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ABSTRACT

Optical coherence tomography (OCT) is a novel technology
for performing real-time high-speed and high-resolution cross-section-
al imaging on the micro-scale in situ. It is analogous to ultrasound
imaging, except that it uses light instead of sound. OCT has recently
been introduced in auditory research to visualize the various structures
of the ear with a minimally invasive operation. In addition, OCT can be
used as a vibrometry system that is capable to detect sound-induced sub-
nanometer vibrations of the middle and inner ear. OCT-vibrometry
measures depth-resolved vibrations into the specimen, which overcomes
several limitations of classical vibrometry techniques (e.g., single surface
point measurements using laser interferometry). In this article, we
illustrate how to visualize the anatomy and function of the middle and
inner ear (the cochlea) in a gerbil model using recently developed
spectral-domain OCT. Our results demonstrate that the largest clinical
impact of OCT for otology is to visualize various pathologies and
quantify sound conduction and processing in the individual peripheral
human ear.
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The auditory system of mammals is a
marvelous achievement of biological evolution,
capable of detecting and analyzing sounds over
wide ranges of frequencies and intensities.
Humans can hear sounds with frequencies
over the range of 20Hz to 20 kHz, and some
mammals can perceive frequencies beyond 100
kHz. Mammalian auditory systems also re-
spond to sounds over an intensity range span-
ning 12 orders of magnitude or 120 dB (dB).
Moreover, the ear possesses great sensitivity
while maintaining the ability to discriminate
tonal frequencies and intensities that differ by
only 0.2% and 1 dB, respectively. Such striking
performance is largely determined by the pe-
ripheral hearing organ because of efficient
sound transmission through the middle ear
and mechanical and biophysical processing of
sounds within the inner ear (i.e., the cochlea).

On the other hand, the ear is vulnerable to
noise/blast overexposure. Military personnel
who exhibit hearing loss and/or tinnitus suffer
primarily from damage to the middle ear, inner
ear, or auditory neural components (Gallun
et al. 2012; Garth 1994; Spoendlin & Brun
1973), which results in either a conductive
hearing loss (injuries to middle ear compo-
nents) or sensorineural hearing loss (injuries
to the cochlea and/or auditory neural compo-
nents), respectively. Hearing impairment leads
to auditory dysfunction, which reduces situa-
tional awareness by degrading sound detection
threshold, localization accuracy, and speech
intelligibility. This can compromise mission
success, survival, and quality of life. Although
middle ear damage is clinically treatable, there
are still no approved treatments to cure senso-
rineural hearing loss. To improve therapeutics
that restore our hearing, it is necessary to
identify what part of the auditory pathway
(middle ear, sensory, neural, synaptic, or central
processing) is compromised so that appropriate
treatment/intervention can be implemented.

Localizing the anatomical and functional
damage along the auditory pathway is challeng-
ing. Visualizing or accessing the middle and
inner ear is difficult because they are deeply
embedded in the skull and are only accessible
via invasive surgeries. There are imaging tech-
niques with widespread application in medicine
(i.e., ultrasound, high-resolution computed to-

mography (CT), and magnetic resonance im-
aging (MRI)). These have specific applications
due to their physical properties, resolution (150
micrometer to 1 mm), and penetration range,
but none of them work well to image the
peripheral ear. Specifically, they cannot spatially
resolve the sensory organ within the cochlea.
Functional evaluation is clinically performed via
noninvasive approaches (e.g., middle ear reflec-
tance, otoacoustic emissions, audiograms).
These measure a summed response along the
auditory pathway, often preventing an accurate
differential diagnosis of the pathology underly-
ing hearing loss. Therefore, there is an urgent
need to develop precise diagnostic tools for both
structural and functional evaluation of the
human ear in a clinical setting.

THE CLASSICAL APPROACH TO
EAR FUNCTION: LASER
INTERFEROMETRY
To explore how the peripheral ear converts
sound into an informative ensemble of neural
signals and understand the underlying mecha-
nisms in normal and pathological ears, a
straightforward approach is through direct
measurements of sound-induced motions
from these hearing components. To date, direct
observations of the middle- and inner-ear me-
chanical responses to sound have provided the
most detailed information that is available on
the sound encoding of time, frequency, and
intensity in the peripheral auditory system.

Various techniques have been used to
explore the middle ear function and cochlear
mechanics in the past (e.g., the Mössbauer
technique, capacitive probes, optical levers,
and video-enhanced microscopy. For an early
review, see Yates & Johnstone 1979). The most
popular classical technique, however, is laser
interferometry. Laser interferometers are the
most sensitive, linear, and reliable technique
that have been applied to the auditory system
since the late 1960s (Khanna 1986; Khanna
Tonndorf & Wolcott 1968). There are many
different forms of interferometers in present-
day use, and they are commercially available
(e.g., Polytec Inc.; see Cooper 1999a; de La
Rochefoucauld Khanna & Olson 2005; Ren &
Nuttall 2001). The laser technique, in its
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simplest forms, relies on the optical interference
that occurs when two beams of light (object and
reference) that are of slightly different frequen-
cies are allowed to mix on a suitable detector to
produce a time-varying signal due to the
Doppler effect. The fact that the object’s dis-
placement (and/or velocity) can be encoded
without relying on the amplitude of the optical
signal is hugely advantageous for studies of
biological tissues, the reflectance of which is
low (reflectivity between�0.002 and 0.09% for
the sensory epithelium within the cochlea
[Khanna Willemin & Ulfendahl 1989]) and
may vary with time, physiological condition,
and/or position. To detect motion from a
structure with such low reflectivity (i.e., the
gel-like tectorial membrane, which is 97%
water, has a reflectivity of 0.0001%), artificial
reflectors are needed to enhance the signals
(Cooper 1999b; Khanna Ulfendahl & Steele
1998). In addition, the interferometer uses a
high-coherence helium-neon laser, whose red
light is not optimal for penetrating the structure
and records motion only from the surface under
focus. Thus, this technique provides limited
information on the complex three-dimensional
(3D) motion of the hearing components.

Efforts have been made to introduce the
laser interferometer into a clinical diagnostic
tool, for example, to measure sound-induced
vibration of the eardrum so to evaluate the
mobility and integrity of the ossicular chain
(Huber et al. 2001). Fig. 1A demonstrates how
to use a laser interferometer to directly measure
sound-induced vibrations of the umbo, the tip
of the manubrium attaching to the eardrum
(Stomackin et al. 2019). The umbo is the only
location of the entire middle ear/ossicular chain
that can be accessed noninvasively from the ear
canal without opening the middle ear cavity.
Considering the invasive surgery required to
access other ossicles, the limited viewing angle
of the laser interferometer, the relatively large
instrumental setup, and the big inter-ear vari-
ability of middle ear function, the technique has
not (yet) become established in clinical routine.

After transmission through the middle ear,
sounds are further processed by the sensory hair
cells within the cochlea. This is an elongated and
spiraled conical structure that is part of the bony
labyrinth, located in the skull’s temporal bone
that serves as an amplifier, a frequency analyzer,
and a signal transducer. The cochlea is divided
along its length by the so-called cochlear
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Figure 1 A schematic approach using a laser interferometer to directly measure sound-induced vibrations
from ear components. (A) Recording of middle ear umbo motion via ear canal opening. To access other
ossicles (i.e., the incus or the stapes) requires a wide opening of the middle ear cavity. Modified from Figure 1
in Stomackin et al. (2019). (B, C) Intracochlear motion measurements. The various structures of the cochlear
partition had to be exposed after shaving a small hole into either the scala tympani (ST) of the basal turn
(bottom approach) or the scala vestibuli (SV) of the apical turn of the cochlea (top approach). Some
measurements were also made after tearing a small hole in the cochlea’s round window membrane, without
the need to remove any bone. In each case, a small glass coverslip was used to stabilize the resulting
interface between the air and the cochlear fluids, hence ensuring the validity of the subsequent
interferometric measurements (e.g., Cooper & Rhode 1992). The holes in the cochlea were not sealed from a
hydromechanical point of view, however, and in some cases (particularly in the apical turn experiments) this
may lead to experimental artifacts (e.g., Dong & Cooper 2006). BM, basilar membrane; HC, Hensen’s cells;
IHC, inner hair cell; OHC, outer hair cell; RM, Reissner’s membrane; TM, tectorial membrane.
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partition, a structure that contains the sensory
epithelium with its hair cells sandwiched be-
tween the basilar (BM) and tectorial membrane.
Sound enters near the cochlea’s base via the
stapes, and evokes a traveling wave that propa-
gates in the longitudinal direction along the
cochlear partition toward the apex. Systematic
gradients of anatomical and biophysical proper-
ties along the cochlear length affect the local
amplitude and propagation speed of the travel-
ing wave and its dependence on frequency (von
B�ek�esy 1960). This creates a place-based spectral
decomposition of sound, or tonotopic organiza-
tion, in which high frequencies maximally excite
the cochlear base and low frequencies the apex.
During traveling wave propagation, the active
outer hair cell (OHC) responses play a preemi-
nent role in maintaining the cochlear high-
frequency selectivity and sensitivity (Dong &
Olson 2013).

To explore sound processing within the
cochlea using a laser interferometer, observa-
tions have been limited to only a few locations
within the cochlea, that is, at the very apical or
basal sites where the cochlear partition is acces-
sible via a small opening of the otic capsule
(Fig. 1B, C; Cooper 2003; Robles & Ruggero
2001).However, thesemajor surgeries often lead
to trauma and pathological conditions (Dong &
Cooper 2006; Overstreet Temchin & Ruggero
2002). As mentioned, most measurements re-
quire reflective beads to be placed onto the top
surface of the cochlear partition to enhance
reflectivity (Cooper 1999b).This not onlymakes
these experiments even more challenging and
prone to an artifact but also limits data collection
to responses from the partition’s surface.Because
of these difficulties, the cochlear mechanics at
the low-frequency apical region of the cochlea
(Cooper &Dong 2003; Dong & Cooper 2006),
essential to human speech perception, are still
poorly understood. Motion has been character-
ized at basal sites of the cochleae of gerbils,
guinea pigs, chinchillas, squirrel monkeys, and
cats, but only for vibrations from the BM,which
is visible through the cochlea’s round window.
They have provided intracochlear data on the
frequency selectivity and sensitivity of high-
frequency sounds (reviewed in Robles & Rug-
gero 2001), but how different structures of the
cochlear partition work together to achieve the

remarkable frequency selectivity and sensitivity
is still an active field of hearing research.

To summarize, the laser interferometer has
been used to study sound transmission through
the middle ear components as well as responses
inside the cochlea under normal and patholog-
ical conditions. These observations have yielded
many significant insights on hearing, but the
technique fails to probe responses from any
(non-surface) structures that cannot be directly
visualized. Moreover, this classical approach
requires invasive surgery, which is impossible
for humans. To understand the active, nonlin-
ear mechanical processing leading to hair cell
stimulation and develop better rehabilitation
strategies, it is essential to provide a detailed
characterization of the individual structure and
its interplay with others in real time, from the
same preparation and under natural conditions.

OPTICAL COHERENCE
TOMOGRAPHY AND ITS
APPLICATION TO HEARING
RESEARCH
Optical coherence tomography (OCT) is a
technique for performing real-time high-reso-
lution cross-sectional imaging on the micron
scale in situ that measures the reflectivity profile
(magnitude and phase) of a light field reflected
from a tissue sample as a function of depth into
the specimen (Izatt & Choma 2008). Depen-
ding on the tissue properties and used wave-
lengths, the OCT imaging depth is a few mm,
with axial and lateral resolutions that are typi-
cally in the range of 1 to 15 m and 10 to 30 m,
respectively. The reflectivity profile is decom-
posed into its depth-resolved magnitude and
phase. The magnitudes create tomographic
images, where contrast is provided by small
changes in the tissue’s refractive index, while
the phase is used for vibrometry. Following the
terminology used for ultrasounds, a depth-
resolved magnitude profile of the tissue sample
at a fixed position of the scanning mechanism is
known as an A-scan. A two-dimensional (2D)
cross-section image of the tissue sample, termed
a B-scan is then obtained by combining multi-
ple A-scans while scanning the OCT optical
beam across the tissue sample. Similarly, com-
bining B-scans yields a 3DOCT volume scan of
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the sample (Fig. 2A). These scans provide
excellent images in which different structures
(e.g., ossicles, cochlear partition) can readily be
identified.

For vibrometry, a series of OCT recordings
from a single, fixed position are acquired over
time. Within this time series, changes in the
phase of the light field may be interpreted
(assumed that the refractive index at each depth
does not change) as small relative changes in
position. That is, the extracted depth-resolved
phase data of the light field describe motions on
a sub-nanometer scale for the various structures
of biological tissue. This functional imaging
(vibrometry) is sometimes referred to as an M
(otion)-scan.

In hearing research, the implementation of
OCT uses spectral-domain interferometry
(Gao et al. 2013; Gao et al. 2011; Lin Hendon
& Olson 2017), in which the depth of the
tissue’s “reflectors” is encoded in the wavenum-
ber (spatial frequency) of the reflected light.
Here, different wavenumbers are presented
either simultaneously (broadband light source)

or sequentially (swept narrow wavelength band
light source), which are referred to as Fourier-
domain OCT and swept-source OCT, respec-
tively. Similar to laser interferometry, OCT
relies on the optical interference that occurs
when an object and reference beam of light are
allowed to mix. This mixed signal is recorded to
create the so-called spectral interferogram
(reflected light intensity vs. wavenumber).
Now, a Fourier transform of this interferogram
yields the aforementioned reflectivity profile
that contains depth-resolved information need-
ed for imaging and vibrometry.

Visualization of Middle Ear Structure

and Function Noninvasively

Imaging of the middle ear using OCT was first
proposed by Pitris et al. in 2001. Fig. 2 illustra-
tes the application of our commercially available
OCT system (Thorlabs, Telesto) that was
adapted to provide an anatomical and function-
al evaluation of the gerbil middle ear. Unlike
otoscopy or microscopy, the OCT system
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Figure 2 Viewing middle ear structure and function using optical coherence tomography (OCT). (A) OCT 3D
volume scan of gerbil middle ear; (B) OCT image of the thickness of gerbil eardrums: (left) normal and (right)
spontaneously healed post 4 weeks of 50% perforation of pars tensa (cross-area). (Modified from Figures 2
and 3 in Cai et al. (2019). (C) OCT image of the umbo (left); and sound-induced vibrations of umbo (right).
Sound pressure levels were 60, 70, and 80 dB SPL. OCT image resolutions are 4.7, 4.5, and 2.4 micrometer
in the X-, Y-, and Z-direction, respectively.
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generates 3D scans of the eardrum and ossicular
chain quickly (<30 seconds) through the ear
canal (Fig. 2A). Thus, the OCT allows us to
visualize the ossicles behind the eardrum with
precise anatomical information (i.e., the size,
location, and condition of the ossicles) without
a need for surgery or opening of the middle ear
cavity. A specific application in otology is
demonstrated in Fig. 2B where the OCT
volume scans provide a direct readout of the
thickness of the eardrum under normal and
pathological conditions (Cai et al. 2019). This
benefits directly the diagnosis of abnormal
eardrums.

In addition, OCT-vibrometry allows us to
measure sound-induced motions from the ear-
drum or the ossicles behind it (applicable to
living humans) to evaluate how (efficient)
sounds are transmitted to the cochlea. Figs.
2C shows the sound-evoked umbo vibrations.
This shows that sound transmission from the
eardrum to the ossicular chain is similar at all
test frequencies (all-pass filter) and that it grows
linearly with the intensity of the sound. The
detection of the motion using OCT is down to
sub-nanometers, with a noise floor in this
example is around 100 pm. This illustrates
the super-resolution of OCT-vibrometry in
the functional evaluation of the ear. Combined
structural and functional OCT measures will
pinpoint the exact cause for conductive hearing
loss, aiding diagnosis, recovery, and treatment
options.

Visualization of Structure and Function

from the Intact Cochlea In Vivo

Fig. 3 illustrates the application of OCT to the
cochlea, where the remarkable frequency selec-
tivity, sensitivity, and compression of the huge
dynamic range of hearing are accomplished.
Imaged through the cochlear bony wall, the
inside of the gerbil cochlea is visible from the
high-resolution 2D OCT images (human co-
chlear partition can be visualized through the
round window rather than the thick cochlear
bony wall using commercially availablemodels).
Not only are the different cochlear turns with
the three fluid chambers (scala tympani, scala
vestibuli, and scala media) discernable, the
cochlear partition and the Reissner membrane
are also visible (Fig. 3). We can, for the first
time, also identify key structural components
within the cochlear partition (outlined
in Fig. 4A) under natural conditions, even
though the individual cells could not be differ-
entiated. The anatomical dimensions that we
observe in vivo are consistent with studies of
apical cochlear regions using fresh postmortem
preparations but differed from those using
classical fixed tissue represented by the histolo-
gy image (Edge et al. 1998). The identification
of key structures of the cochlear partition
facilitates the interpretation of the mechanical
function measurements.

We observed a complex pattern of vibra-
tions that only emerged in the active cochleae of
living animals (Fig. 4B), which disappeared

Figure 3 Two-dimensional optical coherence tomography (2D OCT) image of a cochlear cross-section
through the bony wall in a living gerbil. The OCT image (left) showed different cochlear turns with three fluid
chambers of scala tympani (ST), scala vestibuli (SV), and scala media (SM) separated by the cochlear partition
and the Reissner membrane (RM). For comparison, an image of a histological preparation of the gerbil cochlea
is shown on the right.
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after the animal died (Fig. 4C). Evoked by 50-
dB SPL tones, the largest in vivo vibrations
tended to occur within a “hotspot” centered at
the OHC and Deiters cell region, similar to the
observation from the high-frequency basal re-
gion (Cooper et al. 2018). Unique to the low-
frequency region, the “hotspot” extended to the
adjoining tectal cells within the lateral com-
partment. The other structures, including the
BM, moved 10 to 20 dB less than the hotspot
region in vivo. These observations strongly
suggest that it was the motile OHCs that
actively drove the surrounding structures to
enhance the frequency selectivity and sensitivity
of the traveling wave.

The underlying mechanism of how OHC
motion affects the surrounding structures
would be in their phase responses presented
in the corresponding vibratory phase maps
(bottom row in Fig. 4B, C). In living animals,
different elements of the cochlear partition
moved at different phases, indicating that
they did not move together as a unit. Taking
the BM responses as an “anchor” (i.e., setting
phase BM¼ 0), we observed that the “hotspot”
region lagged the BM response by�0.25 cycles.

After this initial transition, the phase of the
responses remained almost constant within the
hotspot region. The phases of vibrations in the
lateral compartment of supporting cells showed
systematic variation with position within the
cochlear partition. The phase pattern of differ-
ent key structures appeared to be invariant with
frequency, intensity, which was unique to the
apical low-frequency regions (Meenderink et al.
2022). The detailed documentation of the
complex motion of the cochlear partition, espe-
cially from the apical cochlear regions where
low-frequency sounds are decoded, directly
addresses the mechanisms of human speech
and sound perception in normal ears and
informs the anatomy-related dysfunctions, the
sensory loss, in impaired ears.

OCT APPLICATION IN OTOLOGY
OCT is a real-time imaging system that was
initially applied in the clinic to the visualization
of the eye (Huang et al. 1991), and to date,
OCT has had the largest clinical impact in
ophthalmology. The current diagnosis of many
hearing problems that result in conductive or

Figure 4 Two-dimensional vibration maps of the cochlear partition. (A) In vivo optical coherence tomography
images of the cochlear partition in the second turn of the gerbil cochlea. Scale bars, 0.1mm. The identified
key structural framework of the cochlear partition is superimposed as visual guidance. BM¼ blue; tunnel of
Corti (ToC)¼ green; outer hair cell (OHC) region¼ red; lateral compartment¼white. Vibratory response maps
for two stimulus frequencies were obtained at (B and C) at 50 (alive) and 80 (died) dB SPL/frequency
component, respectively. In these panels, the red outline gives the region-of-interest in which the vibrations
for each pixel were analyzed. Responses are shown only for pixels with a significant response. Amplitudes
are normalized re. max response (from left to right: 58, 48, 78, and 26 nm) and phase is relative to BM phase
(blue diamond). In living animals, the OHC region always shows the maximum vibration, and other regions
moved much less. The phase transition occurred relatively abruptly and close to the BM: positions that were
only 10 micrometer transversely into the organ of Corti (re. the BM) already showed this full change in phase.
Specifically, the tectal cells (TC), extension connecting the reticular lamina of the top surface of the OHC,
vibrated in phase with the adjacent OHC, while the vibrations of the Claudius/Hensen cells (near the BM)
lagged these TCs by �180 degrees (0.5 cycles). After the animal died, the vibration pattern was simple that all
structures moved in phase and followed the motion of the BM.
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sensorineural hearing loss, especially those re-
quiring surgical intervention, is lengthy and
costly. They require MRI or CT scans, with
little to no precise functional evaluation of
sound transmission. As demonstrated in Figs.
2 to 4, with extensive and specialized program-
ming of the system, OCT can be adapted into
an OCT-vibrometry that allows minimal to
noninvasive approaches to the middle and inner
ear to provide insights on how ear components
move with sounds. It thus can be used to
identify what part/degree of the peripheral
auditory pathway (conductive, sensory) is com-
promised, evaluate surgery outcomes for repair
and reconstruction promptly (even during the
operations), and develop appropriate treat-
ments/interventions. We can foresee many au-
diologic implications with the application of
OCT in otology. For example, OCT can pin-
point middle ear disorders noninvasively
through the eardrum by measuring sound-in-
duced vibrations from individual ossicles, which
helps the positioning of middle ear prosthesis to
achieve better hearing restoration. The OCT
can also visualize the cochlea through the bony
wall to provide both structural and function
evaluation that identify intracochlear disorders
(e.g., endolymphatic hydrops; Badash et al.
2021). During surgery, the real-time imaging
capability can be helpful in the placement/
advancement of the electrode array during
cochlear implantation. In addition, OCT appli-
cations are not limited to the peripheral audi-
tory system but can be extended to other levels
for auditory physiology and otology (i.e., the
vascular) as well as the auditory neural system.
Currently, several efforts are underway to prog-
ress OCT from a pure research technique to a
routinely used clinical diagnostic tool (Mat-
thews&Adamson 2020). Its important features
in cost, ease of use, safety, and precision for both
patients and clinicians will be directly beneficial
to the individual objective diagnosis of hearing
problems in veterans as well as civilians.
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