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Abstract
We describe a protocol for scanning measurement of the basilar membrane vibration in sensitive
gerbil cochleae. The scanning interferometer consists of a sensitive heterodyne laser interferometer,
a microscope, and a computer-controlled three-dimensional positioning system. Approximately 1-mm
basilar membrane is exposed through the surgically opened round window. The magnitude and phase
of the basilar membrane vibration in response to a best-frequency tone are measured as functions of
the longitudinal and radial locations. The volume velocity of the basilar membrane vibration centered
at the best-frequency location is derived from the longitudinal and radial data. These data together
with characteristic impedance of the cochlear fluid are used to quantify the power gain of the basilar
membrane vibration, which is critical for studying the cochlear-amplifier mechanism.

Equipment
• A heterodyne laser interferometer including an OFV-5000 controller and an OFV-505 sensor head
(Polytec GmbH, Waldbronn, Germany).
• A three-dimensional positioning system consisting of three linear translation stages and a controller
(Newport Corporation, Irvine, CA).
• A DSP lock-in amplifier (SR830, Stanford Research Systems, Inc, Sunnyvale, CA).
• A signal generation and data acquisition system (System II, Tucker-Davis Technologies, Alachua,
FL).
• A miniature sensitive microphone (Etymotic Research Inc., Elk Grove Village, IL).
• A vibration isolation table (Newport Corporation, Irvine, CA) and a sound attenuated booth
(Industrial Acoustics Company, Bronx, NY).

Procedure
1.

Use young healthy Mongolian gerbils (40-80 g) for scanning measurement of soundinduced basilar membrane vibration.

2.

Anesthetize animals by intraperitoneal injection of ketamine (30 mg/kg) followed by
intramuscular xylazine (5 mg/kg)1, 2.

3.

Monitor cochlear sensitivity by recording the compound action potential and by the
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nonlinear compression of basilar membrane responses.
4.

Remove the original collimating and focusing lenses and precisely align different
optical components1,
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of the interferometer sensor head to improve the optical

sensitivity. Use a compact laser power meter to monitor the alignment result of each
optical component. Couple the object beam of the laser interferometer into a custombuilt microscope. Use the carrier signal level to monitor the optical sensitivity of the
system when the object beam was focused on a low reflective (~0.0001%) surface.
Minimize the noise floor of the instrument by maximizing the carrier signal level. For
scanning measurements of the basilar membrane vibration, the transparency of the
perilymph in the optical path significantly affects the carrier signal level and the
noise floor. Blood cells suspended in the perilymph often prevent the interferometer
from detecting the basilar membrane vibration. Thus minimize bleeding and avoid
blood cells entering the cochlea.
5.

Expose approximately 1-mm-long basilar membrane in the first turn through
surgically opened round window. Focus the object beam of the scanning
interferometer on the basilar membrane through a glass coverslip and the perilymph.
Define the scanning paths by 10 to 20 reference points using a 3-dimensional
positioning system. The longitudinal scanning path is approximately underneath the
second row of outer hair cells; the radial scanning path is at the best-frequency
location. Digitize the magnitudes and phases of the basilar membrane vibration
velocity in response to a continuous best-frequency tone at the rate of 2 samples/s
when moving the laser focus spot along the longitudinal scanning path at the speed
of 5.0 µm/s. The scanning rate along the radial direction is 2.0 µm/s. Calculate the
displacement magnitude (D) in nm and phase (Φ) in radians at each location from the
velocity magnitude (V) and phase (θ) according to D = V / 2πf and Φ = θ - π/2, where
3

f is the stimulus frequency in Hz.
6.

Measure the volume displacement of the basilar membrane vibration (V bm ) as
follows. Normalize the measured magnitude-radial location function with the
maximum magnitude as 1.0. Obtain the radial magnitude pattern at each longitudinal
location by multiplying the normalized radial magnitude pattern by the measured
displacement at the given longitudinal location. Plot all displacement values over the
in-plane vibrating area to show the spatial pattern of the basilar membrane vibration.
Obtain the phase value at each location inside the in-phase vibrating area from the
longitudinal and radial phase. Add a constant to all phase values over the in-phase
vibrating area to shift the phase value at the best-frequency location to nπ (n = 0, 1,
2…), and then calculate the maximum volume displacement of the basilar membrane
vibration Vbm + . Derive the real value (R) at each location from magnitude (M p ) and
phase (Φ p ) using R = Mp *cos(Φ p ), and integrate R over the in-phase vibration area to
quantify Vbm + . Define the in-phase vibration area by the basilar membrane width in
the radial direction and a half-wavelength distance in the longitudinal direction.

7.

Measure the volume displacement of the stapes vibration (V s+ ) as the product of the
single-point displacement amplitude (D ps ) and the area of the stapes footplate (A s ).
Record Dps approximately from the center of the stapes footplate. Although complex
stapes vibration has been reported4 , our pilot experiments showed that vibrations
from four distributed locations on the stapes footplate were in phase and that their
mean was very close to the measured single-point displacement from the center. In
addition, the single-point vibration of the stapes has been commonly used for
calculating the basilar membrane vibration transfer function5 .

8.

Harvest the stapes and mount it using bone wax, with the perilymphatic surface of
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the stapes footplate in an approximately horizontal plane. Capture the image of the
stapes footplate using a digital camera through a stereomicroscope. Detect the edge
of the stapes footplate and calculate As by multiplying the number of pixels of stapes
footplate image with the area of each pixel.
9.

Obtain the volume displacement gain of the basilar membrane vibration (G vol )
according to Gvol = Vbm + / Vs+ at different intensities. Calculate the displacement
gain at a single location (G p ) using Gp = Dpbm / Dps , where Dpbm and Dps are
displacements at the best-frequency location and at the stapes.

10.

Quantify the relevant energy of the cochlear partition vibration by measuring power
in the cochlear fluid surrounding the partition according to classical cochlear
mathematical models6-9 , which present the cochlear traveling wave using a series of
independent sections along the longitudinal direction, and neglect longitudinal
coupling. Calculate energy in the cochlear fluid based on the volume velocity and
fluid characteristic impedance10 . Obtained the sound energy passing through the inphase vibrating area centered at the best-frequency site in 1 second (I bf ) according
to the equation Ibf = (V bfV ) 2 ρ c, where VbfV is the volume velocity measured centered
at the best-frequency location (V bfV = 2 π f Vbm + , where f is frequency and Vbm + is
the volume displacement), ρ is the density of the cochlear fluid ( ρ = 1,000 kg/m3),
and c is the speed of sound in water (c = 1,500 m/s). Similarly, quantify energy in
the cochlear fluid near the stapes (I s ) according to equation Is = (V sV ) 2 ρ c, where VsV
is the volume velocity of the stapes vibration (V sV = 2 π f Vs+ , where f is frequency
and Vs+ is volume displacement of the stapes vibration.

11.

Finally, calculate the energy gain (G e ) from equation Ge = Ibf / Is . According to the
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above relationship between energy and volume displacement, Ge = Gvol 2 , where Gvol
is the volume displacement gain.
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