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Abstract. The possibility of measuring subnanometer motions with
micron scale spatial resolution in the intact mammalian cochlea using
Doppler optical coherence microscopy (DOCM) is demonstrated. A
novel DOCM system is described that uses two acousto-optic modu-
lators to generate a stable 500-kHz heterodyne frequency. Images and
motion measurements are obtained using phase-resolved analysis of
the interference signal. The DOCM system permits imaging with
micron-scale resolution and 85-dB sensitivity and motion measure-
ments with 100-kHz bandwidth, directional discrimination, and 30-
pm/Hz%> noise floor. Images and motion measurements are pre-
sented that demonstrate the ability to resolve motions of structures of
interest in @ mammalian cochlea in vitro including the basilar mem-

brane, reticular lamina, tectorial membrane, and outer hair cells.
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1 Introduction

The mammalian auditory system can reliably detect motion of
the eardrum on the order of tens of picometers and can per-
form spectral analysis with a quality factor (Q,q 4g) as high as
600." These astonishing feats are generally attributed to an
active mechanical system in the inner ear referred to as the
“cochlear amplifier.”>® While the need for “amplification” is
supported by an overwhelming body of evidence, a conclu-
sive description of the underlying mechanisms remains
elusive.

The most reliable and comprehensive studies of cochlear
mechanics in  vivo have been based on motion
measurements” using heterodyne laser interferometry.HO
Despite the great success of studies using heterodyne laser
interferometry, the interpretation of measurements obtained
using this technique is confounded by a number of limitations.
Artificial reflectors (e.g., glass beads) are typically required to
obtain robust motion measurements. Unfortunately, the reflec-
tors represent single-point measurements of motion on the
surface of the organ of Corti, and further, it has been argued
that the reflectors may not track the motion accurately." ™" In
recent years, optical motion measurements have been ob-
tained in vivo without the use of artificial reflectors."'*®
However, such measurements remain restricted to the surface
of the organ of Corti, while the critically important motions
are believed to occur in structures within the organ itself.
Recently, the resolution and sensitivity of optical coherence
tomography,]7 optical coherence microscopy,]8 and corre-
sponding optical Doppler techniqueslg’zo have been shown to
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offer great promise for studies of both cochlear morphology®'
and cochlear mechanics.”>* In this paper, we present a novel
Doppler optical coherence microscopy (DOCM) system that
is capable of both imaging and measuring the motions of
structures within the organ of Corti.

2 Experimental Apparatus

The DOCM system is based on a Michelson interferometer
(Fig. 1). Spatially coherent broadband light is generated by a
superluminescent diode [(SLD); center wavelength, 843 nm;
full width at half maximum (FWHM) bandwidth, 52.6 nm],
split by a nonpolarizing beamsplitter (BS), and detected by a
single-mode fiber-coupled silicon photodetector (PD). The
sample arm consists of an acousto-optic modulator [(AOM);
frequency  shift, 80.000 MHz] in the double-pass
configuration,” a beam expander (BE), and an infinity-
corrected 0.80-numerical-aperture (NA) water-immersion ob-
jective lens (OL). The diffraction efficiency of the AOM is
91%, and approximately 1.2 mW of optical power is incident
on the sample. The reference arm consists of an AOM (fre-
quency shift, 80.250 MHz) in the double-pass configuration,
a pair of relay lenses (RLs), and a retroreflector (R). The
diffraction efficiency of this AOM is nominally 12%. The RLs
control the angular dispersion introduced by the AOM.

Axial scanning is accomplished by moving the OL, while
transverse scanning is accomplished by moving the sample
(S). The OL and retroreflector are mounted on a common
single-axis translation stage to ensure that the path lengths of
the interferometer arms remain matched during axial
scanning.”>*® A dichroic mirror (DM) in the sample arm per-
mits conventional visible-light imaging with a tube lens (TL)
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Fig. 1 Schematic diagram of the DOCM system. See text for
definitions.

AOM

and a charge-coupled device (CCD) imager for initial orien-
tation of the DOCM system to the sample.

The heterodyne frequency of the detected interference sig-
nal is 500 kHz. The 80.000-MHz and 80.250-MHz AOM
drive signals are generated by two synchronized 1-GS/s digi-
tal frequency synthesizers to ensure stability of the heterodyne
frequency. A 250-kHz reference signal is generated by multi-
plying the two drive signals using a high-isolation mixer and
a low-pass filter. The photodetector and reference signals are
sampled using two synchronized 5-MS/s 12-bit analog-to-
digital converters and postprocessed to obtain images and mo-
tion measurements.

3 Results and Discussion
3.1 Imaging in a Mammalian Cochlea

The image resolution of the DOCM system is derived from
both the OL and the light source. Transverse resolution is
determined by the OL in a confocal imaging configuration and
can be described by a transverse point-spread function?’

4
htransverxe(v) = |:2JIT(U):| s (1)

where v is a transverse optical coordinate given by v
=(27/N)rsin(NA) and J, is a Bessel function of the first
kind. In contrast, axial resolution is determined by both the
OL and the coherence properties of the light source. The axial
resolution of the OL can be described by an axial point-spread
function®’

sin(u/4) ]4

huxiul(u) = |: wld

2)
where u# is an axial optical coordinate given by u
=(87/N\)zsin*(NA/2). If the confocal gate and coherence
gate are aligned and scanned in synchrony (achieved in the
DOCM system by mounting the OL and retroreflector on a
common translation stage), the interferometric term in the de-
tector current can be written as™

ZI(lr) o f V’Rs(ls)huxiul(lr - ls)Rii(lr - l.s‘)dls’ (3)

0

where [, and [, denote, respectively, the reference and sample
arm lengths; R; is the reflectivity of the sample; and R;; is the

Journal of Biomedical Optics

054014-2

-20dB 0dB

Fig. 2 Image of an isolated gerbil cochlea obtained using DOCM. The
pixel size is 1 X2 um. The scale bar is 100 um.

source autocorrelation function. The response of the DOCM
system to a point scatterer can be written as a simple product

Zl(lr) o \“shaxial(lr)Rii(lr)- (4)

Note that with a low NA OL, axial resolution is determined
almost entirely by the coherence length of the light source.

Figure 2 shows the cochlea of a Mongolian gerbil (Meri-
ones unguiculatus) imaged using the DOCM system. The co-
chlea was isolated and fixed in an artificial perilymph
solution® containing 2.5% glutaraldehyde. The apical turn
was opened by removing the bony wall enclosing scala vesti-
buli using the tip of a scalpel. The image shows a cross sec-
tion of the exposed apical turn. Light from the DOCM system
is incident from the top; the cochlear partition is imaged
through Reissner’s membrane. The central axis of the cochlea
is tilted approximately 30 deg relative to the optical axis.
Backscattered intensity is shown on a logarithmic scale in
order to display a wide dynamic range.

Although the DOCM image in Fig. 2 is degraded by
speckle noise, numerous features relevant to cochlear me-
chanics are readily identified including the fluid spaces scala
vestibuli (SV), scala media (SM), and scala tympani (ST) as
well as the inner sulcus (IS) and tunnel of Corti (TC), Reiss-
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Fig. 3 Spectrum of photodetector signal with DOCM beam focused
on top of first OHC. The optical heterodyne frequency is 500 kHz,
and the stimulus frequency is 2.0 kHz.

ner’s membrane (RM), the tectorial membrane (TM), the re-
ticular lamina (RL), the arcuate and pectinate zones of the
basilar membrane (BMa and BMp, respectively), an outer pil-
lar (OP) cell, and three outer hair cells (OHCs). The integrity
of the sample was verified by subsequent conventional
visible-light imaging. The most strongly backscattering struc-
tures in the cochlear partition are the OHCs. Note that the
region beneath the OHCs appears shadowed. The apparent
increased thickness of RM in Fig. 2 is an artifact due to the
high reflectivity of the membrane and the normalization of the
logarithmic scale. The FWHM thickness of RM in Fig. 2 is
approximately 12 um.

3.2 Measuring Motion in a Mammalian Cochlea

Motion of the sample can be measured using the DOCM sys-
tem by monitoring the difference in optical path length be-
tween the sample and reference arms. In Doppler optical co-
herence tomography, this can be achieved by monitoring the
instantaneous phase of the heterodyne signal using a Hilbert
transform.*® In the DOCM system, the difference in instanta-
neous phase ¢(n) between the heterodyne signal V,,,(n) and
reference signal V,,/(n) can be estimated accordingly as

_ _ H[Vhet(n)]) _ _ <H[Vret(n):|>
(n) =tan 1<—Vhe[(n) 2 tan™! oA (5)

where H denotes the discrete Hilbert transform. Sample dis-
placement d(n) along the optical axis can be estimated from

¢(n) as

d(n) = zlﬁ,qs(n), ©)

where k=27r/\ and 7 is the refractive index.

The sample shown in Fig. 2 was mechanically stimulated
using a piezoelectric transducer (nominal unloaded resonant
frequency, 261 kHz) attached to the sample mount. The trans-
ducer was driven at 2.0 kHz. Motion artifacts are not apparent
in Fig. 2 due to the low amplitude of the motions (tens of
nanometers). However, motion is readily detected in the spec-
trum of the heterodyne signal. For example, Fig. 3 shows the
spectrum of the heterodyne signal measured at the top of the
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Table 1 Motion of cochlear structures measured with DOCM.

Location Amplitude (nm) Phase (rad)®
OHCI1 (top) 15.8+1.9 -0.08+0.09
OHC1 (bottom) 16.2+1.4 -0.07+0.09
OHC2 (top) 152+1.6 -0.10£0.12
OHC2 (bottom) 15.2+1.3 -0.10+0.07
OHC3 (top) 14.6+£1.4 -0.15+0.13
OHC3 (bottom) 15.0£1.1 -0.15+0.07
BMa 15.8+3.8 -0.01+£0.20
BMp 15.7+£2.6 -0.19+0.21
™ 12.7+£3.5 -0.28+0.27
RM 17.1£1.1 0.02+0.04
Bone 17.4+£1.1 0.00+0.04

“Phase measurements are referenced to the stimulus.

first OHC. The plot shows the magnitude of the 32,768-point
discrete Fourier transform of V,,(n) (corresponding to a
6.6-ms measurement time). For clarity, 10 measurements were
averaged to reduce the spectral noise variance. Note that the
amplitude of the 500-kHz peak in Fig. 3 corresponds to the
brightness of 1 pixel in Fig. 2, while the amplitude and phase
of the 500+2-kHz side peaks correspond respectively to the
amplitude and phase of motion measured at that pixel. Every
pixel in Fig. 2 similarly represents a simultaneous measure-
ment of backscattered intensity and motion.

Table 1 shows the measured motion at several locations in
Fig. 2. The motion measurements were generated by calculat-
ing the displacement d(n) at each pixel in the 10X 10 pixel
region centered at the location of interest. Displacement sig-
nals corresponding to low-intensity pixels contained phase
wrapping errors and were subsequently disregarded. The dis-
placement signals were least-squares fit to 2.0-kHz sinusoids,
and Table 1 shows the means and standard deviations of the fit
amplitudes and phases. Note that the coherence length of the
SLD (4.5 wm in water) is sufficiently short to differentiate the
motion of the top and the bottom of each OHC, regardless of
the NA of the OL. Also, the DOCM system is sufficiently
sensitive to measure the motions of weakly backscattering
structures such as the TM. Note that in contrast to stapes-
driven acoustic stimulation, mechanical stimulation does not
create a pressure differential across the cochlear partition.
Consequently, large relative motions are not expected in
Table 1.

The motion measurement accuracy of the DOCM system
was compared with that of a commercial laser Doppler vibro-
meter system (nominal accuracy, 1%) by measuring the mo-
tion of a cover slip mounted on a piezoelectric actuator. The
actuator was driven at 100 Hz. Simultaneous measurements
using the two systems agreed to within 3% in amplitude and
0.04 rad in phase.
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Fig. 4 Experimental setup for examining axial resolution of motion
measurement.

The ability to discriminate motions at different depths was
examined by measuring the motions of two glass/water inter-
faces separated by a variable gap; the first interface was sta-
tionary, while the second interface was mechanically driven.
As illustrated in Fig. 4, the bottom surface of a microscope
cover glass served as the first interface, while the top surface
of an uncoated half-ball lens (radius, 1 mm) served as the
second interface. The half-ball lens was attached to a piezo-
electric transducer (nominal unloaded resonant frequency,
261 kHz) driven at 2.0 kHz. The use of a ball lens allowed
the two interfaces to come in close proximity without contact.
Scattering medium was not simulated as direct line of sight to
the organ of Corti is prerequisite to most studies of cochlear
mechanics and the fluid spaces in the cochlea are optically
transparent. Figure 5 shows the motion of the two interfaces
measured using the DOCM system as the size of the gap was
varied from 100 to O wm. The results show that the motions
of the two interfaces are clearly resolved with a separation of
more than 10 wm and difficult to differentiate with a separa-
tion of less than 3 um.

The noise characteristics of the DOCM system were exam-
ined by imaging and measuring the motion of a stationary
mirror with a neutral density filter (optical density, 3) inserted
in the sample arm between the OL and the DM. The measured
imaging sensitivity of the DOCM system is approximately
85 dB. Figure 6 shows the magnitude of the 32,768-point
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Fig. 5 Motion of vibrating and stationary interfaces measured with
DOCM. The vibrating and stationary interfaces are the top surface of
the half-ball lens and the bottom surface of the cover glass shown in
Fig. 4, respectively.
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Fig. 6 Noise floor of motion measurement with sample reflectivity of
107°.

discrete Fourier transform of d(n) (corresponding to a 150-
Hz measurement bandwidth). One hundred measurements
were averaged to reduce the spectral noise variance. With a
sample reflectivity of 107 (which is comparable to the reflec-
tivities of structures within the organ of Corti3l), the motion
measurement noise floor is less than 30 pm/Hz"> at frequen-
cies above 1 kHz. The motion amplitude of the basilar mem-
brane is on the order of 100 pm at the threshold of hearing,’
and the upper limit on the frequency range of hearing is be-
tween 10 and 100 kHz for most mammals.

The optical access requirements of DOCM are identical to
those of heterodyne laser interferometry. Consequently, the
technique is expected to find immediate application in both
in vitro and in vivo studies of hearing. In a clinical setting,
DOCM could be used to measure the motions of outer- and
middle-ear structures to diagnose disorders such as otosclero-
sis. In a research setting, DOCM could clarify the relation
between OHC somatic motility32 and the sharpness of co-
chlear tuning, one of the largest unresolved issues in cochlear
mechanics.

4 Summary

We have presented a novel DOCM system and have obtained
images and motion measurements of structures within the or-
gan of Corti of a mammalian cochlea in vitro. We believe the
system is ideal for use in both in vitro and in vivo studies of
cochlear mechanics and, more generally, in applications
where low sample reflectivity and restricted NA impede opti-
cal measurement of motion.
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