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Three-Dimensional Motion of the Organ of Corti
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ABSTRACT The vibration of the organ of Corti, a three-dimensional micromechanical structure that incorporates the
sensory cells of the hearing organ, was measured in three mutually orthogonal directions. This was achieved by coupling the
light of a laser Doppler vibrometer into the side arm of an epifluorescence microscope to measure velocity along the optical
axis of the microscope, called the transversal direction. Displacements were measured in the plane orthogonal to the
transverse direction with a differential photodiode mounted on the microscope in the focal plane. Vibration responses were
measured in the fourth turn of a temporal-bone preparation of the guinea-pig cochlea. Responses were corrected for a “fast”
wave component caused by the presence of the hole in the cochlear wall, made to view the structures. The frequency
responses of the basilar membrane and the reticular lamina were similar, with little phase differences between the vibration
components. Their motion was rectilinear and vertical to the surface of their membranes. The organ of Corti rotated about a
point near the edge of the inner limbus. A second vibration mode was detected in the motion of the tectorial membrane. This
vibration mode was directed parallel to the reticular lamina and became apparent for frequencies above ~0.5 oct below the
characteristic frequency. This radial vibration mode presumably controls the shearing action of the hair bundles of the outer
hair cells.

INTRODUCTION

The hearing organ achieves its extremely high sensitivityOHCs on the BM (Fig. 1A). Moreover, because the Deiters’
with an active, mechanical amplification process that iscells are connected to the reticular lamina of more apically
embedded in a three-dimensional (3D) structure—the orgatocated neighboring OHCs by the phalangeal process, this
of Corti. The central element is the outer hair cell (OHC), longitudinal mechanical coupling might influence the mo-
which can inject mechanical energy into the organ of Cortition of the stereocilia (Voldch, 1983; Kolston and Ash-
by axial contraction and elongation of its cell body more, 1996). The tips of the longest stereocilia of the OHCs
(Brownell et al., 1985; Zenner et al., 1985). The OHC gre embedded in the TM (Lim, 1980). The TM is coupled to
motion can follow a change of membrane potential, indethe vibration of the RL by the OHC stereocilia and the
pendent of frequency up to at least 20 kHz (Dallos ancharrow fluid layer of the subtectorial space. The geometry
Evans, 1995; Frank et al., 1999). The transmembrane pasf the organ of Corti causes a transverse motion of the BM
tential can be changed by a mechanical stimulus by shearing pe transformed into a radial (or shear) motion between
of the OHC stereocilia (Kros et al., 1992; Preyer etal., 199410 TM and the RL (Rhode and Geisler, 1967; ter Kuile,
1996) or pe_rhaps by an electrical stimulus from extracellularlgoo)_ The TM possesses an additional vibration mode,
microphonics (Dallos and Evans, 1995). Fredicted by Allen (1980) and Zwislocki and Kletsky

Here, we are interested in 3D mechanical properties 0{1979) and found experimentally by Gummer et al. (1996),
the organ of Corti, which influence the shearing motion of,i-h"is a resonant vibration in the radial direction. Ac-

the OHC stereocilia. The shearing motion is governed bycording to Zwislocki (1980), this so-called parallel reso-

the re_lat|ve motion between_ the reticular Iz_imma (RL) andnance is due to (a part of) the TM mass and the bending
tectorial membrane (TM) (Fig. A). The RL is coupled to : - L .

. . T stiffness of the OHC stereocilia. This vibration mode will be
the basilar membrane (BM) by the axial mechanical Imped'influenced by the resistance of the narrow fluid layer of the
ances of the OHCs (Neely and Stover, 1993) and the Dei- y Y

ters’ cells (Nobili and Mammano, 1996), which support thesubteptonal_ space (AII(_an, 1980; ZV.V'SIOCk" 1980). .
To investigate the micromechanics of the cochlear parti-

tion and to identify the different modes of vibration, a
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Measurement set-up

A novel set-up was developed (FigB} that allows the measurement of
vibrations in three orthogonal directions by combining a laser-Doppler
vibrometer (LDV, OFV-302: wavelength, 633 nm; output power, 1 mW,
Polytec, Waldbronn, Germany) with a differential photodiode system with
in-situ calibration. Both systems were coupled to an epifluorescence mi-
bas.ilar Deiters’ outer  inner croscope (Aristomet, Leitz, Germany). The vibrometer measured velocity
membrane cell hair cell hair cell components in the transverse direction, whereas the photodiode was sen-
sitive to displacements in the image plane, orthogonal to the laser beam.
However, because bright-field illumination was required for the photo-
diode measurements, the two systems had to be used sequentially rather
than simultaneously. To achieve high optical resolution and to avoid
reflections from an air-water interface, a water-immersion objective lens
with a high numerical aperture was used (Zeiss4WNA, 0.75; focal
depth, 0.7um; working distance, 1.92 mm).

The LDV part of the set-up has been described elsewhere (Hemmert et
al., 2000). Briefly, the fluorescence filter block of the microscope was
replaced by a beam splitter (DLHS, modified, Spindler and Hoyét; Go
tingen, Germany) to couple the laser light into the optical pathway of the
microscope from the side. The beam splitter was designed to maximally
reflect red light (550—730 nm; reflection coefficient at 633 nm, 99.8%), but
allowed short-wave light<<550 nm) to transmit (60—-98%). This concept
allowed observation of both object and laser light when the preparation was
illuminated from the side with a cold light source (KL 1500, Schott,
Wiesbaden, Germany). The plane of the laser focus was adjusted to the
focal plane of the microscope with the objective of the LDV. The LDV was

A mounted on a precision positioning stage (Spindler and Hoyer) to align the

laser beam exactly with the optical axis of the microscope. The fine
FIGURE 1 @) Cross-section of the organ of Corti, showing outer hair positioning of the laser focus on the desired cell was also performed with
cells, inner hair cell, Deiters’ cells, Claudius cells, Hensen cells, basilaithis system.
membrane, reticular lamina, tectorial membrane, stereocilia, and inner To yield a better image quality for the photodiode measurements, the
sulcus. B) Coordinate system and the measurement set-up. The lasebbeam splitter for the laser was withdrawn and additional bright-field
Doppler vibrometer (DV) measures velocity in the transverse direction, illumination (100 W halogen lamp, DC-power supply) was used. The
defined as being parallel to the optical axis of the microscdge The photodiode was mounted on a shielded piezoelectric bimorph that pro-
double photodiodeRD) measures displacement in the plane orthogonal toduced a reference signal of 246 nm when an electrical signal (1 V sine
the transverse direction. The positions of the basilar membiak# énd wave, 72.5 Hz) was applied. The sensitivity of the photodiode system was
the reticular laminaRL) in the coordinate systenREL—T) is marked with measured from this reference signal, allowing an in-situ calibration. Ad-
dotted lines. Note that the reticular lamina is inclined at about 35° to theditionally, the reference signal gave an estimation for the linearity of the
basilar membrane. T, transverse; R, radial; and L, longitudinal directionsphotodiode system, which was better than 1% for displacement amplitudes
smaller than 250 nm. A double photodiode (BPX 48, SiemeristhFu
Germany. photo-sensitive areas: width= 0.7 mm; length] = 2.2 mm;
distance between areas$,= 90 um; spectral sensitivity: 430-1150 nm,

min post mortem (Bosher, 1979). Only recently have in_with maximum at 850 nm) and differential amplifier (Gitter and Zenner
' 1995, modified) were used to obtain high sensitivity and rejection of

YIVO measurements of aplcal cochlear meChamCS_ been pu?lhmination instabilities. The photodiode was inserted into the image plane
lished (Cooper and Rhode, 1993, 1995, 1996; Hao ang the microscope in a photo-adapter (magnification of objective and
Khanna, 1996; Rhode and Cooper, 1996; Ulfendahl et alphoto-adapter: 400). Polystyrene microspheres (diameter, Af; spe-
1996; Maier et al., 1997; Zinn et al., 2000). The fact that, upcific gravity, 1.05. Polyscience_ llnc., Warr_ington, U.$.A.) with high con-

to now, no significant differences in frequency selectivity trast were used to ensure sensitive recordings. The bimorph and photodiode

between vibration responses measured in vivo and in vitr were attached on a translation stage. The phototube of the microscope has
P QWO camera ports—the photodiode system was mounted in the focal plane

at the apical end of the guinea-pig cochlea have been foungh, one of these ports. The translation stage allowed positioning of the
(Hemmert et al., 2000) justifies the use of a temporal-bon@hotodiode over the image of the object.
preparation to evaluate our new technique. Cochlear structures were documented with a CCD-camera (Hamamatsu
In this report, we describe properties of the 3D vibrationC3077' Hamabhita, Japan), with contrast enhancgment (C2400). The camera
. . . . __,was attached on the other camera port of the microscope’s phototube. The
of the organ of CFOI’tI, determined expe_nme_ntally by c_)pt_lcalimage was displayed on a video monitor (total magnification: 3¢Q@nto
measurements in three orthogonal directions. Preliminaryich the position of the phododiode was marked. The second orthogonal

reports of this work were presented at the Midwinter-Meet-direction in the horizontal plane was obtained by rotating the microscope’s

basal
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phototube with photodiode and camera by 90°. Sections of the experimerPhotodiode calibration

were stored on a U-matic video system (Sony VO-7630). The temporal

bone was fastened on a hydraulic micromanipulator (Narishige MO 103,The transfer function and the frequency response of the photodiode system
Tokyo, Japan), which was mounted on a cardan joint to the microscop&/ere determined with a microsphere glued on a piezoelectric actuator (PST
table. Like a set of goniometers, this system allowed the rotation of thet>0/7/15, Pickelmann, resonant frequency: 25 kHz). The transfer function

object in three axes without loosing the focal point. The microscope tableV@S Mmeasured with the actuator mounted in the horizontal plane and

was equipped with micrometer screws to allow precise positioning. Thesnmm"jltEd with a sinusoid (18m, 5 Hz). The output of the photodiode

whole microscope set-up was supported on a vibration isolation tablesyStem as a function of displacement of the probe is shown in Fig. 2. For

(Vibraplane, Kinetic Systems, Roslindale, MA, U.S.A.) in a sound-atten-zgﬂgzmglgrydiifazf(%izgl’,ﬁi?]aifg dLi%:nlol/:) F.II% 2é;23rzyts;2n}rgas
uating chamber (IAC, Niederkahten, Germany). '

. . L L gquency response, a multitone signal was used, and the photodiode signal
When a water-immersion objective was used, the velocity signal mea

. was compared with the integrated velocity response of the piezoelectric
sured with the LDV was corrected by a factor of 0.75 to account for theactuator measured with the LDV. The frequency response of the photo-

reduced speed of light in water. The frequency response of the low-pasgiode exhibited a first-order low-pass function with a corer frequency of
filters (third-order Bessel filter, corner frequency: 5 kHz) in the Polytec 550 Hz: this response was mathematically compensated.
controller (OFV 3000) and the time delay (%8) of the phase-locked loop Errors caused by nonlinearities of the photo-diode system when the
(PLL)-velocity demodulator (OVD-01) were corrected. This was achievedproad-band multitone signal was used for frequency-response measure-
by calibrating the laser system with a piezoelectric actuator (PSt 150/4/5ments were also mathematically estimated. For this purpose, the transfer
Pickelmann, Muachen, Germany) with a high resonant frequency function of the photodiode (Fig. 2) was approximated by a sinusoidal
(50 kHz). function. For 2% distortion (worst-case approximation), the calculated
Velocity was defined positive for motion in the direction of scala errors were less than 2 dB in amplitude and 5° in phase. Thus, provided that
vestibuli (T-component), the inner sulcus (R-component), and toward théhe photodiode was in its linear range (distortions in the reference signal
apex (L-component). Sound pressure was positive for rarefaction. Thémaller than 40 dB relative to the fundamental), errors in the frequency-
velocity trajectories of the motion were extracted from the amplitudes andesponse function caused by distortion could be neglected.
phases of the three orthogonal vibration components and plotted as ellip- The accuracy of the photodiode measurements was limited predomi-

tical projections. The displacement trajectories would show the same shagt@ntly by @ slow drift of the preparation (velocity up to a@n/h on the
and direction, only their magnitudes would differ by a scaling factor of (ectorial membrane). To assess the change in photodiode sensitivity caused
1/2nf. by this drift, the photqdlode calibration was performed pefore and after the
The inclination of the organ of Corti relative to the measurement Systemmgasurement of a displacement response. The a.mphtude was calculated
was determined from the horizontal and transversal coordinates of land— the geometric mean of the photod|oq§ sensitivity, determ|_ned from
marks: the surfaces of Claudius cells, Hensen cells and cells in the innepe tvvg reference measurgments. The stability of the reference signal gave
A ] ' ) an estimation of the amplitude error of the photodiode measurement.
sulcus (Fig. 1). The distances between these points were measured on the
monitor or with the micrometer screws of the object table. The plane of the
BM was inclined to the focal plane of the microscope because of anatompreparation
ical constraints of the preparation.
Pigmented guinea pigs (250—400 g) with a positive Preyer’s reflex were
decapitated after cervical dislocation and the temporal bones removed
rapidly. The bulla was opened widely to expose the cochlea ventrally, but
Frequency response measurement technique leaving the middle_ ear intact. Ear drum and cochlea were mo_istened d_uring
the preparation with Hanks balanced salt solution (HBSS, Sigma, Deisen-
To allow fast frequency-response measurements, band-limited pseudorahefen, Germany; adjusted to 300 mOsmol and pH 7.4). The temporal bone
dom noise was used, allowing determination of the complete frequencyvas glued to a delrin cone where it was fastened &aiach microphone
response curve within a single time window. This procedure relies on thdB&K 4135). A piece of perforated parafilm was glued (Histoacryl) on the
system being linear, as it was found to be for levels less than 90 dB sounaPex of the cochlea, onto which a droplet of HBSS was placed. Stria
pressure level (distortior< 1%). The stimuli were calculated for 2048
sample points, which were repeated every 20 ms and presented synchro-
nous with the analysis window by the internal signal generator of the 1.0 P
frequency analyzer (A&D 3525, Tokyo, Japan). For the measurements with
the LDV, band-limited white noise (2.5-2 kHz, 800 spectral lines) was
used. Because the dynamic range of the photodiode system was limited
(<40 dB), a multitone signal was used, which had a reduced amplitude
compared with white noise (10 dB). The frequency resolution of the signal
was 6.3 spectral lines/oct; in later experiments, beginning with L154, 9.1
spectral lines/oct were used. The multitone signal was calculated by sum-
ming 44 (67) sinusoids with equal amplitude but random phase. All
sinusoids were harmonics of 2.5 Hz, but with a minimum spacing of 6.3
(9.1) spectral lines/oct. Dividing the system’s output by its input in the
frequency domain, reveals both the amplitude and the phase of its transfer
function at the frequencies where energy was provided. The multitone ey
signal has the advantage that its maximum amplitude is a factor of 3 (3) and - '0_3 .2 R 0 1 2
its total power is a factor of 18 (12) lower than that for band-limited white Displacement (um)
noise (800 spectral points). Moreover, for the same signal-to-noise ratio,

the acquisition time is a factor of 44 (67) shorter than for sinusoidalFiGURE 2  Output of the differential photodiode as a function of probe
stimulus paradigms. displacementShaded areameasurement region af 250 nm.
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vascularis was visible under the droplet with the preparation microscopeignal, the response spectrum was linearly interpolated to allow a reverse
(Wild M5A, 25 or 50x magnification). A hole (about X 0.5 mn?) was Fourier transformation. This procedure induced no significant loss in
made in scala vestibuli without interrupting stria vascularis, the helico-precision (compare Figs. 3 and 9): the differences of the corrected re-
trema or Reissner's membrane. For all measurements reported in thiponses of the transverse component measured with white noise and the
study, the cochlea was opened at a distance-®»f3 mm from its apical = multitone signal was less than 2.4 dB, phase deviations were smaller than
extreme, corresponding to the 16-mm location (refer to vokeBg 1960, 8.6° (0.2-1 kHz).
Fig. 12-21).
To preserve the tectorial membrane, the droplet of HBSS was replaced
by artificial endolymph (in mM: K 150, Na" 1, C&" 2, CI~ 130, HCQy Protocol for vibration measurements
25, HEPES 5, pH 7.4, 300 mOsmol, according to Kronester-Frei, 1979) ) o ) )
before Reissner's membrane was opened. In a series of experimenfd' firstvibration measurement was always carried out with the LDV. For
(L156-L164), a solution without G4 (in mM: K* 150, Na 1, CI~ 126, measurements with the photodiode, bright-field illumination with the max-
HCO; 25, HEPES 5, pH 7.4, 300 mOsmol) was used. However, theimgm av_ailable light intensi_ty was used _to obtain the highest signal-to-
position of the tectorial membrane seemed not to be more stable in thed®iSe ratio. The reference signal for the bimorph was switched on, and the
preparations. photodiode was positioned at the edge of the microsphere on the point of
Polystyrene microspheres (diametel0 um, specific gravity 1.05;
Polyscience Inc., U.S.A)) were introduced into scala media to enable
measurements on the low contrast surfaces of the BM and the tectorial
membrane. Because polystyrene microspheres have almost the same spe-
cific gravity as water, they impose, in contrast to glass or metal particles,
no additional mass loading to the cochlear structures. The water-immersion
objective of the measuring-microscope was placed on the droplet. The
cellular structures of the organ of Corti and the overlying beads were
identified on the video display with contrast enhancement.

Velocity

=TT

L167 BM A
60 dB SPL

transversal

T T

T Ty

Sound system

Amplitude (um/s)

0.1
Sound stimuli were delivered closed field from a DT 48 earphone (Beyer,
Heilbronn, Germany) through a plastic tube damped with a woolen thread.

The temporal bone preparation on the delrin cone was held Byirch

condenser microphone (B&K 4135 and 2633 preamplifier, Naerum, Den- 0.01
mark) mounted on the cardanian joint on the microscope table. The 50 100 200 500 1000 2000
microphone signal was amplified (B&K 2610, Denmark) and sent to the
FFT-analyzer (A&D 3525, Japan). The signal produced by the generator of
the FFT-analyzer was fed to an equalizer (Yamaha EQ-500, Tokyo, Japan)
to correct, when necessary, for the frequency response of the loudspeaker.
The frequency response of the sound stimulus was flat from 50 to 2000 Hz
(x5 dB). All vibration responses were corrected for the sound pressure
measured by thé4-inch microphone near the ear drum and are given
relative to 60 dB SPL.

ST

transversal
-180

-360

Phase (deg)

-540
Correction for the open cochlea condition 720
Alterations of the response characteristics of the cochlear partition due to
the opening in the apex of the cochlea were corrected off-line by a similar -900
procedure to the one proposed by Cooper and Rhode (1996). Because the 0 200 400 600 800 1000
correction procedure and its effects have been described in more detail Frequency (Hz)
elsewhere (Hemmert et al., 2000), the method is only briefly summarized
here. The displacement response was inverse-Fourier transformed to yieIGURE 3 @A) Amplitude and B) phase of the 3D velocity response of
the impulse response. Frequency components below 50 Hz, where thtbe BM, measured on a microsphere adhered to a Claudius cell on the
response was below the noise floor, were rejected. The impulse responserface of the BM. The transverse componepien symbo)swas recorded
consisted of a “fast” component, which was probably caused by thebefore {nverted triangley and after {riangle9 the recordings in the focal
opening in the cochlea, and a “slow” component representing the travelinglane and with the multitone signali@mond$. Measurements in the focal
wave. The initial part of the impulse response, containing the fast compoplane were made with the differential photodiofiégd symbol$to obtain
nent, was suppressed with a window with a%sisaped onset (rise-time, 1  the radial ¢ircles) and longitudinal §quare} components. Relative to the
ms); this, rather than a rectangular window, was used to reduce truncatiofirst measurement in the transverse directionégrted triangley, measure-
artifacts. The total rise time was 1 ms. The time at half-maximijyy) ©f ments were made at 5 mitoggitudinal), 7 min (adial), 12 min grans-
the window onset was about 1.8 ms in this cochlear region. For eaclverse, multitone signgland 14 min {ransverse, white noi3eThe stability
preparationt,,, was chosen by a process of trial-and-error. The dglgy  of the reference signal was5 dB for the radial component antd0.3 dB
was deemed as optimal when the notches in both the fast and slofior the longitudinal component. Notice that phases have been plotted on
responses disappeared. The end section of the impulse response (100-2id@ar frequency axes so that pure delays are readily discerned as straight
ms) was faded out by a window with a eshaped decay (decay time, 100 lines. The characteristic frequency of both the transverse and the radial
ms). All recordings from one position were corrected with the samecomponents was 590 Hzarfow); frequency of the maximum of the
function. When the frequency response was measured with the multitonngitudinal component was 700 Harowhead.
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maximum sensitivity. Care was taken that no other object of high contrast The calibrating reference signal, generated by vibrating
entered the receptive field of the photodiode. The reference signal waghe photodiode, fell byv10 dB during the measurement of
averaged (28); the distortion components of the recordings were nor- the radial component because of a 500-nm drift in the
mally below the noise floor and at least 40 dB below the fundamental. For . . . . .
measurements with the photodiode, sound pressure levels of 90-100 ngSItlon of the m'CrOSphere relative to the phOtOd'Ode_th's
SPL per frequency point were used to yield a sufficiently high signal-to-drift is small compared with the diameter of the microsphere
noise ratio. Care was taken that the vibration amplitude did not exceed th4t10 wm). The amplitude of the radial component was#5
of the reference signal, so that the photodiode was still in its linear ranges 4B below the transverse component. The phase of the
Again, 20 averages were recorded. To complete the measurements with ”E?idial component led that of the transverse component by
photodiode, a further reference measurement was recorded to estimate t 4320 .
stability of the object relative to the photodiode position. To measure the (400_800 HZ)' The reference S'gnal was Stal‘:ﬂ@.$
second orthogonal vibration component in the focus plane, the microdB) during the measurement of the longitudinal component.
scope’s phototube with camera and photodiode was rotated by 90°, th he amplitude of the longitudinal component was about 6
object was realigned and the vibration recorded. Finally, another measurgyB pelow the transverse componehK( CF) and almost in
et i e OV s e o docrert e bl of e sbect 1 apiphase 1o i, lagging by 160° (400500 o)
major differences were seen between the recordings. The amplitude and phase data of the three orthogonal
vibration components can be used to reconstruct the trajec-
tory of the motion. The motion of each point can be plotted
RESULTS as an elliptical projection. Fig. 4 shows the projections of

di ional di 4 radial the velocity trajectories in the R-T and L-T planes. The
Two-dimensional recordings (transverse and radial COMPOgzjectories in the R-T-plane were almost rectilinear, with

nent) were performed in 11 preparations, and, in an addit'he major axis at an angle of 80° to the R-axis (Figh)4

tional 25 preparations, it was possible to conduct 3D V'bra'lndependent of stimulus frequency. Considering the mea-

tion measurements. The fast component was successful%rement uncertainty of the radial component-& dB, the

removed in 19 preparations, where 11 recordings were frorﬂue angle is expected to be somewhere between 72° and
the reticular lamina: 4 on the Claudius cells lying on the BM

and 7 on the tectorial membrane. In this study, only the

response characteristics of the slow component, attributable
to the traveling wave response of the cochlear partition

(Hemmert et al., 2000), are described.

142 Hz 192 Hz 262 Hz

Basilar membrane

An example of the three orthogonal velocity components of
a microsphere on the Claudius cells covering the BM is
plotted in Fig. 3. The transversal and the radial vibration

components were tuned t6590 Hz @rrow); the maximum

of the longitudinal component was700 Hz @rrowhead.

The frequency of 590 Hz represents the frequency at which
the amplitude begins to rapidly decay; in keeping with

convention (Wilson and Johnstone, 1975; Gummer et al.,
1987; Hemmert et al., 2000), this frequency will be referred

to as the characteristic frequency (CF). Unless specified to
the contrary, the term CF will be reserved for the transverse
component.

To document the stability of the preparation, the trans-
versal vibration was measured before and after measuring
the components in the orthogonal plane. The amplitudes in TR T Ll L
the CF region fell by no more than 3.7 dB (400-900 HZ);FIGURE 4 Velocity trajectories of a microsphere on the BM in tAg (
phase reductions were less than 10° (2007800 HZ)'_ N_le R-T-plane andB) L-T-plane at different frequencies. Data are from Fig.
surements of the transverse component with band-limited, |nciination of the BM was 354° to the R-axis and 8° to the L-asistted
white noise and with the multitone signal are also shownlines). The tags on the ellipses ait= 0 (circles) andt = T/4 (triangles
The interpolated response to stimulation with a multitoneallow determination of the direction of motion. For the R—T-plane, the
signal showed no significant differences to those of thhstability of thg refe_rence signat-6 dB) caused an uncertainty of the

. . . . angle of the trajectories of about6°. For the L-T-plane, the accuracy of
re_SponseS measured with white noise. The amp“t_Ude dev{ﬁe angle of the trajectories was limited mainly due to the decrease of the
ations were smaller than 2.4 dB and the phase differencegansverse componentg.7 dB), giving an uncertainty of less thart.0°.
were smaller than 7.3° (200 Hz-1 kHz). The scale bars extend t62 um/s.

&
T4
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84°. In this preparation, the BM was inclined-a6° to the Velocity
R-axis, so that its motion was approximately orthogonal to T ——T
this axis. In the L-T plane, the elliptical trajectories were 10 Ié(!)GJBHSePCL A
more opened (Fig. B)—the direction of the major axis of ]
the motion was 116°, also independent of frequency. The
BM was inclined at 8° to the L-axis, so that the motion was
approximately orthogonal to this axis. Taken together, the
two sets of data imply that the direction of motion was
orthogonal to the surface of the BM at all frequencies.
Averaged over all preparations, no significant difference in
CF between transverse and longitudinal (0:110.16 oct, “——longitudinal
N = 4) or between transverse and radial)(07 + 0.10 oct,

0.01 T
N = 5) components were found on the BM. 50 100 200 500 1000 2000

180

transversal

Amplitude (um/s)

0.1

Hensen cells L
-180 |

In some preparations, it was also possible to conduct 3D
measurements of the motion of a microsphere located on a
Hensen cell (Fig. 5) after the BM recordings (Fig. 3). The
bead was located close to the OHC, as depicted in Fgy. 1 540 |
For the preparation illustrated here, both sets of data were
recorded over a period of 30 min. The CF was 490 Hz, 720 -
rather than 590 Hz as found on the BM. The amplitude of . ) . )
the radial vibration component was2 dB larger than the '9000 200 400 600 800 1000
transverse component; the phase-difference was 13° (200— Frequency (Hz)
800 Hz). The longitudinal component was more sharply
tuned QlOdB = 12) than the transverse and radial Compo_FlG.URE 5 @) Amplitude and B) phase of the 3D vglocity response of
nents Q,o4s = 0.8 and 0.9, respectively); it was tuned to amlcrospher_e on a Hensen cell (close to the ogter hair ce!l)_. The transverse
700 Hz, like the BM in the longitudinal direction. Its am- com_pon'entt(langle$ was recorded after recording the radit¢les) and

. ! longitudinal Equare$ components. These responses were recorded after
plitude was 10-20 dB lower than the transverse componenfe responses on the BM, which were shown in Fig. 3. Relative to the
(f < CF), but, above CF, it was higher (2 dB). The longi- measurement in the radial direction, measurements were made at 3 min

tudinal Component |agged the transverse Component bgongitudinab and 7 min {ransversg The measurement in the radial
142° (200—800 Hz) direction on the Hensen cell was made 40 min after the first measurement

Th locity traiectories for the H I h ._in the transverse direction on the BM. The stability of the reference signal
€ velocily trajectories tor the Hensen cell are SNOWN IN,q .o 2 4B for the radial component and0.4 dB for the longitudinal

Fig. 6. The RL was inclined 140° to the R-axis (FIAB  component. CF of both the transversal and radial components was 490 Hz
this was determined by measuring the relative position ofarrow); the frequency of the maximum of the longitudinal component was
the focus on the inner sulcus and the surface of the Hensef®0 Hz @rowhead.

cell. The BM was inclined at 354° to the R-axis. The major

axis of the trajectories in the R—T plane was about 38° for

all frequencies (Fig. ). This means that, within the limits The estimates of the directions of motion of the BM and
of measurement accuracy, the direction of motion of theRL are consistent with the geometry of the organ of Corti.
Hensen cell was orthogonal to the surface of the RL at allThe difference between the major axes of their motion
frequencies (largest deviation, 12°). The ellipses openedanged from 35° to 45°, which is approximately equal to the
wider with increasing frequency up to the CF because of thghysical angle between the two membranes. Moreover, their
accumulating phase-difference between the two compomotion was parallel in the longitudinal direction (up to CF).
nents. In the L-T plane (Fig. B), the angle of the major To illustrate differences between recordings from differ-
axis was between 95° and 102° at CF. The direction of thent animals, the velocity responses and associated trajecto-
vibration was therefore approximately orthogonal to theries for another Hensen cell are shown in Figs. 7 and 8,
reticular lamina for frequencies up to CF. In contrast to therespectively. In contrast to the situation for the Hensen cell
situation in the R—T plane and to the case of the BM, thellustrated in Figs. 5 and 6, the response curves for all three
major axis rotated (counterclockwise) away from the or-orthogonal components were of the same shape with similar
thogonal at frequencies above CF, amounting to abou®,,4zand CF. The phase differences between the transverse
30° at the frequency of the maximum of the longitudinal and the radial components was 19°, between the transverse
component. and the longitudinal components 205°. Moreover, the tra-

-360 |- longitudinal

Phase (deg)

transversal
radial
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FIGURE 6 Velocity trajectories of a microsphere on a Hensen cell in the 720 ¢ 7
(A) R-T-plane andB) L-T-plane at different frequencies. Data are from 900 r L172 . 7
Fig. 5. Inclination of the RL was 140° to the R-axis and 8° to the L-axis 0 200 400 600 800 1000

dotted li Th le b tend to2 um/s.
(dotted line$. The scale bars exten uml/s Frequency (Hz)

FIGURE 7 @) Amplitude and B) phase of the 3D velocity response of
jectories of motion were almost rectilinear and orthogonala microsphere on a Hensen cell. The transverse component was recorded
to the RL at all frequencies. before {riangle) and after inverted trianglegrecording the radialgjrcles)

component; the longitudinal componesg@are$ was recorded thereafter.

Relative to the first measurement in the transversal direction, measure-
Tectorial membrane ments were made at 7 mimadial), 13 min ¢ransversg and 16 min

(longitudina). The stability of the reference signal was2 dB for the

The vibration of the TM in the transverse and radial direc-radial component anct1.2 dB for the longitudinal component. The CF
tions is illustrated in Fig. 9. The transverse component wad'as 800 Hz for all componentaufow).

measured before and after the radial component. The refer-

ence signal generated by the vibration of the photodiode

was stable £0.5 dB). For the later measurement in the indicate a second vibration mode, evident for frequencies
transverse direction, the amplitudes had fallen by 7.6 dBabove~0.5 oct below CF and directed approximately par-
over the whole frequency range; however, the phase redu@llel to the reticular lamina.

tions were only 11° (200—800 Hz), much smaller than the

phase d|ff_erence betwc_aen the tr?nsverse and radial CompB_ISCUSSION

nents, which was as high as 60°.

The transverse vibration component was tuned to abouthree-dimensional vibration measurements were conducted
650 Hz; the maximum of the radial component was at 55y combining an in-situ calibrated photodiode system and
Hz. The phase of the radial component relative to that of then LDV. The vibrometer detected motion in the transverse
transverse component was small for frequencies well belowlirection, whereas the photodiode system detected motion
CF (20° at 200 Hz). Beginning at0.5 oct below CF, the in the plane orthogonal to the transverse direction. The
relative phase steadily increased, reaching 60° at 608 Hzensitivity of the photodiode (noise floor: 2-5 nyiHz at
close to CF. Therefore, the trajectories of the motion (Fig.100 Hz; 0.67-1.7 nm//Hz at 1 kHz) was less than for the
10) were almost rectilinear for frequencies well below CFLDV (noise floor: 0.15-0.75 nm//Hz at 100 Hz; 0.015—
and became almost circular just below CF. The angle of th®.075 nmA/Hz at 1 kHz). Additionally, the dynamic range
major axis to the R axis was between 60° and 70° (200—-700f the photodiode was limited to 40 dB for displacements up
Hz). (The orientation of the BM was approximately hori- to 250 nm (magnification: 400), whereas it was greater
zontal in this preparation). In conclusion, these trajectorieshan 66 dB up to 2um for the vibrometer. However, it is
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FIGURE 8 Velocity trajectories of a microsphere on a Hensen cell in the

(A) R-T-plane andg) L-T-plane at different frequencies. Data are from . .
) N . ; ) -900

Fig. 7. Inclination of the RL to the R-axis and L-axis were, respectively, 4° 0 200 400 600 800 1000

and 17° @otted line} and, for the BM, the inclinations were 145° and 17° Frequency (Hz)

(doted line$. The scale bars extend to2 um/s.

FIGURE 9 (A) Amplitude andB) phase of the two-dimensional veloc-

ity response of a microsphere on the tectorial membrane. The transverse

component was recorded beforeigngleg and after (multitone signal,
possible to increase the linear range of the photodiode byiamonds white-noise,inverted triangles recording the radialdircles)

reducing the magnification. The contrast was larger forcomponent. Relative to the first measurement in the transversal direction,
microspheres on Hensen cells than on the BM because striggasurements were made at 13 mnad{al), 15 min ¢ransversemultitone

. . . ignal) and 16 minttansversewhite noise). The stability of the reference
vascularis and the overhanging organ of Corti reduced th%’lgnal was+0.5 dB for the radial component. The CF was 650 Hz for the

effective aperture of the objective. The photodiode Wasyansverse componerarfow); the frequency of the maximum of the radial
rotated by 90° to make the two sets of orthogonal measur&omponent was 550 Hafrowhead.

ments in the focal plane. An obvious improvement in this
respect could be achieved by replacing the differential pho-
todiode with a four-quadrant diode array. This would allow applications is the limited viewing angle caused by anatom-
the simultaneous recording of the two orthogonal compoical constraints, meaning that the object can only be rotated
nents in the focus plane (provided that a measuremerity small amounts. Decraemer et al. (1994) were able to
system with sufficient input channels is also available). Toaccess the umbo from an angle of otyl5. The viewing
obtain maximum sensitivity for recordings with the photo- angle is also restricted in the cochlea®; International
diode, reflecting microspheres were placed on the objects tbeam for Ear Research, 1989, chapter 21t5° to 20°;
be measured, making the procedure invasive. Neverthelesg}fendahl et al., 1995). The differences in the observed
the advantage of this system is that it allows vibrationmotions are small for these small viewing angles, so that the
measurements along three mutually orthogonal axes withoutumerical conditions for calculation of the 3D motion are
the need for rotating the object under consideration. poor. Mechanical instabilities in the preparation will com-
An alternative method was published by Decraemer et alpound the problem (see the Appendix).
(1994) and Ulfendahl et al. (1995). They measured the To allow precise rotation of the object without losing the
vibration with a single-point laser Doppler interferometer desired measurement spot, the ITER (1989, chapter 7)
and rotated the object to the desired recording directionmounted a three-axial linear positioning system on a goni-
From recordings from at least three linear-independent diemeter-system. The complete positioning system is too
rections, it is possible to calculate the three orthogonalarge and too heavy to integrate into a standard microscope.
vibration components and thereby reconstruct the 3D moThe need for a precision positioning and rotation system
tion of the object. A disadvantage of such a method for theimakes it difficult to adopt the measurement procedure de-
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145 Hz 215 Hz 278 Hz linear motion of the object in the R—T plane with an angle
T T [ ] [T of 45°. An amplitude inaccuracy of 1 dB causes an error
10 s ] 1 in the calculated angle of only-3°. Phase errors cause a
A R ] = deviation from rectilinear motion, the trajectory becoming
RPETEIT B S ce ] elliptical. For a phase inaccuracy af6°, the ellipse opens
360 Hz 535 Hz 692 Hz 900 Hz tq 1|0%; for a*=45° phase error the trajectory becomes a
R— et E—— e circle.
) r ] ] The accuracy of the vibration measurements presented in
- y . & ] the present study was primarily limited by a slow drift of the
I ] measurement object<@0 um/h), potentially causing a
change of the photodiode sensitivity during the recordings.
FIGURE 10 Velocity trajectories of a microsphere on the TM in the This deviation was assessed by measuring the photodiode
R-T-plane at different frequencies. Data are from Fig. 9. Inclination of thesensitivity before and after recording of the frequency re-
RL to the R-axis was 145°d6tted ling. The scale bars extend tb0.6 sponse. The number of frequency-response averages was
pms. limited to 20 as a compromise between stability and SNR.
Another potential source of error was possible changes in
the condition of the temporal-bone preparation. The vibra-
scribed by Decraemer et al. (1994) for a wider applicatiortion response in the transverse direction was therefore mea-
range. To resolve these problems, a laser system, sensitigered before and after recordings with the photodiode. In
enough for recordings in the cochlea, which also detectsnost preparations, the amplitude of the responses decreased
motion in the plane orthogonal to the transverse directionwith time (<18 dB/h), probably due to a frequency-inde-
would be of great interest. pendent (below 1 kHz) stiffening of the middle ear (Hem-
mert et al., 2000). There was usually little change in the
phase response<6°). Preparations in which the shapes—
not only the amplitudes— of the response functions changed
The accuracy of the vibrations recorded with the LDV is with time were discarded.
only limited by the signal to noise ratio (SNR) of the
measurement. In the temporal-bone preparation, the SNR i|g
the middle frequency region (100—1000 Hz) is much greater
than 20 dB, so that the amplitude and phase errors were legological systems often have a limited dynamic range and
than 1 dB and 6°, respectively (Appendix). At lower and show pronounced nonlinearities. For frequency-response
higher frequencies however, the SNR decreases, limitingneasurements it is important not to exceed the linear range
the measurement range. of the system. Therefore, frequency response functions of
If it were possible to rotate the object through largethe hearing organ are commonly determined with sinusoidal
angles, ideally 90°, then clearly the superior precision andtimuli. However, using sinusoids with a sufficiently high
sensitivity of the LDV compared with a photodiode would resolution requires long recording times (ITER, 1989; chap-
make it the measurement technique of choice. Howevetter 9: 50 Hz—2 kHz in 25-Hz steps¥3min.). Therefore,
when the recording angle is limited, the calculation of thebroad-band signals, such as clicks (Robles et al., 1976),
vibration direction is numerically ill-conditioned. If the white noise (Hemmert et al., 2000; Preyer et al., 1994, 1996;
rotation is 15°, minor inaccuracies in the amplitude9(2 Recio et al., 1997) or ternary white noise (Dallos and
dB) or phases£1.5°) give rise to an error in the calculated Santos-Sacchi, 1983; Dallos and Evans, 1995) are often
vibration angle of£5°, or an ellipsoid that is 10% opened, used, which allow the determination of the complete fre-
respectively (Appendix). Thus, the strong dependence of thquency response within one measurement.
calculated vibration pattern on measurement errors for lim- In systems that are essentially linear, as, for example, the
ited viewing angles defeats the purpose of using a highmiddle ear (distortion<< 1% for levels< 80 dB SPL;
precision laser vibrometer. This problem becomes eminerDecraemer et al., 1994) and the temporal-bone preparation
when the object is not sufficiently stable, small disturbancegdistortion << 1% for levels< 80 dB SPL, ITER, 1989),
during measurement of the vibration responses at differerttroad-band signals may be applied without causing signif-
angles giving rise to relatively large errors. icant distortion. The high linearity of the LDV allows the
With the aid of a differential photodiode mounted in the use of band-limited white noise. For the photodiode record-
focal plane of the microscope, it was possible to overcoméngs, with its limited dynamic range, a multitone signal with
the problem of limited recording angle. Because the orthog9.1 spectral lines per octave was developed. The advantage
onal components of the motion are then recorded, recomsf this signal is its greatly reduced amplitud&s)( and
struction of the vibration direction is numerically well- energy ¥12) compared with band-limited white noise. Dis-
conditioned. An estimation of error is possible by assumingortion products fall between the logarithmically spaced
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frequencies of the stimulus and, thus, compromise the medhe RL in their experiments. The fact that the motion of the
sured response function less, compared with white noise. AM did not follow the motion of the RL at very low
complete frequency response function can be measurddequencies in their study may indicate that the TM was
within a few seconds (20 averages: 4 s) using these broadrechanically detached or altered by the perilymph, which
band stimuli. flushed scala media when Reissner's membrane was
opened. The results of the present study, using artificial
endolymph as the bathing medium, indicate that the motion
of the reticular and BMs was unimodal, at least up to CF.
Responses measured in the transverse direction on a radiaur finding is in harmony with theoretic considerations: at
section of the organ of Corti demonstrated similar tuningleast for frequencies well below CF, where presumably the
characteristics for the Hensen cells, the three rows of outemotion of the cochlear partition is governed solely by its
hair cells, the inner hair cells (ITER, 1989), and the BM stiffness, only one vibration mode is expected.
(Cooper and Rhode, 1995; 1996; Gummer et al., 1993; In contrast to the situation for the BM and RL, recordings
Hemmert et al., 2000). From the relative amplitudes and then the TM showed significant phase differences between
small phase differences, it was concluded that the organ dhe radial and the transverse components in the frequency
Corti vibrates as a rigid body for frequencies below CF andange beginning-0.5 oct below CF (Fig. 9; also Gummer
that its motion is driven by the BM (von Bésy, 1960; et al., 1996). The vibration trajectories were near circular
Hemmert et al., 2000). The frequency-response curves confetween this 0.5-oct frequency and CF (Fig. 10). This was
pared well with those of in-vivo AC receptor-potential not caused by a time-dependent change in the tuning prop-
measurements from inner hair cells (Dallos, 1986) ancerties of the cochlear partition, because there was no sig-
recordings from nerve fibres (Evans, 1972; Rose et al.nificant phase change in the transverse component during
1971) at low and medium sound levels. The refined meathe recordings. Ulfendahl et al. (1995) reported almost
surement technique used in this study allowed, for the firstectilinear trajectories for the vibration of the TM. Apart
time, a detailed study of the 3D motion of the cochlearfrom the problems associated with measurements along
partition. The results indicate that the motion of both BM nonorthogonal axes, there might be an important physio-
and reticular lamina is predominantly orthogonal to theirlogic reason for Ulfendahl’'s finding of rectilinear motion.
surfaces. Together with the small phase deviation betweeNamely, if the second vibration mode is caused by a parallel
the vibration components, one can conclude that the orgaresonance of the inertia of the TM with the bending stiffness
of Corti, bounded by the reticular lamina and BM, rotatesof the hair bundle of outer hair cells, as suggested by
about a point near the edge of the inner limbus (Fig. 11). Zwislocki and Kletzky (1979), then detachment of the TM
Our results contradict findings by Ulfendahl et al. (1995), from the hair bundle might be expected to not only destroy
who reported relatively large phase differences between thine resonant condition, but also cause the radial component
transverse and radial vibration components of the RL buto be reduced relative to the transverse component, so that
almost no difference for the TM. Therefore, in contrast tothe motion degenerates from elliptical to rectilinear. In
the almost rectilinear motion reported here for the BM andcontrast, if the physical coupling of the TM to the stiffness-
the RL, the trajectories reported by them were elliptical.dominated hair bundles of the outer hair cells were intact,
This indicates the presence of a second mode of vibration dhe motion of the TM would be expected to follow the
motion of the RL only at frequencies well below CF. This
is definitively not the case in the report of Ulfendahl et al.
(1995). Control experiments in an in-vivo preparation will
be required to resolve this point. In the report by Gummer
et al. (1996), the direction of the vibration trajectories
changed dramatically: they appeared to rotate by more than
270° in a frequency range from 300 to 1000 Hz. This is
because those recordings were not corrected for the open
cochlea condition, known to produce a so-called fast com-
ponent (Cooper and Rhode, 1996). The uncorrected fre-
quency responses suggested a complicated 3D vibration
FIGURE 11 Vibration of the cochlear partition. The 3D vibration mea- Pattern in which the relative motion between RL and TM
surements grrows, directions from Fig. 4 to Fig. 10) revealed that the appeared much more pronounced than for the slow compo-
organ of Corti bounded by the RL and BM rotates as a rigid body about enent alone (Gummer et al., 1996). Moreover, model calcu-
point near the inner limbus (rotation a}xﬁ) for frquencies below CF. _lations by de Boer (1990) predicted that the open cochlea
However, a second mode became evident in the vibration of the tectorial . . . . . .
membrane for frequencies abov®.5 oct below CF. This mode is parallel Condlthn will emphasize vibration mOde_S within the organ
to the RL and presumably controls the deflection of the bundles of the outePf Corti. When the response of the TM is corrected for the
hair cells. open cochlea condition, the phase difference between the

3D vibration of the cochlear partition
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radial and transverse component does not exceed 90° aMdBLE A1 Cross-talk between the transverse and the
the vibration pattern is similar to the data published in Figs horizontal components and corresponding deviation of the
9 and 10. Nevertheless. the existence of a second degree rgf;onstructed vibration direction for a relative error ¢ in the
. . ! amplitude measurement of an object in rectilinear motion
freedom in the motion of the TM parallel to the RL, the (H = 0), where the difference between the measurement

essence of the paper by Gummer et al. (1996), remaingrections is y = 15°.

unchanged. Relative Deviation of
Amplitude Vibration
Error e Cross-talk Trajectory
APPENDIX: ACCURACY OF 3D (dB) (d8) (degrees)
VIBRATION MEASUREMENTS
0.2 —21.2 5.0
Alterations in the vibration trajectories resulting from measurement errors 0.3 —-17.6 7.5
are estimated in this section. The errors produced by our measurement 0.5 -13.1 125
technique are compared with those produced by other techniques used in 1.0 -6.8 24.5
auditory physiology (Decraemer et al., 1994). In those techniques, vibra- 2.0 -0.3 44.0
tion measurements are made in different but nonorthogonal directions. For 3.0 +3.7 57.0

simplicity, we will only examine the two-dimensional case, although the
analysis is readily extended to three dimensions.
Assume harmonic oscillation:

T/(t) = Heet + Tt (A1) Consider next the effect of an absolute phase efion the measure-
- — - ment ofv, Again for rectilinear motionl = 0), the apparent value of the
H = complex amplitude of the horizontal vibration vector horizontal component is
T = complex amplitude of the transversal vibration vector ) ot s
j = V=1 imaginary number r Tcodyye __I cogy)e _ e-1 T (A8)
o = angular frequency — sin(y)e! tan(y) —
g°' = cost) + j sin(wt) complex exponential function.

For an absolute phase er@r= 5° (andy = 15°), the apparent amplitude
of the imaginary part oH’ is only 9.7 dB below the transverse component
T. Moreover, this means that the apparent compoit&nis almost 90°

Without loss of generality, let the first measurementt), be only of the
transverse componeri, That is, let

v (t) = Tdt (A2) (87.5°) phase-shifted relative to thlecomponent, causing an apparent
-1 - elliptical trajectory. The apparent opening of the elliptical trajectory,
For the second measuremewtt), the object is rotated by an angle of .
so that 0
+ - 100%
tan(y) tan(y)

Vo(t) = H sin(y)e* + T cogy)e*". (A3)

) ) . (defined as the ratio of the length of the minor axis to the length of the
Eqgs. A2 and A3 are readily solved to give the horizontal component, major axes), is 32% (see also Table A2).

V> — vy cogy)
H="—c "o
- sin(y)e

Therefore, to achieve reliable two- or three-dimensional vibration data
(A4) when the observation angle of a measurement object is restricted, high
demands on the measurement precision must be made. If cross-talk of less
than 10% is required, phase errors mustbe 1.5° and the precision of
For simplicity, we consider only the case whete= O (rectilinear motion  the amplitude must be better than 0.2 dB. In this respect, it is also necessary
in the T-direction) and treat the cases of amplitude and phase errors ithat the measurement object be extremely stable.
succession.
Assume a relative errog, in the amplitude of the second measurement:

vy(t) = T, A5

*1( ) - ( ) TABLE A2 Cross-talk between the transverse and horizontal
— + jot components, deviation of the reconstructed vibration

&(t) (l S)I COS(y)é (A6) direction and apparent opening of the elliptical trajectory of

the vibration for an absolute error 6 in the phase

Then, the apparent horizontal compongtitis . R - .
PP ponzt measurement of an object in rectilinear motion (H = 0),

(1 + s)T COS('y)ei“’[ -7 cos(y)ei‘”‘ & where the difference between the measurement directions is
= S = T. (A7) y=15.
wt . (
- sin(y)e tan(y) —
Deviation of
This error is critical if the object is accessible only from a limited angle Absolute Vibration Opening of
because the error is increased by a factor of 14faw¢hich becomes large  Phase Errob Cross-talk Trajectory Ellipse
for small anglesy (e.g., the factor is 3.7 fory = 15°). This error is (degrees) (dB) (degrees) (%)
equivalent to cross-talk between the transverse and horizontal components.
. o - 1 -23.7 0.03 6.5
For a measurement error or an instability of the preparation of only 1 dB
. ) o . 15 —20.2 0.07 10
(e = 0.12) and a rotation of the object ¢f= 15°, the apparent horizontal
. -14.2 0.29 19
component’ lies only 6.8 dB below the transverse component (see also
. . . . -9.7 0.81 32
Table Al). This causes a deviation of the reconstructed direction of the 10 37 392 61

major axis of the trajectory of 24.5°.
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For the case where the orthogonal vibration components are directhpecraemer, W. F., S. M. Khanna, and W. R. J. Funnell. 1994. A method for
measured, the calculation of the alterations of the trajectories can be determining three-dimensional vibration in the ebfear. Res.77:
straightforward. We will consider two cases: 19-37.

. L o . Evans, E. F. 1972. The frequency response and other properties of single
Case 1:H = 0, rectilinear motion in the T-direction (90°). A relative fibres in the guinea-pig cochlear nerva. Physiol. (Lond.).226:
error e in the measurement of the amplitude of the transverse component 263-287.

will remain as an erroe in the apparent value of the component, whereas Frank, G., W. Hemmert, and H.-P. Zenner. 1999. Limiting dynamics of
an absolute phase errdrof 10° will cause an elliptical trajectory with an high-frequency electromechanical transduction of outer hair deits.
opening of 18%. The direction of the trajectory will be altered for cross- Natl. Acad. Sci. USA96:4420—4425.

talk between the transverse and horizontal components. Cross-talk of 10%itter, A. H., and H. P. Zenner. 1995. Electromotile responses and fre-

will cause a deviation of the vibration direction of 5.7°. quency tuning of isolated outer hair cells of the guinea pig coclaa.

Case 2:H = T rectilinear motion at an angle of 45° to the coordinate Arch. Otorhinolaryngol 252:15-19. ) )
axes. An amplitude error of 3 dB in the measurement of one componengummer, A. W., W'”HmeerFl'. I Monoka,dP: REIS, G. Reuter, an(ri“:. P.
leads to a deviation of the vibration direction of 9.7°; a phase error of 10° £€nner. 1993. Cellular motility measured in the guinea-pig cocliea.

in the measurement of one component will cause an elliptical trajector Biophysics of Hair Cell Sensory Systems. H. Duifhuis, J. W. Horst, P.
. I . P P ! Y van Dijk, and S. M. van Netten, editors. World Scientific, Singapore,
with an artificial opening of 17%.

New Jersey, London, Hong Kong. 229-236.

These comparisons show that the direct measurement of the orthogon@ummer, A. W., W. Hemmert, and H.-P. Zenner. 1996. Resonant tectorial-
vibration components is much less sensitive to measurement errors. In membrane motion in the inner ear: its crucial role in frequency tuning.
contrast, when the measurement object is accessible only from a limited Proc- Natl. Acad. Sci. USA3:8727-8732.
angle, as itis in the case for middle-ear measurements or for recordings igummer, A. W., J. W. T. Smolders, and R. Klinke. 1987. Basilar mem-
the cochlea, small measurement errors cause relatively large deviations in Prane motion in the pigeon measured with thésstoauer technique.
the apparent vibration direction and in the form of the trajectories. Hear. Res29:63-92.

Hao, L. F., and S. M. Khanna. 1996. Reissner's membrane vibrations in the
apical turn of a living guinea pig cochleblear. Res99:176-189.
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