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ABSTRACT

The cochlea is a small, coiled part of the inner ear responsible for the transduction of mechanical
sound pressure into electrical stimulation in the brain. Despite the importance of the cochlea for
normal hearing, the complex mechanical interactions between active and passive components are
not well understood. By utilizing a technique known as optical coherence vibrometry, we
performed initial quantification of the changes in mechanical motion of the embryonic avian
cochlear duct. By quantifying changes in the mechanical response of the cochlea to sound, as key
regions of the cochlea develop, we hope to determine the passive role each of these components
play in healthy hearing. To quantify the mechanical motion of the cochlea, we exposed the cochlea
to pure tone auditory stimuli at various sound pressure levels and frequencies. We recorded the
amplitude and phase of the mechanical response of key structures in the cochlea and compared

them across developmental stages.
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CHAPTER 1-INTRODUCTION

1.1 Purpose of Study

Humans have five primary senses: sight, smell, taste, touch, and hearing. These senses
are gifts we all take for granted, until we lose them. Around the world there are more than 460
million people who suffer from some degree of hearing loss. Approximately 48 million of those
individuals are Americans[1]. Hearing is a complex pathway involving many interconnected
mechanical structures and autonomic responses, eventually leading to the conversion of
mechanical sound pressures being converted into neural signals in the cochlea and then sent on
to the brain[2]. If any portion of this hearing pathway is damaged, there is a loss of efficacy
when transducing these mechanical eaves to electrical stimuli. The cochlea, a part of the inner
ear, houses the small soft tissue organ responsible for transduction of sound. Damage to the
hearing organ, known as the organ of Corti in mammals, leads to significant hearing loss in
patients. There are various pathologies of the inner ear, including: Meniere’s disease, viral or
bacterial infections, trauma to the ear, or age- related hearing loss[3]. Despite the importance of
the cochlea for normal hearing, the mechanical interactions between various components is not
well understood. More answers on how the cochlea operates would help doctors develop more
treatment options for patients with cochlear damage.

One current treatment for hearing loss is a hearing aid. In 2016 alone, more than 3.65
million hearing aids were dispensed in the United States. The price for one hearing aid can range
from $1,000 to $4,000, depending on the level of technology they contain[4]. Most hearing aids
are a simple sound amplification that makes the surrounding sounds louder to the patient. They

do not create a better quality, clearer sound.
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Due to the scale and location of the cochlea, the inability to acquire mechanical
measurements of the healthy inner ear during sound transduction has presented a significant
barrier to the study of hearing loss. Recent studies have demonstrated the use of a newer
technique, optical coherence vibrometry (OCV), to acquire measurements of the mechanical
responses of the intact inner ear[5][6]. OCV is capable of imaging picometer scale vibrations of
the soft tissue layers of the inner ear through the bony shell of the cochlea. We hypothesize that
by using OCV we can quantify the intracochlear duct mechanics of an avian embryo at different
stages of development. The research question is as follows: Are there quantifiable changes in the
mechanical interactions between various components of the avian duct during the development
of the tonotopic pattern of avian hair cells? Hair cells are believed to have key roles in the
transduction of sound in the mammalian cochlea. As avian cochleae have been demonstrated to
lack active amplification of sound, this study will provide key insight into the passive role these

structures may play[7].

1.4 Definitions

1.4.1 Optical Coherence Tomography

Optical Coherence Tomography (OCT) is a non-invasive imaging technique that uses low-
coherence interferometry to capture micrometer-resolution two and three-dimensional images
from within optical scattering media. OCT benefits from decoupled lateral and axial resolutions to

acquire depth dependent images of layered tissue structures.

1.4.2 Optical Coherence Vibrometry
Optical Coherence Vibrometry (OCV) is an extension of OCT which takes advantage of

the interferometric nature of OCT to acquire phase sensitive measurements of tissue motion.
Properly processed, these measurements provide valuable information for investigating either the

mechanical properties or the physiological function of biological tissues, especially in the
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hearing organs[8]. OCV has been demonstrated to be especially useful for discerning vibrational
motion of layered samples with sensitivity down to the picometer scale. With proper hardware,
an image can be acquired in real time and images can be compared to extract movements in

nanometers.

1.5 Delimitations, Limitations, and Assumptions

Recent studies in OCV have demonstrated complex non-linear interactions involved in
frequency mixing in the cochlea of gerbils and guinea pigs[9][10][11]. Our studies focus solely
on pure-tone audiometry. Therefore, we are not probing the role of passive mechanics in the
formation of these complex interactions. In addition, this study ignores any potential for active

motion by motoring the cochlear mechanics of non-viable chick embryos.
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CHAPTER 2-LITERATURE REVIEW

2.1 Anatomy and Development of a Chicken Cochlea

The chicken embryo is a notable system for studying morphogenic events because of its
early accessibility and response to manipulation[12]. In addition, the chicken has been
demonstrated to distinctly lack the active mechanical motion found in mammalian tissue. Instead
the mechanical response to auditory stimulation is passive[7][13][14]. This allows us to explore
anatomical structures without the added complexity of active gain. Similar to humans, hearing in
the chicken works by entering the ear as a sound wave and is converted to a neural signal via
mechanotransduction[15].

The ear develops from the otic capsule which invaginates to form the otocyst. This
otocyst gives rise to all membranous components of the inner ear[12]. The inner ear contains
three vestibular semicircular canals: the saccule, the utricle, and the cochlear duct[12]. The
saccule responds to movements in the vertical plane (up-down) and forward-backward
movements in the sagittal plane. The utricle responds to head movements in the horizontal plane
such as sideways, head tilts, and rapid lateral displacements[16]. The cochlear duct is distinct
from the mammalian cochlea. Instead of being the small, snail shell like part of the inner ear
found in mammals, the cochlear duct is a long blind tube with a slight curvature[12].

There is some debate regarding when hearing emerges in the avian embryo, with studies
defining the avian embryo’s ability to hear beginning on embryonic day 10 (E10) and embryonic
day 12 (E12) [17][18]. The cochlea may be seen in a developing embryo as early as day E3. By
day E9, the cochlear duct has been constructed and all subsequent days of embryonic
development are used for an increase in overall size of the inner ear[12]. Figure 1, licensed from
the Standard Atlas of the Gross Anatomy of the developing Inner Ear of the Chicken, shows the

anatomical development of the avian inner ear.
13
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Figure 1. Growth chart of avian cochlea starting from embryonic
day 5 (E5) to embryonic day 18 (E18). Reprinted from Standard
Atlas of the Gross Anatomy of the Developing Inner Ear of the

Chicken [12] and used with permission.
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Similarly, Figure 2 is a growth chart of the inner ear where you can see the overall shape does

not change much after day E9.

Figure 2. Growth chart of the avian inner ear from
embryonic day 3 (E3) to embryonic day 17 (E17).
Reprinted from Standard Atlas of the Gross Anatomy of the
Developing Inner Ear of the Chicken [12] and used with
permission.
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Inside the cochlea there are two types of cells, hair cells (HC) and supporting cells (SC).
Contrary to humans, chickens have the ability to regrow lost HCs inside the inner ear to regain
hearing loss[19][20]. HCs, identified by
the population of stereocilia sprouting
from an otherwise smooth surface, are
separated by a ridge of microvilli. Thin
sections reveal that all of these microvilli
extend from supporting cells that
surround and separate each hair cell
[21].We find that the length, number,
width, and distribution of the stereocilia
on each hair cell are predetermined[22].
These factors differ based on physical
location on the cochlea and
developmental stage. The superior side of

the cochlea is home to longer hair cells,

whereas the inferior side houses the

shorter hair cells[21]. There are two types Figure 3. (a) Artistic rendering of avian cochlear duct

showing main components. (b)Staircase like innervation

of hair cells, tall hair cells (THC) and of the hair cells into the tectorial membrane

short hair cells (SHC). The THC are
primarily found over the fibrocartilaginous plate (FC), whereas the SHC are developed over the

basilar membrane (BM)[18][21]. THCs and SHCs are developed in a staircase like pattern.
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Bundles of actin filaments precisely regulate the length and stiffness of the stereocilia.
Actin is the most commonly encountered protein in nonmuscle cells, where it can account for
more than 15% of the total protein of the cell[22]. The HCs are arranged in hexagonal bundles
within the cochlea and convert mechanical vibrations into the electrical signals required for
auditory sensation[6]. Studies show that the tonotopic pattern of these bundles may be directly
correlated with frequency coding in the cochlear duct[23]. While the stiffness of these bundles
strongly influences mechanotransduction, the influence on the vibratory response of the cochlear
partition is unclear. Reducing bundle stiffness is shown to decrease high frequency extent and
sharpen the tuning of vibratory responses[6]. The stereocilia first appear on the distal end of the
cochlea on days E6 or E7. The true differentiation in pattern occurs on day E9 or E10. This is
when you can see an elongation occurring in the overall shape of the cochlea as well as the
tonotopic pattern of the hair cells[18]. The number of HCs present on day E10, is the total
number of HCs the cochlea will have. This is roughly 10,405+ 529 hair cells[18][24]. By day
E10 the hexagonal shape is fully formed and the overall pattern of the stereocilia does not change
tremendously. By day E13, the stereocilia at the foot of the staircase can be seen reabsorbing into
the tissue below and the final shape is recognized[18].

When a sound is sent into the cochlea, a number of events occur in order to allow
the sound to be processed by the brain. A sound wave is collected by the outer ear and directed to
the tympanic membrane. The tympanic membrane is mechanically coupled to the inner ear
through structures of the middle ear[25]. In avian species, the middle ear is a single cartilaginous
structure known as the columella[26]. The footplate of the columella is mechanically coupled to
the oval window of the cochlear duct, providing the mechanical stimulation entering the inner

ear. Sound is then sent to the scala tympani (ST) which separates the cochlear duct from the
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basilar membrane (BM). Here is the first transduction of air that causes vibration. This vibration
then moves up the BM toward the fibrocartilaginous plate. The FC rests on top of cochlear nerve
ganglion cells. The THCs situated on the FC are tall enough to extend themselves into the lower
edge of the tectorial membrane (TM). Then using afferent neurons innervated in THCs, the
sound causes movement in the TM. Now, the scala media (SM) is responsible for converting
mechanical forces into electrical impulses. The membrane of the teculum vestibular (TV) is then

responsible for transporting the electrical impulses to the brain. [25][27][28][29][30][31][32]

2.1 OCT and OCV

In time domain optical coherence tomography, light is sent from a source toward a beam
splitter where it is divided evenly. Half of the light is sent toward the sample and the other half is
sent toward a moving mirror. The light reflects off the sample and the mirror and is recombined
by the beam splitter and sent toward the detector. If the pathlengths match within a coherence
length, interference will occur. OCT measures the intensity of the interference[33].

In a spectral domain optical coherence tomography (SDOCT) system, the detector is
replaced with a spectrometer, the reference arm and mirror are stationary, the acquisition time is
shorter, and there is a greater sensitivity. SDOCT is an interferometric technique that provides
depth-resolved tissue structure information including the magnitude and delay of the back-
scattered light by spectral analysis of the interference fringe pattern[34]. In SDOCT, the
interference signal between the reference light and the scattering light from within a sample is
spectrally resolved by a linear array detector, which is then Fourier transformed to obtain the

amplitudes and phases of the light reflected from the sample as a function of depth[35].
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3.3 Mathematical Treatment of OCV
Math for OCV begins with the same math as a standard OCT system. The spectral

interferogram can be written as [33]:
I(k)a Re{ [|S(k)r(x, z) exp (4In2 (ﬁ)) exp(—i2kz)dxdz} 1)
Wo

The equation states that the intensity I, a function of k=2n/ A (A= wavelength), is
proportional to the real part, Re{}, of the following double integrals. S(k) is the source power of
spectral density, another function of k, multiplied by the backscattering coefficient of the sample,
r(x,z), where (x,z) denote the coordinate of the reference frame fixed to the sample. This is all
multiplied by two different exponentials containing wy, the full width at half maximum of the
beam’s intensity profile. Equation (1) can be rewritten as an equivalent sinusoidal function:

I(k) o S(k)Zj,/R,;R,cos{2nkAz; + 2nk,dz;} Q)

S(k) becomes the power spectrum of the light source rather than the spectral density. The
reflectivity of the sample is now Ry, at the j th depth, and R, is the reflectivity of the reference
arm. The refractive index between the reference and sample arm reflectors is labeled n, and k is
the wavenumber with k, being the center wavenumber. Az; is the distance between the reference
reflector and the j** reflector in the sample and is defined as the full width at half maximum of
the spectrum source. Lastly, dz; is the sub resolution displacements of the j th reflector in the
sample arm. Also known as the phase shift. A few observations may be made from equation (2)
regarding OCT. First, the reference arm has two roles in the system: to serve as a source of
interference and to amplify the signal generated from the significantly weaker sample arm
reflections. Next, when working with a digital system, the sampling of the spectrum in k will
define our Nyquist limited imagine depth[36]. In addition, it may be seen that the depth

dependent signal of the cosine function acts as a phase encoded carrier wave for subresolution
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displacements of the sample. This phase encoding is key to the effective extraction of vibrational
motion in OCV.

The raw data acquired from the spectrometer shows the intensity, of a pattern of light, as
a function of wavelengths A. An interpolation is done to find the wave number, k, (seen in
equation (2)). Then we take the inverse Fourier transform of (2) which yields a complex signal in

the z-space:

1(x) %y(z)@Zi R.R,8[z + 2nAz]exp + 2njkydz 3)
¥(2), the coherence function, is the Fourier transform of S(k), & is the convolution operator,
and ¢ is the Dirac delta function. The position in depth within the sample is denoted by z. For
any given Az, the phase of the signal is a linear function of dz and the change in phase can be

plotted over time. The following equation can be used to convert the phase of the interferogram

to displacement [37]:
dz(2nAz,t) = —— (< I(2nAz,t)—< 1(2nAz, t,)) @)
0

As stated previously, these Fourier Transforms obtain both the amplitudes and phases of
the light within the sample. Generally, with OCT the samples are static therefore the phases are
fixed. If translation occurs within the sample at time t with the distance Ad(t) during the time
interval T between two successive scans, it will induce a change in the measured phase of light
given by:

Ap(z,t) = 2nkAd(t) Q)

If you calculate this phase difference at each depth z, you can determine the axial
displacement of the sample[35].

Ad(z,t) = A(z, t)A(4mn) ! (6)
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CHAPTER 3-MATERIALS AND METHODS

3.1 Instrumentation

Below is a list of all instruments used in the project with various specifications as follows:

Fertilized White Leghorn eggs

Scalpel

Tweezers

Gel lined Dish

Super Luminescent Diode (SLD) with 930nm, 30nm bandwidth and 20mW optical
power, forward current of 150mA, forward voltage 2.5V

Cobra-S Spectrometer with a 60 nm bandwidth, 2048 pixels, centered at 930 nm
Computer Interface

Function Generator

75-25 Optical Beam Splitter

Optical Circulator

Voice Coil Scanning Mirror

Reference Mirror

21



3.2 Embryo Preparation

Embryos were stored at 13°C for up to 1 month prior to incubation. At the onset of the
study, eggs were incubated at 30°C, for 10 days to 13 days. An automatic turner was used to rotate
the eggs at a rate of one rotation every twelve hours. Humidity in the incubator was kept between
70% and 90% throughout incubation. Immediately prior to dissection and imaging, embryos were

sacrificed via decapitation.

3.3 OCT imaging and OCV

There are three different scans collected from the raw data. An A scan is a one axis scan
used to collect information in only a specified axis. An M scan is a collection of A scans over
time. This is helpful with vibrometry because you can play a sound and watch one point over
time. A B scan is a two-axis scan collecting data in two axes; it is a combination of two A scans.
A volume scan is a collection of B scans. This adds depth to the image as it is a collection of
slices through a sample[33][38][39][40].

In order to obtain the final vibrational motion at each frequency, there are several steps
taken. The math of each step is detailed in the previous chapter. We look at each individual point
in the sample and collect thousands of A scans, generating an M scan. The raw data of each
image gives us the amplitude of the intensity at each wave number. Then a Fourier Transform is
performed, and the processed data then reveals the magnitude at each depth. The depth profile
generates an image with reflectivity based on the hardness of the tissue in the sample. Dark

indicates a fluid or air-filled cavity whereas bone or harder tissue reflects as very bright white.
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Figure 4 below is an interpretation of how the depth profile is created.
1 2 3

Light Reflectivity L >
Level

/\/\ N

Denth Profile

Figure 4. Interpretation of mathematic manipulatio
of OCT.

Now a sound is played, and the phase profile can be extracted over time. If our
hypothesis is correct, we should see a perfect sine wave in this profile. Then one last Fourier
Transform is performed in order to get our final amount of vibrational motion at each specified
frequency. These steps are repeated for every individual point in sample and at each specified
frequency.

Figure 5 below depicts a schematic of our current OCT system. The design is centered
around the optical circulator (OF-LINK) to enable the use of a 75-25 fiber optic beam splitter
(ThorLabs) for more optimized signal collection. Light enters port one of the circulator, from the
super luminescent diode source (930 nm, 120 nm bandwidth, ThorLabs) and leaves through port

two into the 75-25 fiber optic beam splitter. Next, 25% of light is directed to the reference arm and
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75% of the light is directed to the sample arm. The sample arm utilizes a voice coil scanning mirror
(Optics in Motion) to steer the beam laterally across the sample. Back scattered light, from both
the sample and reference arms, is recombined in the beam splitter and 75% of the backscattered
light is returned to port 2 of the circulator. Light entering port 2, leaves through port 3 and is
directed into the detector. In this case, we are utilizing SDOCT so our detector is a spectrometer
centered at 930 nm with a 60 nm bandwidth (Wasatch Photonics).

(a) Optical
Source Circulator

Spectrometer Sa' ple

,L—p_ﬁjﬂ!ll_.'!

O TIO 1 MO IO

Figure 5. (a) Schematic drawing of the OCT system showing major components. SM is
scan mirror and RM is reference mirror. (b) Image of actual system showing the small
form factor and large working distance of the system.
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3.4 Experimental Procedure for Pure Tone Audiometry

A custom LabVIEW software was utilized to synchronize audio output with signal
collection. This software generated and output a pure tone audio sample to an amplified speaker
in order to vibrate the sample. From literature, it was determined that frequencies above 2,200Hz
were unable to be recognized by the embryo [17]. In addition, due to environmental pink noise,
we were unable to isolate signal from sound frequencies below 1000Hz. Therefore, we chose the
frequencies of 1,000Hz, 1,500Hz, and 2,000Hz. This allowed for a reasonable range of data that
was visible in the obtained images. In addition, varying sound pressure levels (SPL) of 0dB,

40dB, 60dB, and 90dB were utilized to map out the linear gain of the cochlear duct.
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CHAPTER 4-RESULTS & DISCUSSION

4.1 Development of Embryo Dissection Procedure

To accomplish the research, a repeatable procedure to access the avian cochlear duct, of
the developing embryo, had to be established. The embryo’s head was placed in a sterile gel
bottomed dish and pins were used to orient the head. From the literature, it was determined that
the nasoocciptital axis of the head was to be adjusted nearly 30° off the vertical to the right, in
order to reach the cochlea[17]. For ease of access, the eyeball was removed and discarded on the
side we were working on. A scalpel and a pair of tweezers was then used to slowly peel back the
tissue over the cochlea in order to maximize the image under the OCT. This procedure had to be
modified to ensure the same angle of axis throughout development of the cochlear duct. In embryos
older than E11, the lower jaw of the beak was removed to provide access to the cochlear duct
region. To ensure consistency between samples, the specimen was then placed under the system
and a 3-D dataset was captured using OCT. The orientation of the cochlea was found using the

very distinguishable three-layer structure and is compared to our baseline model.

4.2 Preliminary Study of the Developing Cochlear Duct

We have completed a preliminary study of the changes in the mechanical motion within
the developing cochlear duct. The cochlear duct of developing chicken embryos age E12 and
E13 of embryological development were imaged using OCT in Figure 6. The yellow region is
the tectorial membrane (TM) which had measured a vibrational motion of 17. 6 £ 2.4 nm. The
orange region is the basilar membrane (BM) which measured a vibrational motion of 25.2 + 4.5
nm. Due to an unfortunate glitch in our software, this segmentation was performed manually
during post processing instead of using our real time processing functions.

For our experiment we used a range of 1000Hz to 2000Hz and chose the sound pressure

levels of 0 dB, 40 dB, 60 dB, and 90 dB in coordination with literature[17]. The 0dB signal was
26



used to normalize our results. The region of the cochlear duct with the greatest response to 2000
Hz pure tone signal was identified in both the E12 and E13 embryo sample and the values of

mechanical motion of the basilar membrane and tectorial membrane were compared. The results

are as seen in Figure 7.

Scale Bar is 200 um

Figure 6. An OCT image of the organ of Corti captured with our OCV system. It should be noted that this
image has been flipped from its initial orientation.
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Figure 7. Results of vibrational motion experiment on the TM and BM.

4.3 Discussion

There are several key challenges for accessing the same region of the cochlear duct at

varying developmental stages. The most pertinent being the growth of the cochlear duct that is

occurring between days E10 and E13 of development. During this time period the cochlear duct

almost doubles in size. Therefore, while we have developed an effective procedure for obtaining

access to the cochlear duct from a consistent geometry, as it is difficult to directly compare

motion of the varying regions of the cochlear duct between developmental ages. In addition, our
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initial results from the cochlear duct were normalized to the motion of the cochlea in the absence
of auditory stimuli. Instead, it would be better to normalize our signal to the motion of the oval
window. This will remove any artifacts that arise due to the changes in the middle ear occurring
simultaneously during development. Depending on future results, moving forward it may be
pertinent to remove the columella and directly couple a piezoelectric transducer to the oval
window of the cochlear duct.

It is also important to emphasize that no conclusions may be drawn from this preliminary
data, as we need to repeat this experiment and verify statistical significance of our results. From
the literature, we believe a sample size of 3-4 embryos at each developmental stage will be
enough to ensure significance of our results; however, it is impossible to fully estimate this
number without more data on the variation between developmental stages of the embryo. Should
we see large variations in our results, we would recommend verifying the developmental stage of

the cochlear duct using scanning electron microscopy.
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CHAPTER 4-CONCLUSION

We have determined an experimental procedure for a repeatable access of the avian
cochlear duct for imaging via OCV. In addition, we have repeated a preliminary study of the
changes in mechanical motion of the avian cochlear duct. This study is very limited in that it has
only one individual per age group. While this experiment needs much more repeatability in order
to verify early data, it provides a hopeful insight into the changes in mechanical motion of the
cochlear duct. There are many other frequencies and sound pressure levels that need to be tested.
I recommend frequencies from 1000 Hz to 2,500 Hz in 100 Hz steps in order to verify the early
results we have seen. I also recommend that future research should include a larger range of
sound pressure levels. If we can determine repeatable results, work can be made toward

rendering a mechanical model of the coupling inside the inner ear of avian chicken embryos.
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