In vivo measurement of basilar membrane stiffness
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Basilar membrane stiffness measurements were made in the base of the gerbil cochlea. Basilar
membrane stiffness was determined by contacting the basilar membrane with a stainless steel
needle (tip diameter 25 m) attached to a force transducer, putting the needle/transducer
structure through a low-frequency sinusoidal excursion with amplitude 5 or 25 nm, and
measuring the restoring force exerted on the needle by the basilar membrane at the applied
frequency. Stiffness was calculated as the amplitude of the restoring force divided by the
amplitude of the excursion. Stiffness was measured over a 24-zm range of static displacements
of the basilar membrane and is presented as stiffness versus static displacement. In cochleas
that were not damaged during surgery the stiffness versus displacement characteristic usually
had the following features: (1) an initial stiffness plateau with average stiffness 0.6 N/m; (2) a

second plateau or level off with average stiffness 9.1 N/m; and (3) an increase in stiffness
beyond the second plateau that was consistent with the theoretical stiffness-vs-displacement
function of a beam. These features were present both pre- and post-mortem. '

PACS numbers: 43.64.Kc, 43.64.Yp

INTRODUCTION

The basilar membrane is the underlying support of the
organ of Corti. Its shape is that of a narrow, flat strip, taper-
ing from the apex to the base of the cochlea. In ultrastruc-
tural observations in guinea pig, the basilar membrane was
found to be composed of three anatomically distinct layers
(Turato, 1962). A layer of tympanic cells borders scala tym-
pani. A 20-nm basement membrane forms the border with
the organ of Corti. In between is a noncellular layer, com-
posed of protein filaments in a cottony ground substance.
The filaments run transversely between the osseous spiral
lamina and the spiral ligament. The filamentous layer itself
divides into two zones transversely. In the arcuate zone, be-
tween the lamina and the outer pillar cell, the filaments lie
side by side beneath the basement membrane. In the transi-
tion region between the two zones, the filaments group into
the bundles that characterize the pectinate zone, which is
between the outer pillar cell and the ligament. The filament
bundles complete the span to the ligament, which they enter.
Light microscopic observations in the mongolian gerbil
showed basic similarities to guinea pig with the exception
that, in gerbil, the pectinate zone is unusually thick, seem-
ingly due to an increased volume of cottony ground sub-
stance (Plassman et al., 1987; Lay, 1972).

Voldrich (1978) demonstrated that when the basilar
membrane was deflected with a needle, the form of the de-
flection was a thin radial depression. This observation, cou-
pled with the transverse anatomy, suggested that the trans-
verse filaments of the basilar membrane behave structurally
as a set of transverse beams with little longitudinal coupling.
Knowing the stiffness of the basilar membrane and the organ
of Corti it supports is important to understanding the mo-
tion of the cochlear partition. The stiffness of these struc-
tures, coupled to the inertia of the fluid in the scalas, pro-
duces traveling wave motion in the cochlea. The ratio of
partition stiffness to mass, a value that decreases from base
to apex, determines how far along the basilar membrane the
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traveling wave will go before it is rapidly attenuated.

Gummer et al. (1981) and Miller (1985) have mea-
sured basilar membrane point stiffness in freshly excised
cochleas of guinea pig. However, it has recently been shown
that the workings of the cochlea deteriorate almost immedi-
ately following death of an experimental animal (Rhode and
Robles, 1974). This vulnerability was part of our motivation
for making in vivo measurements, in which we could com-
pare pre- to post-mortem stiffness. We also hoped to estab-
lish an experimental method that could become a basis for
measuring forces in the cochlea.

The measurement was a dynamic measurement. A sinu-
soidal excursion was applied to a force transducer upon
which a needle was mounted. The (flattened) tip of the nee-
dle was in contact with the basilar membrane. The force
exerted on the needle by the basilar membrane was measured
by the force transducer. The measurement was made over a
range of static deflections. The stiffness at each static posi
tion was calculated as the amplitude of the force measured at
that position, divided by the amplitude of the applied excur-
sion. Because the measurement was dynamic, the quantity
determined in this way is strictly the mechanical impedance
of the basilar membrane, Z,:

ZIII = Fa/x’ (1 )

where F, is the force applied by the needle to the basilar
membrane in order to produce the motion x at the driving
point. In complex terms,

Z, =k —wm + iwr, 2)

where k is the stiffness, m is the mass, and r is the viscous
resistance of the basilar membrane. We measure the force
exerted on the probe by the basilar membrane, which is equal
and opposite to F,. The restoring force due to stiffness op-
poses the motion of the probe needle, i.e., is 180° out of phase
with the motion. The force of inertia is in phase with the
motion, while viscous resistance lags it by 90°. We measured
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both the magnitude and phase of the force on the needle,
and, in several experiments, measurements were made at
more than one frequency. These measurements permit de-
tection of viscous resistance and inertial forces. At the fre-
quencies used, less than 100 Hz, the predicted inertial force
due to a 25-um section of the organ of Corti is several orders
of magnitude lower than the force due to basilar membrane
stiffness. Resistive forces in the basilar membrane are also
expected to be relatively small. The mechanical impedance is
expected to be dominated by stiffness, and our measure-
ments bore this out. Therefore, we chose to use the term
stiffness to describe the quantity we measure.

. METHODS

Gerbils of the species meriones unguicilatus (Mongoli-
an gerbils) were used. The gerbil was given a subdermal
injection of the analgesic tranquilizer acepromazine (dose 1
mg/kg) followed an hour later by an injection of the anesth-
etic sodium pentobarbital (initial dose 60 mg/kg). Supple-
mental 10-mg/kg doses of sodium pentobarbital were given
when required. The temperature of the animal, measured
with a rectal thermometer, was maintained at 38 °C. To
maintain a clear airway, a slit was made in the trachea and a
tracheal tube was inserted. The gerbil was on its back, with
its head held in place with a headholder. Both pinnas were
removed and cyanoacrylate glue between the gerbil’s bullas
and the earbars secured the animal’s head into the holder.
The left bulla was exposed by clearing away the overlying
tissue with a hemostat and forceps and small scissors. The
bulla was opened with sharp forceps and the bone of the
bulla was removed as far medial and caudal as possible, and
far enough rostral to allow for clear visibility of the round
window opening of the cochlea. The cochlear bone sur-
rounding the round window opening was scraped back ap-
proximately 100 gm with a small knife. The round window
membrane was removed with a fine insect pin, bent at its tip
to make a microhook. A tiny bit of dye (fast green FCF No.
F-7252 Sigma) was put on the round window before its re-
moval, to help visualize the membrane.

After a swath of the round window membrane had been
removed, there was clear, approximately perpendicular ac-
cess to the basilar membrane in the region where the mem-
brane was entering the first turn. Figure 1 shows the ap-
proach to the basilar membrane. The measurement position
was approximately 1.3 to 1.4 mm from the basal end of the
basilar membrane. The entire length of the basilar mem-
brane in this species of gerbil was measured by Plassman et
al. (1987) as approximately 13 mm. The measurement posi-
tion corresponded to approximately the 17-kHz best fre-
quency place, based on measurements of summating poten-
tial made via an electrode in scala media (unpublished
observation).

The rod extension of the force probe was securely
clamped onto the endstage of a hydraulic microdrive, which
was itself mounted onto a micromanipulator. The probe was
manually positioned with the micromanipulator so that the
end of the probe needle was inside the round window open-
ing, and was pointed at, but roughly 70-um up from, the
basilar membrane. Further positioning of the probe was
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done remotely from outside the sound chamber.

The force probe consisted of two parts: a force-to-vol-
tage transducer which detected the forces on its attached
needle and a voltage-to-motion transducer (driver) to pro-
duce the dynamic excursion and static displacement of the
force transducer and attached needle. The needle was 1.8 cm
long and tapered at the end to a flattened tip with a diameter
of 25 um. The probe stiffness was approximately 3500 N/m.
This was much greater than the basilar membrane stiffness,
so the needle’s motion was not significantly diminished
when loaded by the basilar membrane. The probe is de-
scribed further in Appendix B.

The needle was aimed at the center of the basilar mem-
brane widthwise (170 to 180 gm wide here), but, due to
limited visibility, the true position of the needle was estimat-
ed as being centered to within half of the width. Given this
estimation, our measurements were usually made in the pec-
tinate zone of the basilar membrane, close to the transition
between the arcuate and pectinate zones.

To make and determine contact the force transducer
structure was put through a 35-nm peak sinusoidal excur-
sion, and advanced toward the basilar membrane in 1-zm
steps with the hydraulic microdrive until contact was detect-
ed: As soon as a stable peak emerged from the noise viewed
on a spectrum analyzer, contact was assumed. The mini-
mum detectable peak (with no averaging) corresponded to a
force of roughly 10-nN peak, equivalent to a minimum de-
tectable stiffness of 0.3 N/m.

B e,

FIG. 1. Approach. View of cochlea after opening bulla. The probe needle is
in contact with the basilar membrane, which appears as a dark stripe. The
stapedial artery lies above the round window opening and continues
through the opening in the stapes.
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The force transducer structure was then stepped in 1-
4m steps to a maximum static deflection of 20 um. It was
then withdrawn in 1-um steps toa — 4-um position. A vari-
ation of this paradigm was sometimes performed in which
the order of the static positions was pseudo-random. At each
static position the probe was put through 30 presentations of
a 5-nm peak sinusoidal excursion and 30 presentations of a
25-nm peak sinusoidal excursion. Each presentation was 0.9
s long. Most experimental runs were done at 80 Hz. Three
runs were done with three consecutive frequencies of presen-
tation at 20, 40, and 80 Hz.

During each excursion presentation, the transducer vol-
tage was sampled 1500 times and the last 1024 samples were
averaged over the 30 presentations. The averaged wave-
forms were stored in a PDP-11 computer and were Fourier
analyzed for the magnitude and phase of the return force.

Mechanical noise, the dominant noise source, was atten-
uated by doing the experiments on a vibration isolation table
in a sound chamber. The general noise level in the 20- to 200-
Hz range of frequencies that was monitored during experi-
ments with a spectrum analyzer was at level corresponding

to a force of approximately 3.6 nN(rms)/y/Hz. The back-
ground noise level in the spectra of computer analyzed data

was at a level of 0.6 nN (rms)/y/Hz.

As a monitor of cochlear health, the compound action
potential (CAP) response to tone bursts spanning the fre-
quencies from 2-20 kHz at levels of 50, 60, and 70 dB SPL
was measured. The CAP was measured via a silver wire elec-
trode positioned just outside the round window opening.
The response was measured before the bone of the round
window opening was cleared and the round window mem-
brane removed, again just after round window removal, and
at interim periods during the experiment.

A. Sources of experimental error

It is possible for a drop of water to condense onto the
upper portion of the needle midway through a stiffness mea-
surement, which would exert an inertial force on the needle.
For example, at 80 Hz the mass required to produce an iner-
tial force with magnitude equivalent to a stiffness of 1 N/m is
4 mg, corresponding to a volume of water of 4 mm?. Drops
this large were never seen. An inertial force produced in this
way would be detected as an error when the forces on the
needle were checked following the stiffness run. Runs in
which the post-run error was found to be substantial were
excluded from the reported results.

The dynamic force on the needle due to surface tension
at the fluid/air interface is predicted to be in phase with
excursion, with a magnitude of approximately 0.1 N/m mul-
tiplied by the excursion size. With the excursion sizes used a
force of this size is at or beneath the level of the noise. Trials
designed to detect the force of surface tension, in which the
needle was lowered into water or watery gelatin, did not
produce a detectable signal.

A deviation from perpendicular contact between the
probe and the basilar membrane would introduce two errors.
First, the measured stiffness would be equal to the actual
stiffness multiplied by a factor cos(8), where @ is the devi-
ation angle. Theta was estimated as being less than or equal
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to 15°, producing a maximum error in the measured stiffness
of 5%. Second, a deviation from perpendicular contact
would cause the edge of the probe to make initial contact
with the basilar membrane, so not all the fibers in the 25-um
basilar membrane section eventually contacted by the probe
would be engaged at once. As the probe was advanced more
fibers would become engaged. This would result in a region
of increasing stiffness. A 15° error would produce a region of
increasing stiffness lasting 3 zm. Therefore, a deviation from
perpendicular contact might be partly responsible for the
region of increasing stiffness we attribute to probe coupling
in the presentation of results below.

Il. RESULTS

Basilar membrane stiffness measurements were per-
formed in 18 gerbils. We emphasize the results from the most
recent 12 gerbils, in which measurements were made with
the paradigm described above. Before presenting the results
of the basilar membrane stiffness measurements, we present
observations on the extent of the damage caused by the ex-
periments.

Two of the 12 cochleas were damaged during removal of
the round window membrane. Damage was immediately
known, and as expected, caused severe reduction in the CAP
response. In cochleas in which round window removal ap-
peared to be successful, the CAP response usually was not
substantially reduced following removal. In all but one ex-
periment the CAP was severely reduced following the first
stiffness measurement. In Fig. 2(a) ratios of the CAP re-
sponses to 60-dB SPL tones after round window removal to
the responses before round window removal are shown. The
ratios are plotted for a gerbil in which round window remov-
al was successful (731) and for a gerbil in which damage
occurred (102). In animal 102, the ratios are small across
frequencies, while, in animal 731, the ratios are always
greater than 0.7. In Fig. 2(b) the ratios of the CAP responses
to 60-dB SPL tones after the first stiffness run to the re-
sponses before the first stiffness run, but after round window
removal are shown for two gerbils which had successful
round window removal. The ratios for animal 731 show
what typically occurred following the first stiffness run: The
CAP ratios are small across frequencies. In contrast, the
CAP responses of animal 016 were still relatively strong fol-
lowing the run. In animal 016, the CAP was still viable after
the second run, but following the third run the CAP re-
sponse was severely reduced. In one experiment an electrode
was inserted into scala media, allowing for monitoring of the
endocochlear potential. The endocachlear potential was sta-
ble at 58 mV for over half of the first stiffness run but then fell
gradually, and was 46 mV at the end of the run. Following
the run, the CAP response was substantially reduced, espe-
cially at high frequencies.

In the 12 experiments, round window removal was suc-
cessful in animals 717, 731, 87, 109, 016, 031, N27, D4, and
D11. Damage occurred during round window removal in
cochleas 87 and 102. In animal 722, although round window
removal was successful, localized damage to the basilar
membrane occurred during positioning of the probe. (Re-
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FIG. 2. (a) Ratios of CAP responses to 60-dB SPL tones after to responses
before round window removal in two animals. (b) Ratios of CAP responses
to 60-dB SPL tones after to responses before first basilar membrane stiffness
run in two animals.

sults from all 12 cochleas are included in the pooled data in
Fig. 7.)

Most experiments contained four to five stiffness runs.
In all but a few cases, the probe was repositioned between
runs. The last one to two runs of an experiment were some-
times done after the animal was sacrificed with an overdose
of sodium pentobarbital. Measurements in which the null of
the transducer inertia was not stable over the course of the
run (see Appendix B); measurements in which no change in
force was measured throughout the run, likely due to errone-
ous judgment of contact; and measurements in which the
probe was accidentally positioned very close to the lamina or
ligament, are not included in the pooled data. From the 12
animals, we include data from 39 stiffness runs.

In general, the force exerted on the probe by the basilar
membrane was very close to 180° out of phase with the excur-
sion. The absence of a lagging force component indicates the
absence of a significant contribution to the force from vis-
cous resistance. In experiments in which force was measured
at 20, 40, and 80 Hz, the stiffnesses measured at the three
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frequencies were approximately equal, indicating that iner-
tial forces were insignificant at these frequencies. Therefore,
the data are presented as stiffness (k) versus static displace-
ment (x) curves, where & is calculated as the force ampli-
tude divided by the excursion amplitude. The phase of the
force relative to the excursion is plotted along with each
magnitude plot.

A. Typical teatures of basilar membrane stiffness

In cochleas that were not damaged during round win-
dow removal the stiffness versus displacement characteristic
displayed typical features. The common features of basilar
membrane stiffness are numbered in Fig. 3(a) (animal 016
run 1) with the numbers corresponding to the regions de-
scribed below.

1. Initial plateau

Twenty-one out of 39 runs had an initial plateau. The
plateau varied in length between 2 and 12 gm, with a mean

stiffness K (N/m)
T BB 8 R S S&

P

praseGeges)
BEEEEE8sR88

5 0 5 10 15 20
position {microns)

—e— 5nmm - 25nm

FIG. 3. Basilar membrane stiffness (top) and phase of force relative to ex-
cursion (bottom). Data from one stiffness run is plotted. Arrows differen-
tiate data taken as probe was advancing from data taken as probe was re-
tracting. Features that were common to most measurements are identified
with numbers. (1) Initial plateau; (2) second plateau; (3) final quadratic
growth in stiffness, and (4) extension of second plateau as probe is retract-
ed. The quadratic fit to the data is k=15 N/m+0.19
N/(m zm*) (x — 8.0)%
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length of 4.6 um, and had a stiffness that ranged between 0.2
and 1.2 N/m, with a mean stiffness of 0.6 N/m. The length of
the initial plateau was influenced by background noise,
which was often dominated by animal noise and varied be-
tween experiments. There is a correlation between noise and
plateau length because, in noisy experiments, the basilar
membrane was probably not detected until it had been de-
flected a relatively large distance. The initial plateau was
relatively short and sometimes absent in noisy experiments.

2. Second plateau

Thirty-three out of 39 runs had a second plateau. In
measurements in which the static position of the probe was
advanced in order, a rise in stiffness lasting from 2 to 6 um
usually occurred beyond the initial plateau, ending in a re-
gion where the stiffness was almost constant with displace-
ment. The stiffness of this second plateau region ranged from
1.4-20 N/m, and was on average 9.1 N/m. Four of the lar-
gest second plateau stiffnesses, with values of 15, 16, 17, and
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20, were found in animal 016. One explanation for the rise to
the second plateau is that the probe was becoming fully cou-
pled to the basilar membrane over the rise region. To test this
explanation, a variation of the standard run was done in
which the order of the static positions was randomized. Re-
sults from two consecutive measurements made at the same
location are shown in Fig. 4 (animal D11, runs 1and 2). The
first run, Fig. 4(a), was done with randomly ordered static
positions. In this case, following the 0-m position, the nee-
dle was advanced to the 8-um position. The second run, Fig.
4(b), was done with ordered static positions. The two stiff-
ness measurements gave similar results. However, the grad-
ual rise in stiffness that occurred between the contact point
and the 6-um position in Fig. 4(b) is absent in Fig. 4(a).
These data support the explanation that the rise to the sec-
ond plateau found in the ordered measurements was due to
probe coupling and that the rise was absent in random mea-
surements because the initial 8-um displacement fully cou-
pled the probe to the basilar membrane.

'S
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FIG. 4. (a) Basilar membrane stiffness (top) and phase of force relative to excursion (bottom). Measurement made with randomized static positions. The
static positions were ordered as follows: 0,8,19,4,17,2,11,13,10,6,12,20,3,7,16,14,1,18,9,15,5, then reversed (5,15...), and finally, — 1, — 2, — 3, — 4. Qua-
dratic fit to the data is £ = 8.5 N/m + 0.18 N/(m zm?) (x — 3.5)2. (b) Basilar membrane stiffness (top) and phase of force relative to excursion (bottom).
Measurement made with ordered static positions, immediately after, and in same position as, measurement of (a). Quadratic fit to the data is X = 8.0

N/m 4 0.26 N/(m um?) (x — 3.5)%
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3. Final growth

Following the second plateau the stiffness increased
smoothly, with a form that can be fitted with the quadratic
function

k=k,+a(x—x,)" (3)

This is the theoretical stiffness versus displacement relation-
ship of a beam, where kp is the beam’s linear stiffness, x, is
the undeflected position of the beam and a, the coefficient of
the quadratic term, is dependent on the dimensions, bound-
ary conditions, and material of the beam (Gummer et al.,
1981). In Figs. 3, 4, and 6 fits of the quadratic function to the
data are shown.

4. Extension of the second plateau as the probe was
retracted

In many cases, as the probe was retracted, the second
plateau was extended to static displacements smaller than
the static position of its onset as the probe was advanced.
This was probably because the probe was fully coupled to the
basilar membrane over the full second plateau region as the
probe was retracted. In 17 runs, the plateau was extended to
the point that the stiffness increased, as though the basilar
membrane were stuck to and being retracted with the needle.

In some cases as the probe was retracting, at static dis-
placements just smaller than the region of the second plateau
extension there was a region in which the stiffness scaled
nonlinearly with excursion level. The range from 0-6 um,
retracting, in Fig. 3 provides a clear example. The smaller (5
nm) excursion gave a larger stiffness than the larger (25
nm) excursion. In this case, the 5-nm excursion was made
before the 25-nm excursion. In runs in which the 25-nm ex-
cursion was made first, it gave a larger stiffness in this region
of the curve. The steep portion of the curve retracting seems
to represent the uncoupling of the probe from the basilar
membrane, and apparently whichever excursion level occurs
later measures a reduced stiffness because of a slightly less
coupled probe. The nonlinear points did not have significant
harmonics as they would if they represented positions at
which the probe was completely uncoupled from the mem-
brane, and was actually knocking up against it.

The phase of the force on the needle relative to the ex-
cursion phase in Fig. 3 was close to 180° throughout the run.
The first few and last few measurements made with the 5-nm
excursion show the largest deviations from 180". The forces
in these measurements were almost in the noise.

Cochleas 816, 102, and 722 did not possess the basilar
membrane stiffness versus displacement characteristic that
was found in cochleas that were not damaged during round
window removal. In cochleas 816 and 102, the second pla-
teau was absent or less pronounced and the stiffness was in
general smaller. Figure 5 shows a stiffness versus displace-
ment plot from experiment 102 (run 5).

In cochleas that were healthy following round window
removal, the features of early post-mortem stiffness (less
than 2 h post-mortem) were similar to the features of pre-
mortem stiffness described above. Figure 6 shows two stiff-
ness versus displacement measurements from animal 731
(runs 4 and 5). Figure 6(a) was a pre-mortem measurement
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FIG. 5. Basilar membrane stiffness (top) and phase of force relative to ex-
cursion (bottom) in a damaged cochlea.

and Fig. 6(b) was an early post-mortem measurement. The
rise to the second plateau and final quadratic increase in
stiffness as the probe was advanced, and extension of the
second plateau as the probe was retracted are apparent in
both plots. The differences in the two plots do not exceed
differences between pre-mortem runs. In Fig. 6(a), the stiff-
ness when the probe was retracted was smaller than when
the probe was advanced. Hysteresis of this sort occurred
commonly both pre- and post-mortem.

Characteristics of the stiffness versus displacement mea-
surements from the 12 animals are pooled in Fig. 7. We
graph histograms of incidence of measurements of stiffness
within given ranges for the stiffness at the 20-um position,
and for the stiffnesses of the first and second plateaus. A
spread in the measured basilar membrane stiffnesses is to be
expected for the following reasons: We have estimated that
the needle tip is positioned within 50% of the center of the
basilar membrane widthwise. This variability in transverse
centering of the probe is expected to cause variability in the
measured stiffness of both plateaus and the stiffness at the
20-um position. Miller (1985) made stiffness measurements
across the width of the basilar membrane, and found that the
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FIG. 6. (a) Basilar membrane stiffness (top) and phase of force relative to excursion (bottom ). Pre-mortem stiffness measurement. Quadratic fit to the data
is k= 8.6 N/m + 0.18 N/(m zm?)(x — 7.75)". (b) Basilar membrane stiffness (top) and phase of force relative to excursion (bottom). Post-mortem
stiffness measurement made after measurement of (a). Quadratic fit to the data is £ = 10.0 N/m + 0.095 N(m zm®) (x — 4.5)°

stiffnesses were greater by factors of 1.3 to 3 in the positions
one-quarter and three-quarters across the width of the mem-
brane relative to the stiffness midwidth. A second source of
variation is that, as stated in the initial plateau description
above, the stiffness, and thus the deflection, with which a run
begins is partly dependent upon the noise level. Variability in
the deflection with which the run begins will cause variabil-
ity in the value of the stiffness at the 20-um position.

B. Stiffness of the spiral lamina

In experiments 031 and N27, the stiffness of the bone of
the spiral lamina was measured by positioning the needle tip
over the lamina, close to its connection with the basilar
membrane. In both measurements, following an initial 1- to
2-pum region of increasing stiffness, probably due to coupling
of the probe to the lamina, the lamina stiffnesses were rough-
ly constant over at least 9 um of static deflection. The lamina
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stiffnesses were 10 070 N/m and 16 800 N/m. These stiff-
nesses were determined by taking into account the degree to
which the lamina stiffness loads the probe, whose stiffness is
3500 N/m. The large value of lamina stiffness relative to
basilar membrane stiffness suggests that the bone provides a
rigid edge support for the basilar membrane.

1Il. DISCUSSION

A. Comparison with point stiffness measurements
made in excised cochlea of guinea pig

One of the reasons for doing in vivo experiments was to
look for differences in stiffness pre- and post-mortem. Qur
own abservations of pre- versus post-mortem stiffness
showed that the typical features of stiffness did not depend
on the animal being alive. Therefore, we might expect the
stiffness we measure to be similar to the stiffness measured in
excised cochleas. A relevant anatomical difference should be
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FIG. 7. Stiffnesses of different regions, pooled across data; (a) Initial pla-
teau stiffness; (b) second plateau stiffness; and (c) stiffness at 20-zm posi-
tion.

noted. The anatomy of the basilar membrane of most gerbil
species, including meriones unguicilatus, has a specialized
structure that is not found in guinea pigs or most other mam-
mals. This is a relatively thick basilar membrane, especially
in the pectinate zone, due to what was described by Lay
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(1972) as a “hyaline mass.”” This tissue forms a layer of the
basilar membrane with the transverse filaments, with which
it is enclosed and sparsely threaded. Lay suggested that the
hyaline mass might be an increased volume of the cottony
ground substance described in Iurato’s (1962) ultrastruc-
tural studies. A thick basilar membrane is expected to be
stiffer than a relatively thin basilar membrane. On the other
hand, the hyaline mass might not contribute to the basilar
membrane stiffness as much as other components, in partic-
ular, the transverse protein filaments and possibly the organ
of Corti. Plassman et al. (1987) argue against the hyaline
mass contributing to basilar membrane stiffness, using as
evidence that the greatest thickening occurs in the medium-
and low-frequency regions of the cochlea, and that the gerbil
species with the greatest sensitivity to low frequencies pos-
sess the largest hyaline mass beneath the pectinate zone.

Both Gummer et al. and Miller reported a stiffness pla-
teau upon contacting the basilar membrane that usually per-
sisted over the first 2 to 3 pm of static basilar membrane
displacement. Gummer ez al.’s values of early plateau stiff-
ness varied between 0.25 and 0.8 N/m. Miller’s values of
early plateau stiffness varied between 0.4 and 2.0 N/m.
(Miller made measurement with a 10-um-diam probe nee-
die. In a beam model of the basilar membrane, stiffness
scales with probe diameter so to compare her results with
ours we multiplied the stiffnesses she reported by 2.5. Miller
made measurements across the width of the basilar mem-
brane. We only included her measurements that were cen-
tered to within half of the basilar membrane width in this
comparison.) Qur initial plateau stiffness ranged between
0.2and 1.2 N/m and persisted over as many as 12 gm, with a
mean length of 4.6 zm. The size of the initial plateau stiffness
is fairly similar in Miller’s, Gummer er al.’s, and our mea-
surements, and its length is greatest in our measurements.

Miller reported that the stiffness versus displacement
relationship (which she measured over 10 um) had three
plateaus. The third, stiffest plateau had a stiffness of approxi-
mately 1.4 to 12.5 N/m. Our second plateau stiffness, which
ranged from 1.4-20 N/m, with a mean of 9.1 N/m, is similar
to Miller’s third plateau. Gummer et al. did not report a
plateau above the initial plateau, but did observe a “satura-
tion” in stiffness increase. However, the saturation occurred
at a stiffness of approximately 2 N/m, significantly lower
than the plateaus Miller and we measured. The stiffnesses
reported by Gummer et al. were similar to stiffnesses we
have measured in cochleas which were damaged during
round window removal, and it is possible that their measure-
ments were made on cochleas that had been similarly da-
maged.

B. Interpretation of different regions of measured
stiffness

A schematic of a cross section of the organ of Corti
shown in Fig. 8 illustrates a tentative interpretation of the
different stiffness regions. The initial plateau [Fig. 8(b)] is
interpreted as the stiffness of structures which have low re-
sistance to shear but are possibly incompressible, and is ten-
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FIG. 8. Speculative anatomical basis for different regions of basilar mem-
brane stiffness. Arrows designate restoring forces. (a) Cross section of the
organ of Corti prior to probe contact; (b) initial plateau region of stiffness;
(c) second plateau region; (d) final quadratic growth in stiffness; and (e)
extension of second plateau as probe is retracted.

tatively identified with the hyaline mass, or cottony ground
substance described above. This interpretation of the initial
plateau was put forth by Miller (1985). The greater length of
the early plateau in our measurements relative to measure-
ments in guinea pig might reflect the greater thickness of this
layer in gerbil.

As Miller pointed out, if the initial stiffness plateau is
due to an incompressible substance, under pressure loading,
the substance’s stiffness would be very large compared to the
stiffness due to the deformation of cochlear structures and it
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would not contribute to the stiffness relevant to cochlear
mechanics. Then the structures that give rise to the second
stiffness plateau might provide the relevant stiffness. The
structures that give rise to the second plateau [Figs. 8(c)
and (e) ] are not known. It is possible that the second plateau
is the linear stiffness region of the transverse protein fibers of
the basilar membrane, but we cannot rule out a contribution
to the stiffness from the organ of Corti. In Miller’s measure-
ments, in which hair and supporting cells were not intact, the
arches of Corti apparently contributed to the measured stiff-
ness. In our experiment 016, the CAP response to high-fre-
quency tones was still viable following two stiffness runs,
suggesting that hair cells and their attachments were prob-
ably intact in at least this animal, which had the largest aver-
age second plateau stiffness. Therefore, in panels (¢) and
(e), we include a contribution to the second plateau stiffness
from structures of the organ of Corti, with possible contribu-
tions from hair cells and their attachments. The values of
sterocilia stiffness determined by Strelioff and Flock (1984)
and Howard and Huspeth (1988), when adjusted to the ge-
ometry and dimension of the outer hair cell sterociliary bun-
dle, indicate that the sterociliary contribution to the stiffness
we measure could be of the order of a N/m, thus making a
significant contribution to the second plateau stiffness.

Beyond the second plateau, the stiffness increases qua-
dratically with distance [Fig. 8(d)]. A quadratic stiffness—
deflection relationship is the signature of a structure with
attached edges that is deflected to the extent that there is a
nonlinear dependence of restoring force on deflection due to
stretching. The transverse protein filaments have a beamlike
structure and firm edge attachments, and are the most prob-
ably basilar membrane component to produce the quadratic
increase in stiffness.

We have suggested that the second plateau stiffness is
produced by structures of the organ of Corti in addition to
the transverse filaments of the basilar membrane, while the
quadratic growth in stiffness following the plateau is pro-
duced predominantly by the filaments. Analysis of the data
supports this proposal. The &, and a values found in fitting
the beam equation (3) to the data can be used to calculate
the beam height. The size of the calculated beam height can
be used to bound the possibilities for the sources of the sec-
ond plateau and quadratic growth in stiffness. (Allaire eral.,
1974; Bummer et al., 1981.) In particular, if the quadratic
growth in stiffness is due to the protein filaments, but the
plateau stiffness is due to other structures in addition to the
filaments, the calculated beam height will be larger than the
anatomical height of the filaments.

The calculation of beam height depends on the location
and area of force application and on the boundary conditions
of the beam. Gummer et al. derived the expression for beam
height for a beam with a force applied at its midpoint with
either simply supported or clamped boundary conditions.
They favored the clamped condition, whereas other authors
(Miller, 1985; von Bekesy, 1960) have favored boundary
conditions in which the lamina edge is clamped and the liga-
ment edge is simply supported. The calculated beam height
with one edge clamped and one edge simply supported is

intermediate between the calculated height with simply sup-
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ported edges and the calculated height with clamped edges.
Using Gummer et al.'s derived equation with our probe tip
diameter (25 gm) and our measured basilar membrane
width (175 gm) gives for the apparent beam height: (1)
clamped condition A = 1.4 (kp/a)o‘s, and (2) simply sup-
ported condition & = 5.0 (k,/a)®’.

These expressions and the &, and « values found from
fits to the stiffness versus displacement measurements in
Figs. 3, 4, and 6 were used to calculate the beam heights in
Table I. With the clamped condition, the heights range from
7.8-14.4 um; with the simply supported condition, the
heights range from 27.8-51.4 um. The thickness of the pecti-
nate zone of the basilar membrane in meriones unguicilatus
is roughly 10 #m in the extreme base of the cochlea but
increases in turn 1 to approximately 20 um (Plassman et al.,
1987; Lay, 1972). Our measurements were made in the tran-
sition between these two regions. However, based on the an-
atomical observations in guinea pig by Iurato, and those in
gerbil by Plassman et al. and Lay, the transverse protein
filaments probably account for only a few um worth of the
thickness. Therefore, the calculated beam heights are large
compared to the anatomical thickness of the transverse pro-
tein filaments of the basilar membrane, suggesting that

structures other than the transverse filaments contribute to
k,.

Several of our basilar membrane stiffness measurements
had particular features that supported the proposal that the
structures that produce the stiffness of the second plateau
are different from the structures that produce the stiffness
beyond the plateau. For example, Fig. 9 (animal N27,run 1)
shows a basilar membrane stiffness measurement in which
the probe was positioned close to the lamina. As the probe
was advanced, the stiffness increased quickly, but smoothly.
As the probe was retracted the stiffness decreased more
quickly than it had increased, as though the basilar mem-
brane had been stretched out by the measurement. Possibly
because of this reduced stiffness, a plateau that was not ap-
parent as the probe was advanced was apparent as the probe
was retracted. The plateau had a stiffness of 16.5 N/m,
which is within the bounds of the plateau stiffnesses found in
measurements made midwidth on the basilar membrane.
That the plateau stiffness was affected less by the off-cen-
tered position of the needle than the region of increasing
stiffness beyond the plateau was suggests that different
structures contributed to the two stiffness regions.

TABLEI. Apparent height of basilar membrane beam structure, calculated
from fits of beam Eq. (3) to the data.

Calculated height (uzm)

Simply

Measurement  k,(N/m) a(N/m um?)  Clamped supported
Fig. 3 15.0 0.19 12.4 44.4
Fig. 4(a) 8.5 0.18 9.6 34.3
Fig. 4(b) 8.0 0.26 7.8 27.8
Fig. 6(a) 8.6 0.18 9.7 34.6
Fig. 6(b) 10.0 0.095 14.4 514
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FIG. 9. Basilar membrane stiffness (top) and phase of force relative to ex-
cursion (bottom).

C. Calculation of volume compliance

Our measurements of point stiffness can be used to esti-
mate the volume compliance of the basilar membrane. Vol-
ume compliance is equal to the displaced volume of fluid per
unit basilar membrane length divided by the pressure across
the basilar membrane. Because pressure across the basilar
membrane is the physiological input driving basilar mem-
brane motion, knowing the volume compliance is important
for models of cochlear mechanics.

volume compliance = 4 /P, (4)

where A is the cross sectional area of the displaced fluid, and
P is the pressure across the membrane;

point compliant = x/F, (5)

where x is the displacement of the beam at a point and F'is
the force applied at that point. Point compliance is the in-
verse of point stiffness. We found the point stiffness of the
second plateau, which we interpret as the relevant stiffness
for cochlear mechanics, to be approximately 9.1 N/m. Ex-
pressed as point compliance, it is 0.11 m/N.

In order to use point compliance to calculate volume
compliance, we approximate the length of basitar membrane
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that is deflected by the probe as a beam, and use linear beam
theory. The width of the beam is equal to the width of the
probe: Because of the assumption of little longitudinal cou-
pling in the basilar membrane, the adjacent regions are as-
sumed to not be deflected. The length of the beam is equal to
the transverse width of the basilar membrane, bounded by
the spiral ligament on one side and the spiral lamina on the
other. We have found volume compliance as a function of
point compliance for both simply supported and clamped
boundary condition. An outline of the calculations is given
in Appendix A. Here, we give the results:

(1) clamped boundary condition:

volume compliance = point compliance X (2.2x 10~ '3
m?);
(2) simply supported boundary condition:

volume compliance = point compliance X (3.1 10~ "
m?).
Using our 0.11-m/N value of point compliance we find:
- (1) clamped boundary condition:

volume compliance = 2.4 X 10~ '* m*/N
(2) simply supported boundary condition:
volume compliance = 3.4 10~ '* m*/N.

These values of volume compliance can be compared to
volume compliances in a table compiled in Ruggero et al.
(1990). They calculated volume compliance by combining
results from basilar membrane motion measurements with
results from intracochlear pressure measurements. For ex-
ample, in guinea pig, the volume compliance they calculated
by combining Sellick ef al’s (1982) motion measurements
(made 0.34 cm from the stapes) and Dancer and Frank’s
(1980) pressure measurements was 6.4x 10~ '* m*/N. In
cat, motion measurements 0.3 cm from the stapes (Khanna
and Leonard, 1986) and Nedzelnitsky’s (1980) pressure
measurements were used to calculate a volume compliance
of 1.8 10~ '* m*/N. Qur calculated volume compliance is
similar to these volume compliances. The variability in the
volume compliances might be due to species differences and
differences in the characteristic frequencies (cf) of the mea-
surement positions; Khanna and Leonard’s motion mea-
surements in cat were made at positions with cf generally
greater than 20 kHz, whereas Sellick et al.’s measurement in
guinea pig was made at a position with a cf of 18 kHz, and
our stiffness measurements in gerbil were made at approxi-
mately the 17-kHz cf position.

IV. SUMMARY

Our measurements of basilar membrane stiffness as a
function of basilar membrane displacement, made in the
base of the gerbil cochlea, revealed two regions in which the
stiffness was approximately constant over several microns,
followed by a region of quadratically increasing stiffness.
The extent and magnitude of the initial stiffness plateau sug-
gest that this plateau is due to soft structures of the basilar
membrane that have a low resistance to shear but, as Miller
stated, might be incompressible under pressure loading.
Then, the second stiffness plateau, with a value of approxi-
mately 9 N/m, is the relevant stiffness for cochlear mechan-

1272 J. Acoust. Soc. Am., Vol. 89, No. 3, March 1991

ics. We did not find differences in the stiffness pre-mortem
versus early post-mortem. However, the one animal that was
outstanding in maintaining a viable CAP through two stiff-
ness versus displacement measurements also possessed the
largest second plateau stiffnesses, the largest being 20 N/m.
This suggests that healthier cochleas possess a greater stiff-
ness.
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APPENDIX A: DETERMINATION OF VOLUME
COMPLIANCE

The linear beam equation, appropriate for distortions
less than 0.3 times the beam height, is

Dd'y

dx*
where D is the flexural rigidity of the beam, a function of the
beam height, width, and material, and D has units (N-m); p
is the distortion perpendicular to undistorted beam length
(m); x is the distance along the undistorted beam (m); ¢ is
the external surface force (N/m?); s is the beam length

= basilar membrane width = 175 ym; and 4 is the probe
diameter = beam width = 25 pum.

A derivation of the beam equation can be found in Sy-
mon (1971). The boundary conditions are either such that
the edges are clamped (dy/dx =0at x =0 and x =) or
such that the edges are simply supported (d %y/dx? =0 at
x=0and x=s5). Inbothcasesy=0atx=0and x =s.

When the force is due to a pressure P, applied evenly
over the beam, the solution to the beam equation is:

9 (A1)

clamped boundary condition:

ol )+ (53]
=—1= _x|—}+x . Ala
D[ 24 12 24 ( )
simply supported boundary condition:
b (%) +(5)
=—{——-x—|+x{—]i. A2b
Y D {24 12 24 ( )

Volume compliance = (displaced volume per unit
length) /pressure = displaced area/pressure. To find the
displaced area we take the integral 3y dx. We find for the
volume compliance:
clamped boundary condition:

A/P=5/D[0.0014]. (A3a)
simply supported boundary condition:
A/P=75"/D[0.0083]. (A3b)

When the force is equal to a surface force g applied over
an area of size d * at the center of the beam, the deflection of
the center of the beam was found in Gummer ez al. Using the
result, the point compliance, equal to the center displace-
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ment y, divided by applied force F, is clamped boundary
condition:

y/F=[s*/(d*D)][0.00069]. (Ada)
simply supported boundary condition:
y/F=(5"/(d*D)][0.0029]. (A4b)

The results from Eqs. (A3) and (A4) can be combined
to express volume compliance in terms of point compliance.
The result is
clamped boundary condition:

volume compliance = point compliance X sd *

% [0.0014/0.00069]
= point compliance X2.2x 10~ " m?.
(ASa)
simply supported boundary condition:
volume compliance = point compliance X sd *
% [0.0083/0.0029]
= point compliance X 3.1 X 10~ m>.
(AS5b)

APPENDIX B: PROBE DESIGN AND CALIBRATION
1. Design

The probe is illustrated in Fig. B1. The two major com-
ponents of the probe are a force-to-voltage transducer and a
voltage-to-displacement transducer. Both transducers em-
ploy piezoelectric bimorphs (Vernitron, Bedford, Ohio).
The voltage-to-displacement transducer (driver) is used to
vary both the static and dynamic positions of the force-to-
voltage transducer in the range from 0.001-100 zm at fre-
quencies up to 100 Hz. The force transducer is capable of
detecting ac return forces, before signal averaging, on the
order of 10 nN. Both the driver and force transducer behave
linearly over the ranges of motion relevant in the experi-
ments.

Two 3.0X0.65 X 0.05-cm bimorphs served as the driver.
They were secured between the rod which is used to attach

force transducer

needle bimorphs
L-//
 S—————— :
., .
™
driver
bimorphs

e

FIG. B1. Force probe. Side view shows bimorphs edge on; nulling bimorph
is mounted next to force bimorph with attached needle. Speckled regions
are aluminum mounting structure. The probe needle is 1.8 cm long and has
a tip diameter of 25 um.
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the probe to the setup and the structure that holds the force
transducer bimorphs. Voltage was applied to the driver bi-
morphs in a manner that allows for secure attachments be-
tween the driver bimorphs and the attached structures, an
arrangement that has been described by Howard and Hud-
speth (1988) and Muralt ef a/. (1986). Information on the
use of bimorphs as motion sources was published by Corey
and Hudspeth (1980).

The force transducer comprised two identical
2.5%0.32X0.05-cm bimorphs: a force and a nulling bi-
morph, mounted side-by-side in an aluminum structure. A
thin stainless steel needle was glued onto the center of one
bimorph, the force bimorph. The needle was sharpened and
the tip was flattened to a diameter of 25 um. The nulling
bimorph was required to cancel the voltage generated across
the force bimorph by the distortion caused by the bimorph’s
own inertia. With sinusoidal excursion the force on both the
force and nulling bimorphs due to their inertias will be

(B1)

where m is the mass of the bimorph, wis 27 multiplied by the
excursion frequency and dx is the excursion size. The mass
of a single transducer bimorph is approximately 250 mg.
With a frequency of 70 Hz, from Eq. (B1), the inertial force
is equal to 48 N/m dx. This inertial force is roughly 50 times
the size of the force we measure due to basilar membrane
stiffness. Therefore, before contacting the basilar mem-
brane, the force transducer structure was put through a 1-
pm peak excursion with frequency equal to the frequency at
which the stiffness measurement will be made. The inertial
voltages of the two bimorphs that comprise the force trans-
ducer were nulled in a summing amplifier following a first
stage charge amplifier. Nulling was good to 1 part in 500 and
was stable for hours (periods longer than experimental
runs).

The force and nulling bimorphs were electrically shield-
ed. A thin layer of silicone sealer insulated the surface of the
bimorph. The insulated surfaces were coated with silver
paint, and grounded.

F=mu’ dx,

2. Calibration
1. Motion calibration

The static motion of the driver was calibrated by view-
ing the needle tip through the calibrated eyepiece micro-
meter of a microscope while applying dc voltage to the driver
bimorphs. The static displacement was approximately 0.45
um per volt. The motion to voltage ratio was approximately
constant over at least 30 um of static position, although
creep or hysteresis could produce up to 10% error in repeat-
ability and stability in the static position. The dynamic ex-
cursion of the driver, measured as for static motion excur-
sions greater than 1 zm, was approximately 0.42 um per volt
at 70 Hz. At frequencies above 100 Hz, the excursion grew as
the frequency approached a 180-Hz resonance. Both the
static and the dynamic motion appeared in line with the nee-
dle axis at frequencies up to and through the 180-Hz reso-
nance. Higher frequency resonances had substantial trans-
verse components. Scaling of the excursion level with
voltage level, and the excursion versus frequency relation-
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ship were determined (following a method outlined in Corey
and Hudspeth, 1980) by projecting a magnified image of the
needle onto a photodiode (EE&G PV-215) and referencing
the voltage output of the photodiode at various drive levels
and frequencies to the output for a known excursion. The
excursion level scaled linearly with driver voltage in the
range of voltages and frequencies measured: peak driver vol-
tages from 50 mV to 5 V and frequencies from 35-100 Hz.
With a constant magnitude driving voltage, the excursion
size increased by 20% between 5 and 100 Hz.

Measurements were made to insure that the static posi-
tion (dc voltage applied to driver) did not influence the dy-
namic excursion size, or diminish the precision of inertial
nulling.

2. Sensitivity (V/N) calibration

The force transducer’s sensitivity was determined by
measuring its voltage output in measurements on three sam-
ples of known stiffness. The stiffnesses of the samples were
63.0, 42.9, and 10.7 N/m. The force transducer needle was
brought into contact with each of the samples and, using the
driver, it was put through 5- and 25-nm peak 80-Hz excur-
sions. The restoring force exerted by the materials on the
needle was found by multiplying their stiffnesses by the ex-
cursion size. The magnitude and phase of the force trans-
ducer’s output due to the restoring force of the samples was
measured. The magnitude scaled linearly with excursion
amplitude. With two of the samples the phase of the trans-
ducer voltage was within 2° of 180° relative to the driver
motion. The phase of the restoring force of a pure stiffness is
180°. With the third sample, the phase was within 14° of 180°.
It is probable that the phase discrepancy was due to a me-
chanical resonance of the sample. The voltage output of the
force transducer was divided by the restoring force to give
the bimorph sensitivity in volts per newton. The different
calibration materials gave sensitivities of 14.66, 16.19, and
14.24 V/N with a mean of 15.03 V/N. The probe calibration
was stable over time, given that this calibration provided a
value similar to the 15.8-V/N value obtained 9 months ear-
lier.

A check on the calibrated sensitivity was provided by
the output of a single (unnulled) force transducer bimorph
due toits own inertial force, which gave the transducer sensi-
tivity as 17.3 V/N, quite close to our 15.03- and 15.8-V/N
calibrations.

The theoretical sensitivity of bimorph transducers,
based on their distortions under specific mounting condi-
tions and loads, was given in Thurston (1953). The predict-
ed sensitivity of a bimorph with the dimensions and piezo-
electric material of our transducer bimorph, beam mounted
with simply supported boundary conditions, was 30 V/N.
Our bimorph is beam mounted, but with clamped boundary
conditions, which, by reducing the distortion to a given
force, will reduce the sensitivity relative to the sensitivity of a
simply supported bimorph. Therefore, our calibrated sensi-
tivity is reasonably consistent with the theoretical sensitiv-
ity.
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3. Probe stiffness

The probe stiffness is equal to the series combination of
the driver and transducer stiffnesses. The stiffness of the
driver was estimated by measuring the change in inertial
voltage of the nulling force transducer bimorph when the
needle was in contact with an object with stiffness small, but
not insignificant, relative to the stiffness of the probe. The
change in the inertial voltage of the nulling transducer when
the probe was loaded by an object, relative to the voltage
when the probe was unloaded was due to a reduction in
probe motion. The ratio of loaded motion to unloaded mo-
tion is

xX1/xo=ky/ (kg + ko), (B2)

where k, is the driver stiffness and k,, is the series combina-
tion of the transducer stiffness (%, ) and the object stiffness
(ky). An object with a stiffness of 256 N/m was found to
reduce the motion of the probe to 0.944 times its unloaded
motion. Because the transducer stiffness was expected to be
much larger than 256 N/m, k,, was approximately equal to
ko, =256 N/m. The stiffness of the driver found from Eq.
(B2) was k; = 4315 N/m.

Because of the relatively small size and stiff mounting of
the force transducer bimorphs, the stiffness of the force
transducer is expected to be substantially larger than the
stiffness of the driver. Applying an expression for bimorph
stiffness from Corey and Hudspeth (1980) to the specific
mounting conditions of the transducer bimorphs gave a pre-
dicted force transducer stiffness of 18 700 N/m. The probe
stiffness, found as the series combination of the driver and
transducer stiffnesses, is approximately 3500 N/m.
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