 5~a! shows the pressure magnitude. In ma
the S.V. input pressure lies between 105 and 120 dB S
indicating a middle ear pressure gain between 25 and 40
The mean of the measurements~thick line without symbols!
shows a frequency dependence which is flat at 110 dB S
a gain of 30 dB relative to the ear canal pressure, betwee
and 30 kHz, with a slight increase at the highest frequenc
and a slight decrease at the lowest frequencies. Some o
frequency dependence might be produced in part by exp
mental procedures.~i! High frequency increase: When flui
wells up in the round window, S.V. input pressure can
crease by several dB, especially at high frequencies. In
data of Fig. 5, the round window membrane was intact,
the fluid level beneath the round window sometimes r
beneath the membrane when the cochlea was manipul
Additionally, as discussed under ‘‘sound system calibratio
above, the sound pressure in the ear canal which is used
calibration might be underestimated at the highest frequ
cies. ~ii ! Low-frequency decrease, and structure: Sets 10
and 4-2 show a markedly low pressure at 0.5 and 1 kHz.
hole to S.V. was larger than optimal in the experiment of
4-2. This is expected to reduce the pressure, especially at
frequencies.~Notes on the hole size from set 10-29 were n
made.! Sets 1-27, 2-5 and 2-18 show dips in the 5- to 10-k
region. These experiments were performed without a ven
the ear canal, an unnatural condition which can lead
buildup of static pressure. In the experiments following 2-
a vent was purposely maintained, and the structure in th
to 10-kHz regions is less apparent in the later experime
The variability from experiment to experiment is due in p
to errors in sensor calibration, which might be up to 6
~see sensor notes above!. In the mid-frequency region, wher
systematic errors due to calibration uncertainties, fluid le
and static pressure are least apparent, the interexperi
spread is 12 dB, so calibration errors could account for m
of the variability. The magnitude data indicates that the g
of the middle ear is approximately 30 dB, and is fairly fl
with frequency above 2 kHz. The phase of S.V. input pr
sure relative to the pressure in the ear canal shows a li
decrease with frequency. The linear phase can be expre
as a delay which, in this case, accumulating one cycle
tween 2 and 42 kHz, is 25ms. Thus, both the magnitude an
phase indicate that, at frequencies above 2 kHz, the mid
ear and its cochlear termination have the properties of
frequency-independent transmission line.From a signal pro-
cessing standpoint, this is a good system, because the
poral qualities of the input are preserved in the output. Ot
investigators have noted a transmission-line-like characte
the middle ear, based on measurements of middle ear im
ance~Puria and Allen, 1997! and middle ear motion~Decrae-
mer et al., 1997!.

In Fig. 6, results from five later experiments are sho
in which the frequency range was extended down to 188
3451 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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The gain of the middle ear decreased as frequency decre
below 2 kHz, and was approximately 10 dB at 188 Hz. T
phase relative to the pressure within the ear canal was
proximately 0 degrees at 2 kHz, and increased as freque
decreased. At 188 Hz it ranged between 95 and 115 deg
in four experiments, and in the fifth was 135 degrees.

2. Comparison with previous measurements of basal
S.V. pressure

Basal S.V. pressure has been measuredin vivo by others
~guinea pig, Dancer and Franke, 1980; cat, Nedzelnits
1980; cat, chinchilla and guinea pig, Decoryet al., 1990!.
The variations in amplitude and phase at frequencies belo
kHz and the maximal gain value of approximately 30 d
here adhere to the standard pattern that has been repo
However, the frequency range over which the 30 dB g
obtains is relatively large. Specifically, there is no indicati
that the gain comes down at high frequencies. Presumab
comes down at high enough frequencies, but through 46
~well within the hearing range of the gerbil! the gain is fairly
steady, at 30 dB, at frequencies above 1 kHz. This findinis
in agreement with Dancer and Franke’s 1980 measurem
in guinea pig turn 1, which showed a gain that was within
few dB of 32 dB between the frequencies of 1 and 20 kH

FIG. 6. The S.V. pressure with a stimulus level in the ear canal of 80
SPL; low-frequency extension. In these cochleae, measurements were
at the usual frequencies, and at three additional low frequencies. Her
sponses are only shown through 4 kHz to emphasize the low freque
behavior.~a! Magnitude.~b! Phase relative to the pressure near the eardr
in the ear canal.
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the highest frequency they measured. However, most pr
ous reports find a reduction in gain beginning at frequenc
around 10 kHz. For example, the basal S.V. pressure m
sured by Decoryet al. dropped off markedly at frequencie
above 14 kHz~chinchilla!, 12 kHz ~guinea pig! and 8 kHz
~cat!. The measurements were made 5.5~chinchilla!, 7.2
~guinea pig! and 8~cat! mm from the extreme base; perha
the high-frequency S.V. pressure changes substantially
these distances. Puriaet al. ~1997! show a drop off in basa
S.V. pressure at frequencies above about 8 kHz in hum
temporal bones, but the report states that temporal b
preparations might not be comparable with live preparati
at frequencies above 5 to 10 kHz. The phase data repo
here are in keeping with those of others, for example, Dan
and Franke~1980!, who reported a phase of approximate
190 degrees at 1 kHz, decreasing monotonically to2200
degrees at 20 kHz.

3. Linearity

In Fig. 7 the scala vestibuli pressure gain and ph
relative to the pressure in the ear canal are shown for 40
and 80 dB SPL stimuli. The results from 3-17 are display
The gains at 60 and 80 dB lie essentially on top of ea
other, and at 40 dB are basically the same, but are so clo

FIG. 7. Linearity in the S.V. pressure.~a! Scala vestibuli pressure gai
relative to ear canal pressure at SPLs of 40, 60 and 80 dB.~b! The S.V.
pressure phase relative to the pressure near the eardrum in the ear cana
experiment is shown for clarity~3-17!, but the linearity in evidence was
common to all measurements of S.V. input pressure. The responses t
40-dB stimulus were close to the noise floor.
3452 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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the noise floor that a strict comparison is not possible. T
linearity illustrated applies to all measurements of S.V. inp
pressure.

4. Variations with insertion depth

The position of measurement in scala vestibuli does
allow for the sensor to be inserted much further than 1 m
without potential harm to the saccule. For this reason, g
erally the sensor was inserted less than 1 mm and variat
in S.V. pressure due to insertion depth were not explor
One case in which the insertion depth variationwasexplored
~2-18! is illustrated in Fig 8. In Fig. 8~a!, the differences in
measured SPL are displayed, and in Fig. 8~b!, the differences
in phase. The changes are small, and show no clear pos
dependence. The S.V. pressure appears to be relativel
sensitive to millimeter-sized changes in insertion depth.

5. The effect of removing the round window
membrane

Following round window membrane removal, the S.
pressure usually changed very little, less than 2 or 3
When fluid welled up in the round window opening the S.
pressure sometimes increased, especially at the highes
quencies. The changes were typically less than 5 dB.

One

the

FIG. 8. Changes in S.V. pressure with changes in the insertion depth o
S.V. sensor~expt 2-18!. The S.V. pressure appears relatively insensitive
millimeter-sized changes in insertion depth. As indicated in the legend,
changes are plotted~i! between two repeated measurements, both at a d
of 1 mm, ~ii ! between the initial 1-mm measurement and a measurem
with a 2-mm insertion, and~iii ! between the initial 1-mm measurement an
a measurement with a 0.5-mm insertion.~a! Magnitude changes.~b! Phase
changes.
3452Elizabeth S. Olson: Intracochlear pressure measurements
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6. Abnormal conditions

Data collected following severe manipulations to t
middle ear, whether intentional or unintentional, serve
controls for systematic errors in the form of electronic cro
talk. In an early experiment the ossicles were suspected d
aged during drilling of the S.V. hole and an air bubble w
inadvertently introduced into S.V. The S.V. pressure g
~relative to the ear canal pressure! was 5 dB at the lowes
frequency, and decreased steadily with frequency to220 dB
at 20 kHz, where the pressure went beneath the noise fl
These manipulations are known to decrease scala vest
pressure~Nedzelnitsky, 1980; Puriaet al., 1997!. At the end
of one experiment the annular ligament was purposely b
ken. The S.V. pressure gain was reduced at all frequencie
approximately 0 dB.

C. Scala tympani pressure

In the phase data in the figures below S.T. pressur
referenced to the simultaneously measured S.V. pressur

1. Grouped data

In Fig. 9 scala tympani pressure is presented from fi
animals. The following conditions are of note: At the time
the presented measurements the CAP thresholds were
tively healthy in 2-26, 3-24, and 6-2, but were elevated m
than 20 dB at all frequencies in 3-17 and 4-2. In 3-24
portion of the round window membrane was covering

FIG. 9. The S.T. pressure with a stimulus level in the ear canal of 80
SPL. Shown are the initial S.T. measurements, made prior to the approa
the B.M. The distances from the B.M. are not known precisely, but
estimated as between approximately 300 and 800mm. ~a! Magnitude.~b!
Phase relative to the simultaneously measured S.V. pressure.
3453 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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B.M. basal to the measurement position, and in 4-2 the ro
window membrane was covering all accessible regions of
B.M., including the region where measurements were ma

Figure 9~a! shows the magnitude of the S.T. pressu
when the sensor was initially positioned into scala tympa
The stimulus level in the ear canal was 80 dB SPL. Rec
that the c.f. in this region is thought to be in the neighb
hood of 30 kHz. The distance from the B.M. is not know
precisely, but in all cases is estimated as between 300
800 mm. The pressure increases with frequency from
proximately 70 dB SPL~210 dB re: ear canal pressure! at 4
kHz to approximately 100 dB SPL~120 dB re: ear canal
pressure! at 24 kHz. The pressure contains notches and pe
in the region of the c.f.

The phase relative to simultaneously measured s
vestibuli pressure is shown in Fig. 9~b!. At the lowest fre-
quencies the phase is erratic in part because the magnit
were close to the noise floor. In general the phase lies
tween 50 and 100 degrees at 5 kHz, increases about 50
grees to a maximum slightly above 10 kHz and then
creases to close to 0 degrees at the highest frequencies. I
region around 30 kHz a phase dip is evident in experime
in which pronounced structure is apparent in the magnit
data.

2. Variations in S.T. pressure as B.M. is approached

In Figs. 10–13 S.T. pressure versus position with 80
SPL stimuli is shown for experiments 2-26, 3-24 and 3-
pre-mortem, and 2-26 post-mortem. In experiment 6-2
fluid drained out of the round window opening while th
B.M. was being approached, and a pressure versus pos
series was not possible. The magnitude and phase sho
little change with position in experiment 4-2. As describ
above, in this experiment the round window membrane h
not been successfully removed, and was between the se
and the B.M. Based on the 4-2 results, the membrane p
ably prevented the sensor from making a close approac
the B.M., and might have modified the intracochlear flu
motions.

Figure 10 shows S.T. pressure versus position from 2
pre-mortem. The numbers in the legend indicate the dista
from the B.M. in micrometers. The order of the measu
ments advances from top to bottom, but are not all conse
tive. ~Consecutive measurements were spaced by 20 to
mm; not all are shown.! After the measurement 28mm from
the B.M. was recorded the sensor was advanced 28mm,
where it contacted the B.M. and was retracted approxima
3 mm. Following the measurement there, the sensor was
tracted 20mm for the final measurement of this series. T
similarities between the measurements 23 and 28mm from
the B.M. attests to the experimental stability. In general,
scala tympani pressure increased as the B.M. was
proached, although the region of notches displays a n
monotonic increase. Below 10 kHz and above 38 kHz
pressure changes were relatively small. The pressure cha
were most striking in the 30-kHz region. Figure 10~c! rein-
forces these points by displaying the pressure as a func
of position from the B.M. for five frequencies. Figure 10~b!
illustrates the 2-26 S.T. pressure phase, referenced to si

B
to
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taneous S.V. pressure. The phase dip/rise in the 30-kHz
gion becomes more and more pronounced until, when
distance to the B.M. is approximately 100mm, it is appro-
priate to unwrap it. This reveals the phase as advanc
accumulating more than 500 degrees.

In Fig. 11 S.T. pressure versus position is shown fr
3-24. The numbers in the legend indicate the distance f
the B.M. in micrometers, and are from consecutive meas
ments beginning with the 84-mm position. A prominent
notch at 22–24 kHz becomes deeper as the B.M. is
proached. The phase exhibits dips and peaks in the s
range of frequencies. At the position closest to the B.M.

FIG. 10. The S.T. pressure, with a stimulus level in the ear canal of 80
SPL, as the B.M. was approached~expt. 2-26!. The legend indicates the
distance of the sensor from the B.M. in micrometers. The order of
measurements advances from legend top to legend bottom.~a! Magnitude.
~b! Phase relative to the simultaneously measured S.V. pressure.~c! Mag-
nitude plotted as a function of distance from the B.M. at selected frequ
cies.
3454 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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phase accumulates more than 370 degrees between 4 a
kHz. It is notable that at most frequencies between 10 and
kHz, the magnitude of the pressure decreased as the B
was approached.

In Fig. 12 S.T. pressures from 3-17 are shown at th
different positions. Difficulties with surface tension pr
vented well-controlled positioning of the S.T. sensor in th
experiment and the positions are only approximate, as
figure legend indicates. In general the pressure increase
the B.M. was approached. At the closest position, the ph
accumulates almost 500 degrees.

Following the measurement 23mm from the B.M. in
experiment 2-26~Fig. 10! the sensor was retracted an add
tional 20mm, and the animal was administered a lethal do
of anesthetic. Just post-mortem pressure versus position
again recorded. Figure 13 shows these measurements, a
tances 42, 22, and 2mm from the B.M. The closest measure
ment was made after contacting the B.M., and retracting
sensor 2mm.

In summary, as the B.M. was approached the S.T. p
sure magnitude generally increased but sometimes
creased, typically in frequency regions where notches w
present. The amount of phase accumulation with freque
increased as the B.M. was approached.

B

e

n-

FIG. 11. The S.T. pressure, with a stimulus level in the ear canal of 80
SPL, as the B.M. was approached~expt. 3-24!. The legend indicates the
distance of the sensor from the basilar membrane in micrometers. The
of the measurements advances from legend top to legend bottom.~a! Mag-
nitude.~b! Phase relative to the simultaneously measured S.V. pressur
3454Elizabeth S. Olson: Intracochlear pressure measurements
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3. Discussion of notches, peaks and phase
accumulation

The pronounced notches in the magnitude data, and
position-dependent phases of Figs. 10–13 can be interpr
as the interaction of two pressure modes: a fast mode wh
phase changes little with frequency, and a slow travel
wave mode whose accumulating phase chronicles the wa
travel. Interpreted in this framework, the notches in the m
nitude data are produced by interference between the
modes. At frequencies where the modes are out of phase
sum destructively, and if their magnitudes are simi
notches appear. The phase data indicate which mod
dominant: the fast mode is dominant in the data of Fig. 9~b!,
far from the B.M. As the B.M. is approached, the slow mo
can dominate, producing a phase that accumulates smo
with frequency. The transition region between the two mo
can be quite erratic.

Fast and slow modes are explicit in mathematical m
els, where slow modes are associated with the traveling w
motion of the organ of Corti complex and fast modes
required to satisfy the boundary conditions. In a 1-D mod
one fast and one slow mode suffices~Peterson and Bogart’
P1 and P2, 1950!. In 2-D and 3-D models more than on
fast mode is present~Taber and Steele, 1981!. Perhaps there
are several slow modes as well~Taber and Steele, 1981

FIG. 12. The S.T. pressure, with a stimulus level in the ear canal of 80
SPL, as the B.M. was approached~expt. 3-17! The forces due to surface
tension prevented well-controlled positioning in this experiment and
legend indicates the approximate distance from the basilar membran
micrometers. The order of the measurements advances from legend t
legend bottom.~a! Magnitude.~b! Phase relative to the simultaneously me
sured S.V. pressure.
3455 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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Hubbard, 1993!. The emergence of phase accumulation
the B.M. is approached can be related to modeling pre
tions. At all but low frequencies, and more-so as frequenc
increased, the pressure of the slow wave is predicted to
localized close to the B.M.~Lighthill, 1981; Taber and
Steele, 1981!. The S.T. pressure is predicted to be larges
frequencies near the peak of the traveling wave, and to p
etrate the scalae a distance on the order of the traveling w
wavelength. ~The penetration distance is the distance
which the traveling wave pressure is reduced from its va
at the B.M. by roughly a factor of e.! This penetration dis-
tance is estimated from Taber and Steele’s figure 7~1981! as
about 100mm at 10 kHz, near the position where 10 kH
was the c.f.~Their model was based on guinea pig, and w
passive with an orthotropic B.M.! In Fig. 10~b! ~2-26! at
distances relatively far from the B.M. substantial phase
cumulation is not apparent, indicating that the fast wave
dominant. Within 88mm of the B.M., similar to the pre-
dicted penetration depth of the slow wave, phase accum
tion is apparent, indicating that the slow wave pressure
become dominant. Thus, this modeling prediction is in rou
agreement with the data.

Referring to phase data where the slow mode is do
nant, the phase versus frequency slope is much less s

B

e
in
to

FIG. 13. The S.T. pressure, with a stimulus level in the ear canal of 80
SPL, as the B.M. was approached~expt. 2-26 postmortem!. Following the
measurement 23mm from the B.M. in Fig. 10 the sensor was retracted
additional 20mm, and the animal was administered a lethal dose of an
thetic. The measurements here were made immediately post-mortem
legend indicates the distance of the sensor from the basilar membra
micrometers.~a! Magnitude.~b! Phase relative to the simultaneously me
sured S.V. pressure.
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between 10 and 20 kHz than between 20 and 36 kHz. At
lowest frequencies, the sign of the slope is reversed. Tra
ing wave models predict that the phase versus freque
slope becomes steeper as frequency increases towards
with details of the increase dependent on the impedanc
the O.C. complex~e.g., Taber and Steele, 1981; Neely a
Kim, 1986!. Still, traveling wave models do not predict
low-frequency reversal in phase slope. A possible expla
tion for the behavior lies in the relative strengths of the f
and slow modes. At frequencies much lower than c.f.
traveling wave is expected to be small, and S.T. press
even close to the B.M. is likely dominated by the fast mo
Then the phase is not expected to accumulate. The fast m
probably dominates at frequencies above c.f. as well, wh
models predict there is no longer a traveling wave. At f
quencies above c.f. the measured phase-frequency slo
close to zero.

4. Interanimal variability

Although there are basic similarities in the S.T. da
from different cochleae, there are some clear differenc
The notches and peaks appear at different frequencies
2-26 ~Fig. 10! the phase changes smoothly with large ac
mulation at positions 88mm from the B.M. and closer
whereas in 3-24~Fig. 11! the phase shows areasonably
smooth accumulation at the closest position, 4mm from the
B.M., but even 14mm from the partition it is not appropriat
to unwrap it. The reasons for the variability probably fall in
two basic categories. First, the S.T. pressure probably
pends on the basic condition of the cochlea. The conditio
known to some degree, and based on the cochlear condi
noted when discussing Fig. 9 it is evident that the ph
accumulation that signifies the dominance of the slow m
can be present post-mortem~from 2-26PM!, and in experi-
ments with elevated CAP threshold~from 3-17!. When the
round window membrane is unnaturally positioned on top
the B.M. it might obscure the slow mode~from 4-2! or alter
it ~from 3-24!.

The second categorical reason for experimental varia
ity is that S.T. pressure was not measured at identical po
in different animals. Due to experimental variability in th
portion of the RW membrane that was successfully remov
and the exact positioning of the animal in the stereota
frame and relative to the sensor apparatus, the angle o
sensor varied, its longitudinal position varied, and its rad
position varied. The resulting positional variations are pro
ably on the order of 200mm. This distance is significant in
these measurements, where S.T. pressure was found to
by a factor of 10 over distances of 100mm. Referring to the
theoretical literature, in a 3-D model Taber and Steele~1981!
predict that at a distance 100mm from the B.M. the magni-
tude of the slow mode pressure at a radially centered loca
is more than twice that of the slow mode pressure over
pillar cells. Closer to the B.M., the predicted difference
much greater. Therefore, a pressure measurement made
the pillar cells is expected to be substantially different th
one made over the pectinate zone. In short, the scala tym
measurements from different animals cannot be regarde
precisely repeated measurements.
3456 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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5. Comparison with previous measurements

The S.T. data can be compared with measurement
Dancer and colleagues, who have presented basal scala
pani pressure measurements from guinea pigs. Our mea
ments relatively far from the B.M.~Fig. 9! are similar to the
recent publication in which Danceret al. ~1997! find the S.T.
pressure to peak in the region close to the c.f.~10 kHz in
their case! with a gain relative to ear canal pressure close
20 dB. Those measurements found little phase difference
tween S.T. and S.V. pressures: a small lead at low frequ
cies, and a small lag at the highest measured frequencies
over 10 kHz. Due to this lack of phase accumulation, Dan
et al. take an extreme viewpoint, and question the prese
of a traveling wave pressure at all. However, an earlier p
lication ~Dancer and Franke, 1980! reported S.T. pressur
with a larger gain~up to 40 dB near 10 kHz!, suggesting that
it was measured closer to the B.M. than the measurem
presented later. In this case, the phase of S.T. relative to
did exhibit phase accumulation, from 90 to2270 degrees
between 500 and 12 000 Hz. The results here include th
two extremes, and illustrate the progression between the

6. Linearity, expt. 2-26

In Fig. 14, the magnitude data recorded in the same
as that of Fig. 10 are shown for 40 and 60 dB SPL stim
The noise floor is at a measured pressure of approxima
65 dB SPL, restricting the frequency ranges over which
data are reliable. The S.T. pressures scale almost line

FIG. 14. Scala tympani pressure, with stimulus levels in the ear canal o
and 60 dB SPL, as the B.M. was approached~expt. 2-26!. The data are from
the same experimental run as the data in Fig. 10.
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However, the profiles differ from each other slightly in th
c.f. region, particularly comparing the data taken with t
stimulus levels at 60 and 80 dB SPL. At 32 kHz the dep
ture from linearity is maximal, approximately 8 dB at pos
tions close to the B.M.

7. Simultaneous scala vestibuli pressure, and
pressure changes with changing position of S.T.
sensor

A pressure change in S.V. due to S.T. sensor proxim
to the B.M. could indicate that the S.T. sensor was ‘‘loa
ing’’ the system. Fig. 15 displays the S.V. pressure measu
as the S.T. sensor approached the B.M. Distances from
B.M. in micrometers are listed in the legend and occur
consecutively starting at the 148-mm position. A 3-dB dip in
S.V. pressure occurred close to the c.f. when the sensor
closest to the B.M., suggesting that the sensor perturbed
pressure field. The S.V. pressure is measured far from
O.C.; the S.V. pressure close to the O.C. was presum
perturbed more. The change at very low frequencies is
linked to the position of the S.T. sensor but is increasing
time. It might be due to a slowly widening gap between t
S.V. sensor and the hole to S.V.

III. ANALYSIS: DERIVED QUANTITIES

In this section the results are analyzed to estimate
velocity of the B.M, the pressure across the organ of C
complex, and the specific acoustic impedance of the orga
Corti complex. The derivation was sketched previously~Ol-
son and Borawala, 1997! and is presented here in the Appe
dix. The analysis is carried out for experiments 3-24 a
2-26. In both these experiments the overall CAP thresho
were relatively low~particularly in 2-26! and the scala tym-
pani pressure measurements close to the B.M. were che
for repeatability, ruling out time-dependent changes in S
pressure as a source of error.

There are numerous measurements of basal B.M. ve
ity in the literature, and the general form of its frequen
dependence has been documented under various physio
cal conditions~Cooper and Rhode, 1992a, 1992b; Nutt

FIG. 15. Scala vestibuli pressure measured when the S.T. sensor w
distances from the B.M. indicated in the legend~expt. 2-26!. The stimulus
level in the ear canal was 80 dB SPL. Changes in S.V. pressure due t
proximity of the S.T. sensor to the B.M. indicate that the S.T. sensor
loading the cochlea.
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and Dolan, 1996; Xueet al., 1995; Khanna and Leonard
1986; Ruggeroet al., 1996, 1997!. That the derived B.M.
velocity is similar to the B.M. velocity measured by dire
methods serves as an important measure of the reliabilit
the current analysis. By this measure, the analysis of exp
ment 2-26 will be found to be the most credible. Because
the lack of high-quality data from more experiments, t
primary purpose of the current presentation is to establish
analytical method.

A. Basilar membrane velocity

1. Results from two animals, discussion of derivation
method

Figure 16~a! displays the magnitude of the B.M. velocit
calculated from 2-26 and 3-24. Figure 16~b! shows the ve-
locity phase relative to S.V. pressure. A phase of 0 degr
indicates velocity towards scala tympani. The stimulus le
was 80 dB SPL in the ear canal. As described in the App
dix, fluid velocity is calculated from a pair of consecutiv
S.T. pressure measurements, where one member of the
is the pressure closest to the B.M. The B.M. velocity is th
equated to this fluid velocity, based on the argument t
close to the B.M. the fluid must move with the B.M. Th
S.T. pressure measurements used in these calculations a

at

the
s

FIG. 16. Derived B.M. velocity from experiments 3-24 and 2-26. T
stimulus level in the ear canal was 80 dB SPL. The velocities are der
from pairs of S.T. pressure measurements. 2-26~25u! is derived from the
S.T. pressure 3mm, and the previous measurement 28mm, from the B.M.
2-26PM~20u! was derived from the S.T. pressure 2mm, and the previous
measurement 22mm, from the B.M. 3-24~20u! was derived from the S.T.
pressure 4mm, and the previous measurement 24mm, from the B.M. 3-
24~10u! was derived from the S.T. pressure 4mm, and the following mea-
surement 14mm, from the B.M. Phases are referenced to the S.V. press
measured simultaneously with the S.T. pressure of closest approac
phase of 0 degrees indicates velocity towards scala tympani.
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Figs. 10~2-26!, 11 ~3-24! and 13~2-26PM!. The two 3-24
velocities in the figure were derived from two such pairs, o
comprised of the pressure at the closest position and the p
sure at the previous position~20-mm distant!, and one com-
prised of the pressure at the closest position and the pres
at the following position~10-mm distant!. Figure 16’s legend
specifies the distance between the measurements with
pair. The differences between the 3-24 results with 10- or
mm separation are generally small, indicating that the res
are not extremely sensitive to changes in this distance.

The derived velocities are similar in:~i! their broadly
peaked shapes,~ii ! the positions of their maxima, which var
from 24 to 28 kHz,~iii ! the absolute values of their maxim
which vary from 0.3 to 1.6 mm/s, and~iv! dropping off rela-
tively sharply at a frequency above their maxima. The pha
from the different measurements all decrease with increa
frequency at a steadily increasing rate above about 8 k
then level off at approximately the frequency where the c
responding amplitude drops off. Although the phase sho
these basic similarities, the amount of phase accumula
and the value of the phase at both low and high frequen
varies substantially. Experiments 2-26PM and 3-24 sh
much less phase accumulation~approximately 270 degrees i
both cases! than 2-26, which accumulates more than 6
degrees. Although similar in overall phase accumulation,
3-24 and 2-26PM phases are offset from each other by c
to 180 degrees at all frequencies. Referring to the S.T. p
sure data that was used to derive the velocities, the unde
ing reasons for the 180-degree difference can be inve
gated. The phase offset originates in the unusual behavio
the 3-24 pressure, which over a wide range of frequen
was smaller at the position closest to the B.M. than at
position one step back. Only in the region of the maximu
28–36 kHz, does the pressure convincingly increase as
B.M. was approached. This observation shifts the ques
from ‘‘Why are the velocities different?’’ to ‘‘Why does the
pressure decrease as the B.M. is approached?’’ In fac
decrease in S.T. pressure as the B.M. was approached
evident in all experiments. The decrease occurred in asso
tion with a notch, and is thought to originate in interferen
between the fast and slow modes. In 3-24 the decreas
associated with a notch in the frequency range from 20
kHz, somewhat lower than the position of the promine
notch in the other experiments. The significance of 3-2
lower notch frequency, as well as of the unusually large f
quency extent of the decrease is not known. The beha
was repeatable within this approach and in a second
proach in this animal, ruling out a confounding influence
time-dependent changes. As noted previously, S.T. se
positioning was not optimal in 3-24 because a portion of
basal B.M was covered with the remains of the round w
dow membrane. Perhaps the S.T. pressure was perturbe
the unnatural condition of the basal B.M.

The S.T. pressure data that underlies the velocity ca
lation indicates the frequency regions over which the deri
velocity is most reliable. Because velocity is derived fro
the pressure differences between two consecutive positi
its derived value is most robust at frequencies for which~i!
the pressure was well above the noise level,~ii ! the differ-
3458 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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ences with position were substantial, and~iii ! the pressure
was only position dependent, and not changing over tim
The first of these requirements is most restrictive at low f
quencies. The second requirement is most restrictive at
quencies above those where the velocity drops off, beca
the pressure differences are small while the levels are r
tively high. The third requirement underscores the need
measurements both before and after contacting the B.M
ascertain repeatability. For data sets 3-24 and 2-26 the
peatability was documented. Although time-depend
changes~due to fluid level changes for example! were not
noted when set 2-26PM was collected, it was not delibera
checked for repeatability.

2. Comparison with direct velocity measurements

In Fig. 17 the velocities are plotted on a logarithm
frequency scale to facilitate comparison with the B.M. m
tion literature. Included in the figure is Xueet al.’s ~1995!
direct measurement of gerbil B.M. velocity, made throu
the open round window, and taken with the stimulus leve
90 dB SPL. Xueet al.’s B.M. velocity is reported relative to
umbo velocity. The derived B.M. velocity is found with
constant SPL in the ear canal, and its phase is reported
tive to S.V. input pressure. Although the references are
ferent, above 2 kHz Xueet al.’s data can be directly com
pared to the derived velocity based on the following:~i!
From the S.V. pressure results here, the gain of the S
pressure relative to the pressure in the ear canal is app

FIG. 17. Derived B.M. velocity at a stimulus level of 80 dB SPL replott
on a logarithmic scale, along with results from Xueet al. ~1995! at 90 dB
SPL. 3-24~10u! has been excluded to reduce clutter.~a! Magnitude.~Xue
et al.’s magnitude data were referenced to umbo motion and are sh
vertically to line up with the 2-26 data.! ~b! Phase.~Xue et al.’s phase is
referenced to umbo velocity.!
3458Elizabeth S. Olson: Intracochlear pressure measurements
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mately flat with frequency above 2 kHz.~ii ! The cochlear
input impedance is approximately resistive above 2 k
~Lynch et al., 1982; Puria and Allen, 1991!. ~iii ! The umbo
and stapes move in phase~Ruggeroet al., 1990!. When these
three conditions are met, the magnitude of the derived B
velocity ~referred to pressure in the ear canal! and the mag-
nitude of B.M. velocity~referred to umbo motion! can be
plotted together, with an offset which on a log scale is
additive constant.~The constant is treated as free paramet!
When ~ii ! and ~iii ! are met the phase of the derived B.M
velocity ~referred to S.V. pressure near the stapes! and the
phase of the B.M. velocity~referred to umbo velocity! are
equivalent, and can be plotted together with no free par
eters. Actually, at high frequencies~ii ! and ~iii ! are not
known to hold. Lynchet al.’s measurements of cochlear in
put impedance only extend through about 7 kHz. With
gards to~iii !, although Ruggeroet al. ~1990! showed that the
malleus and stapes moved almost in phase up to abo
kHz, at higher frequencies the stapes velocity lagged mal
velocity. At approximately 20 kHz, the phase lag could be
large 130 degrees. The complexity of ossicle motion at h
frequencies has been noted by others as well~e.g., Decrae-
mer et al., 1994!. Therefore, the different references mig
sully the comparison somewhat, but a correction is not
tempted. What is presented in Fig. 17 is a straight comp
son with Xueet al.’s data, in which there is one free param
eter, which is used to move Xueet al.’s magnitude data
along the vertical axis so that the peaks line up. The form
the 2-26 derived velocity is similar to that measured by X
et al. The agreement lends credibility to the general meth
of deriving B.M. velocity with pressure differences. The va
ues of the derived velocity magnitudes are close to t
found in basal locations of the chinchilla and guinea pig
stimulus levels of 80 dB SPL~Ruggeroet al., 1997; Sellick
et al., 1982!, and the variation with frequency of both th
magnitude and phase of the derived velocity 2-26 is in ke
ing with what has been reported in many studies in addit
to that of Xueet al. ~e.g., Cooper and Rhode, 1992a; Nutt
and Dolan, 1996!. The phases of 2-26PM and 3-24 do n
possess the multiple cycles of phase accumulation tha
characteristic of B.M. motion. However, similarly small a
cumulations can be found in the B.M. motion literature. F
example, Cooper and Rhode found less than one cycl
phase accumulation between 10 and 40 kHz, measurin
the 30-kHz place in guinea pig~1992a! and in linear cat
cochleae~1992b!.

3. Linearity, expt. 2-26

In Fig. 18 the 2-26 results at 40, 60 and 80 dB SPL
shown. The 40- and 60-dB data have been scaled by fac
of 100 and 10, respectively, as indicated in they-axis title.
Results are shown within the frequency ranges for wh
S.T. pressure was out of the noise. At all SPLs, the ma
mum occurred at 26 kHz. The velocity scaled nearly linea
with sound pressure, but compression at frequencies on
high-frequency side of the peak extended the peak thro
relatively higher frequencies~32 kHz! at 40 and 60 dB SPL
The observation that the nonlinearity is very modest is
surprising since high-frequency CAP thresholds were
3459 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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evated slightly when the cochlea was opened. Additiona
when the S.T. sensor was closest to the B.M., the C
threshold at 30 kHz was temporarily elevated from 60 to
dB SPL. When the sensor was retracted 20mm, the 60-dB
response at 30 kHz recovered. The degree to which pres
measurements like those here can explore cochlear acti
and the associated nonlinearity, without interfering with it,
not yet established.

B. Localized pressure difference across the organ of
Corti complex

1. Results

The derivation of the local pressure difference across
organ of Corti complex,DPoc, is in the Appendix. In Fig. 19
DPoc is shown. Pre-mortem,DPoc values calculated from
2-26 ~40, 60 and 80 dB SPL! and 3-24 show a mild peak in
the region of c.f. A small degree of nonlinearity is in ev
dence in the 2-26 results. InDPoc calculated from 2-26PM
the pressure peak is absent, and a pronounced notch is
parent. Most notably, in all the results,DPoc is not small at
frequencies above c.f., where the velocity was small.

In Fig. 19~b! the phase is shown relative to the S.
pressure. At low and high frequencies, the phase is close
degrees~or 360 degrees!, simply because the S.V. pressu
was much greater than the S.T. pressure. Pre-mortem in
periment 2-26, between 14 and 34 kHz, the phase accu
lates almost 500 degrees. The results from 2-26 PM and 3
show only the beginning of phase accumulation, similar

FIG. 18. Derived B.M. velocity from experiment 2-26 at stimulus levels
40, 60 and 80 dB SPL.~a! Magnitude. The results at 40, 60 and 80 dB SP
are plottedre: 0.01 mm/s, 0.1 mm/s, and 1 mm/s, respectively.~b! Phase
relative to S.V. pressure.
3459Elizabeth S. Olson: Intracochlear pressure measurements
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the velocity measurements of these approaches. The bas
the difference in 2-26DPoc post-mortem compared to pre
mortem lies in the S.T. pressure close to the B.M. The S
pressure was larger pre-mortem, and the phase decre
through the c.f. region more smoothly pre-mortem than po
mortem, indicating that the slow mode was relatively dom
nant. The quantitative change in the relative strengths of
fast and slow pressure modes pre- versus post-mortem
sulted in a qualitative change in the character ofDPoc.

2. Discussion

Similarly to S.T. pressure,DPoc appears to be compose
of the sum of a fast and a slow mode. The significance of
fast mode is undoubtedly emphasized in the current meas
ments, made at a position sandwiched between the st
and round window. At longitudinal positions apical to th
windows, presumably the fast mode ofDPoc is smaller. On
the other hand, the significance of the fast mode ofDPoc to
cochlear mechanics should not be undervalued. A siza
fraction of the O.C. complex lies in the region between
windows ~Plassmanet al., 1987!, and is close to the round
window membrane; the anatomy of the cochlea does
seem to be set up to protect the O.C. complex from be
effectively stimulated by the fast mode.

Based on point pressure measurements not particu
close to the B.M. Danceret al. ~1997! concluded thatDPoc

did not have a traveling wave mode. The results here do
substantiate this view, but they do support a milder form
the contention of Danceret al.: that the traveling wave pres

FIG. 19. Derived pressure across the O.C. complex,DPoc , from experi-
ments 2-26 and 3-24. The stimulus level was 40, 60 or 80 dB SPL
indicated in the legend.DPoc is equal to the pressure on the S.V. side of t
O.C. complex minus the pressure on the S.T. side of the O.C. complex~a!
Magnitude.~b! Phase relative to S.V. pressure.
3460 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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sure is not the only pressure across the O.C. complex,
moreover, that it is not always the dominant pressure.

C. Specific acoustic impedance of the organ of Corti

1. Results

In Fig. 20 the magnitude and phase of the specific aco
tic impedance is shown for experiments 3-24 and 2-26.
derivation is in the Appendix. The impedance magnitude
tuned to frequencies between 22 and 26 kHz. Its size is
proximately 100 Pa/~mm/s! at low ~6 kHz! and high ~ap-
proximately 40 kHz! frequencies, and at its minimum is ap
proximately 5 Pa/~mm/s! in experiment 2-26, and 20 Pa
~mm/s! in experiment 3-24. The 2-26 pre-morte
impedances at 40, 60 and 80 dB SPL show a primary m
mum at 24 kHz, with a secondary minimum close to half
octave above at 32 kHz. These impedances nearly ove
each other; the small degree of compressive nonlinearity
dent in 2-26DPoc and 2-26 velocity cancel each other.

2. Discussion

The impedance phase of a simple mechanical resona
begins at290 degrees at low frequencies, rises through
degrees at the resonance frequency, and ends up at190 de-
grees. The post-mortem 2-26 data do that, except for
overshoot to1180 degrees just beyond the resonance. T
pre-mortem 2-26 impedance phase is more complicated,
a low-frequency plateau at230 degrees, a slight decrease
270 degrees in the region of the magnitude’s primary mi
mum, and a notch and peak at higher frequencies. Comp

s
FIG. 20. The specific acoustic impedance of the organ of Corti. Results
shown at stimulus levels of 40, 60 or 80 dB SPL, as indicated in the leg
~a! Magnitude5DPoc/B.M. velocity. ~b! Phase5DPoc phase2B.M. velocity
phase.
3460Elizabeth S. Olson: Intracochlear pressure measurements
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to the 2-26 data, the 3-24 phase shows a large offset.
offset is produced by the phase of the 3-24 velocity, which
in turn rooted in the large frequency extent over which S
pressure decreased as the B.M. was approached.

In the ‘‘low-frequency’’ region from 6 to 12 kHz, the
slope of the magnitude curve is nearly constant, at26 dB/
oct, both pre- and post-mortem in experiment 2-26. Exp
ment 3-24 decreases less smoothly. A 6-dB/oct decreas
expected for a stiffness dominated impedance. In phas
pure stiffness is constant, at290 degrees. Post-mortem 2-2
the impedance phase is close to290 degrees between 6 an
12 kHz, but the pre-mortem 2-26 approach has a phase c
to 230 degrees, suggesting that at these frequencies the
pedance is a combination of stiffness and damping. The
coelasticity of biological tissue is capable of producing
impedance with the low-frequency character of the p
mortem data~Fung, 1993!. The specific acoustic stiffnes
indicated is approximately 2 Pa/nm~pre-mortem approach!,
or 6 Pa/nm~post-mortem approach!. These compare favor
ably with the point stiffness found by direct method
7 N/m for a 20-mm probe tip~Olson and Mountain, 1994!,
which translates to a specific acoustic stiffness of 4 Pa
~Olson and Mountain, 1991!.

It is generally believed thatin vivo the impedance is
active in some sense — that the O.C. pumps energy into
traveling wave~de Boer, 1983; Diependaalet al., 1986!. To
date, however, direct experimental probes of activity ha
not been able to substantiate its existence~Allen and Fahey,
1992; Cody, 1992!. With respect to this important questio
the results here are not very helpful. A driving point impe
ance without negative real components must have a p
between190 and290 degrees; a phase beyond these lim
indicates that the real part of the impedance is negative.
though the 2-26 impedance phases are somewhat inter
able in the framework of what is predicted for a reson
impedance, at frequencies near c.f. the phase is most a
described as erratic. This undoubtedly stems in part from
oversimplified analysis; the phase is more sensitive than
magnitude to the simplifications imposed by the analyti
method, particularly the assumption that theDPoc we derive
corresponds spatially exactly to thevbm we derive. Further
measurements and possibly more sophisticated analyse
required to address the question of activity.

Computer models~Steele and Taber, 1979; Steele, 197!
demonstrated that frequency selectivity in the cochlea co
be present without a tuned O.C. impedance. In these mo
the O.C. complex is an acoustic stiffness whose value
creases apically. The slow mode~which propagates with the
traveling wave! is essentially the only pressure across
O.C. complex in the models; the fast mode pressure ac
the complex is negligible except very close to the base.
models predict that the slow mode pressure peaks and
dies out at frequency-dependent longitudinal positions al
the O.C. The motion of the O.C. will die out, resonant im
pedance or not, when its stimulus dies out. Physical mo
of the cochlea have demonstrated this inherent tuning~Zhou
et al., 1993!. Most computer models incorporate a tun
O.C. impedance which enhances the peak of the trave
wave and steepens the drop off at frequencies above c.
3461 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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all these models the pressure difference across the O.C. c
plex is carried by the traveling wave and dies out at frequ
cies above c.f.~Peterson and Bogart, 1950; Taber and Ste
1981; Neely and Kim, 1986; Kolston, 1988!.

The results here indicate that in the base of the ge
cochlea the pressure difference across the organ of C
does not die out at frequencies above the characteristic
quency. The slow mode ofDPoc dies out, but the fast mode
remains sizable. Therefore, the current analysis argues th
the extreme base, tuning in the impedance of the O.C. c
plex is doing the job, not just of enhancing the response
the O.C. complex near c.f., but of attenuating the respons
frequencies above c.f. as well.

IV. CONCLUSION

The detailed form of the fluid pressure within the c
chlea is governed by the motion of its boundaries. One
these boundaries is the stapes, and the cochlear pressu
jacent to the stapes is key to understanding the working
the middle ear. In this vein, the results of the current stu
extend previous studies to higher frequencies and suppor
view that over a wide range of frequencies the middle
operates as a transmission line. Another, more elusive
chlear boundary in motion is the organ of Corti. Because
both drives and responds to the motion of the O.C. comp
the fluid pressure encodes fundamental information about
O.C.’s mechanical properties. In this study, the signature
the O.C.’s motion was apparent in the slow wave domina
S.T. pressure close to the B.M. A simple method for extra
ing the specific acoustic impedance of the O.C. from
pressure field indicated that the impedance is tuned.
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APPENDIX: DERIVED QUANTITIES

The analysis refers to the symmetric cochlear mode
Fig. 21. In the formulation, pressures and velocities are co
plex quantities with a harmonic time dependence,eivt.

1. B.M. velocity

The difference between two adjacent S.T. pressure m
surements was used to estimate the vertical~z! component of
the pressure gradient. From this thez component of fluid
velocity was found. Close to the B.M.~within about 30mm,
a fraction of the width of the B.M.! the fluid is assumed to
move with the B.M. because of conservation of fluid ma
Therefore, the fluid velocity just adjacent to the B.M. is
approximate measure of B.M. velocity. In the quantitati
derivation below, the following are used:r is fluid density,
assumed similar to that of water, 103 kg/m3; m is the viscos-
ity of the fluid, taken as that of water, 1023 kg/~m-s!; ¹
represents the gradient operator, which is written in com
nent form as¹5]/]xi1]/]y j1]/]zk; Pa and Pb are the
pressures measured at the two positions closest to the B
a andb in Fig. 21; v is the fluid velocity;vz is its vertical
component, andvbm is the velocity of the B.M. As the sketc
indicates, the positivez-axis points from the stapes toward
the round window.

Here,L, U, andv are scale factors used to character
the fluid system, with the purpose of simplifying its mat
ematical description.L is the extent over which fluid veloci
ties vary appreciably~nominally, by a factor ofe!, and it is
taken as 100mm, half the width of the basilar membrane.U
is the maximum characteristic velocity of the basilar me
brane and the fluid, and is taken as 1 mm/s, whilev repre-
sents the angular frequency~2p frequency!, and is taken as
104, which is a conservative value for frequencies above
kHz.

The Navier–Stokes equation~A1! describes the relation
ship between fluid pressure gradients and fluid motion in
incompressible fluid:

¹P52r
]v
]t

12rv–“v1m¹2v. ~A1!

The relative sizes of the three terms involving fluid v
locity can be estimated using the standard tools of dim
sional analysis. UsingL, U andv we write v, t and spatial
derivatives as dimensionless quantities, and Eq.~A2! is re-
written in terms of dimensionless coefficients:

S L

mU D¹P52H L2vr

m J ]v

]t
2 H ULr

m J ~v•¹v!1$1%¹2v.

~A2!

In Eq. ~A2! all roman quantities are dimensionless~v, t,
and ¹!. The bracketed coefficients are also dimensionle
and by comparing their sizes, the dominant velocity term
identified.$L2vr/m%5100 and$ULr/m%50.1. Because the
3462 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998
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first coefficient is much larger than the other two coef
cients, only the first velocity term is retained in this analys

Therefore,~A2! is simplified as

¹P52r
]v
]t

. ~A3!

We are interested in thez component:

]P

]z
52

r]vz

]t
'

~Pa2Pb!

Dz
, ~A4!

[
]vz

]t
52

~Pa2Pb!

~rDz!
. ~A5!

For pressures with a harmonic time dependence

vz5~ i /v!~Pa2Pb!/~rDz!. ~A6!

Finally, just adjacent to the B.M.,vbm ' vz , so we assume

vbm5(i/v)(Pa2Pb)/(rDz). ~A7!

2. Local pressure difference across the organ of Corti
complex

In a symmetric cochlea@Eq. ~A1!# the z components of
fluid motion are the same on both sides of the organ of C
complex. Pressure gradients in thez direction indicate thez
component of the fluid motion. The total pressure differen
from the round window to the B.M. will be equal to the tot
pressure difference from above the organ of Corti complex
scala vestibuli to the oval window:

P~rw !2P~b!5P~d!2P~c!. ~A8!

We assume thatP(rw) 5 0, and measureP(b) and P(c).
We want

DPoc5P~d!2P~b!. ~A9!

From Eqs.~A8! and ~A9!

DPoc5P(c)22P(b). ~A10!

3. Specific acoustic impedance of the organ of Corti
complex

The magnitude of the acoustic impedance is found
zDPoc/vbmz. The phase of the impedance is found

(DPoc phase)2(vbm phase). ~A11!
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