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Intracochlear pressure was measuiredivo 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 4@HdHapper
frequency limit of the measuremepthe 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 membraaesl the specific acoustic
impedance of the organ of Corti complex. The impedance was found to be tuned in frequency.
© 1998 Acoustical Society of Amerid&0001-496@08)00906-7

PACS numbers: 43.64.Kc, 43.64.Ha, 43.64.Yp, 43.34.RDF]

INTRODUCTION the frequency was reduced below 2 kHz, and was approxi-
mately 10 dB at 200 Hz.

The cochlea is a fluid dynamic system. Of special inter-  Intracochlear pressure is fundamentally a field, and for

est is the motion of the cochlea’s organ of Cd@@i.C) be- illuminating cochlear mechanics examining the pressure’s

cause it stimulates hair cells, and this motion has been thepatial variation is essential. In the current study the pressure
emphasis of intracochlear experimentation and models of cdield in scala tympan{S.T) was mapped close to the basilar
chlear mechanics. One force driving the motion is the fluidmembrane(B.M.) through the round window opening. The
pressure difference across the organ of Corti. Localized med&.T. pressures and spatial variations that were found can be
surements of pressure, and the pressure gradients that ingiconomically interpreted as being a combination of two pres-
cate fluid motion, are key to understanding the motion angure modes, a “fast wave” mode and a “slow wave” mode.
mechanics of the organ of Corti, and cochlear fluid dynamicg he fast mode was dominant at positions relatively far from
in general. On another note, scala vestii@iV. pressure the B.M. and the slow mode at positions less than 400
near the stapes, the “input” pressure to the inner ear, is alsom the B.M. The fast and slow waves have been discussed
the “output” of the middle ear, and its measurement is keyin the theoretical and experimental literature. In a theoretical
to understanding the middle ear’s operation. model Peterson and Bogat950 showed that the pressure

In previous studies the pressure measured near th@ the cochlea could be mathematically separated into a com-

stapes in S.V. has been used to estimate the cochlear inpenent that traveled with the speed of souffesh and a
impedance and to determine the gain of the middle eafomponent that traveled at the speed of the O.C. traveling

(Dancer and Franke, 1980; Nedzelnitsky, 1980; Lyathl, wave (slow). Because it is linked to the O.C. traveling wave,
1982; Decoryet al, 1990. The current measurements ex- the slow mode has been emphasized in most cochlear mod-
tend those measurements to another species and inclugg' However, Lighthill(198]) suggested that the fast wave

much higher frequencies. The frequency range extende'amght be responsible for the high frequency platea_us in B.M.
from either 200 or 500 Hz to 46 kHz, which comprises muchmouon found by Rhodg1971) and subsequently in many

of the approximately 60-kHz auditory range of the gerbilother B.M. motion studieRuggeroet al,, 1997; Nuttall and

(Ryan, 1976. A particularly simple relationship between the Dolan, 1996; Ulfendahl and Khanna, 1993; Cooper and
yan, /A particurarly P P : Rhode, 1992a The fast wave was implicated by Cooper and
S.V. pressure just inside the stapes and the pressure in the

, %ﬁode(l%@ in producing artifactual O.C. motions in co-
canal emerged at frequencies between 2 and 46 kHz. Théhleae in an unnatural conditiopen apex Dancer and

pressure gain was relatively flat, at approximately 30 dB, anq:ranke (1980 discussed the two pressure waves, and the
the linear phase versus frequency relationship could be chaggqqciated difficulty of using point intracochlear pressure
acterized as a constant 25 delay. The gain decreased as neasurements to find the pressure across the O.C. complex.
The spatial variation of the S.T. pressure and in particu-
3E|ectronic mail: olson@pupgg.princeton.edu lar the emergence of a slow wave pressure close to the B.M.
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length in thickness, some hundreds of nanometers. The float-
ing adhesive is cured with ultraviolet light for 5 min. Fol-
lowing curing the film appears thicker, but bright
' interference colors are still present, indicating that the thick-
A ar gap ness is still on the order of a micrometéEilms several

. 50 - 100p micrometers thick appear clear, not colojethe diaphragm
is formed by scooping up the floating film with a glass hol-
low core fiber. The sensor tip is cured for at least 15 addi-
tional minutes. The hollow core fiber is prepared by remov-
hollow core glass fiber ing sections of the outer plastic coating using the heat of a
microelectrode puller and cleaving the fiber into sections
1-2 cm in length, with blunt perpendicular ends. After a
100y | batch of diaphragms was prepared, 50-60 nm of gold was
] evaporated on their outer surfaces to make them reflective.

plastic thin film diaphragm
(thickness =1p) with reflective coating
(60nm evaporated gold)

\3

167

2. Optical system

AT optic fiber The position of the diaphragm is read optically, using an

optic lever. Optic levers are available commercialpto-

acoustic sensors, Raleigh, NGlthough the one in use is

- - home-made. Much larger optic-lever-based microphones
have been described previoughtu et al,, 1992. The LED

FIG. 1. Fiber optic pressure sensor tip. During measurements the pressulight is delivered down one of the input fibers of an optic

sensitive diaphragm was located at the measurement position within thfiper coupler with a 50:50 splitting rati@Gould Corp., Mill-

cpthea or ear canal. The optic fl_ber that is shown threaded into the §ens%[rsvi”e, MD). The light that returns in the second input arm
tip is one of two output arms of a fiber coupler. The second output arm is no;

used. The two input arms are coupled to a LED, which delivers light to the!S COlleCteq by a photodiode. O_”'y one output fiber is QSEd
sensor diaphragm, and a photodiode, which detects the light that reflects ofthe other is optically sunkand it is etched down from its

the diaphragm. original 125 um diameter to slightly less than 1Q@m by
soaking in 6% hydrofluoric acid for 4 h. After etching, the

underscore the intimate link between the intracochlear pressutput fiber is cleaved to a blunt 90 degree angle, which is
sure field and the motion of the O.C. complex. The finalmonitored both under the microscope, and by the amount of
analysis demonstrates the use of the pressure data to estimaiht reflected off the blunt surface.
the quantitative form of the impedance of the O.C. complex,  The output fiber is threaded into the sensor tip and glued
and finds that it is tuned. in position(using Norland adhesive NEA 128iith the fiber

It is important to note at the outset that the condition ofend 50 to 100um from the diaphragm. In operation, the
the cochleae, as determined from changes in compound aceD light fans out as it exits the fiber, reflects from the

tion potential threshold, was not optimal. diaphragm, and returns to the fiber. The amount of light that
reenters the fiber core for transmission back to the photodi-

I. METHODS ode depends on the distance to the diaphragm. This position

A. Sensor detection scheme, based on geometric optics, is the essence

o o of an optic lever. In order to control the quality of the con-
The sensor is illustrated in Fig. 1. The sensor has beegtrycted sensors, in practice the fiber is threaded into differ-
described brieflfOlson and Borawala, 1997and its con-  ent tips until a high level of reflected light is collected by the

struction is detailed here. fiber. Prior to fixing the fiber in place, the response to acous-
) tic stimuli is checked in air. The sensors are fragile, and
1. Sensor tip might be used in many experiments, or be broken almost

The sensor tip is composed of a hollow core glass fibermmediately. The fiber couplers can be reused. At least three
(inner diameter 10@Qum, outer diameter 164m, Polymicro  sensors are on hand during an experiment. Complete sensors
Technologies, Phoeniz, AZterminated with a pressure sen- are made up at least a few days prior to an experiment so that
sitive diaphragm made reflective with a thin layer of gold.their sensitivity and stability can be checked. Sensors have
The diaphragm is a plastic thin film, formed by floating alasted up to 8 months.
drop of photosensitive polymer adhesiyBlorland, New The linear working range of an optic lever depends on
Brunswick, NJ, type #68on water. With proper surface ten- the fiber size and is roughly equal to the fiber radius, at a
sion, vessel and drop size, the drop expands into a thin filnposition approximately one fiber diameter from the reflector.
of submicron thicknes&Zhou et al, 1993. The thickness is In operation in the pressure sensor the fiber—reflector dis-
estimated by the interference-induced coloration of the filmtance is modulated by the diaphragm’s pressure induced de-
in a manner described in texts on electron microscopy. Adlections, and the variation in returning light comprises the
the adhesive expands bands of bright interference colors beensor’'s output signal. Based on the sensor stiffriess
come visible, and then fairly broad regions of one color. Atbelow) the deflections we expect are at the most tens of
that point, the film is probably less than one optical wave-nanometers, well within the working range.
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90 A measure of the absolute phase of the sensor was made
by referencing it to the phase of the shaker’s monitor accel-
erometer. The pressure induced by the shaker's motion in
theory is in phase with the acceleration of the shaker. If the
sensor’s specific acoustic impedance is dominated by acous-

T 75

—{3—80 dB #9
<94 dB #9
3680 dB #6

T 60

dBre tV
phase difference (degrees)

50 1 145 —%—94 dB #6
e tic stiffness, the phase of the sensor output will be in phase
T 1 with pressure, and thus will be in phase with the output of
70 § 115 the monitor accelerometer. The phase difference between the
&0 } ,‘ o sensor and the accelerometer was found to be close to zero at
0 10000 20000 30000 40000 50000 the lowest frequencies, and to decrease monotonically to
frequency (Hz) —30 degrees at 46 kHz. The phase departure from zero

might indicate that, in deflecting the sensor diaphragm, the
FIG. 2. Absolute sensor calibration in fluid. A vibrating fluid column was pressure is working not just against the stiffness of the dia-

used to deliver a known pressure to the sensor over a wide range of freque . . . S . .
cies. The stimulus level in dB SPL is indicated in the legend. The sensoBhragm and air gap, but against viscosity in the fluid or dia-

responses are almost flat with frequency, and the calibrations are representfifagm. This explanation is consistent with the small de-
by a single value at all frequencies. Sensor #6 would be calibrate8dt  crease in the magnitude of the sensitivity as frequency is
dBV/80 dB SPL, sensor #9 at41 dBV/80 dB SPL. The noise level shown increased.

corresponds to roughly 60 dB SPL and was determined in the absence of Th Il d in th itud f th itivit
stimulation with 6.4 s of signal averaging. During experiments signals were e small decrease In the magnitude o € sensiuvity

typically averaged for 3.2 s, and the noise floor was approximately 65 dBvith frequency was not accounted for because it is similar in
SPL. The phase differences between sensor #6 and its electronic system agize to inherent calibration uncertainties. The calibrated sen-
sensor #9 and its electronic system are less than 15°. When analyzing eé‘itivity of a sensor sometimes changed during the course of
perimental data, phase data taken with one sensor at one lo¢&tibnor . t introduci taintv in th librati
S.V) are referenced to phase data taken with another sensor in anoth&" E€Xperiment, Intro ucmg.an l_"ncer ainty in the calibration
location (S.V. or ear canal of up to =6 dB. When calibration changes occurred, they
included all frequencies approximately equally. Changes
- =4 dB occurred in at least one sensor in 50% of the experi-
3. Sensor calibration ments. In order to minimize this uncertainty, sensors were
recalibrated whenever it was practical in the course of an
8xperiment.(See Sec. | E below.
b. In air. Independent calibrations were performed using
the substitution method, in air. Tones were measured with a
Bruel & Kjaer microphond; in. model 4135, and then with
a sensor placed in the same sound field. The relative outputs
of the sensor and the microphone, and the factory specified

& Kijser model 4290, The shaker was vibrated at a pre- sensitivity of the microphone were used to calibrate the sen-

scribed acceleration over 25 frequencies ranging between o' Sens'or'callbratlons In air were .ﬂ‘f’lt W'th frequency, with
and 46 kHz. The shaker produces a hydrodynamic pressu value within a few dB of_the sensmw_ty in water. The phase
proportional to the immersion depth, the fluid density, andOf the sensor output relative to the microphone was close to

the acceleration amplitude. At high frequencies the effects of €10 a_t the lowest frequencies, a_nd 10to .20. degrees at fre-
the acoustic standing wave set up in the vial modify theduencies above 40 kHz. The maximum variation, 35 degrees,

simple proportionality, and the depth of the fluid column occu_rrleq betV\{eQn 20 anq 30 kHz, where the microphone
must be accounted fdiSchloss and Strassberg, 196Rue s§n5|'F|\{|ty_exh|b|ts small dips ar_1d peaks. At these frequen-
to the small vial size, the standing wave correction is smalf'®s: itis likely that Fhe phase _dlfferenpe occurs because the
even at the highest frequenciéiess than 20% Neverthe- impedance of the microphone is not simply that of an acous-

less, the correction is made in the calibration. In Fig. 2, thetIC stiffness.
shaker amplitude was set to deliver calibration pressures of
80 and 94 dB SPL. The responses of two sensor/electronic ) .
systems are shown. The calibrations are nearly flat with fre%- S€nsor impedance: The ratio of pressure to
o . \ L0 diaphragm velocity
guency, indicating that the diaphragm’s motion in response
to pressure is dominated by the sensor/diaphragm stiffness. The specific acousti€S.A.) impedance of the sensor,
(See more on the sensor impedance beldoth sensors defined as the ratio of sound pressure to the velocity of a
show a slow decrease that accumulatg#® or 6 dB (#6)  center point on the diaphragm, is critical to gauging whether,
over the 46-kHz span, suggesting that viscous drag is nand to what degree, the sensor loads the measurement. The
completely negligible. With 6.4 s of signal averaging thesensor’'s S.A. impedance is expected to be dominated by S.A.
signal of 80 dB SPL is 20 dB out of the noise. Sensor lin-stiffness, and the calibration described above supports this
earity has been verified at levels ranging from 70 to 120 dBexpectation. The S.A. stiffness has two additive components:
SPL. Figure 2 shows that the two sensor/electronic systemtie diaphragm’s S.A. stiffness, and the S.A. stiffness of the
have nearly equal phases. This was generally true, and &r gap between the diaphragm and the fiber end. The
essential because all of the pressure data is referenced Ymung’'s modulus of the diaphragm material is reported by
pressure data taken with a similar sensor. the manufacturer as 0.14 GPa, and plate theory predicts a

a. In fluid. The sensitivity, as photodetector voltage/
pressure, was calibrated by delivering a known pressure t
the sensor by immersing it in a vibrating column of water
(Schloss and Strassberg, 1962; Nedzelnitsky, 198be
sensor head was immersed a prescribed disté@ypécally
0.5 to 2 mm under the surface of a small vial of water on a
dynamic shaker with a built-in monitor acceleromdt@ruel
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mately 4 Pa/nn{Olson and Mountain, 1991 Therefore, the
sensor has a S.A. stiffness similar to that of the O.C. com-
plex, and when it is close to the basilar membrane it is likely
to reduce the pressure.

The sensor’'s acoustic impedangaessure/volume ve-
locity) should also be compared with the cochlear input
acoustic impedance, which is primarily resistive, with a
back of yympanic ring value of approximately 18 Pa m3s in cat(Lynch et al,
1982. (No data on gerbil are availab)el'he acoustic imped-
ance of the sensor is proportional to 1/frequency, and at 40
kHz is calculated as 18 Pa m 3s. Therefore, the sensor’s
igdow acoustic impedance is substantially larger than that of the cat

1dW) cochlea even at the highest frequencies. If the gerbil cochlea
is similar, the sensor is not expected to reduce the cochlear
input pressure substantially.

) /stapedial artery

B,

bulla cut-away

round window

stria va\sc\ularis

~ 5. Spatial resolution of the sensor

In order to resolve cochlear micromechanics, the sensor
diameter should be at most half the size of the traveling wave

superior wavelength. The wavelength varies both with frequency and
anterior / Imm with longitudinal location. At a given longitudinal location,
~ / it is expected to be smallest at the local characteristic fre-
~/ quency(c.f.) (Lighthill, 1981). Rhode(1971) found the c.f.

wavelength to be 1.5 mm at the 7-kHz place in squirrel mon-
key. Cooper and Rhodd 9923 found the c.f. wavelength to
FIG. 3. The approach to the cochlea. The drawing is traced from a photobe 0.6 mm in cat and 0.9 mm in guinea pig in both cases at
micrograph. The S.V. sensor was inserted into the hole indicated, usually tﬂa 3;1 KHz ol Th ) di . | ) hl d
a depth between 0.25 and 1 mm. The S.T. sensor was inserted via the rouhid® 2+ KMZ place. Three-dimensional passive cochiear mod-
window opening following removal of the round window membrane. The €lS  indicate a  wavelength  of  approximately
CAP electrode was positioned on the bone outside the round window opert mm (Steele, 1974, 1-kHz pIaﬁ:eTherefore, it is reasonable
ing. to believe that the sensor's 0.1-mm-diameter diaphragm is

capable of resolving cochlear micromechanics.

S.A. stiffness (pressure/center deflectiprslightly greater

than 0.1 Pa/nm for a circular plate ofum thickness and g aAnimal

100 um diameter(Timoshenko and Woinowsky-Krieger,

1959. The S.A. stiffness is proportional to diaphragm thick- ) )

ness cubed, so small variations in thickness produce relak: Basic preparation

tively large variations in stiffness. Tension in the plate will The experimental animals were young adult mongolian

increase the stiffness, but because the adhesive is cured hgerbils (Meriones unguiculatys40 to 60 g in weight. The

fore being attached to the hollow core fiber, it is not expectedyerbil was given a subdermal injection of the analgesic tran-

to be under tension. The S.A. stiffness of a X0@-deep air  quilizer acepromazinédose 1 mg/kyfollowed by an intra-

gap (air gap depths vary between 50 and 10@) is calcu-  peritoneal injection of the anesthetic sodium pentobarbital

lated as either approximately 1 Pa/tiimothermal compres- (initial dose 60 mg/ky Supplemental 10 mg/kg doses of

sion, wherePV = constant or 1.4 Pa/nm(adiabatic com- sodium pentobarbital were given when deemed necessary

pression, whereP?V”= constant, andy, the specific heat from a toe pinch response. The animal temperature was

ratio, has a value of 7/5 in airAir gap stiffness scales as maintained at 38 °C with an animal blanket and a room

l/gap depth, so a 50m gap has twice this stiffness. In heater. To maintain a clear airway, a slit was made in the

summary, the air gap stiffness should dominate and the totatachea. The anesthetized animal was secured in a stereotaxic

S.A. stiffness should have a value of approximately 2 Pa/nmframe on its back and surgery was performed to expose the

This is best considered a lower bound due to uncertainty ifeft cochlea. The pinna was removed and an earphone tube

the diaphragm stiffness. was positioned into the ear canal. The bulla was widely
The sensor S.A. stiffness should be compared with th@pened, as indicated in Fig. 3, during all data collection. A

S.A. stiffness of the organ of Corlin vivo measurements of silver wire electrode, insulated to its tip, was placed on the

0.C. stiffness at the same longitudinal position as the currerttone just outside the round window opening. With it, the

measurements found a mechanical stiffness of approximatelyompound action potenti&CAP) response to tone pips was

7 N/m [20-um-diameter probe tip, radially centered mea-measured as a monitor of cochlear condition. At or close to

surementgOlson and Mountain, 1994 With a beam model the end of an experiment animals were euthanized with an

of the O.C. this translates to a S.A. stiffness of approxi-overdose of anesthetic.
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40, 60, and 80 dB SPL, as measured in the ear ctaes
sound system calibration belpvand frequencies of approxi-
mately 500 Hz, 1 kHz, 2 kHz, and then with a 2-kHz spacing
to 46 kHz. The actual frequencies were adjusted from these
values in order to coincide with the frequencies of the analy-
sis FFT. In a series of S.V. pressure measurements made

scala vestibuli

AT

< TN B . :

§ m\!\‘“a after the main data set the frequencies 188, 264, and 378 Hz
‘r‘ -rv"’% were added. The earphone was a Radio Shack 40-1377

e colls ' tweeter. Stimuli were generated and responses collected with

a Tucker Davis Technologig&ainesville, FI) DD1 using a
6.48-us sampling rate. Typically 100 averages were taken,
for total averaging times of 3.2 s. During “simultaneous”
pressure measurements in the two scalae, actually the S.T.
measurement followed the S.V. measurement, so the two oc-
curred within approximately 7 s. The averaged data record of
FIG. 4. Position of the S.T. sensor. This sketch shows an ideal approach teach response to each tone was stored for later analysis_ The

the basilar membrane: the sensor is centered radially, and approaches pet-, . .
pendicularly. The outer diameter of the sensor is 16%, and is drawn Standard analysis was a FFT of the 4096 points of the data

approximately to scale. The drawing of the O.C. derives from an2  record beginning 5 ms into the recofbint 805 The first 5
plastic-embedded section prepared by Dr. Martin Feldman of Boston Unitns were truncated to exclude any transient response. The

basilar membrane

scala tympani

versity School of Medicine. amplitude and phase at the stimulus frequency were ex-

tracted from the FFT. The complete FFT spectrum and raw
2. Sensor approach for intracochlear pressure data record was occasionally inspected. When plotting the
measurements phase as a function of frequency, ambiguity is handled by

Figure 3 illustrates the approach. In order to access scaftbtracting or adding 360 degrees or a multiple of it when
vestibuli, a hole just large enough to accommodate a senséf€ resultant phase differs from that of the adjacent lower
was hand drilled through the cochlear bone adjacent to thEequency by less tharr 180 degrees.
oval window, in the region between the oval and round win-
dows. The S.V. sensor was held in a micromanipulator at2, cap
tached to the stereotaxic frame. The sensor was inserted less

. : Stimuli were pure tones, 3 ms in duration, with 0.3 ms
than 1 mm into the hole unless otherwise noted. It was not. : .
. : rise/fall times. The polarity of alternate tones was reversed to
sealed into the cochlea with cement or glue, but was me

. . : ; cancel the cochlear microphonic in the averaged responses.
chamcal!y quite W?‘" sealed in most experiments because he tones were generated at levels of 60, 80 and in later
the precise hole Size. . experiments also 40 and 100 dB SPL and frequencies of 2, 6,

Spala tympam was accessed through the round wmdovxo 20, 30, and 40 kHz. Typically, 100 averages were taken.
opening following removal of the round window membrane..l_he averaged data records were displayed on line, and stored

Part of the basal turn of the basilar membrane is V"Q"bleTor later inspection. “Threshold” CAP is defined as the vis-
through the round window, and the S.T. sensor was angled t%

. ; ible threshold, 5 to 1Q.V peak-to-peak. The CAP was used
approach th.e BM perpeqdlcularly, a(tgiplcally) centgred ._as a monitor of cochlear conditiqdohnstoneet al., 1979.
radially, as indicated in Fig. 4. The c.f. at this position is

close to 30 kKHAXue et al, 1995. Perilymph often wells out Of particular interest are changes in the CAP after driIIi_ng

. . . the S.V. hole, after removal of the round window, and with
of the round window opening after removing the membrane,[ime following opening the cochlea
In order to control the perilymph fluid level, in later experi- '
ments a wick was positioned behind the round window open-
ing. Sensor fibers were held in a glass micropipette glued t&- Sound system calibration
a stainless steel rod, with less than 2 cm emerging. A small A 1.in. Jong earphone tube, coupled to the earphone via
amount of modeling clay fixed the sensor fiber where it3 machined housing, was inserted into the ear canal of the
emerged from the pipette, so that it could not move laterallyeft ear following removal of the pinna. The bone of the bulla
within the pipette. This was necessary to reduce the influencgat overlies the tympanic ring and tapers down to form the
of the forces due to surface tension, which could interferesar canal contains natural cracks. A hole less than 1 mm in
with controlled positioning of the S.T. sensor. The S.T. senyiameter was made in the skin-like tissue beneath one of the

sor rod was held in a motorized micromanipulator, capablgracks, allowing access to the ear canal approximately 3 mm
of undergoing prescribed O/m motions in three dimen- from the eardrum. A sensor was inserted approximately

sions. 1 mm into the hole and the hole was sealed with tissue paper
C. Stimulus delivery and response collection and reinforced by the slightly mucous fluids in the region. Tones
analysis generated with a constant voltage were delivered to the ear

and the sensor’s response to these tones was used to calibrate
the sound system. Following calibration, 80 dB SPL tones at

Stimuli were pure tones, 32 ms in duration, with rise andthe standard frequencies were delivered to the ear, and re-
fall times of 0.3 ms. The tones were generated at levels oforded in order to check the magnitudesich were 80 dB

1. Pressure measurements
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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 46akHizagnitude.(b) Phase relative to the pressure near the
eardrum in the ear canal.

by constructioh and to find the phase in the ear canal as dl. RESULTS AND DISCUSSION

reference. The tissue paper was dampened to loosen it, the

sensor removed, and the tissue paper replaced to cover the The results reported here are from 13 animals. The S.T.

opening. pressure data are not presented from all the experiments. In
In two experiments following the set reported here the6-16, 7-1, 8-5, and 8-12 S.T. pressure was not measured by

pressure field within the ear canal was mapped along the lindesign. In 10-29, 1-27, 2-5, and 2-18 it is not presented either

between the sensor entrance and the umbo, a distance loécause the B.M. was damaged during removal of the round

approximately 3 mm, with a 0.5-mm resolution. The resultswindow membrane, or because the S.V. and S.T. pressures

of the two experiments were very similar. The detailed deiwere unstable. Instability was apparently caused by a chang-

scription of the results is beyond the scope of the preserihg round window fluid level or by an unvented ear canal.

paper, but a brief description is relevant to the sound system

calibration. At frequencies through 40 kHz the pressure clos@. CAP

to the umbo was not more than 5 dB greater, and the phase at . . .

the umbo differed by at most 60 degrees, relative tg the The baseline CAP response was determined just after

usual calibration position approximately 1 mm within the earSound system calibration and prior to opening the cochlea,

canal. At 46 kHz, the largest differences were seen Thgut with the bulla opened widely. The usual baseline CAP
: ' ' gsponse was as follows: The CAP was visible at the lowest

magnitude at the umbo was 15 dB greater than at the usu

cali%ration position and the phase d%fered by 60°. éPL(4O or 60 dB SP)at 2, 6, 10, and 20 kHz. At 30 kHz
the CAP was suprathreshold at 60 or 80 dB SPL, and at 40

kHz the CAP was suprathreshold at 80 or 100 dB SPL.

Through 30 kHz, these results are in keeping with those of

(1) Sensors calibrated by immersion. Mdiller (1996, who found(in his Fig. 1) a CAP threshold of

(2) Initial surgery, CAP electrode and earphone in place. 30 dB SPL at frequencies between 1 and 10 kHz, rising to 40

(3) Sensor 1 in ear canal, sound system calibration, CAPgB SPL at 20 kHz, and close to 60 dB SPL at 30 and 40 kHz.

E. Standard experimental sequence

recalibrate sensor 1. The 40 kHz threshold here is 20 dB higher thar Iits.

(4) Scala vestibuli hole, CAP. The difference might be due to differences in metttelec-

(5) Sensor 1 in scala vestibuli, pressure measurement, CARode placement, sound system calibration, definition of
recalibrate sensor 1. “threshold”) or to physiological changes in the extreme

(6) Round window membrane removed, sensor 1 in S.V.py5qe related to the widely open middle ear.
sensor 2 in S.T., CAP, near simultaneous pressure mea- jlowing drilling the S.V. hole, a change in sensitivity
surements. was always seen. Typically, both 30- and 40-kHz tones re-
(7) Sensor 2 advanced towards B.M., pressure measured lﬂjired one incremen20 dB) in sound level to be suprath-
both scalae after every 20- or 3m advance. CAP  (oqh0q(a notable exception is experiment 2-26, in which the
measured periodically. _ 30-kHz threshold was unchangedvhereas the CAP re-
(8) Sensor 2 contacted BM as determined by se_nsor2 ph_%'ponse to the 2- to 20-kHz tones was unchanged to the
todetector voltage, Wh'Ch undergoes abrupt increase Roarse degree measured. Following round window removal,
low frequency fluctuations. . the CAP response could be unchanged, and remain largely
(9) Sensor 2 retracted several micrometers, pressure meﬁhchanged over hours of experimentation. A temporary

(1O)Sgruer?12?trsn'eg§upréments including post mortem measur threshold shift that might be due to the close proximity of the
9p .. sensor to the B.M. occurred in experiment 2(26 de-

(11) gee:;zElrlg\év;rl}gr:;edsthetlc overdose. scribed more fully beloy and suggests that the sensor might
' indeed “load” the organ of Corti when positioned close to it.

3450 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 Elizabeth S. Olson: Intracochlear pressure measurements 3450

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



B. Scala vestibuli input pressure 120

1. Grouped data 110 +

In Fig. 5 scala vestibuli pressure is shown when the
sound level in the ear canal was set to 80 dB SPL. The
measurements were made with the round window membrane
intact. Figure Ba) shows the pressure magnitude. In main,
the S.V. input pressure lies between 105 and 120 dB SPL, /
indicating a middle ear pressure gain between 25 and 40 dB. 80 dB SPL
The mean of the measuremefisick line without symbols ‘ ‘ ‘
shows a frequency dependence which is flat at 110 dB SPL,
a gain of 30 dB relative to the ear canal pressure, between 10
and 30 kHz, with a slight increase at the highest frequencies,
and a slight decrease at the lowest frequencies. Some of this
frequency dependence might be produced in part by experi-
mental proceduregi) High frequency increase: When fluid
wells up in the round window, S.V. input pressure can in-
crease by several dB, especially at high frequencies. In the
data of Fig. 5, the round window membrane was intact, but
the fluid level beneath the round window sometimes rose
beneath the membrane when the cochlea was manipulated.
Additionally, as discussed under “sound system calibration”
above, the sound pressure in the ear canal which isused asa -so ; ; ‘
calibration might be underestimated at the highest frequen- 0 1000 2000 3000 4000
cies. (i) Low-frequency decrease, and structure: Sets 10-29  (b) frequency (Hz)
and 4-2 show a markedly low prgssure at0.5 a”q 1 kHz. ThEIG. 6. The S.V. pressure with a stimulus level in the ear canal of 80 dB
hole to S.V. was larger than optimal in the experiment of sekpy . |ow-frequency extension. In these cochleae, measurements were made
4-2. This is expected to reduce the pressure, especially at lout the usual frequencies, and at three additional low frequencies. Here re-
frequencies(Notes on the hole size from set 10-29 were notSponses are only' shown through 4 k_Hz to emphasize the low frequency
made) Sets 1-27, 2-5 and 2-18 show dipS in the 5- to 10_kHzit;]e:]haewg;.r(agal\:Zﬁmtude.(b) Phase relative to the pressure near the eardrum
region. These experiments were performed without a vent to
the ear canal, an unnatural condition which can lead to

buildup of static pressure. In the experiments following 2-18,The gain of the middle ear decreased as frequency decreased
a vent was purposely maintained, and the structure in the Syelow 2 kHz, and was approximately 10 dB at 188 Hz. The

to 10-kHz regions is less apparent in the later experimentghase relative to the pressure within the ear canal was ap-
The variability from experiment to experiment is due in partproximately 0 degrees at 2 kHz, and increased as frequency
to errors in sensor calibration, which might be up to 6 dBdecreased. At 188 Hz it ranged between 95 and 115 degrees

(see sensor notes abgvin the mid-frequency region, where jn four experiments, and in the fifth was 135 degrees.
systematic errors due to calibration uncertainties, fluid level

and static pressure are least apparent, the interexperiment

spread is 12 dB, so calibration errors could account for much

of the va_riability. T_he magni_tude data indicates t_hat 'Fhe gainz Comparison with previous measurements of basal

of_ the middle ear is approximately 30 dB, and is fairly flat g, pressure

with frequency above 2 kHz. The phase of S.V. input pres-

sure relative to the pressure in the ear canal shows a linear Basal S.V. pressure has been measiumedvo by others

decrease with frequency. The linear phase can be exprességliinea pig, Dancer and Franke, 1980; cat, Nedzelnitsky,

as a delay which, in this case, accumulating one cycle bet980; cat, chinchilla and guinea pig, Decagyal, 1990.

tween 2 and 42 kHz, is 2as. Thus, both the magnitude and The variations in amplitude and phase at frequencies below 2

phase indicate that, at frequencies above 2 kHz, the middlkHz and the maximal gain value of approximately 30 dB

ear and its cochlear termination have the properties of ahere adhere to the standard pattern that has been reported.

frequency-independent transmission lifgom a signal pro- However, the frequency range over which the 30 dB gain

cessing standpoint, this is a good system, because the tembtains is relatively large. Specifically, there is no indication

poral qualities of the input are preserved in the output. Othethat the gain comes down at high frequencies. Presumably, it

investigators have noted a transmission-line-like character afomes down at high enough frequencies, but through 46 kHz

the middle ear, based on measurements of middle ear imped@well within the hearing range of the gerbthe gain is fairly

ance(Puria and Allen, 1997and middle ear motiofDecrae- steady, at 30 dB, at frequencies above 1 kHz. This finéing

mer et al,, 1997. in agreement with Dancer and Franke’s 1980 measurements
In Fig. 6, results from five later experiments are shownin guinea pig turn 1, which showed a gain that was within a

in which the frequency range was extended down to 188 HzZlew dB of 32 dB between the frequencies of 1 and 20 kHz,

100 +

dB SPL

90 +

0 1000 2000 3000 4000
(a) frequency (Hz)

40 +

phase re e.d.p. (degrees)
o

-40
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(b) frequency (Hz) FIG. 8. Changes in S.V. pressure with changes in the insertion depth of the

S.V. sensofexpt 2-18. The S.V. pressure appears relatively insensitive to
millimeter-sized changes in insertion depth. As indicated in the legend, the

FIG. 7. Linearity in the S.V. pressuréa) Scala vestibuli pressure gain -
relative to ear ?elmal pressure F;t SPLs of 40. 60 and SO(EmBThe S?/ changes are plotte@) between two repeated measurements, both at a depth
' o 'fl mm, (ii) between the initial 1-mm measurement and a measurement

ressure phase relative to the pressure near the eardrum in the ear canal. &} . - . A
P P P with a 2-mm insertion, andiii) between the initial 1-mm measurement and

experiment is shown for clarity3-17), but the linearity in evidence was . . ; .
common to all measurements of S.V. input pressure. The responses to tC r:ﬁgesgrement with @ 0.5-mm insertige) Magnitude changesb) Phase

40-dB stimulus were close to the noise floor.

the hiahest f th d H ¢ the noise floor that a strict comparison is not possible. The
€ highestfrequency the€y measured. However, mos pr(?Vh'nearity illustrated applies to all measurements of S.V. input
ous reports find a reduction in gain beginning at frequenue;ressure

around 10 kHz. For example, the basal S.V. pressure mea-
sured by Deconet al. dropped off markedly at frequencies
above 14 kHz(chinchilla), 12 kHz (guinea pig and 8 kHz
(ca®). The measurements were made %chinchilla), 7.2
(guinea pig and 8(cah mm from the extreme base; perhaps The position of measurement in scala vestibuli does not
the high-frequency S.V. pressure changes substantially ovéllow for the sensor to be inserted much further than 1 mm
these distances. Puré al. (1997 show a drop off in basal Without potential harm to the saccule. For this reason, gen-
S.V. pressure at frequencies above about 8 kHz in humagrally the sensor was inserted less than 1 mm and variations
temporal bones, but the report states that temporal boni@ S.V. pressure due to insertion depth were not explored.
preparations might not be comparable with live preparation®ne case in which the insertion depth variateasexplored

at frequencies above 5 to 10 kHz. The phase data reportd@-18) is illustrated in Fig 8. In Fig. &), the differences in
here are in keeping with those of others, for example, Danceineasured SPL are displayed, and in Figp) gthe differences

and Franke(1980, who reported a phase of approximately in phase. The changes are small, and show no clear position

+90 degrees at 1 kHz, decreasing monotonically-200 dependence. The S.V. pressure appears to be relatively in-
degrees at 20 kHz. sensitive to millimeter-sized changes in insertion depth.

4. Variations with insertion depth

5. The effect of removing the round window
3. Linearity membrane

In Fig. 7 the scala vestibuli pressure gain and phase Following round window membrane removal, the S.V.
relative to the pressure in the ear canal are shown for 40, 6fressure usually changed very little, less than 2 or 3 dB.
and 80 dB SPL stimuli. The results from 3-17 are displayedWhen fluid welled up in the round window opening the S.V.
The gains at 60 and 80 dB lie essentially on top of eactpressure sometimes increased, especially at the highest fre-
other, and at 40 dB are basically the same, but are so close tpencies. The changes were typically less than 5 dB.
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110 } B.M. basal to the measurement position, and in 4-2 the round
window membrane was covering all accessible regions of the
B.M., including the region where measurements were made.
—E-p26 Figure 9a) shows the magnitude of the S.T. pressure
—A‘EZ when the sensor was initially positioned into scala tympani.
¥4 The stimulus level in the ear canal was 80 dB SPL. Recall
62 that the c.f. in this region is thought to be in the neighbor-
hood of 30 kHz. The distance from the B.M. is not known
precisely, but in all cases is estimated as between 300 and
800 um. The pressure increases with frequency from ap-
proximately 70 dB SPI(—10 dBre: ear canal pressurat 4
kHz to approximately 100 dB SP[+20 dB re: ear canal
pressurgat 24 kHz. The pressure contains notches and peaks
in the region of the c.f.

The phase relative to simultaneously measured scala
vestibuli pressure is shown in Fig(l9. At the lowest fre-
guencies the phase is erratic in part because the magnitudes
were close to the noise floor. In general the phase lies be-
tween 50 and 100 degrees at 5 kHz, increases about 50 de-
grees to a maximum slightly above 10 kHz and then de-
creases to close to 0 degrees at the highest frequencies. In the
region around 30 kHz a phase dip is evident in experiments
in which pronounced structure is apparent in the magnitude
data.

dB SPL

80 dB SPL

0 10000 20000 30000 40000 50000
(a) frequency (Hz)

100 +

phase re s.v.p. (degrees)
(&)
(=]

o

0 10000 20000 30000 40000 50000
(b) frequency(Hz) 2. Variations in S.T. pressure as B.M. is approached

FIG. 9. The S.T. pressure with a stimulus level in the ear canal of 80 dB  In Figs. 10—13 S.T. pressure versus position with 80 dB
SPL. Shown are the initial S.T. measurements, made prior to the approach P stimuli is shown for experiments 2-26, 3-24 and 3-17
the B.M. The distances from the B.M. are not known precisely, but are_ _ _ . _
estimated as between approximately 300 and 86@ (a) Magnitude.(b) ﬁrc_edmdort_ema and 2f2?1 post n:jortgrr:j. In eXpe_nmen:]_? thhe
Phase relative to the simultaneously measured S.V. pressure. uia araine _OUt of the round window opening while t €
B.M. was being approached, and a pressure versus position
series was not possible. The magnitude and phase showed
i ) , little change with position in experiment 4-2. As described

) Data collected fo!lowmg Severe ma”'pE"at'O”S to theabove, in this experiment the round window membrane had
middle ear, whether intentional or unintentional, serve ag, . peen successfully removed, and was between the sensor

controls for systematic errors in the form of electronic CroSSynd the B.M. Based on the 4-2 results, the membrane prob-

talk. In an early experiment the ossicles were suspected darﬁbly prevented the sensor from making a close approach to

aged during drilling of the S.V. hole and an air bubble wasy,."g \1 ~ and might have modified the intracochlear fluid
inadvertently introduced into S.V. The S.V. pressure gain, otions.

(relative to the ear canal presspwas_ 5 dB at the lowest Figure 10 shows S.T. pressure versus position from 2-26
frequency, and decreased steadily with frequency20 dB  ,1o_ortem. The numbers in the legend indicate the distance
at 20 kHz, where the pressure went beneath the noise floof, 1 the B.M. in micrometers. The order of the measure-

These manipulations are known to decrease scala vestibyji, < 2qvances from top to bottom, but are not all consecu-

pressure(Ned_zeInitsky, 1980; Pu_riat al, 1997. At the end tive. (Consecutive measurements were spaced by 20 to 30
of one experiment the annular ligament was purposely bro- m: not all are showi.After the measurement 28m from

ken. The S.V. pressure gain was reduced at all frequencies e B.M. was recorded the sensor was advancedqua8

approximately 0 dB. where it contacted the B.M. and was retracted approximately
. 3 um. Following the measurement there, the sensor was re-
C. Scala tympani pressure tracted 20um for the final measurement of this series. The

In the phase data in the figures below S.T. pressure i§imilarities between the measurements 23 ancu@8from

referenced to the simultaneously measured S.V. pressure. the B.M. attests to the experimental stability. In general, the
scala tympani pressure increased as the B.M. was ap-

1. Grouped data proached, although the region of notches displays a non-
In Fig. 9 scala tympani pressure is presented from fivanonotonic increase. Below 10 kHz and above 38 kHz the

animals. The following conditions are of note: At the time of pressure changes were relatively small. The pressure changes

the presented measurements the CAP thresholds were rel@ere most striking in the 30-kHz region. Figure(&Qrein-

tively healthy in 2-26, 3-24, and 6-2, but were elevated mordorces these points by displaying the pressure as a function

than 20 dB at all frequencies in 3-17 and 4-2. In 3-24 aof position from the B.M. for five frequencies. Figure(bhp

portion of the round window membrane was covering theillustrates the 2-26 S.T. pressure phase, referenced to simul-

6. Abnormal conditions

3453 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 Elizabeth S. Olson: Intracochlear pressure measurements 3453

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



120 120
110
100 + % o0 £ B, 4 —6—84
] a ™~y 54
% o 24
o o e 4
© © —k—14
80 dB SPL 80 dB SPL
60 : ; " ; } ' ; :
o} 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
(a) frequency (Hz) (a) frequency (Hz)

200

100

2 _
® gof b
> ¢
H o
S 00 ¥ g
4 z
> d
@ 200 5
4 : -100
& 300 | =
2 & -200
e =
-400 -3
-300 e
-500 t } ¥ } ‘ ’ . ‘
v} 10000 20000 30000 40000 50000 -400 ' ) j j
o} 10000 20000 30000 40000 50000
(b) frequency (Hz)
(b) frequency (Hz)

FIG. 11. The S.T. pressure, with a stimulus level in the ear canal of 80 dB
SPL, as the B.M. was approachéekpt. 3-24. The legend indicates the
distance of the sensor from the basilar membrane in micrometers. The order
of the measurements advances from legend top to legend batibiMag-
nitude. (b) Phase relative to the simultaneously measured S.V. pressure.

—&—18kHz
&~ 26kHz

32kHz
e 38KHZ
—H—44kHz

phase accumulates more than 370 degrees between 4 and 38
kHz. It is notable that at most frequencies between 10 and 24
kHz, the magnitude of the pressure decreased as the B.M.

pressure (Pascals)
-

80 dB SPL
0.1 ; : ; : : ! was approached.
0 5 100 150 200 250 300 350 In Fig. 12 S.T. pressures from 3-17 are shown at three
© distance from b.m. (micrometers) different positions. Difficulties with surface tension pre-

FIG. 10. The S.T. pressure, with a stimulus level in the ear canal of 80 dBvented well-controlled positioning of the S.T. sensor in this

SPL, as the B.M. was approachéekpt. 2-26. The legend indicates the €Xperiment and the positions are only approximate, as the
distance of the sensor from the B.M. in micrometers. The order of thefigure legend indicates. In general the pressure increased as

measurements advances from legend top to legend bot®@rviagnitude. -
(b) Phase relative to the simultaneously measured S.V. pregsiifelag- the B.M. was approached. At the closest position, the phase

nitude plotted as a function of distance from the B.M. at selected frequenaccumulates almost 500 degrees.
cies. Following the measurement 2@m from the B.M. in
experiment 2-28Fig. 10 the sensor was retracted an addi-

taneous S.V. pressure. The phase dip/rise in the 30-kHz rdional 20um, and the animal was administered a lethal dose
gion becomes more and more pronounced until, when th8f @nesthetic. Just post-mortem pressure versus position was

distance to the B.M. is approximately 1¢0m, it is appro- again recorded. Figure 13 shows these measurements, at dis-

priate to unwrap it. This reveals the phase as advancingances 42, 22, and 2m from the B.M. The closest measure-

accumulating more than 500 degrees. ment was made after contacting the B.M., and retracting the
In Fig. 11 S.T. pressure versus position is shown fromsensor 2um.

3-24. The numbers in the legend indicate the distance from  |n summary, as the B.M. was approached the S.T. pres-

the B.M. in micrometers, and are from consecutive measuresyre magnitude generally increased but sometimes de-

ments beginning with the 84m position. A prominent creased, typically in frequency regions where notches were
notch at 22—-24 kHz becomes deeper as the B.M. is a

A . present. The amount of phase accumulation with frequency
proached. The phase exhibits dips and peaks in the Sasiﬁ)r?creased as the B.M. was approached.

range of frequencies. At the position closest to the B.M. the
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FIG. 12. The S.T. pressure, with a stimulus level in the ear canal of 80 dB

SPL, as the B.M. was approachéekpt. 3-17 The forces due to surfacé rig 13 The S.T. pressure, with a stimulus level in the ear canal of 80 dB
tension prevented well-controlled positioning in this experiment and theSF,L as the B.M. was approachéekpt. 2-26 postmortejn Following the
legend indicates the approximate distance from the basilar membrane il'?1ea'surement Z&m from the B.M. in I.:ig 10 the sensor was retracted an

lmlcrogﬁstet:s. ':'h)eMorde_rt OJ ﬁ(]t?) r;ﬁﬁasureT(intsta(ixanqes Iftrom Ieglend tof’ é%ditional 20um, and the animal was administered a lethal dose of anes-
egend bottomta) Magnitude. ase relative 1o the simuitaneously Mea- e The measurements here were made immediately post-mortem. The

sured S.V. pressure. legend indicates the distance of the sensor from the basilar membrane in
micrometers(a) Magnitude.(b) Phase relative to the simultaneously mea-

. . sured S.V. pressure.
3. Discussion of notches, peaks and phase

lati .
accumuiation Hubbard, 1998 The emergence of phase accumulation as

The pronounced notches in the magnitude data, and ththe B.M. is approached can be related to modeling predic-
position-dependent phases of Figs. 10—13 can be interpreteidns. At all but low frequencies, and more-so as frequency is
as the interaction of two pressure modes: a fast mode whosecreased, the pressure of the slow wave is predicted to be
phase changes little with frequency, and a slow travelindocalized close to the B.M(Lighthill, 1981; Taber and
wave mode whose accumulating phase chronicles the waveSteele, 198l The S.T. pressure is predicted to be largest at
travel. Interpreted in this framework, the notches in the magfrequencies near the peak of the traveling wave, and to pen-
nitude data are produced by interference between the twetrate the scalae a distance on the order of the traveling wave
modes. At frequencies where the modes are out of phase theyavelength. (The penetration distance is the distance at
sum destructively, and if their magnitudes are similarwhich the traveling wave pressure is reduced from its value
notches appear. The phase data indicate which mode & the B.M. by roughly a factor of pThis penetration dis-
dominant: the fast mode is dominant in the data of F{§),9 tance is estimated from Taber and Steele’s figu(&9B1) as
far from the B.M. As the B.M. is approached, the slow modeabout 100um at 10 kHz, near the position where 10 kHz
can dominate, producing a phase that accumulates smoothiyas the c.f(Their model was based on guinea pig, and was
with frequency. The transition region between the two modepassive with an orthotropic B.M.In Fig. 10b) (2-26) at
can be quite erratic. distances relatively far from the B.M. substantial phase ac-

Fast and slow modes are explicit in mathematical mod<cumulation is not apparent, indicating that the fast wave is
els, where slow modes are associated with the traveling wavdominant. Within 88um of the B.M., similar to the pre-
motion of the organ of Corti complex and fast modes aredicted penetration depth of the slow wave, phase accumula-
required to satisfy the boundary conditions. In a 1-D modeltion is apparent, indicating that the slow wave pressure has
one fast and one slow mode suffigg®eterson and Bogart's become dominant. Thus, this modeling prediction is in rough
P+ and P-, 1950. In 2-D and 3-D models more than one agreement with the data.
fast mode is preserfTaber and Steele, 1981Perhaps there Referring to phase data where the slow mode is domi-
are several slow modes as wéllaber and Steele, 1981; nant, the phase versus frequency slope is much less steep
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between 10 and 20 kHz than between 20 and 36 kHz. At the 80
lowest frequencies, the sign of the slope is reversed. Travel-
ing wave models predict that the phase versus frequency
slope becomes steeper as frequency increases towards c.f., &0 %

with details of the increase dependent on the impedance of g —*—25
the O.C. complexe.g., Taber and Steele, 1981; Neely and g *° -
Kim, 1986). Still, traveling wave models do not predict a  ~ e

low-frequency reversal in phase slope. A possible explana-

tion for the behavior lies in the relative strengths of the fast 30

and slow modes. At frequencies much lower than c.f. the o . ‘ | 40dBSPL

traveling wave is expected to be small, and S.T. pressure 0 10000 20000 30000 40000 50000

even close to the B.M. is likely dominated by the fast mode. a) frequency (Hz)

Then the phase is not expected to accumulate. The fast mode
probably dominates at frequencies above c.f. as well, where
models predict there is no longer a traveling wave. At fre-

guencies above c.f. the measured phase-frequency slope is g0}
close to zero.

100

80 |

4. Interanimal variability

Although there are basic similarities in the S.T. data
from different cochleae, there are some clear differences. &
The notches and peaks appear at different frequencies. In 50 K/

70 4

dB SPL

o0 [Py

2-26 (Fig. 10 the phase changes smoothly with large accu- , 60 dB SPL
mulation at positions 88m from the B.M. and closer, 40 ’ ‘ ‘ "

hereas in 3-24(Fig. 11) the phase shows eeasonabl 0 10000 20000 0000 40000 50000
w g. p y (b) frequency (Hz)

smooth accumulation at the closest positiony@ from the

B.M., but even 14um from the partition it Is not appropriate FIG. 14. Scala tympani pressure, with stimulus levels in the ear canal of 40

to unwrap it. The réasons for the variability probably fall into ang 60 dB SPL, as the B.M. was approactexpt. 2-26. The data are from
two basic categories. First, the S.T. pressure probably deke same experimental run as the data in Fig. 10.

pends on the basic condition of the cochlea. The condition is

known to some degree, and based on the cochlear conditioss Comparison with previous measurements
noted when discussing Fig. 9 it is evident that the phase
accumulation that signifies the dominance of the slow mod<1:Dan
can be present post-mortetitom 2-26PM, and in experi-
ments with elevated CAP thresholffom 3-17. When the
round window membrane is unnaturally positioned on top

the B.M. it might obscure the slow mod&om 4-2) or alter pressure to peak in the region close to the @0 kHz in

it (from 3-29. their casg¢ with a gain relative to ear canal pressure close to

The second categorical reason for experimental varlab|l—20 dB. Those measurements found little phase difference be-

in different animals. Due to experimental variability in th t11'?/\/een S.T. and S.V. pressures: a small lead at low frequen-
i € ef tha RV\? s li)e N ?hpte ental va ? I y edpies, and a small lag at the highest measured frequencies, just
portion ot the membrane that was SUCCessIUlly TemoveQy, o 19 kHz. Due to this lack of phase accumulation, Dancer

and the exact positioning of the animal in the stereotaxmet al. take an extreme viewpoint, and question the presence

frame and relative to the sensor apparatus, the angle of tr‘bq‘ a traveling wave pressure at all. However, an earlier pub-

e 0 8fcton (Dancer and Franke, 1980eported ST. presure
: o S .~ with a larger gai to 40 dB near 10 kHz suggesting that
ably on the order of 20@m. This distance is significant in w ger gairfup Hzsuggesting

The S.T. data can be compared with measurements of

cer and colleagues, who have presented basal scala tym-
pani pressure measurements from guinea pigs. Our measure-
tments relatively far from the B.MFig. 9) are similar to the

O ecent publication in which Dancet al. (1997 find the S.T.

by a factor of 10 over distances of 10n. Referring to the did exhibit phase accumulation, from 90 6270 degrees

theoretical literature, in a 3-D model Taber and St¢2881) between 500 and 12 000 Hz. The results here include these

predict that at a distance 1Q0m from the_ B.M. the magni- . two extremes, and illustrate the progression between them.
tude of the slow mode pressure at a radially centered location

is more than twice that of the slow mode pressure over the )

pillar cells. Closer to the B.M., the predicted difference is 6 Linearity, expt. 2-26

much greater. Therefore, a pressure measurement made over In Fig. 14, the magnitude data recorded in the same run
the pillar cells is expected to be substantially different tharas that of Fig. 10 are shown for 40 and 60 dB SPL stimuli.
one made over the pectinate zone. In short, the scala tympamhe noise floor is at a measured pressure of approximately
measurements from different animals cannot be regarded & dB SPL, restricting the frequency ranges over which the
precisely repeated measurements. data are reliable. The S.T. pressures scale almost linearly.
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FIG. 15. Scala vestibuli pressure measured when the S.T. sensor was at
distances from the B.M. indicated in the legef@Xpt. 2-26. The stimulus

level in the ear canal was 80 dB SPL. Changes in S.V. pressure due to the
proximity of the S.T. sensor to the B.M. indicate that the S.T. sensor was
loading the cochlea.

However, the profiles differ from each other slightly in the
c.f. region, particularly comparing the data taken with the
stimulus levels at 60 and 80 dB SPL. At 32 kHz the depar- g , ‘ ; ,
ture from linearity is maximal, approximately 8 dB at posi- 0 10000 20000 30000 40000 50000

phase re s.v.p. (degrees)

tions close to the B.M. (b) frequency {Hz)
7. Simultaneous scala vestibuli pressure, and FIG. 16. Derived B.M. velocity from experiments 3-24 and 2-26. The

stimulus level in the ear canal was 80 dB SPL. The velocities are derived
from pairs of S.T. pressure measurements. @26 is derived from the
S.T. pressure g&m, and the previous measurement 28, from the B.M.

A pressure change in S.V. due to S.T. sensor proximity2-26PM20u was derived from the S.T. pressureu®n, and the previous
to the B.M. could indicate that the S.T. sensor was “load-measurement 22m, from the B.M. 3-2420u) was derived from the S.T.

R : : essure 4um, and the previous measurement 2#h, from the B.M. 3-
ing” the system. Fig. 15 displays the S.V. pressure measuregf4(10u) was derived from the S.T. pressureun, and the following mea-

as th? ST sensor approaphed .the B.M. Distances from tr!s‘?:lrement 14.m, from the B.M. Phases are referenced to the S.V. pressure
B.M. in micrometers are listed in the legend and occurredneasured simultaneously with the S.T. pressure of closest approach. A

consecutively starting at the 148m position. A 3-dB dip in phase of 0 degrees indicates velocity towards scala tympani.

S.V. pressure occurred close to the c.f. when the sensor was

closest to the B.M., suggesting that the sensor perturbed trand Dolan, 1996; Xueet al, 1995; Khanna and Leonard,
pressure field. The S.V. pressure is measured far from th&986; Ruggerocet al, 1996, 1997. That the derived B.M.
O.C.; the S.V. pressure close to the O.C. was presumablyelocity is similar to the B.M. velocity measured by direct
perturbed more. The change at very low frequencies is nonethods serves as an important measure of the reliability of
linked to the position of the S.T. sensor but is increasing irthe current analysis. By this measure, the analysis of experi-
time. It might be due to a slowly widening gap between thement 2-26 will be found to be the most credible. Because of

pressure changes with changing position of S.T.
sensor

S.V. sensor and the hole to S.V. the lack of high-quality data from more experiments, the
primary purpose of the current presentation is to establish the
I1l. ANALYSIS: DERIVED QUANTITIES analytical method.

In this section the results are analyzed to estimate th% Basilar membrane velocity
velocity of the B.M, the pressure across the organ of Corti -
complex, and the specific acoustic impedance of the organ of. Results from two animals, discussion of derivation
Corti complex. The derivation was sketched previou@y  method
son and Borawala, 199and is presented here in the Appen- Figure 16a) displays the magnitude of the B.M. velocity
dix. The analysis is carried out for experiments 3-24 anccalculated from 2-26 and 3-24. Figure (b shows the ve-
2-26. In both these experiments the overall CAP threshold®city phase relative to S.V. pressure. A phase of 0 degrees
were relatively low(particularly in 2-26 and the scala tym- indicates velocity towards scala tympani. The stimulus level
pani pressure measurements close to the B.M. were checkeghs 80 dB SPL in the ear canal. As described in the Appen-
for repeatability, ruling out time-dependent changes in S.Tdix, fluid velocity is calculated from a pair of consecutive
pressure as a source of error. S.T. pressure measurements, where one member of the pair

There are numerous measurements of basal B.M. velods the pressure closest to the B.M. The B.M. velocity is then
ity in the literature, and the general form of its frequencyequated to this fluid velocity, based on the argument that
dependence has been documented under various physiologiose to the B.M. the fluid must move with the B.M. The
cal conditions(Cooper and Rhode, 1992a, 1992b; Nuttall S.T. pressure measurements used in these calculations are in
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Figs. 10(2-26), 11 (3-24) and 13(2-26PM. The two 3-24 10
velocities in the figure were derived from two such pairs, one
comprised of the pressure at the closest position and the pres-
sure at the previous positid20-um distanj, and one com-
prised of the pressure at the closest position and the pressure
at the following position(10-um distanj. Figure 16’s legend
specifies the distance between the measurements within a
pair. The differences between the 3-24 results with 10- or 20-
pm separation are generally small, indicating that the results
are not extremely sensitive to changes in this distance.

The derived velocities are similar irii) their broadly
peaked shapeSij) the positions of their maxima, which vary @
from 24 to 28 kHz(iii ) the absolute values of their maxima,
which vary from 0.3 to 1.6 mm/s, ar(@/) dropping off rela-
tively sharply at a frequency above their maxima. The phases
from the different measurements all decrease with increasing
frequency at a steadily increasing rate above about 8 kHz,
then level off at approximately the frequency where the cor-
responding amplitude drops off. Although the phase shows
these basic similarities, the amount of phase accumulation
and the value of the phase at both low and high frequencies
varies substantially. Experiments 2-26PM and 3-24 show 00 ‘ y
much less phase accumulati@pproximately 270 degrees in 1000 10000 100000
both casesthan 2-26, which accumulates more than 600 (b) frequency (Hz)
degrees. Although similar in overall phase accumulation, th?:IG. 17. Derived B.M. velocity at a stimulus level of 80 dB SPL replotted
3-24 and 2-26PM phases are foset from_eaCh other by CIOSL% a logarithmic scale, along with results from Xetal. (1995 at 90 dB
to 180 degrees at all frequencies. Referring to the S.T. presspL. 3-24100 has been excluded to reduce clutt@. Magnitude. (Xue
sure data that was used to derive the velocities, the underlyat al’s magnitude data were referenced to umbo motion and are shifted
ing reasons for the 180-degree difference can be investiertically to line up with the 2-26 data(b) Phase(Xue et al’s phase is

L . . referenced to umbo velocity.
gated. The phase offset originates in the unusual behavior of

the 3-24 pressure, which over a wide range of frequencies

was smaller at the position closest to the B.M. than at th&"¢€S Vl‘”th pqguor:j weredsubstar(;Ual, a@ﬁ) the pressure
position one step back. Only in the region of the maximumas only position dependent, and not changing over time.

28-36 kHz, does the pressure convincingly increase as tﬁghe first of these requirements is most restrictive at low fre-

B.M. was approached. This observation shifts the questic)Iquencies. The second requirement is most restrictive at fre-
from “Why are the velocities different?” to “Why does the quencies above those where the velocity drops off, because

pressure decrease as the B.M. is approached?” In fact, t,ge pressure differences are small while the levels are rela-

decrease in S.T. pressure as the B.M. was approached Wg\éely high. The third requirement underscores the need for

evident in all experiments. The decrease occurred in associgjeast”_emems i)og_r:_tbef::)re gntd aftetr csogzactn':jg Zth;GBtHM. to
tion with a notch, and is thought to originate in interference?>Cetalin repeatabiiity. -or data sets 5-22 and - e re-

between the fast and slow modes. In 3-24 the decrease Peatability was documented. Although time-dependent

assoiated witha ntch I e frequency range from 20-o&=SESCLE 1 fuc evel charges for cxamplaere ot
kHz, somewhat lower than the position of the prominent ' y

notch in the other experiments. The significance of 3-24’50heCkEd for repeatability.

lower notch frequency, as well as of the unusually large fre- ] o ]
quency extent of the decrease is not known. The behaviof: Comparison with direct velocity measurements
was repeatable within this approach and in a second ap- In Fig. 17 the velocities are plotted on a logarithmic
proach in this animal, ruling out a confounding influence offrequency scale to facilitate comparison with the B.M. mo-
time-dependent changes. As noted previously, S.T. senstion literature. Included in the figure is Xugt al’s (1995
positioning was not optimal in 3-24 because a portion of thedirect measurement of gerbil B.M. velocity, made through
basal B.M was covered with the remains of the round win-the open round window, and taken with the stimulus level at
dow membrane. Perhaps the S.T. pressure was perturbed B9 dB SPL. Xueet al’s B.M. velocity is reported relative to
the unnatural condition of the basal B.M. umbo velocity. The derived B.M. velocity is found with a
The S.T. pressure data that underlies the velocity calcueonstant SPL in the ear canal, and its phase is reported rela-
lation indicates the frequency regions over which the derivedive to S.V. input pressure. Although the references are dif-
velocity is most reliable. Because velocity is derived fromferent, above 2 kHz Xuet al’s data can be directly com-
the pressure differences between two consecutive positionpared to the derived velocity based on the followirD:
its derived value is most robust at frequencies for wHigh From the S.V. pressure results here, the gain of the S.V.
the pressure was well above the noise lelig), the differ-  pressure relative to the pressure in the ear canal is approxi-

—6—2-26
—t2-26PM
e 3-24
s X e

dB re 1mm/s or umbo+
normalizing factor

. 80dBSPL |7

1000 10000 100000
) frequency (Hz)

phase re s.v.p. or umbo (degrees)
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mately flat with frequency above 2 kH%i) The cochlear
input impedance is approximately resistive above 2 kHz
(Lynch et al, 1982; Puria and Allen, 1991(iii) The umbo
and stapes move in phadeuggercet al,, 1990. When these
three conditions are met, the magnitude of the derived B.M.
velocity (referred to pressure in the ear cagrehd the mag-
nitude of B.M. velocity (referred to umbo motigncan be
plotted together, with an offset which on a log scale is an
additive constantThe constant is treated as free paramgter.
When (ii) and (iii) are met the phase of the derived B.M. :
velocity (referred to S.V. pressure near the stapmsd the 1000 10000 100000
phase of the B.M. velocityreferred to umbo velocityare
equivalent, and can be plotted together with no free param-
eters. Actually, at high frequencie@) and (iii) are not 200
known to hold. Lynchet al’s measurements of cochlear in- 100 +
put impedance only extend through about 7 kHz. With re-
gards ta(iii ), although Ruggeret al. (1990 showed that the
malleus and stapes moved almost in phase up to about 8
kHz, at higher frequencies the stapes velocity lagged malleus
velocity. At approximately 20 kHz, the phase lag could be as
large 130 degrees. The complexity of ossicle motion at high
frequencies has been noted by others as Yeefj., Decrae-
mer et al, 1994. Therefore, the different references might
sully the comparison somewhat, but a correction is not at- 7 "

. . . . . . 1000 10000 100000
tempted. What is presented in Fig. 17 is a straight compari- (b) frequency (Hz)
son with Xueet al.'s data, in which there is one free param-
eter, which is used to move Xuet al’s magnitude data FIG. 18. Derived B.M. velocity from experiment 2-26 at stimulus levels of
along the vertical axis so that the peaks line up. The form of - 60 and 80 dB SPLa Magnitude. The results at 40, 60 and 80 dB SPL
the 2-26 derived velocity is similar to that measured by Xue(:\re plottedre: 0.01 mm/s, 0.1 mm/s, and 1 mm/s, respectivély. Phase

elative to S.V. pressure.

et al. The agreement lends credibility to the general method
of deriving B.M. velocity with pressure differences. The val-
ues of the derived velocity magnitudes are close to th
found in basal locations of the chinchilla and guinea pig a&

stimulus levels of 80 dB SPIRuggeroet al., 1997; Sellick dB SPL. When the sensor was retracted,2@, the 60-dB

etal, tl 9dSa, stjndhthe va;riﬁtlog V.V'th dfrelqugtnc%/ gefs 'bo'th kthe response at 30 kHz recovered. The degree to which pressure
magnitude and phase of the defived VEIocily 226 IS 1N KeePp, o irements like those here can explore cochlear activity,
ing with what has been reported in many studies in additio

th iat li it ithout interferi ith it, i
to that of Xueet al. (e.g., Cooper and Rhode, 1992a; Nuttallr}’md e associated nonlinearity, without interfering with it, is

and Dolan, 1996 The phases of 2-26PM and 3-24 do not not yet established.

possess the multiple cycles of phase accumulation that is _ )

characteristic of B.M. motion. However, similarly small ac- B- Localized pressure difference across the organ of
cumulations can be found in the B.M. motion literature. For®°™ complex

example, Cooper and Rhode found less than one cycle of. Resuits

phase accumulation between 10 and 40 kHz, measuring at
the 30-kHz place in guinea pil9923 and in linear cat
cochleag(1992h.

v 40CB
—%—60dB
—o—80dB

dBre 1, 0.1 or .01 mm/sec

frequency (Hz)

phase re s.v.p. (degrees)

evated slightly when the cochlea was opened. Additionally,
hen the S.T. sensor was closest to the B.M., the CAP
hreshold at 30 kHz was temporarily elevated from 60 to 80

The derivation of the local pressure difference across the
organ of Corti complexA P, is in the Appendix. In Fig. 19
AP, is shown. Pre-mortemAP,. values calculated from
) ) 2-26 (40, 60 and 80 dB SPLand 3-24 show a mild peak in
3. Linearity, expt. 2-26 the region of c.f. A small degree of nonlinearity is in evi-
In Fig. 18 the 2-26 results at 40, 60 and 80 dB SPL aredence in the 2-26 results. AP, calculated from 2-26PM
shown. The 40- and 60-dB data have been scaled by factothe pressure peak is absent, and a pronounced notch is ap-
of 100 and 10, respectively, as indicated in thaxis title.  parent. Most notably, in all the resultdP,. is not small at
Results are shown within the frequency ranges for whicHrequencies above c.f., where the velocity was small.
S.T. pressure was out of the noise. At all SPLs, the maxi- In Fig. 19b) the phase is shown relative to the S.V.
mum occurred at 26 kHz. The velocity scaled nearly linearlypressure. At low and high frequencies, the phase is close to 0
with sound pressure, but compression at frequencies on thiegreegor 360 degrees simply because the S.V. pressure
high-frequency side of the peak extended the peak througtvas much greater than the S.T. pressure. Pre-mortem in ex-
relatively higher frequencie82 kHz) at 40 and 60 dB SPL. periment 2-26, between 14 and 34 kHz, the phase accumu-
The observation that the nonlinearity is very modest is notates almost 500 degrees. The results from 2-26 PM and 3-24
surprising since high-frequency CAP thresholds were elshow only the beginning of phase accumulation, similar to

3459 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 Elizabeth S. Olson: Intracochlear pressure measurements 3459

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



1000
)
A
[
§ e 400IB 100 4 e 40dB
e —*—60dB ) —%—60dB
g- —o—80dB t —o=50dE
£ —fe PM_80dB £ —t—PM_80dB
5 o 3-24_80B 3 e 3-24_80dB
8 10 +
e
c
‘®
o
15 : : : : ; ‘
0 10000 20000 30000 40000 50000 1000 10000 100000
(a) frequency (Hz) (a) frequency (Hz)
100 350
- 0 K
7 250 |
2
2 100 + o
] o
2 g 150 ¢
Q
2 200 + g
]
® 8 50+
o -300 £
8 5.
=
2 400 -50
-500 t t * i -150 .
o} 10000 20000 30000 40000 50000 1000 10000 100000
(b) frequency (Hz) (b) frequency (Hz)
FIG. 19. Derived pressure across the O.C. compleR,., from experi-  FIG. 20. The specific acoustic impedance of the organ of Corti. Results are

ments 2-26 and 3-24. The stimulus level was 40, 60 or 80 dB SPL ashown at stimulus levels of 40, 60 or 80 dB SPL, as indicated in the legend.

indicated in the legend\ P is equal to the pressure on the S.V. side of the (g) Magnitude=A P,/B.M. velocity. (b) Phase=A P, phase-B.M. velocity
O.C. complex minus the pressure on the S.T. side of the O.C. comglex. phase.

Magnitude.(b) Phase relative to S.V. pressure.

) _sure is not the only pressure across the O.C. complex, and,
the velocity measurements of these approaches. The basis fﬁ’{oreover, that it is not always the dominant pressure.
the difference in 2-26\ P, post-mortem compared to pre-

mortem lies in the S.T. pressure close to the B.M. The S.TC. Specific acoustic impedance of the organ of Corti
pressure was larger pre-mortem, and the phase decreased
through the c.f. region more smoothly pre-mortem than postl- Results

mortem, indicating that the slow mode was relatively domi-  In Fig. 20 the magnitude and phase of the specific acous-
nant. The quantitative change in the relative strengths of théic impedance is shown for experiments 3-24 and 2-26. Its
fast and slow pressure modes pre- versus post-mortem réerivation is in the Appendix. The impedance magnitude is

sulted in a qualitative change in the characteAéf,.. tuned to frequencies between 22 and 26 kHz. Its size is ap-
proximately 100 Pamm/9 at low (6 kHz) and high (ap-
2. Discussion proximately 40 kHz frequencies, and at its minimum is ap-

Similarly to S.T. pressuré\ P . appears to be composed proximatgly ® Pa(mmlg in_experiment 2-26, and 20 Pa/
émm/s) in experiment 3-24. The 2-26 pre-mortem

of the sum of a fast and a slow mode. The significance of th q d d h ) .
fast mode is undoubtedly emphasized in the current measurdlPedances at 40, 60 and 80 dB SPL show a primary mini-

ments, made at a position sandwiched between the stap@%um at 2b4 kHz, V‘g;h I?Hsec_?ﬂdary_mmlrgum close tol half a?
and round window. At longitudinal positions apical to the octave above at Z. These Impedances nearly overlie

windows, presumably the fast mode &P, is smaller. On each _other; the small degree of cpmpressive nonlinearity evi-
the other hand, the significance of the fast mode\ B, to dent in 2-26AP,; and 2-26 velocity cancel each other.
cochlear mechanics should not be undervalued. A sizable )
fraction of the O.C. complex lies in the region between the?- Discussion
windows (Plassmaret al, 1987, and is close to the round The impedance phase of a simple mechanical resonance
window membrane; the anatomy of the cochlea does ndbegins at—90 degrees at low frequencies, rises through 0
seem to be set up to protect the O.C. complex from beinglegrees at the resonance frequency, and ends t9@tde-
effectively stimulated by the fast mode. grees. The post-mortem 2-26 data do that, except for an
Based on point pressure measurements not particularigvershoot to+180 degrees just beyond the resonance. The
close to the B.M. Danceet al. (1997 concluded thahP,.  pre-mortem 2-26 impedance phase is more complicated, with
did not have a traveling wave mode. The results here do nat low-frequency plateau at30 degrees, a slight decrease to
substantiate this view, but they do support a milder form of—70 degrees in the region of the magnitude’s primary mini-
the contention of Dancesat al: that the traveling wave pres- mum, and a notch and peak at higher frequencies. Compared
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to the 2-26 data, the 3-24 phase shows a large offset. This z-axis
offset is produced by the phase of the 3-24 velocity, which is
in turn rooted in the large frequency extent over which S.T. round wirfdow opening

pressure decreased as the B.M. was approached. .
In the “low-frequency” region from 6 to 12 kHz, the N a _’i Scala tympani
slope of the magnitude curve is nearly constant;-&tdB/ Z{—b —> organ of Corti

oct, both pre- and post-mortem in experiment 2-26. Experi- —
ment 3-24 decreases less smoothly. A 6-dB/oct decrease is
expected for a stiffness dominated impedance. In phase, a c
pure stiffness is constant, at90 degrees. Post-mortem 2-26
the impedance phase is close-t@0 degrees between 6 and
12 kHz, but the pre-mortem 2-26 approach has a phase clo$¢G. 21. Symmetric cochlear model. The asterisks indicate positions where
to —30 degrees, suggesting that at these frequencies the irpressure is measured._B.M..veIocity is derived from measured pred3yires

. . . . . . andPy,. AP,.=P4— P, is derived from measured pressufgsandP_, and
pedance is a combination of stiffness and damping. The vis;
coelasticity of biological tissue is capable of producing an
impedance with the low-frequency character of the pre

Scala vestibuli

stapes, oval window * measurement positions

n assumption that the pressure at the round window is O.

. o ‘all these models the pressure difference across the O.C. com-
mortem data(Fung, 1993 The specific acoustic stiffness o, is carried by the traveling wave and dies out at frequen-

indicated is approximately 2 Pa/n(pre-mortem approadh  gjes ahove c.f(Peterson and Bogart, 1950; Taber and Steele,
or 6 Pa/nm(post-mortem approaghThese compare favor- ;gg1- Neely and Kim, 1986; Kolston, 1988
ably with the point stiffness found by direct methods,  the resylts here indicate that in the base of the gerbil

7 N/m for a 20um probe tip(Olson and Mountain, 1994 ¢ ochiea the pressure difference across the organ of Corti
which translates to a specific acoustic stiffness of 4 Pa/nyges not die out at frequencies above the characteristic fre-
(Olson and Mountain, 1991 _ _ quency. The slow mode afP,, dies out, but the fast mode

It is generally believed thain vivo the impedance iS  emains sizable. Therefore, the current analysis argues that in
active in some sense — that the O.C. pumps energy into th@e extreme base, tuning in the impedance of the O.C. com-
traveling wave(de Boer, 1983; Diependaet al, 1986. To ey is doing the job, not just of enhancing the response of

date, however, direct experimental probes of activity havghe 0.C. complex near c.f., but of attenuating the response at
not been able to substantiate its existetiten and Fahey,  frequencies above c.f. as well.

1992; Cody, 1992 With respect to this important question

the results here are not very helpful. A driving point imped-;\y cONCLUSION

ance without negative real components must have a phase ] . .
between+90 and—90 degrees; a phase beyond these limits  1he detailed form of the fluid pressure within the co-
indicates that the real part of the impedance is negative. AlchIea is governed by the motion of its boundaries. One of
though the 2-26 impedance phases are somewhat interpréh—ese boundaries is t_he stapes, and the c_ochlear pressure ad-
able in the framework of what is predicted for a resonandaCent to the stapes is key to understanding the workings of

impedance, at frequencies near c.f. the phase is most apﬁpe middle ear. In th?s vein,.the results of.the current study
described as erratic. This undoubtedly stems in part from afiXt€nd previous studies to higher frequencies and support the
oversimplified analysis; the phase is more sensitive than thW€W that over a wide range of frequencies the middle ear
magnitude to the simplifications imposed by the analytica®P€rates as a transmission line. Another, more elusive co-
method, particularly the assumption that the,, we derive chlear poundary in motion is the organ of Corti. Because it
corresponds spatially exactly to thg,, we derive. Further both drives and responds to the motion of the O.C. complex,

measurements and possibly more sophisticated analyses &P@ ﬂ,Uid pressure encodes_fundame_ntal informatiqn about the
required to address the question of activity. O.C.’s m,echan_lcal properties. In_ this study, the 5|gnat_ure of
Computer modeléSteele and Taber, 1979; Steele, 1974 the O.C.’s motion was apparent in Fhe slow wave dominated
demonstrated that frequency selectivity in the cochlea coulc? T pressure F:Iose 0 the .B'M' A simple method for extract-
be present without a tuned O.C. impedance. In these modeldd the specn‘l_c "’.ICOUSUC |mped§1nce of the_ O.C. from the
the O.C. complex is an acoustic stiffness whose value gelressure field indicated that the impedance is tuned.
creases apically. The slow modshich propagates with the
traveling wave is essentially the only pressure across theACKNOWI‘EDGNIENTS
O.C. complex in the models; the fast mode pressure across Sejal Borawala, as a research intern at Rutgers/Newark,
the complex is negligible except very close to the base. Théelped develop the first sensor tips. Shuwan Xue generously
models predict that the slow mode pressure peaks and thesmared his basilar membrane motion data. Joe Santos-Sacchi,
dies out at frequency-dependent longitudinal positions alon@ana Anderson, Reg Cook, Betsy Keithley and Mike Ravicz
the O.C. The motion of the O.C. will die out, resonant im- advised in various technical matters. Bob Austin made room
pedance or not, when its stimulus dies out. Physical modelfor me in his lab at Princeton. Discussions with the scientists
of the cochlea have demonstrated this inherent tufdinpu  at Boston University, the Eaton Peabody Laboratory and
et al, 1993. Most computer models incorporate a tunedRockefeller University influenced the manuscript, and Dave
O.C. impedance which enhances the peak of the travelinylountain’s comments on its first version stimulated many
wave and steepens the drop off at frequencies above c.f. Irevisions. | am very grateful to the JASA reviewers, John

3461 J. Acoust. Soc. Am., Vol. 103, No. 6, June 1998 Elizabeth S. Olson: Intracochlear pressure measurements 3461

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



Rosowski and a second reviewer who remained anonymoufirst coefficient is much larger than the other two coeffi-
This work was supported by N.I.LH. Grant No. DC03130. cients, only the first velocity term is retained in this analysis.
Initial sensor development was supported by a Visiting Pro-  Therefore,(A2) is simplified as

fessorship for Women from the N.S.F. .

VP=—p_. (A3)

APPENDIX: DERIVED QUANTITIES We are interested in the component:

The analysis refers to the symmetric cochlear model in  4p pdv, (P,—Py)

Fig. 21. In the formulation, pressures and velocities are com- 97 ~ (A4)
o . - I z at Az
plex quantities with a harmonic time dependereé:.
1. B.M. velocity .-.—sz __(Pa=Py) (A5)
at (pAz)

The difference between two adjacent S.T. pressure mea-
surements was used to estimate the verfimatomponent of For pressures with a harmonic time dependence
the pressure gradient. From this thecomponent of fluid v,=(ilw)(Py—Pp)/(pAZ). (AB)
velocity was found. Close to the B.Mwithin about 30um,
a fraction of the width of the B.M.the fluid is assumed to
move with the B.M. because of conservation of fluid mass. v, =(i/ w)(P,—Pp)/(pAz). (A7)
Therefore, the fluid velocity just adjacent to the B.M. is an
approximate measure of B.M. velocity. In the quantitativep | ocal pressure difference across the organ of Corti
derivation below, the following are useg:is fluid density,  complex
assumed similar to that of water, 1 @g/m®; u is the viscos-
ity of the fluid, taken as that of water, 16 kg/(m-9); V

represents the gradient operator, which is written in compo . . AT
nent form asv = d/dxi+ aldyj+alazk P, and P, are the complex. Pressure gradients in thelirection indicate the

pressures measured at the two positions closest to the B. _pmponent of the fluid mgtion. The tqtal pressure difference
a andb in Fig. 21;v is the fluid velocity;v, is its vertical ~ 'ToM the rqund window to the B.M. will be equal to the total_
component, and,,, is the velocity of the B.M. As the sketch pressure difference from above the organ of Corti complex in

indicates, the positive-axis points from the stapes towards scala vestibuli to the oval window:
the round window. P(rw)—P(b)=P(d)—P(c). (A8)

nge,L, U, ano_lw are scale factors L_Jsed_ tq chgracterlzeWe assume tha®(rw) — 0, and measur@(b) and P(c).
the fluid system, with the purpose of simplifying its math- W i
ematical descriptiorl is the extent over which fluid veloci- € wan
ties vary appreciablynominally, by a factor ok), and it is AP,=P(d)—P(b). (A9)
taken as 10Q«m, half the width of the basilar membrang.
is the maximum characteristic velocity of the basilar mem—From Bqs.(A8) and (A9)
brane and the fluid, and is taken as 1 mm/s, whileepre- AP,.=P(c)—2P(b) (A10)
sents the angular frequen¢®s frequency, and is taken as

4 . . . .

igz, which is a conservative value for frequencies above 1.%_ Specific acoustic impedance of the organ of Cort

The Navier—Stokes equatidAl) describes the relation- ' o _
ship between fluid pressure gradients and fluid motion in an ~ The magnitude of the acoustic impedance is found as

Finally, just adjacent to the B.Myy,, = v,, SO we assume

In a symmetric cochlefEq. (Al)] the z components of
fluid motion are the same on both sides of the organ of Corti

complex

incompressible fluid: |APy./Vpml- The phase of the impedance is found
v (AP, phase)-(v,y, phase). (A11)
VPI—pE+—pv-Vv+,uV2v. (A1)
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