


ABSTRACT 

Imaging and vibrometry of the mouse cochlear apex using  

spectral domain optical coherence tomography 

by 

Simon Shang Gao 

 

Hearing loss affects millions of Americans and is of increasing concern to an aging 

population.  It can occur as a result of congenital malformations or damage to the functional soft 

tissues within the hearing organ, the cochlea.  Current clinical imaging modalities such as 

magnetic resonance imaging and computed tomography do not have the necessary resolution to 

detect such changes and, furthermore, provide no functional information.  As well, research into 

how the intracochlear tissues vibrate and thus transduce sound pressure waves into neural signals 

has stagnated because of the limitations inherent to currently available technologies.  To address 

these challenges, I worked collaboratively with other lab members and researchers from Texas 

A&M University to develop a spectral domain optical coherence tomography system to visualize 

and measure nanoscale vibrations of intracochlear structures. 

Using this system and mouse models, I first imaged excised cochlea from a transgenic 

mouse model of human hearing loss with an altered tectorial membrane.  The soft tissue 

structures and expected anatomical variations were visible using optical coherence tomography, 

and quantitative measurements confirmed the ability to detect critical changes relevant to 

hearing.  I then compared the vibratory patterns of the intracochlear structures of live and dead 

normal hearing mice and found that active force generation by outer hair cells produced larger 

displacements of the tectorial membrane than any other structure, including the basilar 



membrane.  As well, there was a traveling wave that emanated from the point of outer hair cell 

attachment and moved radially.  This presumably propels fluid and drives the stimulation of 

inner hair cell stereociliary bundles.  Furthermore, I observed frequency-dependent antiphasic 

behavior in the lateral aspect of the organ of Corti in live and dead normal hearing mice.  Using 

genetically modified mouse models, I demonstrated that this behavior is related to sharp tuning 

within the cochlea. 
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Chapter 1 

Introduction 

 

1.1 Research Motivation 

Mammalian hearing is extremely sensitive (Sivian and White 1933; Devries 1948) and 

has fine frequency resolution (Spiegel and Watson 1984).  In addition, it can process sounds over 

a dynamic range of 120 dB, or six orders of magnitude (Knudsen 1923).  These features are the 

result of an active, biological amplification mechanism (Gold 1948; Rhode 1971; Kemp 1978).  

This amplifier resides inside the bony cochlea (Narayan, Temchin et al. 1998; Ruggero, Narayan 

et al. 2000), which is approximately 1 cm in diameter in humans and less than 2 mm in mice.  

The key intracochlear soft tissues range on the order of 10-100s of µm in thickness.  More 

importantly, they move in response to sound stimuli.  These mechanical vibrations are 

transduced into neural signals by hair cells.  The amplitude of this motion is less than 1 nm at 

low sound levels and at the atomic scale near the threshold of hearing.   

Damage to or malformations of the intracochlear soft tissues result in hearing loss.  

Current clinical imaging modalities such as magnetic resonance imaging and computed 

tomography do not have the necessary resolution to detect changes in the soft tissue structures 

(Gao, Xia et al. 2011; Lin, Chowdhury et al. 2011).  Furthermore, there is no clinical method to 

directly measure cochlear function.  Previous in vivo investigations of the vibrations of 

intracochlear structures relied on invasive techniques (Nuttall and Fridberger 2012; Olson, 

Duifhuis et al. 2012).  In the last four decades, the majority of these experiments were done using 

laser interferometry, also referred to as laser Doppler vibrometry (LDV), on larger rodents such 

as gerbil and chinchilla.  Due to the low reflectance of the soft tissues (Khanna, Willemin et al. 
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1989), an opening in the cochlear bone was made and reflective microbeads were typically 

positioned on the structures to be measured.  The microbeads limited the experiments to a few 

specific positions on the surface of intracochlear structures.  As well, the need to open the 

cochlear bone made routine LDV extremely difficult in the smaller cochlea of mice.  This 

prevents the study of transgenic mice with human hearing loss mutations which may lead to a 

better understanding of cochlear function and disease pathophysiology.      

To improve upon current technologies, I worked collaboratively with other lab members 

and researchers from Texas A&M University to develop a spectral domain optical coherence 

tomography (OCT) system for noninvasive cochlear imaging and vibrometry.  Using the mouse 

as an animal model, I conducted experiments with the following specific aims: 

Specific Aim 1: Quantitatively image the cochlear soft tissues in wild-type and hearing-impaired 

Tecta C1509G transgenic mice by OCT. 

Specific Aim 2: Measure basilar membrane vibration in vivo in the unopened cochlea of normal 

hearing mice using OCT. 

Specific Aim 3: Measure vibrations across the intracochlear structures in vivo in normal hearing 

mice using OCT. 

Specific Aim 4: Measure vibrations across the intracochlear structures in genetically modified 

mice using OCT. 

 

1.2 Relation to Previous Work 

 While previous studies of cochlear vibrations showed that the exquisite sensitivity and 

sharp frequency tuning of mammalian hearing relate to basilar membrane vibrations (Narayan, 

Temchin et al. 1998; Ruggero, Narayan et al. 2000), research is nevertheless limited by the 
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technologies available.  A number of scientists have noted the challenges, pointing out in 

particular the need for improved spatial resolution of measurements (Dalhoff, Gatner et al. 2001; 

Ren and Nuttall 2001; de La Rochefoucauld, Khanna et al. 2005).  OCT was a relatively new, 

developing technology that provided a potential solution.  It was originally developed for 

noninvasive, cross-sectional imaging of biological tissues (Huang, Swanson et al. 1991; Fercher, 

Hitzenberger et al. 1995).  The technique was later extended to be able to detect nanometer-scale 

motion (Choma, Ellerbee et al. 2005).  

Wong et al. were the first to test the ability of OCT to image the cochlea (Wong, de Boer 

et al. 2000).  They were able to see the intracochlear structures important to sound transduction 

when imaging through the bone of excised rat cochlea.  Vibratory measurements of intracochlear 

structures were then demonstrated in vitro (Hong and Freeman 2006) and in vivo (Chen, 

Choudhury et al. 2007).  Future experiments were, however, still done on larger rodents and still 

involved opening the cochlear bone (Chen, Zha et al. 2011; Zha, Chen et al. 2012). 

Vibratory measurements in the intact mouse cochlea have been reported on a few 

previous occasions.  Mellado Lagarde et al. used a self-mixing, laser-diode interferometer that 

was focused through the round window membrane to visualize and measure vibrations of the 

basilar membrane (Mellado Lagarde, Drexl et al. 2008).  Because of the relatively large axial 

(depth) resolution of this technique, one criticism to this approach is that round window 

membrane or other intracochlear vibrations may contaminate the measurements (Lukashkin, 

Bashtanov et al. 2005; Nuttall and Fridberger 2012).  As a result, the consistency of these 

measurements has been questioned (Dallos 2008).  More recently, Ren, T. and He, W. used what 

is functionally an OCT system to image through the round window to measure vibrations in 

different intracochlear structures at the base of the mouse cochlea (Ren and He 2011).  Because 
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the cochlea is tonotopically organized, meaning that the cochlea performs a spatial Fourier 

analysis with higher frequencies better represented at the base and lower at the apex, and the 

mouse hearing range (1 to 90 kHz) is higher than the human hearing range (200 Hz to 20 kHz), I 

chose to focus on the cochlear apex in mice.  Furthermore, I chose to study the cochlear apex 

because technological limitations have traditionally made it difficult to make vibratory 

measurements there (Robles and Ruggero 2001). 

 

1.3 Thesis Structure and Organization 

 Chapter 2 reviews the auditory system and the process of sound transduction.  It provides 

the necessary background for understanding this work.  Chapter 3 provides an overview of 

optical coherence tomography.  As well, it describes the development and characterization of the 

system that we built for this endeavor.  Chapter 4 addresses specific aim 1 and is a quantitative 

analysis of OCT images collected from wild-type and transgenic Tecta mice.  This work was 

published in Optics Express (Gao, Xia et al. 2011).  Chapter 5 summarizes in vivo vibratory 

measurements from the apex of normal hearing mice for specific aim 2.  The methodology for 

this work was published in Biomedical Optics Express (Gao, Raphael et al. 2013).  Chapter 6 

focuses on specific aim 3 and describes the experiments done to measure vibrations across the 

intracochlear structures in vivo in normal hearing mice.  Chapter 7 focuses on experiments 

conducted on genetically modified mice with the goal of better understanding how sharp basilar 

membrane tuning is achieved, thus addressing specific aim 4.  Select data from Chapters 5, 6, 

and 7 will be organized for submission.  Chapter 8 recapitulates the contributions of this work. 
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Chapter 2 

Background 

 

2.1 The Peripheral Auditory System 

 

Figure 2.1.  The external, middle, and inner ear.  Sound waves pass into 

the ear canal of the external ear and vibrate the middle ear bones.  This 

vibration is carried to the cochlea. 

 

The peripheral auditory system (Fig. 2.1) serves to amplify and convert sound pressure 

waves into neural signals.  Sounds waves are first collected and funneled by the external ear to 

the tympanic membrane, or eardrum.  Vibrations at the eardrum are then transferred through the 

middle ear bones, the malleus, incus, and stapes, to the oval window of the cochlea.  Thus, the 

middle ear essentially serves as an impedance matching system between the air in the auditory 

canal and the fluid in the cochlea.  As well, because the area of the eardrum is much larger than 

that of the oval window and the lever ratio of malleus and incus displacement is greater than 1, 

the middle ear produces maximal pressure amplification of up to approximately 22-fold in 

humans (Geisler 1998) and 60-fold in mice (Huangfu and Saunders 1983; Dong, Varavva et al. 

2013). 
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Figure 2.2.  (a) The cochlea has three fluid filled chambers, scala vestibuli 

(SV), scala media (SM), and scala tympani (ST).  The auditory neurons 

(AN) sit within the central core, the modiolus.  The structure within the box 

is expanded in Figure 2.3.  (b) An unrolled cochlea showing the tonotopic 

arrangement of the basilar membrane in SM.  Higher frequency sounds 

produce more basilar membrane vibrations at the base of the cochlea 

(green).  Lower frequency sounds produce more basilar membrane 

vibrations at the apex (black). 

 

Vibrations of the stapes are transferred to the perilymph filled scala vestibule (SV) of the 

cochlea (Fig. 2.2a).  Because SV and scala tympani (ST) are continuous, the resultant pressure 

wave travels down the length of the cochlea and back to the round window.  As well, the 

pressure wave is transmitted to the endolymph filled scala media (SM) and causes vibrations of 

the basilar membrane (BM) in the transverse direction.  There is a gradient of the mass and 

stiffness of BM along the length of the cochlea.  These passive mechanical properties tune each 

region to a specific frequency of sound.  Thus, the base of the cochlea resonates at higher 
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frequencies and the apex at lower frequencies (Von Békésy 1947).  This spatial arrangement is 

termed tonotopy (Fig. 2.2b).   

Vibration of the BM causes deflection of outer hair cell (OHC) stereociliary bundles that 

are inserted into the tectorial membrane (TM) (Fig. 2.3).  Inner hair cell (IHC) stereociliary 

bundles are not attached to the TM and are thought to be stimulated by fluid movement in the 

subtectorial space (Nowotny and Gummer 2006).  Deflection of stereociliary bundles open 

mechanotransduction channels (Hudspeth and Jacobs 1979; Peng, Salles et al. 2011; 

Kazmierczak and Muller 2012).  The endolymphatic, or endocochlear, potential (EP) (Von 

Békésy 1952; Tasaki and Spyropoulos 1959) drives ion flow into hair cells to produce 

transduction currents, which results in a receptor potential within the hair cells.  These drive 

neurotransmitter release to activate type I (afferent) auditory neurons in IHCs and force 

producing mechanisms in OHCs.   

 
Figure 2.3.  The organ of Corti contains three rows of outer hair cells (OHCs) and one row of 

inner hair cells (IHCs).  The hair cells sit along with Hensen and other supporting cells on the 

basilar membrane (BM), which is fixed at the spiral limbus and osseous spiral lamina (OSL) 

medially and the spiral ligament (SL) laterally.  Hair cell stereocilia are deflected when shearing 

forces develop between the apical surface of the hair cells and the tectorial membrane (TM) 

during sound transduction.  Reissner’s membrane (RM) and the reticular lamina, the apical 

surface of sensory and supporting cells of the organ of Corti, restrict the endolymph to scala 

media.  Auditory nerve fibers (AN) connect IHCs with the brainstem. 
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The OHC force generating mechanisms amplify BM vibrations to compress the audible 

dynamic range.  This allows the IHCs, which only have a dynamic range of roughly 60 dB (Jahn 

and Santos-Sacchi 2001), to be able to transmit information over a range of approximately 120 

dB (Knudsen 1923).  The amplification process is, furthermore, associated with sharpened tuning 

(Robles and Ruggero 2001) and also produces an epiphenomenon known as spontaneous 

otoacoustic emissions (Kemp 1978), whereby the cochlea generates sounds in the absence of 

external stimulation.  The two active force producing mechanisms within OHCs are stereociliary 

motility and somatic electromotility.  The former has been well characterized in the hair cells of 

non-mammalian vertebrates.  A number of electrophysiological studies have shown that they 

spontaneously oscillate (Crawford and Fettiplace 1985; Martin and Hudspeth 1999), are tuned 

(Martin and Hudspeth 2001), and produce force (Martin and Hudspeth 1999; Kennedy, Evans et 

al. 2003).  Importantly, recent studies suggest that mammalian OHC stereociliary motility 

contribute to the active amplification mechanism (Liberman, Zuo et al. 2004; Chan and 

Hudspeth 2005; Kennedy, Crawford et al. 2005; Kennedy, Evans et al. 2006; Nin, Reichenbach 

et al. 2012). 

The other active mechanism, OHC somatic electromotility, describes shortening or 

lengthening of the cell as a result of depolarization or hyperpolarization, respectively (Brownell, 

Bader et al. 1985).  The motor protein prestin was discovered to be responsible for 

electromotility (Zheng, Shen et al. 2000).  As well, OHC electromotility was shown to be 

affected by OHC stiffness (Kakehata and Santos-Sacchi 1995; Santos-Sacchi, Shen et al. 2001; 

He, Jia et al. 2003).  Importantly, OHC length changes can occur at acoustic frequencies 

(Ashmore 1987; Frank, Hemmert et al. 1999) and can produce sufficient force to amplify BM 
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motion (Iwasa and Adachi 1997; Frank, Hemmert et al. 1999; Ospeck, Dong et al. 2003; Rabbitt, 

Clifford et al. 2009).   

 

2.2  The Study of Cochlear Vibrations 

The experimental foundation for understanding the mechanotransduction of sound by the 

inner ear was laid over eighty years ago.  The first observations of sound-induced vibrations 

within the cochlea were done by Georg von Békésy before World War II.  Working with human 

cadavers and using strobe photography, he observed that the BM essentially performs a spatial 

Fourier analysis (Von Békésy 1960).  Phase measurements of the vibrations showed the presence 

of a traveling wave (Fig. 2.4) (Von Békésy 1947).  Linear extrapolation of the data from von 

Békésy by Merle Lawrence estimated that the BM would then move on the order of picometers 

at the threshold of hearing (Lawrence 1965).  This was hard to believe as the radius of the 

hydrogen atom was on the same order.  Furthermore, the cochlear models following von 

Békésy’s work were not in agreement with the psychophysical data on the frequency selectivity 

of human hearing. 

 
Figure 2.4.  Vibration amplitude and phase angle at different positions along the BM.  

The numbers (50~, 100~, etc.) refer to the stimulus frequency in cycles per second 

(c.p.s.) (Von Békésy 1947).  
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It was not until 1970 that experimental data first showed that the cochlea has an active 

amplification mechanism.  Using the Mössbauer technique, William (Bill) Rhode was able to 

show that the BM at the base of the cochlea in live squirrel monkeys moved more at 70 dB SPL 

than 90 dB SPL after normalization to movement of the malleus (Fig. 2.5b) (Rhode 1971).  In 

these experiments, surgery was required to access the cochlea, and the sound stimulus was 

provided by a calibrated speaker connected to the ear canal.  The Mössbauer technique is based 

on detecting the Doppler shift between the emission and absorption of gamma radiation.  As 

such, it required placing a radioactive source on the object to be recorded.  This necessitated 

opening the cochlear bone (Fig. 2.5a), and Rhode notes that only 20 of the last 50 animals that 

survived the surgery provided reliable data.  Rhode also showed that the nonlinear response is 

not present in the post-mortem cochlea (Rhode 1973). 

 
Figure 2.5.  (a) The cross-sectional illustration depicts the placement of the radioactive source on 

the undersurface of the BM.  (b) Normalized BM responses from the squirrel monkey revealed the 

cochlear nonlinearity.  Stimulus frequencies of 1 to more than 9 kHz were used.  Stimulus 

intensities of 70, 80, and 90 dB SPL were used to collect the data between 6 and 8 kHz.  At the 

other stimulus frequencies, stimulus intensities of up to 125 dB SPL were used (Rhode 1971).  
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Others adopted the Mössbauer technique slowly over the next two decades despite 

concerns regarding how the radioactive source affected biologic tissues (Kliauga and Khanna 

1983).  As well, it became the norm to sweep the stimulus frequencies and record from a single 

position on the basilar membrane.  However, researchers still had difficulties reconciling the 

sharply tuned auditory nerve recordings with the broader mechanical measurements made using 

the Mössbauer technique.  This resulted in the idea that a second filter existed to sharpen tuning 

of the primary resonance, the basilar membrane traveling wave (Evans 1972; Duifhuis 1976; 

Robles and Ruggero 2001).  It was not until 1982 that Khanna and Leonard produced BM tuning 

curves which more closely resembled those from auditory nerve recordings (Khanna and 

Leonard 1982).  They took advantage of new laser interferometric technologies which removed 

the need to use radioactive sources.  A 50 to 120 µm gold crystal weighting less than 10 

nanograms was still necessary to reflect the laser back to the device.  Their study was done in 

cats, and during their experiments, the authors monitored the sensitivity of the cochlea in vivo by 

electrophysiological tests.  However, despite significant efforts to minimize trauma, the authors 

report that all animals showed some signs of cochlear trauma.   

The seminal report which settled the uncertainties (Allen and Fahey 1993; Braun 1994) 

regarding the relationship between BM responses and auditory nerve recordings was described in 

1998.  Narayan et al. recorded auditory nerve fibers and BM vibrations in the same chinchilla.  A 

high-pass filtered version of the BM tuning curve nearly overlapped with recordings from the 

auditory nerve fiber (Fig. 2.6).  The question of how sharp basilar membrane tuning is achieved, 

however, remained unanswered.  Modelling studies to address this have taken inspiration from 

the concept of the second filter by incorporating a second resonance (Robles and Ruggero 2001), 
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which has been proposed to arise from a number of different sources (Gummer, Hemmert et al. 

1996; Legan, Lukashkina et al. 2000; Karavitaki and Mountain 2007; Soons, Puria et al. 2013). 

 
Figure 2.6.  Frequency tuning of BM vibrations and auditory nerve fibers with similar 

characteristic frequencies (~9.5 kHz) (Narayan, Temchin et al. 1998).  

 

From the 1990s onward, laser interferometry was the technique of choice for cochlear 

vibration studies due to the availability of commercial laser interferometers.  These devices 

measure velocity and thus are sometimes referred to as laser Doppler vibrometers.  Two types of 

systems have been used in hearing research: homodyne and heterodyne.  In homodyne systems, 

laser light emitting from a source are split to the sample and detector.  The reflected light from 

the same is then directed towards the detector.  If the sample is vibrating, the reflected beam is 

returned with a Doppler frequency shift.  In heterodyne systems, a modulation frequency is 

applied to one of the light paths (sample or reference).  This allows separation of whether the 

object is moving towards or away from the interferometer.  
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Using a commercial interferometer, Ruggero et al. produced one of the most often cited 

reports of BM vibration from the base of the chinchilla cochlea (Ruggero, Rich et al. 1997).  

Their measurements were extremely detailed with many frequency and stimulus intensity steps.  

As well, their subsequent analysis was exhaustive.  Cooper, Ren, and others extended the 

technique by coupling an interferometer to an optimized microscope such that the use of a 

reflective bead was occasionally not necessary (Cooper 1999; Khanna and Hao 1999; Ren and 

Nuttall 2001), if an adequate reflection could be found within the organ of Corti.  After 

implementing a motorized translation stage to move the animal, Ren was able to measure the BM 

traveling wave pattern along a 1 mm length of the gerbil cochlea (Ren 2002).  Laser feedback or 

self-mixing interferometry was another extension of the technology.  Mellado Lagarde et al. used 

such a device to focus through the round window membrane to measure vibrations of the BM in 

the mouse (Mellado Lagarde, Drexl et al. 2008).  Because of the relatively large axial (depth) 

resolution of this technique, one criticism to this approach is that round window membrane or 

other intracochlear vibrations may contaminate the measurements (Lukashkin, Bashtanov et al. 

2005; Nuttall and Fridberger 2012). 

To determine the source of cochlear amplification, studies were conducted test the idea 

that OHCs enhanced the mechanical response of the BM at low sound levels (Mountain 1980; 

Brown, Nuttall et al. 1983).  Up to the early 90s, there were no BM recordings to support this 

hypothesis.  In 1991, Ruggero et al. showed that furosemide, a loop diuretic that affects 

potassium recycling to reduce the EP, reversibly reduced the compressive nonlinear response of 

the BM to pure tone stimulus in the chinchilla cochlea (Ruggero and Rich 1991).  Other studies 

using different compounds or drugs to reduce outer hair cell activity also showed a loss of 

compressive nonlinearity and a broadening of tuning (Santos-Sacchi, Song et al. 2006; Zheng, 
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Deo et al. 2007).  A similar result was seen in a transgenic mouse model where the mouse did 

not have a tectorial membrane (Mellado Lagarde, Drexl et al. 2008).  These studies all show that 

OHCs are essential for amplifying BM motion. 

The majority of the previously mentioned studies were done at the base, or higher 

frequency region, of the cochlea.  LDV studies of the lower frequency region at the cochlear 

apex were extremely challenging, as it was not possible to place reflective beads on the organ of 

Corti without perforating Reissner’s membrane (RM).  Doing so typically affected the EP, 

reducing cochlear function.  Traditional electrophysiological techniques used to monitor cochlear 

sensitivity were also experimentally determined to not be effective measures of cochlear integrity 

at the apex (Cooper and Rhode 1995; Zinn, Maier et al. 2000).  Nevertheless, Rhode and Cooper 

reported compressive nonlinearity in the apex of the chinchilla cochlea (Rhode and Cooper 

1996).  In contrast, Khanna and Hao did not detect nonlinearity from the reticular lamina of the 

organ of Corti at the apex of guinea pig cochlea using a self-mixing interferometer (Khanna and 

Hao 1999).  This was despite the fact that the RM was intact in their experiments, as they did not 

use reflective beads.  The degree of cochlear amplification at the apex of the cochlea is thus an 

open question. 

 

2.3  Limitations of Current Technologies 

There are fundamental limitations to the current clinical and research technologies for 

routine imaging of the cochlea and measurements of intracochlear vibrations.  For example, 

clinical imaging modalities such as magnetic resonance imaging (MRI) and computed 

tomography (CT) do not have the necessary resolution to detect changes in the cochlear soft 

tissues which result in hearing loss.  While CT and MRI can detect gross malformations such as 
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the lack of a modiolus (Fig. 2.7a) or a cochlea which is roughly half of its normal size (Fig. 

2.7b), they cannot detect what are presumably minor alternations in the cochlear soft tissues 

which result in hearing loss (Fig. 2.7c, d).  Since most forms of hearing loss do not have any 

appreciable findings on CT or MRI (Lin, Chowdhury et al. 2011), this limits the ability to 

understand and treat hearing loss in individual patients. 

 
Figure 2.7.  CT and MRI images of four different deaf patients.  (a) CT image of a 

patient with a cochlea (yellow arrow) lacking a modiolus.  (b) MRI image of a cochlea 

that is approximately half of the normal size.  (c) CT image of a patient with a “normal” 

cochlea.  (d) MRI image of a patient with a “normal” cochlea.  The normal human 

cochlea is approximately 1 cm in diameter (Gao, Xia et al. 2011). 

 

Moreover, CT and MRI produce no functional information, and there is currently no 

clinical device which measures intracochlear vibrations.  On the research side, previous in vivo 
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investigations of the vibrations of intracochlear structures relied on invasive techniques, most 

recently with LDV, in animal models.  While LDV has contributed significantly to the 

knowledge base of the cochlear mechanics field, it nevertheless has its limitations.  Due to the 

low reflectance of the soft tissues (Khanna, Willemin et al. 1989), an opening in the cochlear 

bone is required and reflective microbeads are usually positioned on the structures to be 

measured.  The microbeads limit the experiments to a few specific positions on the surface of 

intracochlear structures.  Some groups have developed more sensitive or confocal microscope 

systems which bypassed the need for microbeads (Cooper 1999; Khanna and Hao 1999; Ren and 

Nuttall 2001).  Doing so, however, introduced complications as well.  As with self-mixing 

interferometers, measurements without the use of a reflective bead could be subject to 

contamination from out of focus regions.  A number of scientists noted the need for improved 

spatial (z or depth) resolution of measurements (Dalhoff, Gatner et al. 2001; Ren and Nuttall 

2001; de La Rochefoucauld, Khanna et al. 2005).  Furthermore, the technique still restricts 

measurements to the surface of intracochlear structures. 

The need to open the cochlear bone also prevents the investigation of cochlear mechanics 

in mice.  Advances in last decade in the fields of molecular biology and genetic engineering have 

resulted in the creation of many strains of hearing-impaired mice with mutations in structural 

proteins.  Since these mutations could alter the organ of Corti vibratory pattern, it is highly 

desirable to be able to measure vibrations of intracochlear structures to better understand disease 

pathophysiology (Nuttall and Fridberger 2012).  The small size of the mouse cochlea makes 

routine LDV challenging because opening it is more likely to produce trauma.  Only one group 

has been able to make vibration measurements in transgenic mice without opening the cochlea 

(Mellado Lagarde, Drexl et al. 2008).  They used a self-mixing, laser-diode interferometer.  
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Because of the relatively poor depth resolution of this technique however, the consistency of 

these measurements has been questioned (Dallos 2008). 

To overcome these technological challenges, we sought to develop a spectral domain 

OCT system to noninvasively image and measure vibrations of intracochlear structures.  The 

next chapter will delve into the theory of OCT and the development of the OCT system.  The 

chapters after that detail the in vitro and in vivo experiments performed using the system. 
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Chapter 3 

Optical Coherence Tomography 

 

3.1 Introduction 

OCT is a noninvasive, nondestructive imaging technique with micron scale resolution 

that allows for three-dimensional imaging within scattering media (Huang, Swanson et al. 1991; 

Fercher, Hitzenberger et al. 1995).  Based on image resolution and depth penetration, it fills a 

niche between ultrasound and various microscopy techniques.  OCT is already an established 

imaging technique for ophthalmologic care (Swanson, Izatt et al. 1993; Hee, Izatt et al. 1995; 

Puliafito, Hee et al. 1995) and is under investigation for intravascular imaging of coronary 

vessels (Jang, Tearney et al. 2001; Grube, Gerckens et al. 2002; Prati, Regar et al. 2010).  OCT 

has other potential applications in the fields of bronchology (Meyerholz, Stoltz et al. 2010), 

cancer research (Nguyen, Zysk et al. 2009; Park, Jo et al. 2010; Zhou, Cohen et al. 2010), 

gastroenterology (Adler, Zhou et al. 2009; Aguirre, Chen et al. 2010), and otolaryngology 

(Nguyen, Jung et al. 2012; Chang, Cheng et al. 2013), among others. 

Relative to this work, Wong et al. were the first to test the ability of OCT to image the 

cochlea (Wong, de Boer et al. 2000).  They were able to see the intracochlear structures 

important to sound transduction when imaging through the bone of excised rat cochlea.  

Vibratory measurements of intracochlear structures were then demonstrated in vitro (Hong and 

Freeman 2006) and in vivo (Chen, Choudhury et al. 2007).  Future experiments were, however, 

still done on larger rodents and involved opening the cochlear bone (Chen, Zha et al. 2011; Zha, 

Chen et al. 2012). 
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3.2 Working Principles 

3.2.1 Time Domain Optical Coherence Tomography 

 OCT has often been described as being analogous to ultrasound.  Both methods generate 

depth-resolved images based on back reflected signals.  Ultrasound operates by sending 

ultrasonic pulses and converting the time-of-flight delay of echoes to depth.  In contrast, OCT 

functions as an interferometric cross-correlator between light directed to a sample and reference 

mirror.  The back reflected light from the sample and reference mirror interfere when the path 

difference is within the coherence length of the light source.  The coherence length lc is 

determined by the center wavelength λ0 and bandwidth of the light ∆λ:  

    
    

  
(
  
 

  
)          (Eqn. 3.1) 

The n is the refractive index of the sample.  In modern broad bandwidth light sources, the 

coherence length is on the order of micrometers.  The optical setup is based on a Michelson 

interferometer with a low coherence, broad bandwidth light source such as a superluminescent 

diode (SLD) (Fig. 3.1).  By moving the reference mirror, OCT generates one-dimensional line 

scans (A-scans) of the depth-resolved (z) sample reflectivity.  By moving the sample or scanning 

the light path laterally (x), two-dimensional images (B-scans) can be acquired.  Moving or 

scanning in the orthogonal direction (y) allows for three-dimensional imaging.  This is the basis 

for time domain OCT.   



20 

 

Figure 3.1.  Schematic of a typical fiber-based time domain OCT system.  The OCT 

source is a superluminescent diode (SLD) (Tearney, Brezinski et al. 1995).   

 

3.2.2 Spectral Domain Optical Coherence Tomography 

 Four years after the initial description of OCT, Fercher et al. introduced a different 

method of extracting depth information (Fercher, Hitzenberger et al. 1995).  Instead of 

translating the reference mirror to interrogate depth, they used a fixed reference mirror and 

extracted the same depth information by analyzing the interferometric signal as a function of 

wavenumber.  They substituted the photodiode in the case of time domain OCT with a 

diffraction grating to split the interferometric signal onto a one-dimensional photodetector array.  

This method is now termed spectral domain OCT.  Alternatively, this spectral analysis of the 

interference pattern can be done with a fast, tunable laser and a single photodiode.  This 

approach is referred to as swept-source OCT.  These two implementations of OCT dramatically 

increase the speed at which one-dimensional depth (A-line) information could be collected.   

This translates to better sensitivities for spectral domain and swept-source OCT systems 

when compared to time domain systems (Choma, Sarunic et al. 2003; Leitgeb, Hitzenberger et 
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al. 2003).  In addition, functional enhancements to spectral domain OCT were also developed.  

The key feature relative to this work was described in 2005 and allowed for measurements of 

nanometer-scale motion (Choma, Ellerbee et al. 2005).  A short summary of that work will be 

presented here.  The detected interference pattern for a single, vibrating sample reflector at depth 

∆z can be described as follows: 

    ( )  (
 

 
)  ( )    √       [   (     )   ]    (Eqn. 3.2) 

The k is wavenumber; ρ is the detector sensitivity; e is the electronic charge; S(k) is source 

power density function; δk is detector spectral resolution; ∆t is the time to acquire one A-scan; Rr 

and Rs are the reference and sample reflectivities, respectively; n is the refractive index; ∆z + δz 

is the path difference between the sample and reference reflectors; δz is the sub-coherence length 

deviation of the reflector from ∆z; and φ is the phase of the sub-coherence length deviation.  The 

Fourier transform of idet gives an A-scan I(z) that has peak values at z = ±2n∆z: 
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              (Eqn. 3.3) 

The S is the source power, E(2n∆z) is the unity-amplitude coherence envelope function, and k0 is 

the source center wavenumber.  For a perfect reflector, the sensitivity of spectral domain OCT 

can be calculated as the following: 

     
      

  
                 (Eqn. 3.4) 

For some reference time t0, δz is then as follows: 

  ( )  
   

   
[  (      )    (       )]      (Eqn. 3.5) 

The maximum δz should be less than the coherence length lc; the sensitivity of δz(t) is as 

follows: 
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       (Eqn. 3.6) 

 

3.3 System Design 

 The system that we developed is based on spectral domain OCT.  As with time domain 

OCT systems, the optical setup is still based on a Michelson interferometer with a low 

coherence, broad bandwidth light source (Fig. 3.2).  The source that was used for the initial 

imaging experiments (specific aim 1) consisted of 140 fs pulses of 950 nm light from a 

modelocked Ti:sapphire laser (Chameleon, Coherent, Santa Clara, CA).  The light was focused 

into an ultrahigh numerical aperture (NA) single mode optical fiber (UHNA3, NuFern, East 

Granby, CN) in order to broaden the spectral bandwidth (Marks, Oldenburg et al. 2002; Tu, 

Marks et al. 2007).  Launching 250 mW into the fiber resulted in spectral broadening of the 

source to a full width at half maximum (FWHM) of ~80 nm.  For the vibrometry experiments 

(specific aims 2, 3, and 4), I switched to a SLD running in high power mode (Broadlighter S930-

B-I-10, Superlum, Ireland).  The SLD has a center wavelength of ~935 nm and a spectrum 

FWHM of ~70 nm.   
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Figure 3.2.  Schematic of the developed spectral domain OCT system. 

 

The light went into a 2x2 (50:50) fiber-fused coupler (WA10500202B2111-BC1, AC 

Photonics, Santa Clara, CA).  One of the output ports was directed to the X-Y scanning mirror of 

an upright microscope (MOM, Sutter Instruments, Novato, CA), which served as the sample 

arm.  The other output port was used as the reference arm.  The average power measured after 

the objective (an achromatic lens with a focal length of 100 mm) was ~10 mW with the 

Ti:sapphire laser and ~4 mW with the SLD.  The reflected light from both the sample and 

reference arms was combined in the fiber coupler.  The resulting interferogram was recorded 

using a custom spectrometer based on a high speed line scan camera (AViiVA SM2 CL 2014, 

E2V, Tarrytown, NY).  A camera integration time of 30 µs with a line rate of ~16 kHz was 

typically used. 

 

3.4 Data Processing 

An example of the data processing steps required to analyze vibrations will be shown 

here.  The first step is to generate an A-line.  In this example, the sample was a piece of white 
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tape stuck to a piezoelectric membrane.  The light was directed at the position indicated by the 

red dot in Figure 3.3.   

 
Figure 3.3.  Image of a piece of white tape stuck to a piezoelectric 

membrane.  The red dot approximates the position where the light from 

the OCT system is directed. 

 

When the sample and reference arms were path matched, the resulting interferogram captured by 

the line scan camera (Fig. 3.4a) represents the depth-resolved sample reflectivity.  Because the 

back reflected light from the sample is usually much less than the back reflected light from the 

mirror in the reference path, the interfered signal is subtracted by the signal from just the 

reference mirror (Fig. 3.4b).  This is called DC subtraction and allows us to visualize just the 

inference pattern (Fig. 3.4c).   
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Figure 3.4.  (a) Interferogram plus the DC signal.  (b) DC signal from the 

reference mirror.  The sample path was blocked in this case.  (c) The interferogram 

after removing the DC component.  This was done by subtracting the signal in (a) 

by the signal in (b). 

 

The interferogram was then transformed into k-space (abscissa axis of Figure 3.4c was converted 

from pixel to wavenumber) and linearized based on a calibration of the line scan camera done 

previously using an Argon lamp (Fig. 3.5a).  Finally, the magnitude of the Fourier transform was 

computed to produce the depth-resolved sample reflectivity or A-line (Fig. 3.5b).  This can then 

be done for many different positions to generate a B-scan image or volume scan. 
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Figure 3.5.  (a) Interferogram transformed into k-space (wavenumber).  (b) 

The magnitude of the FFT of the interferogram.  The red arrow points to the 

surface of the piece of tape. 

 

 To measure vibrations at one position, the phase at each depth was tracked over 

consecutive A-lines (M-scan).  For simplicity, this analysis will consider just one depth position, 

the surface of the piece of tape pointed to by the red arrow in Figure 3.5b.  If the piezoelectric 

membrane was oscillating at 4 kHz, the measured phase response would behave similarly.  The 

phase was band-pass filtered for clarity and shows the first 100 A-lines of the 5,000 collected 

(Fig. 3.6a).  The amplitude of the oscillation was converted to units of nm based on Equation 3.5.  

A-lines were collected 42 µs apart (Fig. 3.6b).  The fast Fourier transform (FFT) of the measured 

phase response shows that, indeed, the piezoelectric membrane vibrated at 4 kHz with amplitude 

of approximately 13 nm (Fig. 3.6c). 
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Figure 3.6.  (a) Band-pass filtered phase response at the surface of the 

piezoelectric membrane.  (b) The phase response in nm and ms.  (c) FFT of the 

phase response. 

 

3.5 System Characterization 

3.5.1 Signal to Noise Ratio 

 The theoretical sensitivity of the OCT system can be assessed by looking at a perfect 

reflector such as a mirror.  Using Equation 3.4, the expected signal to noise ratio (SNR) can be 
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calculated given the detector sensitivity ρ, camera integration time ∆t, and the power to the 

spectrometer.  For ρ of ~0.1 A/W, e of 1.6E-19 C, ∆t of 10E-6 s, and power to the spectrometer 

of 1E-3 W, the theoretical SNR is ~95 dB.  The working SNR of the system was determined 

experimentally by comparing the A-line peak of a mirrored surface to the standard deviation of a 

region ~700 µm away (Fig. 3.7).  After adding in 39 dB of sample arm attenuation, done to 

prevent saturation of the camera, the SNR of the system was determined to be ~90 dB.  

Alternatively, if the same A-line peak was compared to the RMS of the region ~700 µm away, 

the SNR was ~84 dB. 

 
Figure 3.7.  A-line of a sample mirror used to experimentally determine the 

system SNR.  The arrow points to the peak representing the mirror surface.  

The small peaks around 800 µm are artifacts.  The bracket shows the region 

used to calculate the standard deviation of the noise. 

 

3.5.2 Axial and Lateral Resolution 

 The theoretical axial resolution can be calculated using Equation 3.1.  When using the 

Ti:sapphire laser and the broadening fiber, the center wavelength was 950 nm with a bandwidth 

of 80 nm.  This results in a theoretical axial resolution of 5 µm in air.  With the SLD, based on 

the system specifications provided by the company, the theoretical axial resolution is 5.5 µm.  
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Since the light has to pass through numerous optical components and spectrometer alignment is 

inherently difficult, the system’s working axial resolution should be determined by looking at the 

FWHM of the A-line peak of a mirror.  Such an analysis gives an axial resolution of ~9.4 µm 

(Fig. 3.8). 

 
Figure 3.8.  A-line of a sample mirror used to experimentally determine the 

system axial resolution. 

 

 The theoretical lateral resolution can be approximated by following the Rayleigh 

criterion: 

          
  

  
                    (Eqn. 3.7) 

There is an inherent tradeoff between NA and depth of focus.  OCT prefers a larger depth of 

focus to allow a more even distribution of the incident light to multiple depths.  Thus, the OCT 

system uses a 2 cm diameter lens with a 10 cm working distance.  However, the incident beam 

does not fill the lens and thus the effective NA is lower.  To determine the lateral resolution 

experimentally, I imaged 10-15 µm microspheres at first and was able to resolve them.  I later 

imaged both paper and glass resolution targets.  With the paper based resolution target, it was 

difficult to identify distinct bands past Group 4 Element 1.  This corresponds to a resolution of 

~30 µm.  With the glass resolution target, the three bands of Group 4 Element 6 are visible (Fig. 

3.9).  This corresponds to a resolution of ~18 µm. 
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Figure 3.9.  Camera (top) and OCT (bottom) image of Group 4 Elements 1, 5, 

and 6 of a USAF resolution target. 

 

3.5.3 Vibration Noise 

 Based on Equation 3.6, the displacement sensitivity depends on the SNR of the A-line.  

For a prolonged stimulus, the inclusion of additional data points can be approximated as an 

averaging mechanism.  I typically followed the phase over 10,000 A-lines.  At the organ of Corti, 

the SNR is between 20 and 40 dB.  This translates to sub-nanometer displacement sensitivity.  

As shown Figure in 3.6, I can also take advantage of the sinusoidal nature of sound stimuli and 

analyze the resultant vibrations with a FFT.  To have confidence in the detected signals, I set the 

rejection criteria at a noise threshold, defined to be the mean plus three times the standard 

deviation of the noise at nearby frequencies to the stimulus frequency.  Initially, I found that the 

vibration noise was much higher than the predicted theoretical value.  After some testing, I 

discovered that the noise threshold decreased when the scanning mirrors were turned off (Fig. 

3.10).  This was because the scanning mirrors were jittering, and others have reported similar 

issues (Fingler, Williams et al. 2006).  I tested several scanning mirrors and ultimately decided to 

switch the Cambridge Technology scanning mirrors to a more stable scan mirror from Optics in 

Motion.  Nevertheless, I still averaged up to 50 stimulus repetitions in order to lower the noise.  

This allowed us to reliably measure vibrations as low as 0.2 nm within the mouse organ of Corti. 



31 

 
Figure 3.10.  Vibratory response of the piezoelectric membrane and noise threshold with 

the scanning mirrors (SM) on and off. 
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Chapter 4 

Quantitative imaging of the cochlear soft tissues in wild-type and 

hearing-impaired transgenic mice by spectral domain optical 

coherence tomography 

 

4.1 Motivation 

The human cochlea is about 1 cm in diameter, yet the intracochlear tissues responsible 

for sound transduction range on the order of 10 to 100 µm in thickness.  As such, current clinical 

imaging modalities such as magnetic resonance imaging (MRI) and computed tomography (CT), 

which have resolutions of approximately 1 and 0.5 mm respectively (Nekolla and Saraste 2010; 

Douraghy and Chatziioannou 2011), do not provide the necessary resolution required to detect 

disturbances in the intracochlear soft tissues associated with hearing loss (Fig. 2.7).  There is a 

need for better cochlear imaging technology to help clinicians and researchers visualize the 

hearing organ at a higher resolution.  Therefore, the Oghalai lab and our collaborators sought to 

apply the technique of optical coherence tomography (OCT) to this problem.  We chose to use 

spectral domain OCT as it provides a higher signal-to-noise ratio and faster imaging speeds 

compared to time domain OCT (Leitgeb, Hitzenberger et al. 2003).   

To test the efficacy of OCT for cochlear imaging, we turned to a commonly used animal 

model in auditory research, the mouse.  The mouse cochlea functions in a nearly identical 

fashion to that of the human cochlea (Oghalai, Holt et al. 1998), and transgenic mice with human 

hearing loss mutations are available for study.  The objective was to determine whether OCT 

could provide anatomical information about the intra-cochlear soft tissues relevant to hearing in 

mice.  I imaged normal mouse cochleae, as well as cochleae from transgenic mice that have a 

mutation in the Tecta gene (Xia, Gao et al. 2010), which is based upon a human hearing loss 
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mutation (Pfister, Thiele et al. 2004).  This mutation causes hearing loss by altering the structure 

of the TM, the biomechanics of the TM, and by increasing the risk of outer hair cell loss after 

noise exposure (Gueta, Levitt et al. 2011; Liu, Gao et al. 2011).  The OCT images were 

compared to histological images of fixed, sectioned tissue, the standard method to assess 

cochlear anatomy.  Furthermore, I imaged normal cochleae at different developmental ages in 

order to determine whether growth and development could be assessed.  I also analyzed the 

effect of ossification of the apical otic capsule on image quality at the organ of Corti.  This work 

was published in Optics Express (Gao, Xia et al. 2011). 

 

4.2 Methodology 

4.2.1 System Description 

The spectral domain OCT system is shown in Figure 3.2.  For these experiments, the 

source consisted of 140 fs pulses of 950 nm light from a modelocked Ti:sapphire laser 

(Chameleon, Coherent, Santa Clara, CA).  The light was focused into an ultrahigh NA single 

mode optical fiber (UHNA3, NuFern, East Granby, CN) in order to broaden the spectral 

bandwidth (Marks, Oldenburg et al. 2002; Tu, Marks et al. 2007).  Launching 250 mW into the 

fiber resulted in spectral broadening of the source to a full width at half maximum of ~80 nm, 

resulting in a theoretical axial resolution of ~5 µm in air or ~4 µm in solution.  The light exiting 

the fiber was then collimated and focused into a 2x2 (50:50) fiber-fused coupler 

(WA10500202B2111-BC1, AC Photonics, Santa Clara, CA).  One of the output ports was 

coupled into the X-Y galvo-mirror scan head of an upright microscope (MOM, Sutter 

Instruments, Novato, CA), which served as the sample arm; the other was used as the reference 

arm.  The average power incident on the sample tissue surface was ~10 mW. 
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The reflected light from both arms was then combined in the fiber coupler.  The resulting 

spectral interferogram was measured using a custom spectrometer based on a high speed line 

scan camera (AViiVA SM2 CL 2014, E2V, Tarrytown, NY) capable of line rates up to 28 kHz.  

A camera integration time of 30 µs was used for all images presented herein.  The dynamic range 

of the 12-bit camera was ~70 dB, as referenced to the standard deviation of the dark current and 

read noise.  In custom software written in MATLAB (MathWorks, Natick, MA), the 

interferogram was transformed into k-space, and the magnitude of the Fourier transform was 

computed to produce the depth-resolved sample reflectivity or A-line.  The signal-to-noise ratio 

of the system was ~90 dB, as determined by comparing the A-line peak of a mirrored surface to 

the standard deviation of a region 500 µm away.  Three-dimensional images were created from a 

series of X-Z slices scanned in the Y direction spaced 5 µm apart, each of which was averaged 4 

times unless stated otherwise.  The lateral resolution, determined experimentally by imaging 

microspheres, was ~10 µm.  The contrast and intensity curve properties were adjusted in ImageJ 

or Photoshop CS4 (Adobe, San Jose, CA) to optimize the image.  Measurements were, however, 

made on unaltered images. 

 

4.2.2 Imaging of Specimen Preparations 

The Stanford University and Baylor College of Medicine Institutional Animal Care and 

Use Committees (IACUC) approved the study protocols.  After sacrifice with an overdose of a 

ketamine/xylazine mixture, cochleae were isolated from post-natal day 3 (P3), P15, or >P30 

(adult) mice.  I studied normal-hearing mice (CBA strain) and three genotypes of a transgenic 

mouse strain that contained a human hearing loss mutation that produces a malformed TM 

(Tecta
+/+

 (wild-type), Tecta
+/C1509G

 (heterozygous), and Tecta
C1509G/C1509G

 (homozygous) 
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genotypes).  Each cochlea was glued upright into a chamber before being imaged.  The cochlea 

was immersed in either an external solution of (in mM) 150 NaCl, 4 KCl, 2 MgCl2, 1.5 CaCl2, 10 

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
 
acid (HEPES), and 10 glucose or phosphate 

buffered solution (PBS).  When indicated in the text, a hole was made in the bone overlaying the 

region of interest with a fine knife and pick.  All images were collected within two hours of 

animal sacrifice. 

 

4.2.3 Paraffin-embedded Histological Sections 

Mice were euthanized as previously mentioned.  The cochleae were isolated from the 

temporal bone in PBS and fixed in either 4% paraformaldehyde or a solution containing 60% 

ethanol, 30% formaldehyde, and 10% glacial acetic acid overnight at 4ºC.  After a triple wash in 

PBS, the cochleae were decalcified with 0.5 mM ethylenediaminetetraacetic acid (EDTA) (pH 

8.0) for 2 days at room temperature.  After another set of PBS washes, they were dehydrated 

with gradient ethanol and Histo-clear (Electron Microscopy Sciences, Hatfield, PA) and 

embedded in paraffin.  Serial sections of 7 µm thickness were prepared in the mid-modiolar 

plane and stained with hematoxylin and eosin.  Images were taken at either 5X or 10X 

magnification on a LSM 5 Exciter (Carl Zeiss, Thornwood, NY). 

 

4.2.4 Image Analysis 

Measurements were made in ImageJ or Photoshop CS4.  No adjustments were made to 

the images for these purposes.  I measured the area of the TM, thickness of the hair cell 

epithelium, distance between the TM and hair cell epithelium, thickness of the spiral limbus and 

OSL, thickness of the RM, and thickness of the bone and SL at the RM.  I also measured the 
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penetration depth and image intensity at the soft tissues.  The structural measurements were 

made on slices of the image stacks that were from the middle third of the cochlea.  As well, I 

recorded the pixel intensity values across the internal spiral sulcus. 

To measure the area of the TM, the outline of the TM was traced, and the internal area 

was determined in Photoshop CS4.  The thickness of the hair cell epithelium was measured as 

the distance from the lower edge of the BM to the upper edge of the hair cell epithelium at a 

point directly lateral to the internal spiral sulcus, perpendicular to the BM.  The distance between 

the TM and hair cell epithelium was defined as the shortest distance between the two that is 

perpendicular to the BM.  The thickness of the spiral limbus and OSL was measured from the 

RM and spiral limbus connection to the lower edge of the OSL, perpendicular to the OSL.  The 

thickness of the RM was measured at the midpoint, perpendicular to the curvature at that point.  

Finally, the thickness of the bone and SL was measured at the connection point between the RM 

and SL, perpendicular to the curvature at that point.   

Penetration depth was measured by choosing an A-line that was near the midpoint of 

where the RM attaches to the spiral limbus.  The amount of tissue imaged, as determined by eye, 

refers to the length of bone and soft tissue minus the length of the fluid-filled space.  The image 

intensity was measured at the apical otic capsule, hair cells, spiral limbus, and perilymph of the 

ST and was calculated by averaging the pixel intensity within a 10 by 10 pixel box.  Weber 

contrast was calculated by dividing the perilymph intensity (background) from the difference of 

the either the image intensity of apical otic capsule, hair cells, or spiral limbus (signal) and 

perilymph.  This value was then multiplied by 100 and presented as a percentage.  Analysis of 

variance (ANOVA) followed by two-tailed, non-paired Student’s t-tests were used to assess for 
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statistically significant differences in measurements of distance, thickness, or image intensity 

between tissues (P<0.05).   

 The pixel intensity values across the region of the internal spiral sulcus were recorded 

from images derived by averaging five consecutive OCT image slices from a single image stack.  

The intensity values were recorded along a 100 µm line drawn perpendicular to the BM, across 

the internal spiral sulcus.  Two-tailed, non-paired Student’s t-tests were used to determine 

significance between the pixel intensity values from 0 to 10 µm, 45 to 55 µm, and 90 to 100 µm. 

 

4.3 Experimental Results 

4.3.1 OCT Image of an Unopened Mouse Cochlea 

 Using the spectral domain OCT system, I first imaged an excised P15 mouse cochlea.  A 

sample X-Z slice and A-line are shown in Figure 4.1a and b, respectively.  In the OCT image, 

cochlear structures such as the organ of Corti and stria vascularis can be identified based on 

knowledge of cochlear anatomy.  These structures can also be identified on the A-line based on 

their relative depth. 

 
Figure 4.1.  (a) OCT image from a P15 mouse cochlea.  The bone and soft tissue structures scatter 

light and produce a signal that is visible with OCT.  In contrast, the surrounding fluid does not 

produce a visible signal.  (b) Magnitude and depth plot of the A-line highlighted in yellow in (a). 
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4.3.2 The Opened Adult Mouse Cochlea 

I then imaged normal adult mouse cochleae with the apical otic capsule bone removed to 

minimize unwanted scattering.  A representative OCT image, along with a representative 

paraffin-embedded histological image of an equivalent region of the cochlea, is shown in Figure 

4.2.  In the OCT image, the RM, BM, TM, and modiolus could be clearly identified.  Because 

the apical otic capsule had been removed, the lateral edge of RM was unattached, opening the 

scala media.  The curvature of the TM was away from the hair cell epithelium.  The crevice 

under the attachment of the TM, the internal spiral sulcus, and the space between the IHCs and 

OHCs, the tunnel of Corti, were also visible.  In the histological image, these structures can also 

be seen, but are often distorted as a result of the fixation and dehydration process.  This was 

extremely apparent in the case of the TM, which appeared to be thinned dramatically.  This is a 

common problem with cochlear histology and occurs because the TM is composed of ~97% 

water (Thalmann, Thallinger et al. 1987).  As evident in Figure 4.2, OCT imaging can resolve 

the soft tissues within the apical turn of the excised, mouse cochlea.  It also appears to provide a 

more representative characterization of the in vivo anatomy of the TM than fixed histological 

sections. 

 
Figure 4.2.  (a) Spectral domain OCT image of an adult mouse organ of Corti (unaveraged) as 

viewed with the apical otic capsule removed.  (b) Paraffin-embedded histological section from a 

P15 mouse cochlea shown for comparison.  The box encompasses what is not present in (A).  In 

both cases, the basilar membrane (BM), inner hair cells (IHCs), internal spiral sulcus, outer hair 
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cells (OHCs), modiolus, Reissner's membrane (RM), tectorial membrane (TM), and tunnel of Corti 

are visible. 

 

 I then imaged cochleae from the three genotypes of transgenic Tecta
C1509G

 mice to 

determine whether OCT can visualize soft tissue changes in the TM anatomy that cause hearing 

loss.  Tecta
+/+ 

mice have a normal TM which attaches to all three rows of OHCs.  Tecta
+/C1509G

 

mice have a TM which attaches to only the first row of OHCs and suffer moderate hearing loss.  

Tecta
C1509G/C1509G

 mice have a TM that does not attach to any OHCs and suffer profound hearing 

loss (Xia, Gao et al. 2010).  To ensure more natural cochlear anatomy, I kept the spiral ligament 

and Reissner's membrane connection intact during the dissection, ensuring that the scala media 

was not opened.  Figure 4.3 shows representative OCT images of the cochlea from (Fig. 4.3a) 

Tecta
+/+

, (Fig. 4.3b) Tecta
+/C1509G

, and (Fig. 4.3c) Tecta
C1509G/C1509G

.  I found that the distance 

between the TM and hair cell epithelium increased with the severity of the mutation, from an 

average of 16.31 ± 0.63 µm in Tecta
+/+

 to 23.45 ± 0.76 µm in Tecta
+/C1509G

 and 54.53 ± 4.46 µm 

in Tecta
C1509G/C1509G

 (P<0.05; Table 1).   

To determine if differences exist between OCT and histological images, I made 

measurements (mean ± SEM) of (1) the area of the TM, (2) the thickness of the hair cell 

epithelium, (3) the distance between the TM and hair cell epithelium, (4) the thickness of the 

spiral limbus and OSL, (5) the thickness of the RM, and (6) the thickness of the bone and SL at 

its junction with RM.  Table 4.1 summarizes the data.  Measurements were made on six different 

images from two different cochleae, except in the OCT case of Tecta
+/+

 which were made from 

three different cochleae. 
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Figure 4.3.  OCT (left) and paraffin-embedded histological sections (right) of cochleae from 

(a) Tecta
+/+ 

(Media 1), (b) Tecta
+/C1509G 

(Media 2), and (c) Tecta
C1509G/C1509G 

(Media 3).  The 

videos show the image stacks which have been cropped but remain unadjusted.  The OCT 

image of the Tecta
+/+

 gives the locations of where I made the measurements for (1) the area 

of the tectorial membrane (TM), (2) thickness of the hair cell epithelium, (3) the distance 

between the TM and hair cell epithelium, (4) the thickness of the spiral limbus and OSL, (5) 

the thickness of the RM, and (6) the thickness of the bone and SL at its junction with 

Reissner's membrane (RM).  Since the bone was opened in the OCT images, the actual 

measurement of the bone and SL thickness was made at another slice of the image stack.  

Depicted is the approximation of that thickness in the current slice. 
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  Tecta+/+  Tecta+/C1509G  TectaC1509G/C1509G A B C 

TM area (µm2): OCT 
* 

3862.5 ± 144.7  4272.92 ± 72.9 
* 

5443.75 ± 139.9 ¥ ¥ ¥ 

                           Histology 1094.31 ± 322 3461.183 ± 399 3461.29 ± 340.9 ¥ ¥  

Hair cell epithelium  

thickness (µm): OCT 

* 

 

115.14 ± 3.73 

* 

 

142.94 ± 0.99 

* 

 

139.16 ± 3.44 

 

¥ 

 

¥ 
 

                           Histology 44.37 ± 2.31 53.30 ± 1.69 57.37 ± 4.39 ¥ ¥  

Distance between TM and  

hair cell epithelium (µm):  

                           OCT 

  

 

16.31 ± 0.63 

* 

 

 

23.45 ± 0.76 

* 

 

 

54.53 ± 4.46 

 

 

¥ 

 

 

¥ 

 

 

¥ 

                           Histology 17.28 ± 4.93 10.05 ± 2.33 24.24 ± 7.94    

Spiral limbus and OSL  

thickness (µm): OCT 

* 

 

204.57 ± 6.36 

* 

 

218.62 ± 5.87 

* 

 

224.36 ± 9.77 

   

                           Histology 151.22 ± 9.69 174.13 ± 9.08 161.26 ± 11.86    

RM thickness (µm):  

                           OCT 

* 

 

20.03 ± 0.88 

* 

 

22.66 ± 1.84 

* 

 

22.28 ± 0.33 

   

                           Histology 6.21 ± 1.02 6.32 ± 0.47 7.42 ± 0.88    

Bone and SL  

thickness (µm): OCT 

  

105.33 ± 4.65 

  

109.4 ± 6.24 

  

106.24 ± 6.32 

   

                           Histology 112.88 ± 14.33 102.9 ± 7.66 109.67 ± 9.77    

Table 4.1.  Measurements of the soft tissue structures within the cochlea.  The data are from 6 images 

from 2 cochleae (3 cochleae in the case of Tecta
+/+

).  All values are mean ± SEM.  Measurements from 

OCT and histological images are as labeled.  * denotes statistical significance (P<0.5, non-paired 

Student’s t-tests) between the measurement from OCT and histology.  ¥ denotes statistical significance 

(P<0.5, non-paired Student’s t-tests) among genotypes, where A is between Tecta
+/+

 and Tecta
+/C1509G

, B is 

between Tecta
+/+

 and Tecta
C1509G/C1509G

, and C is between Tecta
+/C1509G

 and Tecta
C1509G/C1509G

. 
 

When comparing the measurements made on the OCT images between genotypes, there 

were also differences between the TM area and hair cell epithelium thickness.  For the TM area, 

the measurement increased with the severity of the mutation.  For the hair cell epithelium 

thickness, the Tecta
+/+

 was less than the Tecta
+/C1509G 

and
 
Tecta

C1509G/C1509G
; however, the 

Tecta
+/C1509G 

and
 
Tecta

C1509G/C1509G
 were not different from each other.  The differences in the TM 

area and hair cell epithelium thickness were reflected in the measurements from the histological 

images as well, except for between Tecta
+/C1509G 

and
 
Tecta

C1509G/C1509G
.  Importantly, there were 

no differences in the spiral limbus and OSL thickness, RM thickness, and bone and SL thickness 

when comparing between genotypes in both OCT imaging and histology.  These were not 

expected to change.  Thus, I conclude that OCT imaging can distinguish between TM differences 

in mice that contain a mutation responsible for hearing loss in humans. 
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4.3.3 Unopened Cochlea during Development and in Adulthood 

The mouse cochlea is only partially formed at birth.  At P3, the TM is still attached to the 

hair cell epithelium along its entire width, because the internal spiral sulcus and tunnel of Corti 

have not formed yet (Xia, Gao et al. 2010).  The otic capsule surrounding the cochlea has not yet 

undergone endochondral ossification and remains cartilaginous.  As such, it should scatter light 

less than in adult mice.  By P15, the organ of Corti is fully mature, and the otic capsule has 

partially ossified.  The adult mouse cochlea (>P30) has a more ossified otic capsule.  Therefore, I 

studied cochleae from P3, P15, and adult mice to assess the abilities of the system to visualize 

developmental changes in soft tissue morphology and to understand the impact of otic capsule 

ossification on image quality.  Unaltered, representative images are shown in Figure 4.4 of a P3 

(Fig. 4.4a), P15 (Fig. 4.4b), and adult cochlea (Fig. 4.4c).  In all of the image stacks, the RM, 

BM, and the modiolus were visible in at least 80% of the apical cochlear turn.  Looking at an A-

line that was near the attachment of RM to the spiral limbus (Fig. 4.4a, in yellow), the total 

depths of tissue imaged in the P3, P15, and adult cochleae were 445.71 ± 16.53 µm (n = 7), 

405.63 ± 14.28 µm (n = 8), and 482.5 ± 30.02 µm (n = 6, mean ± SEM), respectively.  There was 

no statistical significance between these measurements.  This is summarized in Figure 4.4d.   
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Figure 4.4.  Unaltered, cross-sectional spectral domain OCT images of the cochlea from (a) P3, (b) 

P15, and (c) adult mice.  In all cases, the Reissner's membrane (RM), basilar membrane (BM), and 

modiolus are visible.  An example of the vertical line chosen for measuring the amount of tissue 

imaged is shown in yellow.  Examples of the 10 by 10 pixel boxes used to calculate the signal 

intensity in a given region are also in yellow.  Graphs showing (d) the amount of tissue imaged, (e) 

the average signal intensity in different regions, and (f) the contrast percentage of regions 1, 2, and 

3.  Number of samples is noted in (d), and statistical significance is noted in each of the graphs by a 

paired * or ¥. 
 

 The image quality of the soft tissues was reduced in the P15 and adult mouse.  This is 

illustrated in Fig. 4.4e.  The graph depicts the average signal intensity of 10 by 10 pixel boxes.  

The location where the signal intensity was measured is shown roughly by the numbers 1, 2, 3, 
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and 4 in Figure 4.4a-c.  The regions encompass a portion of the apical otic capsule, the hair cells 

and supporting cell region, the spiral limbus, and the ST, respectively.  As would be expected, 

there was a statistically significant increase in the overall signal in the apical otic capsule with 

age and no difference in the signal from the ST.  Importantly, there was a decrease in the signal 

from the hair cells at P15 and adult; this is more clearly seen when looking at the contrast in Fig. 

4.4f.  There were, however, no statistically significant differences in the signal intensity from the 

spiral limbus between the different age groups.  In the cochlea of the P3 mouse, since the bone 

has not fully calcified, the inner cochlear structures are better defined.   

Additionally, the TM does not lift from the BM in the mouse until after P3 (Xia, Gao et 

al. 2010); this is shown in the P3 OCT image by a lack of the internal spiral sulcus.  The pixel 

intensity values across the region of the internal spiral sulcus are graphed in Figure 4.5.  There 

was a decrease in the signal around the 50 µm position, representing the fluid filled internal 

spiral sulcus, in the P15 and adult.  The higher signal at the 0 µm position is the organ of Corti 

and osseous spiral lamina; the higher signal at the 100 µm position is the spiral limbus and TM.  

Therefore, OCT provides the ability to observe a critical, yet subtle change in the normal 

development of cochlear anatomy. 
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Figure 4.5.  Average intensity OCT images from five slices from the cochlea of the P3 (n = 

7), P15 (n = 8), and adult mouse (n = 6).  The pixel intensity across the internal spiral sulcus, 

depicted by the yellow line (100 µm), is graphed.  The zero position is closer to the basilar 

membrane (BM).  Statistical significance is noted in each of the graphs by a paired * or ¥. 

 

4.4 Discussion of Results 

 I found that spectral domain OCT can provide high-resolution images of the soft-tissue 

structures critical to normal hearing.  Using freshly-excised mouse cochleae, I could perform 

routine visualization and assessment of several critical structures, including RM, the BM, the 

hair cell region, the TM, the spiral ligament, the spiral limbus, and the modiolus.  Of greater 
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interest is the ability of OCT to identify anatomic malformations that define the pathophysiology 

of hearing loss in a mouse model of human disease.  In these experiments, OCT was used to 

image the cochlea at discrete time points throughout the development of the mouse cochlea.  

Monitoring the morphology of the cochlear soft tissue during the developmental timeline is 

important not only for the understanding of inner ear maturation, but also for understanding how 

problems in maturation can lead to congenital malformations.  One concern about using OCT to 

study the inner ear is the impact of the surrounding bone, which is highly scattering.  However, I 

show that while otic capsule ossification affects image quality to a degree, it does not 

substantially impact the ability to study the internal soft tissue structures in adult mice.   

 Furthermore, OCT overcomes many of the problems associated with the substantial 

histological artifact that occurs with fixation, decalcification, dehydration, and embedding of the 

cochlea.  In general, the measurements made from tissue processed by fixed histology were less 

than from fresh tissue imaged by OCT.  I attribute the majority of the differences between the 

measurements of the soft tissues in the OCT images and in the histological images to 

dehydration-induced shrinkage.  Indeed, a previous study in gerbils has shown that the TM cross-

sectional area, as well as that of other cochlear tissues, can shrink dramatically depending on the 

dehydration protocol (Edge, Evans et al. 1998).  I should note, however, that in the opened 

cochlea, the TM is no longer in its native environment and its shape can change depending on the 

ionic imaging solution that is used (Kronester-Frei 1979; Freeman, Cotanche et al. 1994).  

Consistent with this notion, structures that have lower water content had similar measurements 

between the two imaging modalities.  In particular, the thickness of the bone and SL 

measurements in all three genotypes were not different.  Imaging time is another benefit of OCT 

imaging compared to traditional histological sectioning.  An entire cochlea can be imaged using 



47 

OCT within a couple of minutes, whereas the fixation, decalcification, paraffin embedding, 

sectioning, and imaging associated with histology would typically take a week or more to 

accomplish. 

 Most importantly, analysis of the OCT images provided important findings that could not 

be made by an analysis of only the histological images.  When comparing the genotypes, 

measurements from the OCT images showed statistically significant differences in the distance 

between the TM and hair cell epithelium.  This was not evident from the analysis of the 

histological images.  Furthermore, in the original description of the Tecta mutant mouse (Xia, 

Gao et al. 2010), the thickness of the hair cell epithelium in the histological images were not 

measured because of the potential for those measurements to be tainted by artifact.  The current 

measurements from both the OCT and histological images suggest that there is indeed an 

increase in the thickness of the hair cell epithelium in the Tecta
+/C1509G 

and
 
Tecta

C1509G/C1509G
.  

This may reflect the fact that Tecta
+/C1509G 

and
 
Tecta

C1509G/C1509G
 mice have an upregulation of the 

prestin protein within their OHCs (Xia, Gao et al. 2010).  Prestin is a motor protein that produces 

force to amplify the sound pressure waves within the cochlea (Oghalai 2004), and indeed in these 

mutants, increased prestin results in increased vibratory amplitudes of the organ of Corti (Liu, 

Gao et al. 2011).  Alternatively, the structure of the hair cell epithelium may have developed 

differently because of the altered biophysical properties of the overlying malformed TM (Gueta, 

Levitt et al. 2011). 

 The OCT images of the mouse cochlea at different ages, which were taken without 

removing or thinning the cochlear otic capsule bone, revealed the expected compositional and 

structural changes associated with development.  These include the endochondral ossification of 
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the otic capsule and the resorption of the inner sulcus cells, freeing up the middle region of the 

TM.  The latter is a key developmental milestone in achieving a functional cochlea.   

 The collected images also compare favorably with previously collected OCT images of 

the cochlea (Wong, de Boer et al. 2000; Wong, Zhao et al. 2004; Choudhury, Song et al. 2006; 

Hong and Freeman 2006; Chen, Choudhury et al. 2007; Lin, Staecker et al. 2008; Sepehr, 

Djalilian et al. 2008; Subhash, Davila et al. 2010; Wang and Nuttall 2010).  While the use of 

longer wavelengths improves the signal-to-noise ratio of deeper structures, it is associated with a 

loss of axial resolution, given a similar bandwidth.  The approach still allows us to quantitatively 

measure soft tissue structures and to compare the differences in cochlear anatomy relevant to 

hearing loss with histological sections. 

Future work is needed to assess whether OCT can detect cochlear soft tissue changes in 

vivo.  I believe that at least one half of a cochlear turn in the mouse will be visible given proper 

surgical access.  However, transitioning the technology to use in humans would benefit from 

coupling the imaging system to an endoscope.  Since the otic capsule bone is thicker in humans, 

visualization through the round window membrane will likely be necessary.  Given the success 

of OCT imaging in other clinical fields, I believe it holds a similar promise as a new tool for 

assessing the pathophysiology of hearing loss. 
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Chapter 5 

In Vivo Vibrometry Inside the Apex of the Unopened Mouse 

Cochlea 

 

5.1 Motivation 

Current clinical imaging modalities do not have the necessary resolution to detect the 

minor changes of intracochlear structures that lead to hearing loss and, moreover, provide no 

functional information.  Past studies of intracochlear vibrations relied on invasive techniques 

such as LDV and were done in large rodents such as gerbils (Overstreet, Temchin et al. 2002), 

guinea pigs (Nuttall and Dolan 1996; Russell and Nilsen 1997; Cooper 1998), and chinchillas 

(Ruggero, Rich et al. 1997).  These measurements were difficult because the cochlea is encased 

in bone and the intracochlear structures of interest are composed of soft tissues with low 

reflectance (Khanna, Willemin et al. 1989).  Thus, a small opening in the cochlear bone was 

required and reflective microbeads were often positioned on the structures to be measured.  

Unfortunately, making an opening in the cochlea can permanently damage the function, which 

reduces the likelihood of obtaining reliable results.  These limitations have also made 

interpreting the results from the cochlear apex extremely challenging (Robles and Ruggero 

2001). 

Importantly, the need to open the cochlear bone prevents any measures in living humans 

with hearing loss.   It also prevents the next best thing, the investigation of cochlear mechanics in 

transgenic mice strains with mutations resulting in hearing loss.  Since these mutations could 

alter the organ of Corti vibratory pattern, it is highly desirable to be able to measure vibrations of 

intracochlear structures to better understand disease pathophysiology (Nuttall and Fridberger 

2012).  The small size of the mouse cochlea, however, makes routine LDV challenging because 
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opening it is more likely to produce trauma.  Thus, unlike previous uses of OCT for vibrometry 

in the opened cochlea of guinea pigs (Chen, Zha et al. 2011; Zha, Chen et al. 2012), I sought to 

measure intracochlear vibrations without altering the cochlea itself.  Herein, I demonstrate the 

ability of the developed OCT system to image inside the apex of the unopened, living mouse 

cochlea and to measure nanoscale vibrations of the organ of Corti.  This work was published in 

Biomedical Optics Express (Gao, Raphael et al. 2013).  I then compared my data from the apex 

of the mouse cochlea to previously published results in other animals. 

 

5.2 Methodology  

5.2.1 System Description 

A schematic of the system is shown in Figure 5.1.  The source was a SLD running in high 

power mode (Broadlighter S930-B-I-10, Superlum, Ireland).  The SLD has a center wavelength 

of ~935 nm and a spectrum FWHM of ~70 nm.  The SLD was connected to one end of a 2x2 

(50:50) fiber-fused coupler (WA10500202B2111-BC1, AC Photonics, Santa Clara, CA).  One of 

the output ports was directed to the X-Y scanning mirror (OIM101, Optics in Motion LLC, Long 

Beach, CA) of an upright microscope (MOM, Sutter Instruments, Novato, CA), which served as 

the sample arm.  The other output port was used as the reference arm.  The average power 

measured after the objective (an achromatic lens with a focal length of 100 mm) was ~4 mW.  As 

well, a LDV was incorporated into the sample path of the OCT system. 
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Figure 5.1.  Schematic of the spectral domain OCT system.  A flipper mirror was used to 

direct either the light from the LDV or the SLD into the sample path. 

 

The reflected light from both the sample and reference arms was combined in the fiber 

coupler.  The resulting interferogram was recorded using a custom spectrometer based on a high 

speed line scan camera (AViiVA SM2 CL 2014, E2V, Tarrytown, NY).  A camera integration 

time of 30 µs with a line rate of ~16 kHz was used for all data presented herein.  The dynamic 

range of the line scan camera was ~70 dB, as referenced to the standard deviation of the dark 

current and read noise.  To generate the depth-resolved sample reflectivity or A-line, the 

interferogram was transformed into k-space, linearized, and the magnitude of the Fourier 

transform was computed.  All of the software used was custom written in MATLAB 

(MathWorks, Natick, MA).  The signal-to-noise ratio of the system was ~90 dB, and the axial 

resolution was ~9.4 µm in air.  These were determined, respectively, by comparing the A-line 

peak of a mirrored surface to the standard deviation of a region 500 µm away and the FWHM of 

the A-line peak.  The lateral resolution, determined experimentally by imaging a paper based 

resolution target, was ~30 µm. 
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5.2.2 Vibrometry Using OCT 

Before collecting vibration information, I first chose an axial line (A-line) of interest 

from a cross-sectional image (B-scan).  I then recorded two M-scans (A-lines recorded as a 

function of time) with 5,000 time samples (A-lines) with a sample interval of 62 µs during 

sinusoidal stimuli with specific amplitude, frequency, and phase.  Using coherently interleaved 

sampling (Applegate, Shelton et al. 2011), the effective sampling rate was improved by a factor 

of two through the introduction of a phase shift in the stimulus between the two M-scans and 

then interleaving to generate a 10,000 A-line M-scan with a sampling interval of 31 µs.  For the 

depths of interest, a second Fourier transform was performed along the time axis of the 

interferometric phase (the angle of the first Fourier transform).  The magnitude of the second 

Fourier transform was the vibration magnitude; the angle was the vibration phase.  The vibration 

magnitude was converted to units of nanometer (nm) by multiplying by λ/(4πn), where λ is the 

center wavelength of the light source and n is the sample refractive index.  For the intracochlear 

soft tissues, I assumed a refractive index of 1.4.  I averaged multiple trials to ensure that the 

signal was above a noise threshold, defined to be the mean plus three times the standard 

deviation of the noise at nearby frequencies to the stimulus frequency. 

 

5.2.3 Animal Preparation 

The Stanford University Institutional Animal Care and Use Committee approved the 

study protocol.  Surgical access to the mouse cochlea was performed similarly to what is 

typically done for electrophysiological measurements (Xia, Gao et al. 2010).  Briefly, an adult 

mouse (P28-P50) was first anesthetized with a ketamine/xylazine mixture and secured in a head 



53 

holder.  Supplemental doses of anesthesia were administered to ensure areflexia to paw pinches.  

The pinna was removed along with the muscles covering the bulla.  The ramus of the mandible 

and the surrounding muscles were also removed to allow for a steeper incident imaging angle.  

The bulla was then carefully opened medial to the tympanic annulus to expose the cochlea.  The 

mouse was then positioned on a heating pad atop a moveable platform under the OCT system.  

The platform could move in the x, y, and z directions and, for the initial experiment (section 

5.3.3), included an adjustable ear bar with an attached speaker and microphone (type 4182, 

NEXUS conditioning amplifier type 2690, Brüel & Kjær, Denmark).  The ear bar was inserted 

into the ear canal of the mouse and secured.  Sound stimuli were generated digitally using 

MATLAB and converted to analog signals using a digital-to-analog (DAQ) converter (PXI-6259, 

National Instruments, Austin, TX).  The signal was sent to the speaker connected to the ear bar, 

which was calibrated with the microphone.   

After the first experiment, a calibrated sound delivery system was directly connected to 

the animal’s ear canal (section 5.3.4).  In general, I used the lowest stimulus intensities possible 

given the experimental and time constraints.  Vibratory measurements were made using the OCT 

system and then the mice were sacrificed.  Post-mortem measurements were collected without 

moving the animal.  Finally, vibratory measurements from the orbicular apophysis of the malleus 

(the middle ear ossicular chain) were made. 

 

5.2.4 Plastic-embedded Cochlear Histology 

The cochlea was first excised, and the stapes removed.  The cochlea was then bathed in a 

mixture of 2.5% glutaraldehyde and 1.5% paraformaldehyde in 0.1M phosphate buffered water 

(PB) at 4ºC overnight.  The following day, the cochlea was rinsed with dH2O 3 times for 5 
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minutes and placed in 1% osmium tetroxide for 45 minutes.  The cochlea was rinsed again with 

dH2O 3 times for 5 minutes and placed in 0.12M EDTA in 0.1M PB with 1% glutaraldehyde, 

with the pH adjusted to 7.  Next, the cochlea was placed on a gentle tilting shaker at room 

temperature and decalcified for 3 days.  The EDTA solution was changed every day.  At this 

point, the cochlea should be semi-transparent.  The decalcified cochlea was then rinsed with 

dH2O 2 times for 15 minutes.  The cochlea was dehydrated in 50% ethanol for 15 minutes and 

subsequently in 70% ethanol for 15 minutes.  This was followed by 2 changes of 95% ethanol 

and 4 changes of 100% ethanol for 15 minutes each.  Finally, the cochlea was dehydrated for 30 

minutes in propylene oxide (PO). 

 The cochlea was gradually incorporated into Araldite (percentages by volume: 46.6% 

Araldite 502 - #10900, 39.6% DDSA - #13710, 12.1% DBP - #13100, and 1.6% DMP-30 - 

#13600, Electron Microscopy Sciences, Hatfield, PA) through 1:1 mix of Araldite to PO for two 

hours and then 2:1 mix of Araldite to PO overnight at room temperature.  OCT B-scans were 

collected at this point.  Finally, the cochlea was immersed in Araldite for 2 hours in a vacuum at 

room temperature, orientated to the desired position in a coffin mold filled with degassed 

Araldite, and placed in 60°C to harden for at least three days.  The specimen was sectioned 

serially with 10 μm thickness (RM2255, Leica, Buffalo Grove, IL).  Sections were stained with 

1:10 dilution of Epoxy Stain (#14950, EMS, Hatfield, PA) with dH2O for two minutes and then 

washed in tap water.  The dry sections were embedded with ClearMount (MMC0126, American 

MasterTech), and the coverslips were sealed with nail polish.  The slides were viewed on an 

upright microscope (Axio Scope.A1, Zeiss, Germany), and images were taken using a color 

camera (AxioCam MRc, Zeiss, Germany). 
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5.3 Experimental Results 

5.3.1 Vibrometry of Piezoelectric Membranes 

 To characterize the frequency response of the OCT system, I made vibration 

measurements from the surface of a piezo-electric membrane at stimulus frequencies between 3 

and 11 kHz with stimulus amplitudes of 200 mV.  I compared the results to measurements made 

with a commercial LDV (OFV-5000, Polytech, Irvine, CA) that has been used previously for in 

vitro cochlear experiments (Xia, Visosky et al. 2007; Liu, Gao et al. 2011).  The LDV was 

incorporated into the sample path of the OCT system (Fig. 5.1).  The results are summarized in 

Figure 5.2a to d.  The frequency response demonstrates that there are various peaks and valleys 

due to the innate resonances of the piezo-electric membrane.  Importantly, the vibration 

magnitude measured with the OCT system followed the same pattern as that measured by the 

LDV system.  However, there was a roll-off in the magnitude as the period of the stimulus 

approached the integration time (Applegate, Shelton et al. 2011).  For simplicity, I approximated 

this roll-off with a linear fit, which yielded an equation with a slope of -0.032 kHz
-1

 and a y-

intercept of 1.1119.  The x-intercept for this fit is 28.8 µs, which is similar to the roll-off that 

would be expected with an effective sampling rate of 31 µs.  For all further presented data, I 

compensated for this roll-off using this frequency-dependent scaling factor.   

 There was also a frequency-dependent phase difference between the systems.  The slope 

of the linear fit of the phase difference (LDV – OCT) was -0.1 radians/kHz.  This was the result 

of a fixed phase delay between the two systems.  To compensate for this artifact during the 

experiments, I referenced all phase values recorded from the intracochlear structures to phase 

values from the malleus/incus complex of the middle ear, essentially referencing the output to 

the input.   
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To test the amplitude response of the OCT system, I compared the slopes of growth 

curves measured on the piezo-electric membrane at 4 and 10 kHz with stimulus amplitudes of 

25, 50, 100, 200, and 400 mV.  I also compared the results to measurements made with a 

commercial LDV.  The growth curves in response to a 4 kHz stimulus are shown in Figure 5.2e.  

The growth curves in response to a 10 kHz stimulus are shown in Figure 5.2f.  I found the slopes 

to be ~1 dB/dB as measured using both systems.  

 
Figure 5.2.  (a) Plot of the piezo-electric membrane vibration magnitude, as measured by OCT 

and LDV, to stimulus frequencies between 3 and 11 kHz at a stimulus amplitude of 200 mV.  
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(b) Plot of the piezo-electric membrane vibration phase to the same parameters as in (a).  (c) 

The ratio of the magnitudes, OCT divided by LDV.  The equation of the linear fit and the R
2
 

value are shown.  (d) The phase difference, LDV – OCT.  The equation of the linear fit and the 

R
2
 value are shown.  (e) Growth curves as measured by OCT and LDV to 4 kHz stimulus.  The 

equation of the linear fit and the R
2
 value are shown.  (f) Growth curves as measured by OCT 

and LDV to 10 kHz stimulus.  The equation of the linear fit and the R
2
 value are shown. 

 

 An important consideration for performing the desired experiment was to be able to 

measure the vibration of an intracochlear structure that lies deeper than the overlying bone which 

does not vibrate.  I wanted to ensure that my approach permitted the simultaneous measurement 

of phase differences between structures at different depths along a single A-line.  I positioned a 

piece of clear plastic attached to one piezo-electric membrane above another piezo-electric 

membrane with a piece of tape on top.  A B-scan of this setup is shown in Figure 5.3a.  I then 

drove the two piezo-electric membranes with sinusoidal stimuli at the same frequency, but with 

different phase.  I did this at both 4 and 10 kHz.  I then compared the vibration phase at the 

depths pointed to by the white arrows in Figure 5.3a.  I looked at P1a vs P2a.  For comparison, I 

also looked at the phase difference at different depths in each piezo-electric membrane, P1a vs 

P1b and P2a vs P2b.  The input phase versus the measured phase is shown in Figure 5.3b.  There 

was excellent agreement between the expected and measured values. 
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Figure 5.3. (a) A B-scan image of the 2 piezo-electric membrane setup.  Piezo 1 labels the 

transparent plastic that was attached to one piezo-electric membrane.  Piezo 2 labels the tape 

atop the second piezo-electric membrane.  The A-line that was recorded from is highlighted by 

the yellow line.  The depths that were compared are indicated by white arrows and labeled P1a, 

P1b, P2a, and P2b.  The scale bar is 200 µm.  (b) The measured phase difference at two 

different depths plotted against the input phase difference to the two piezo-electric membranes 

at 4 or 10 kHz.  4 kHz; P1a vs P2a refers to a comparison between the labeled depths.  The 

equation of the linear fit was y = 1.0015(x) – 0.0002 and the R
2
 value was 0.99.  10 kHz; P1a vs 

P2a refers to a comparison between the labeled depths.  The equation of the linear fit was y = 

0.996(x) – 0.0243 and the R
2
 value was 0.99.  4 kHz; P1a vs P1b refers to a comparison 

between the labeled depths.  The equation of the linear fit was y = 0.0048(x) – 0.0425 and the 

R
2
 value was 0.18.  4 kHz; P2a vs P2b refers to a comparison between the labeled depths.  The 

equation of the linear fit was y = -0.0005(x) + 0.0084 and the R
2
 value was 0.0013. 

 

5.3.2 In Vivo Imaging at the Apex of the Unopened Mouse Cochlea 

For the in vivo experiment, I first positioned the mouse on its side, with the left ear up.  I 

then rotated the head counterclockwise until the malleus/incus complex of the middle ear was 

visible through the opening that was made in the bulla.  I recorded the middle ear response to 

sound stimuli from 3 to 11 kHz at 80 dB SPL.  I then tilted and rotated the mouse to view the 

apex of the cochlea.  A camera image of the view is shown in Figure 5.4a.  The bony ear canal is 

labeled and covers half of the cochlea.  The approximate scan path is shown in yellow.  Figure 

4b shows the view with the bony ear canal removed.  The apical cochlear turn is highlighted in 
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white.  For reference, Figure 5.4c shows a plastic-embedded histologic image of a cochlear 

cross-section at a position similar to the scan path.  The otic capsule bone surrounding the 

cochlea is dark blue.  Figure 5.4d shows an unaveraged OCT image of a cochlear cross-section 

from a fixed and decalcified cochlea in vitro.  This whole cochlear view is not achievable in vivo 

because opening the bony ear canal fully damages middle ear function.  The structures of interest 

are boxed in Figure 5.4c and d.  Figure 5.4e is a diagram depicting the structures of interest.  A 

B-scan that was averaged 10 times showing the cross-sectional cochlear view in the living mouse 

is depicted in Figure 5.4f.  This B-scan was the right half of the scan path shown in Figure 5.4a.  

This cross-sectional view was approximately a half turn from the mouse cochlear apex. 
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Figure 5.4. (a) Camera image of the view of the cochlea from the left ear of a mouse.  The bony 

ear canal and opened bulla atop the cochlea are labeled.  The approximate scan path is shown in 

yellow.  (b) The view with the bony ear canal removed.  The apical cochlear turn is highlighted in 

white.  The approximate scan path is in yellow.  (c) Histologic image of a cochlear cross-section.  

Bone is in dark blue.  The structures of interest are boxed.  The scale bar is 200 µm.  (d) OCT 

cross-sectional B-scan of a fixed and decalcified cochlea in vitro.  The structures of interest are 

boxed.  The scale bar is 200 µm.  (e) A cross-sectional diagram of the intracochlear structures.  

Reissner’s membrane (RM), the organ of Corti (OC), basilar membrane (BM), and the auditory 

nerve fiber (AN) are labeled.  (f) B-scan image of the organ of Corti in the living mouse that was 

averaged 10 times.  The A-line where vibration measurements were made is shown in yellow.  

Each red arrow points to a depth for the representative vibration data shown in Figure 5.5a and b.  

The white brace shows the depth range of the organ of Corti that was analyzed for Figure 5.5c and 

d.  The scale bar is 100 µm. 
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5.3.3 In Vivo Vibrometry at the Apex of the Unopened Mouse Cochlea 

 The vibration data from the A-line highlighted in Figure 5.4f is summarized in Figure 

5.5.  I averaged multiple trials to lower the noise threshold.  Each trial consisted of one 

interleaved M-scans of 10,000 A-lines.  Because the organ of Corti displacement was greater 

with higher stimulus intensities, I averaged 25, 25, 16, 16, 9, and 9 trials for stimulus intensities 

of 50, 60, 70, 80, 90, and 100 dB SPL, respectively.  Figure 5.5a and b show the frequency 

response to 4 kHz and 9 kHz sine wave stimuli, respectively, at 60 dB SPL.  The presented data 

demonstrate vibration of the organ of Corti from one depth at the stimulus frequency.  In 

contrast, data collected simultaneously from another depth within the overlying otic capsule bone 

demonstrate that there was no movement at the stimulus frequency.  The two depths were 

pointed to by red arrows in Figure 5.4f.  Thus, the system was able to differentiate vibrations 

between different structures without contamination.  

To aggregate the data, I then went through each depth in the region indicated by the white 

brace in Figure 5.4f and compared the vibration magnitude at the stimulus frequency to the noise 

threshold.  This was done for all stimulus intensities.  The magnitudes were recorded only if they 

were greater than the noise threshold.  Figure 5.5c and d show growth curves of stimulus 

intensity versus vibration magnitude.  In these examples, I show the vibrations measured at each 

depth within the region outlined by the brace in Figure 5.4f for 4 kHz and 9 kHz, respectively.  

While the general trend demonstrates more displacement with higher stimulus intensity, there 

was some variability between depths.  Figure 5.5e and f show the averaged curves from Figure 

5.5c and d, respectively.  The vibration magnitude was converted to dB, referenced to 1 nm.  The 

slope of the stimulus intensity versus vibration magnitude at 4 kHz was 0.61 dB/dB; the slope at 
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9 kHz was 0.13 dB/dB.  The reason these slopes were <1 dB/dB is because of the nonlinear 

amplification within the organ of Corti.   

 
Figure 5.5. (a) Representative vibration magnitude in response to a 4 kHz stimulus at 60 dB 

SPL.  (b) Representative vibration magnitude in response to a 9 kHz stimulus at 60 dB SPL.  (c) 

Vibration magnitude in response to 4 kHz stimuli ranging from 60 to 100 dB SPL for all depths 

within the organ of Corti.  There were no measureable responses above the noise threshold with 

a 50 dB SPL stimulus.  (d) Vibration magnitude in response to 9 kHz stimuli ranging from 50 to 

100 dB SPL for all depths within the organ of Corti.  (e) Averaged data from (c) with standard 

errors.  The equation of the linear fit and the R
2
 value of the fit are shown.  (f) Averaged data 

from (d) with standard errors.  The equation of the linear fit and the R
2
 value of the fit are 

shown. 
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 I then collected data over the frequency range of 3 to 11 kHz and averaged the responses 

from the depths within the organ of Corti, as shown in Fig. 5.4f.  As seen in Figure 5.6a, the 

region of the cochlea that I recorded from has a characteristic frequency (CF), defined as the 

resonance frequency at low stimulus intensities, of 9 kHz.  The CF shifts lower with increasing 

stimulus intensity.  The vibration phase, as shown in Figure 5.6b, was referenced to the phase of 

the malleus/incus complex.  The progressive phase lag with increasing frequency is consistent 

with a traveling wave propagating along the length of the cochlea (Von Békésy 1947; Rhode 

1971; Robles and Ruggero 2001). 

 

Figure 5.6.  In vivo vibration magnitude (a) and phase (b) data from the organ of 

Corti at the apex of the unopened mouse cochlea.    
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5.3.4 Comparison of Basilar Membrane Vibrations at the Apex of the Mouse to Other 

Animals 

To validate the OCT measures, I analyzed BM vibrations at one radial location and 

compared them against previously published results from other animals that used LDV.  As 

before, imaging was first performed to identify the organ of Corti one half-turn down from the 

helicotrema (Fig. 5.7a and b).  The scan mirror was then positioned so that the beam path crossed 

the OHC region and the BM (dotted line in Fig. 5.7b).  Vibratory responses were collected 

during the presentation of pure tone stimuli of varying frequency (1-12 kHz) and intensity (40-80 

dB SPL) in live and dead mice.  As a reminder, BM vibrations in live mice depend upon both the 

passive mechanics of the organ of Corti and active force production by OHCs.  In contrast, 

vibrations in dead mice depend only upon the passive mechanics of the organ of Corti.  I 

averaged the vibrations within a 20 μm segment of the BM (pink line segment in Fig. 5.7b) to 

produce response curves that are comparable to measurements typically made when using LDV 

(Fig. 5.7c and d).  Finally, middle ear ossicle vibrations were measured to define the input to the 

cochlea and used to normalize the BM responses (Fig. 5.7e).  Altogether, I recorded from 

thirteen BM locations in nine mice. 
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Figure 5.7.  (a) Plastic-embedded image of the mouse cochlea at the location I studied.  

(b) In vivo OCT image of a similar cochlear cross-section.  The key structures I analyzed 

are traced: tectorial membrane (TM, blue), basilar membrane (BM, yellow), inner hair 

cell region (IHC, cyan), outer hair cell region (OHC, green), and Hensen cell region 

(red).  The white dotted line denotes the beam position where vibration measurements 

were made.  The basilar membrane response was calculated as the average of the voxels 

along the 20 µm region overlying it (pink).  (c) Representative example of raw basilar 

membrane vibration magnitudes in a living mouse.  The numbers denote the stimulus 

intensities in dB SPL.  (d) Vibration magnitudes in the same animal post-mortem.  (e) 
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Magnitude ratios from the same mouse, where basilar membrane vibration was 

normalized to that of the ossicular chain.  The resonance frequency for each stimulus 

level is shown (dots).  (f) The phase of basilar membrane vibration after referencing to 

the ossicular chain.  (g, h, i, j) Comparison of the vibratory response for live and dead 

conditions at different stimulus intensities.  Full data and statistics are in Table 5.1.  (g) 

Vibration magnitudes at the resonance frequency.  (h) Resonance frequencies.  (i) Gain 

of cochlear amplification.  The arrows highlight three conditions of the cochlear amplifier 

gain, which were termed Med (for medium), Low, and Off.  These conditions were used 

for later experiments.  (j) Q6dB.  Asterisks denote statistical significance compared to the 

dead animal at a stimulus intensity of 80 dB SPL.  For (i), I did not compare the gain in 

dead mice at 60 and 80 dB SPL because the vibratory magnitudes were not significant in 

(g). 

 

In dead mice (i.e. no cochlear amplification), normalized BM vibration curves were 

similar regardless of the stimulus intensity; in live mice, they increased as the stimulus intensity 

decreased (compare black to red lines in Fig. 5.7e; Fig. 5.7g).  As well, the resonance frequency, 

defined as the frequency of maximum vibratory magnitude (dots in Fig. 5.7e), shifted towards 

higher frequencies as the stimulus intensity was lowered (Fig. 5.7h).  For each experimental 

condition, the gain of cochlear amplification was calculated as the ratio of the peak normalized 

vibratory magnitude to that found in the dead mouse using an 80 dB SPL stimulus.  This 

demonstrated that cochlear amplification was higher for quieter sounds (Fig. 5.7i).  The other 

key feature of cochlear amplification, sharper frequency tuning with lower stimulus intensities, 

was also present in living mice as defined by the Q factor (the resonance frequency divided by 

the bandwidth) (Fig. 5.7j).  Finally, the BM demonstrated a progressive phase lag as the 

frequency was increased, consistent with traveling wave propagation (Fig. 5.7f).  As has been 

shown in other species, the phase curves were similar for all stimulus intensities and did not vary 

post-mortem (Robles and Ruggero 2001).  Together, these findings demonstrate that OCT 

technology can reproduce the findings of LDV and that the mouse cochlear apex functions 

similar to the chinchilla and gerbil cochlear base which have similar resonance frequencies 

(Ruggero, Rich et al. 1997; Ren and Nuttall 2001) (Table 5.1). 
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Live Mean ± SEM n 
 

Chinchilla 

base 

Gerbil 

base 

Chinchilla 

apex 

Resonance frequency, 40 dB SPL (kHz) 9.3 ± 0.2 4  9.5 13 0.6 

Resonance frequency, 60 dB SPL (kHz) 8.6 ± 0.2 13  8 11.5  

Resonance frequency, 80 dB SPL (kHz) 7.1 ± 0.4 13  6.5 10.7  

Gain between 40 & 80 dB SPL (dB) 21.9 ± 0.7 4  24.1 19.4 > 12 

Gain between 60 & 80 dB SPL (dB) 12.4 ± 0.9 13  10.6 14  
Q

10dB
 for 40 dB SPL 2.5 ± 0.2 4  3.9 3.7 < 2 

Q
6dB

 for 40 dB SPL 3.5 ± 0.4 4  6.3 5.2  
Q

6dB
for 60 dB SPL 2.9 ± 0.3 13  2.9 5.1  

Q
6dB

for 80 dB SPL 1.9 ± 0.2 12  1.9 3.5  

Growth rate: 40-60 dB SPL (dB/dB) 0.39 ± 0.03 4  0.2 0.5  

Growth rate: 60-80 dB SPL (dB/dB) 0.25 ± 0.05 13  0.2 0.5 0.6 

     
 

 
Dead 

    
 

 
Resonance frequency, 60 dB SPL (kHz) 5.2 ± 0.3 11   10 

 Resonance frequency, 80 dB SPL (kHz) 5.4 ± 0.3 11   10 

 Gain between 60 & 80 dB SPL (dB) 1.3 ± 0.4 11   1.58 

 Q
6dB

for 60 dB SPL 1.5 ± 0.1 10   
 

 Q
6dB

for 80 dB SPL 1.5 ± 0.1 11   
 

 Growth rate: 60-80 dB SPL (dB/dB) 0.89 ± 0.02 11  1.04 1.03 

 

     
 

 
Cochlear amplification (Live vs. Dead) 

    
 

 
Gain at 40 dB SPL (dB) 26.8 ± 1.0 4  20.6 21.9 

 Gain at 60 dB SPL (dB) 17.0 ± 1.7 11  11.6 12.4 

 Gain at 80 dB SPL (dB) 4.7 ± 1.1 11  1 1.6 

 
Table 5.1.  Quantitative analyses of basilar membrane vibratory responses.  Resonance frequencies 

were determined from the peak of the normalized basilar membrane responses.  For both the live 

and dead measurements, gain was calculated as the ratio between the vibratory magnitudes at the 

resonance frequencies for the listed stimulus intensities.  Similarly, the gain of cochlear 

amplification was the ratio of the normalized vibratory magnitude in the live animal to the 

normalized vibratory magnitude to an 80 dB SPL stimulus in the dead animal.  Tuning curve 

sharpness was calculated as the resonance frequency divided by the bandwidth at 6 or 10 dB down 

from the peak (either the Q6dB or the Q10dB, respectively).  The growth rate was calculated as the 

change in vibration magnitude divided by the change in stimulus intensity at the resonance 

frequency.  All data are presented as mean ± SEM.  Where possible, previously published data 

from the chinchilla base (Ruggero, Rich et al. 1997), gerbil base (Ren and Nuttall 2001), and 

chinchilla apex (Cooper and Rhode 1995) are shown.   
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5.4 Discussion of Results 

Herein, I demonstrate that spectral domain OCT can image the interior structures of the 

living mouse cochlea and measure nanoscale vibrations within the organ of Corti near the 

cochlear apex.  The CF of the region I recorded from was ~9 kHz, which is close to the predicted 

characteristic frequency for a region approximately a half turn from the mouse helicotrema 

(Muller, von Hunerbein et al. 2005).  Furthermore, a quantitative analysis of the vibration data 

from many animals shows that the results are comparable to previous measurements made with 

LDV from the cochlear base of larger mammals.  This suggests that the resonance frequency is a 

better predictor of the amount of cochlear amplification than cochlear location.  

From a technological standpoint, my results show that OCT has significant advantages 

over LDV.  Namely, similar data can be collected without the risks associated with opening the 

cochlea.  This research opens up the possibility of investigating cochlear mechanics in different 

mouse models of hearing loss, such as transgenic mouse models, noise-induced mouse models, 

etc.  The ability to make measurements in a frequency region of the mouse cochlea that is within 

the human hearing range may prove beneficial as well.  Ultimately, this work serves as a proof of 

principle that the technology can provide accurate functional information. 
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Chapter 6 

In Vivo Imaging Reveals the Vibratory Modes of Intracochlear 

Structures 

 

6.1 Motivation 

Mammals hear sounds over a dynamic range of 120 dB, or six orders of magnitude, yet 

the dynamic range of a cochlear IHC, which provides the majority of the afferent auditory input 

(Kiang, Rho et al. 1982), is only ~60 dB (Allen 2001).  This feat is accomplished by the 

amplification of quiet sounds so that they evoke larger relative movements of the basilar 

membrane, thus compressing the audible dynamic range.  As well, frequency tuning is sharpened 

so that the ability to discriminate between nearby frequencies is enhanced.  Together, these 

features are called cochlear amplification, and it occurs when OHCs along the length of the 

cochlea sense the incoming sound wave through deflections of their stereociliary bundles that are 

inserted into the tectorial membrane (Verpy, Leibovici et al. 2011) and generate synchronous 

forces (Fettiplace and Hackney 2006).  There are two force producing mechanisms within OHCs 

that occur at acoustic frequencies.  Somatic electromotility describes electrically-evoked changes 

in OHC length (Brownell, Bader et al. 1985) and stereociliary motility describes active bundle 

movements induced by transduction currents (Fettiplace and Ricci 2003; Nin, Reichenbach et al. 

2012).  

The study of how OHC force generation produces cochlear amplification requires the 

ability to measure nanoscale sound-induced vibrations within the organ of Corti in vivo.  Most 

vibratory measurements are made using laser Doppler interferometry (Robles and Ruggero 

2001).  A key technical limitation with this approach is that only one point can be studied, 

typically on the undersurface of the basilar membrane rather than from the hair cells.  As well, 
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because the bone surrounding the cochlea must be opened to direct the laser onto the basilar 

membrane, surgical trauma often damages the preparation.  Lastly, because a glass bead is often 

placed on the basilar membrane to improve the reflective signal, the measured data may not 

accurately represent the native response. 

Although past studies have revealed that the exquisite sensitivity and sharp frequency 

tuning of mammalian hearing are associated with the vibratory response of the BM to sound 

stimuli, hearing directly results from IHC stereociliary deflection.  This is difficult to assess with 

current methodologies, particularly in vivo.  However, the non-invasive, depth resolved imaging 

and vibrometry capabilities of OCT provide an opportunity to analyze vibrations across the 

organ of Corti.  Using this approach, I assessed how the various intracochlear structures could 

work collaboratively to presumably stimulate IHCs and how OHC force production enhances 

this process to produce cochlear amplification. 

 

6.2 Methodology 

6.2.1 Animal Preparation 

 The study protocol was approved by the Stanford IACUC.  Adult mice (ages P28-P50) of 

either sex were anesthetized with ketamine/xylazine and their middle ear bulla surgically opened 

to visualize the cochlear apex, approximately a half turn down from the helicotremea.  A 

calibrated sound delivery system was connected to their ear canal and controlled by software 

written in MATLAB (The Mathworks, Natick, MA).  In general, I used the lowest stimulus 

intensities possible given the experimental and time constraints associated with these in vivo 

experiments.  Vibratory measurements were made using the OCT system and then the mice were 

sacrificed.  Post-mortem measurements were collected without moving the animal.  Finally, 
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vibratory measurements from the orbicular apophysis of the malleus (the middle ear ossicular 

chain) were made. 

 

6.2.2 Scanning Spectral Domain OCT System 

The system is a custom-built spectral domain OCT system based on a 935 nm SLD with a 

spectrum full-width, half-maximum of 70 nm.  The light was directed through an upright 

microscope onto the structure to be imaged.  Scan mirrors were incorporated into the beam path 

to step the light across the tissue.  The axial and lateral resolution of the system was 

approximately 9.4 µm and 18 µm, respectively.  The axial resolution was determined by the 

FWHM of the A-line peak of a mirror surface.  The lateral resolution was determined by imaging 

a glass resolution target (Edmund Optics, Barrington, NJ).  To investigate the resolution of a 

structure surrounded by fluid (which has a higher refractive index than air) and after imaging 

through the cochlear bone, I removed the apical bone from a mouse cochlea and placed it in a 

drop of water on top of the mirrored surface and resolution target.  Under these conditions, the 

axial resolution was 6.3 µm whereas the lateral resolution was 35 µm (Fig. 6.1).  For all 

experiments, I oversampled when collecting cross-sectional data to provide spatial averaging 

with pixel dimensions of 2.4 µm axially and 15 µm laterally. 
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Figure 6.1.  (a) A-line of a sample mirror with the apical cochlear bone above used to experimentally 

determine the axial resolution.  (b) Camera image (top) and OCT images (bottom) of Group 3 

Elements 6 of a USAF resolution target.  The 3 vertical and horizontal bars are visible (yellow arrows) 

on the en face and cross-sectional (B-scan) OCT images. 
 

At each step, 10,000 images of the spectrally-interfered signal were collected using a 

linear camera during the application of sound stimuli to the ear.  The phase of the spectrally-

interfered signal was analyzed by FFT over the 10,000 images to calculate vibratory magnitude 

and phase.  Because vibratory data comes from analyzing the phase of the spectrally-interfered 

signal, the vibration resolution of the system is much better than its image resolution.  On a 

perfect reflector, the vibration resolution is ~10 pm.  In vivo, where the signal-to-noise ratio is 

poorer because the tissue does not reflect as well and the light has to pass through the otic 

capsule bone in both directions, I averaged up to 50 stimulus repetitions to ensure that the signal 

was above a noise threshold, defined to be the mean plus three times the standard deviation of 

the noise at nearby frequencies to the stimulus frequency.  This allowed us to reliably measure 

vibrations as low as 0.2 nm within the mouse organ of Corti.  Responses below this threshold 

were not considered. 
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6.2.3 Data Analysis 

For organ of Corti vibration analyses, I manually segmented the borders of structures 

based on morphology, using a plastic-embedded section as a reference.  While I termed the 

lateral edge of the organ of Corti as the Hensen cell region, it could contain other cell types in the 

area including Claudius cells and Boettcher cells.  Each structure was divided up into 15 µm 

wide sub-segments and the average vibratory magnitude and phase for each sub-segment 

calculated.  The magnitude of each structure was normalized by dividing the sub-segment with 

the largest magnitude by that of the sub-segment of the BM with the largest magnitude.  Unless 

otherwise stated, the phase of each structure was calculated by averaging the phase of all sub-

segments within each structure and subtracting the averaged phase of the BM.  When comparing 

more than two groups, I first performed a one-way ANOVA before using non-paired Student’s t-

tests.  Paired Student’s t-tests were only used when noted.  All data in the plots are mean ± SEM.   

 

6.3 Experimental Results 

To study the vibratory pattern of intracochlear structures, I scanned the organ of Corti in 

nine mice while presenting sound at the resonance frequency (8-9 kHz) and below the resonance 

frequency (5 kHz) (Fig. 6.2, Fig. 6.3, and Table 6.1).  I only used stimulus intensities of 60 and 

80 dB SPL in living mice and 80 dB SPL in dead mice because I could not measure vibrations 

above the noise threshold (mean noise floor + 3 SD; 0.2 nm) using quieter stimuli in most 

regions of the organ of Corti. Nevertheless, these stimuli permitted analyses at three different 

cochlear amplification gain settings which were termed Medium (Med), Low, and Off (17 dB, 5 

dB, and 0 dB respectively; arrows in Fig. 5.7i).  The OCT images were segmented based upon 

morphology to delineate the key structures, and then sub-segmented each structure into 15 µm 
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vertical polygons (Fig. 6.2b).  The average vibratory magnitude and phase were determined for 

each sub-segment.  

 
Figure 6.2.  Vibratory modes of the organ of Corti.  (a, c, e) OCT images of the organ of 

Corti in a representative live mouse with medium cochlear amplification (stimulus: 8 kHz, 

60 dB SPL).  (a) OCT image.  (c) Image with pseudocolored vibration magnitudes 

superimposed.  (e) Image with pseudocolored vibration phases superimposed.  (b, d, f) 
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Measurements from the same mouse post-mortem, i.e. no cochlear amplification (stimulus: 8 

kHz, 80 dB SPL).  TM (blue), BM (yellow), IHC region (cyan), OHC region (green), and 

Hensen cell region (red).  Each structure was broken down into vertical sub-segments 15 µm 

wide for further analyses.  (g, h, i, j) Comparison of vibratory magnitudes from organ of 

Corti substructures normalized to the basilar membrane response at different levels of 

cochlear amplification using stimuli of 8-9 kHz and 5 kHz.  Full data and statistics are in 

Table 6.1.  (g) Tectorial membrane.  (h) IHC region.  (i) OHC region.  (j) Hensen cell 

region. Asterisks denote statistical significance.  

 

At both frequencies, the physiologic vibrations clearly correlated with the anatomic 

segmentation.  With Med cochlear amplification, the tectorial membrane vibrated more than any 

other structure (red voxels in Fig. 6.2c).  I quantified this difference by comparing the sub-

segments of the tectorial membrane and basilar membrane with the highest magnitudes (Fig. 

6.2g).  With Low amplification, the relative motion of the tectorial membrane decreased at both 

stimulus frequencies.  With no amplification, the relative motion of the tectorial membrane 

dropped even further.  These data indicate that, even though basilar membrane vibration is non-

linear and moves proportionally more than it would be expected to as the stimulus intensity 

decreases, tectorial membrane vibration is even more non-linear.  This directly correlates 

tectorial membrane vibration to cochlear amplification. 

I then compared IHCs and OHCs.  IHCs demonstrated minimal vibration, consistent with 

the fact that their surrounding supporting cells are attached to the bone of the osseous spiral 

lamina (Fig. 6.2h).  In contrast, OHCs vibrated more, likely because their supporting cells are 

attached to the mid-portion of the basilar membrane.  When stimulated at the resonance 

frequency, OHCs vibrated about as much as the basilar membrane.  When stimulated below the 

resonance frequency, the absolute vibratory magnitude of the OHCs was reduced; however, their 

motion relative to the basilar membrane was increased (Fig. 6.2i).  The differences between 

tectorial membrane vibration and IHC and OHC vibration imply that the fluid within the sub-
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tectorial space, the region between the undersurface of tectorial membrane and the apical surface 

of the hair cells, redistributes on a cycle-by-cycle basis.  

 
Figure 6.3.  Vibratory modes within the organ of Corti at 5 kHz.  (a, c, e) OCT images of 

the organ of Corti in a representative live mouse with medium cochlear amplification 

(stimulus: 5 kHz, 60 dB SPL).  (a) OCT image.  (c) Image with pseudocolored vibration 

magnitudes superimposed.  (e) Image with pseudocolored vibration phases superimposed.  

(b, d, f) Measurements from the same mouse post-mortem, i.e. no cochlear amplification 

(stimulus: 5 kHz, 80 dB SPL).  TM (blue), BM (yellow), IHC region (cyan), OHC region 
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(green), and Hensen cell region (red).  (g) Phase comparison of the upper portion of the 

organ of Corti (TM, OHCs, Hensen cells; red) and the lower portion (BM; gray).  The 

tracings show where the magnitude and phase measurements were made.  The average 

values were calculated every 15 µm, going from medial (the spiral limbus) to lateral (the 

spiral ligament).  The background was tinted to help align the data (TM, blue; OHC, green; 

Hensen cell, red).  Data are from eight live (nine for low gain) and five dead animals. 

 

To study this further, I re-segmented the images to compare the upper portion of the 

organ of Corti (tectorial membrane, apical OHCs, apical Hensen cells) to the lower portion 

(basilar membrane) (Fig. 6.4a and Fig. 6.3g).  The tectorial membrane vibrated with a highest 

magnitude over the region of the IHCs, whereas the basilar membrane vibrated with a highest 

magnitude under the Hensen cell region.  There was a progressive phase gradient along the 

tectorial membrane, consistent with ex vivo findings (Ghaffari, Aranyosi et al. 2007; Nowotny 

and Gummer 2011), indicating that a radial traveling wave emanated from the OHC attachments 

and propagated medially.  Also, a node lateral to the OHCs caused the Hensen cell region to 

vibrate out of phase.  With less cochlear amplification, the phase gradient associated with the 

tectorial membrane traveling wave dropped (Fig. 6.4b).  While the phase difference between the 

tectorial membrane and the Hensen cells did not change at the resonance frequency, it 

progressively dropped below the resonance frequency (Fig. 6.4c).  Together, these findings 

support the concept that fluid redistributes between the sub-tectorial space and the Hensen cell 

region, much like when one side of a water balloon is squeezed and the other side bulges.  This 

pattern is due to the passive mechanics of the organ of Corti as it is present post-mortem, but 

OHC force generation works synergistically to enhance the effect.  Most importantly, since the 

tectorial membrane directly overlies the IHCs, the rippling of its radial traveling wave would 

propel fluid and deflect the IHC stereociliary bundles (Guinan 2012).  
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Figure 6.4.  Vibratory phase gradients change with the level of cochlear amplification.  (a) 

Phase comparison of the upper portion of the organ of Corti (TM, OHCs, Hensen cells; red) 

and the lower portion (BM; gray).  The tracings show where the magnitude and phase 

measurements were made.  The average values were calculated every 15 µm, going from 

medial (the spiral limbus) to lateral (the spiral ligament), for a stimulus of 8-9 kHz.  The 

background was tinted to help align the data in the two graphs below the image (TM, blue; 

OHC, green; Hensen cell, red).  Data are from eight live (nine for low gain) and six dead 

animals.  (b) Phase difference between the two ends of the tectorial membrane (lateral edge 

minus the medial edge).  (c) Phase difference between the sub-segments of the tectorial 

membrane and Hensen cells with the highest vibration magnitude (tectorial membrane minus 

Hensen cells).  Asterisks denote statistical significance.  
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      Live     
 

Post-mortem 

  5 kHz   

Resonance Frequency  

(8-9 kHz) 
 

5 kHz 
 

8 kHz 

Magnitude (ratio; 

normalized to the peak 

BM response) 
 

Med Gain 

(n = 8) 
  

Low Gain 

(n = 9)  

Med Gain 

(n = 8) 
  

Low Gain 

(n = 9) 

 Gain Off 

(n = 5)  

Gain Off 

(n = 6) 
 

TM 
 

1.42 ± 0.13 
(0.014)  

0.88 ± 0.09 
(0.21)  

1.49 ± 0.15 
(0.013)  

1.08 ± 0.18 
(0.67)  

0.58 ± 0.04 
(<0.001)  

0.54 ± 0.07 
(0.001) 

IHC 
 

0.53 ± 0.10 
(0.003)  

0.42 ± 0.06 
(<0.001)  

0.32 ± 0.04 
(<0.001)  

0.35 ± 0.05 
(<0.001)  

0.19 ± 0.07 
(<0.001)  

0.16 ± 0.08 
(<0.001) 

OHC 
 

1.77 ± 0.23 
(0.012)  

0.98 ± 0.14 
(0.9)  

0.96 ± 0.12 
(0.75)  

0.72 ± 0.10 
(0.023)  

0.57 ± 0.07 
(0.004)  

0.37 ± 0.07 
(<0.001) 

Hensen 
 

0.67 ± 0.06 
(<0.001)  

0.42 ± 0.05 
(<0.001)  

0.44 ± 0.04 
(<0.001)  

0.47 ± 0.06 
(<0.001)  

0.40 ± 0.05 
(<0.001)  

0.2 ± 0.04 
(<0.001) 

             
Phase (degrees; 

referenced to the BM)  
  

 
  

 
  

 
  

 
  

  

Medial portion of the TM 
 

7 ± 6 
 

-8 ± 5 
 

-38 ± 9 
 

-51 ± 10 
 

-18 ± 3 
 

-49 ± 4 

Lateral portion of the TM 
 

44 ± 5 
 

17 ± 7 
 

8 ± 5 
 

-16 ± 7 
 

-8 ± 3 
 

-31 ± 5 

Medial - Lateral portion of 
the TM  

-37 ± 8 
(0.002)  

-25 ± 7 
(0.008)  

-46 ± 8 
(<0.001)  

-35 ± 10 
(0.007)  

-10 ± 3 
(0.03)  

-18 ± 5 
(0.012) 

IHC 
 

30 ± 4 
 

35 ± 6 
 

10 ± 2 
 

-9 ± 8 
 

-12 ± 3 
 

-38 ± 10 

OHC 
 

10 ± 11 
 

20 ± 9 
 

-5 ± 13 
 

-7 ± 15 
 

-11 ± 2 
 

-34 ± 8 

Hensen 
 

-141 ± 27 
 

-32 ± 11 
 

125 ± 15 
 

164 ± 25 
 

-19 ± 3 
 

72 ± 27 

OHC - Hensen 
 

151 ± 21 
(<0.001)  

53 ± 9 
(<0.001)  

-130 ± 18 
(<0.001)  

-171 ± 27 
(<0.001)  

8 ± 3 
(0.06)  

-106 ± 34 
(0.025) 

Table 6.1.  Quantitative comparisons of the organ of Corti substructures: TM, IHC region, OHC region, 

and Hensen cell.  The magnitude of each structure was normalized by dividing the sub-segment with the 

largest magnitude by that of the sub-segment of the BM with the largest magnitude.  Except for the 

medial and lateral portion of the TM and the Hensen cell region, the phase of each structure was 

calculated by averaging the phase of all sub-segments within each structure and subtracting the averaged 

phase of the basilar membrane.  Phase data from the medial or lateral portion of the TM was calculated by 

averaging the two sub-segments at either end of the TM.  Phase data from the Hensen cells was the 

average of the three sub-segments closest to the OHCs.  All data are presented as mean ± SEM.  P-values 

from paired Student’s t-tests are presented in parenthesis.  For magnitudes, I compared the ratio to 1, the 

normalized basilar membrane vibration magnitude.  For phase, I compared between the two substructures. 
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6.4 Discussion of Results 

The presented findings extend published data demonstrating that the apical surfaces of 

OHCs can have larger vibratory displacements and different phases compared to the basilar 

membrane (Nowotny and Gummer 2006; Chen, Zha et al. 2011).  Even though the greatest 

absolute vibratory magnitudes were found at the resonance frequency, OHCs moved more 

relative to the basilar membrane when stimulated below the resonance frequency.  This is not 

because of phase shifts in electromotility because OHC phase approximated basilar membrane 

phase for all stimulus frequencies and intensities.  Instead, there are three potential explanations.  

First, below the resonance frequency somatic electromotility may be the dominant mechanism of 

force production whereas at the resonance frequency active stereociliary motility may become 

more influential.  Since stereociliary forces are directed radially (Kennedy, Crawford et al. 

2005), OHCs would not be expected to have larger vibratory magnitudes.  Second, the efficiency 

of power transfer from OHCs to the tectorial membrane may be frequency dependent.  OHCs 

produce maximal displacements when unloaded and maximal force when fully loaded (and 

immobile) (Frank, Hemmert et al. 1999).  Because power is proportional to force and 

displacement, maximal power efficiency occurs when the impedances of the OHCs and the rest 

of the organ of Corti are best matched (Mammano and Ashmore 1993; Rabbitt, Clifford et al. 

2009; Lamb and Chadwick 2011).  At the resonance frequency, where maximal power efficiency 

is needed, the apical surfaces of the OHCs may thus demonstrate lower relative vibratory 

magnitudes than at other frequencies.  Third, the vibration of the tectorial membrane may be 

influenced by OHCs in a different longitudinal cochlear location.  While longitudinal coupling 

through the cellular and acellular structures of the organ of Corti can occur (Gummer, Hemmert 

et al. 1996; Legan, Lukashkina et al. 2000; Lukashkin and Russell 2003; Ghaffari, Aranyosi et al. 
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2010), it may also occur through the extracellular fluid (Karavitaki and Mountain 2007).  This 

concept is consistent with experimental data indicating that the region just basal to the resonance 

frequency provides a significant portion of the energy for cochlear amplification (Ren, He et al. 

2011; Fisher, Nin et al. 2012). 

The mammalian cochlea presumably evolved to provide a survival advantage by 

improving the sense of hearing (Manley 2012).  Here, I showed that the structures of the organ of 

Corti produce complex vibratory modes in vivo that can be conceptualized as being like an 

engine, where the power stroke pushes the piston and its momentum carries enough energy to 

bring it back around to restart the cycle.  Within the mammalian cochlea, tectorial membrane 

deflections are enhanced by the pumping action of the OHCs.  This produces a radial traveling 

wave that pushes fluid medially, perhaps aided by hydrophobic effects (Bell and Fletcher 2004).  

During the reverse phase of the cycle, the fluid bulges back laterally and the Hensen cell region 

stretches to harness it until the start of the next sound cycle.  This cochlear engine may be driven 

by changes in the angle of the OHCs that convert vertical displacements of the basilar membrane 

into tilting of the apical organ of Corti (Fig. 6.5).   

 
Figure 6.5.  Conceptual illustration depicting how vertical displacements of the basilar 

membrane drive fluid within the sub-tectorial space and stimulate IHC stereocilia.  This may 

involve a change in the angle of the OHC – Deiter cell junction.  OHC force generation 

enhances this effect and generates a rippling of the tectorial membrane that accentuates the fluid 

flow.  While fluid cannot flow between the space around the OHC/Hensen cell region and the 

sub-tectorial space due to tight junctions along the apical surface of the hair cell epithelium, 

pressure could be transferred between the fluid compartments, creating this radial transfer of 

energy.  TM (blue), BM (yellow), IHC region (cyan), OHC region (green), and Hensen cell 

region (red). 
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Chapter 7 

Sharp Frequency Tuning Within the Mammalian Cochlea Can Be 

Measured with Optical Coherence Tomography in the Absence of 

Active Processes 

 

7.1 Motivation 

Sound pressure waves propagate up the length of the cochlea in the form of a traveling 

wave because gradients in the stiffness and mass of the basilar membrane act as a series of 

cascading, overlapping band-pass filters (Von Békésy 1960).  The cochlear location of the peak 

of the traveling wave varies according to the tonotopic map defined by these passive mechanical 

gradients, with high frequencies represented at the base and low frequencies represented at the 

apex.  Active processes within OHCs associated with somatic electromotility (Brownell, Bader et 

al. 1985) and stereociliary bundle motility (Nin, Reichenbach et al. 2012) generate force to 

amplify and sharpen the traveling wave.  The most convincing data supporting this concept come 

from measurements of basilar membrane vibration, in which sound stimuli produce up to 1000x 

larger vibratory responses and up to 15x sharper tuning in living animals compared to dead 

animals (Rhode 1971; Robles and Ruggero 2001).  As well, eliminating the power to drive 

OHCs by removing the endocochlear potential (Ruggero and Rich 1991), removing the stimulus 

to the OHCs by removing the tectorial membrane (Legan, Lukashkina et al. 2000), or 

inactivating the OHC motor protein prestin (Dallos, Wu et al. 2008) all reduce basilar membrane 

sensitivity and tuning sharpness to levels of dead animals.  Since OHCs are needed for the 

expression of both high sensitivity and sharp tuning, the popular notion is that OHCs produce 

both properties (Neely and Kim 1986; Zweig 1991). 
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However, the concept that OHCs simply amplify the broadly-tuned traveling wave as 

defined by the passive mechanics of the basilar membrane is not adequate to explain the 

exquisite sharpness of basilar membrane tuning that has been measured (Evans 1972; Allen and 

Fahey 1992; Robles and Ruggero 2001).  The addition of a second filter, which would tune OHC 

force production, has been proposed as a way to sharpen tuning (Evans and Klinke 1982; Sewell 

1984; Markin and Hudspeth 1995).  In theory, OHC force production would be out of phase with 

basilar vibration at low and high frequencies but be in phase with basilar vibration at the resonant 

frequency, thus providing positive feedback only over a narrow range of frequencies.  The filter 

phase characteristics thus define tuning sharpness.  Various components of the organ of Corti 

have been suggested to form this second filter, including the tectorial membrane (Hubbard 1993; 

Geisler and Sang 1995; Gummer, Hemmert et al. 1996; Legan, Lukashkina et al. 2000; Russell, 

Legan et al. 2007), fluid within the tunnel of Corti (Karavitaki and Mountain 2007), the Dieter 

cell (Soons, Puria et al. 2013), the stereociliary bundle (Peng and Ricci 2011), and the 

piezoelectric properties of OHC force production (Mountain and Hubbard 1994; Weitzel, Tasker 

et al. 2003).  To date, however, the concept of a second filter has remained hypothetical.  If a 

second filter exists to tune OHC force production within the organ of Corti, it should have 

vibratory characteristics distinct from that of the underlying basilar membrane.  Here, I used 

OCT, a technique that allows the measurement of vibrations within tissue with good axial 

resolution (Chen, Zha et al. 2011; Gao, Raphael et al. 2013), to non-invasively measure sound-

induced vibrations throughout the organ of Corti in mice to test this hypothesis.  

 

7.2 Methodology 

7.2.1 Animal Preparation 
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The study protocol was approved by the Stanford IACUC.  Wild-type CBA and mutant 

adult mice (ages P28-P50; Sfswap: P60-120) of either sex were anesthetized with 

ketamine/xylazine and their middle ear bulla surgically opened to visualize the cochlear apex.  A 

calibrated sound delivery system was connected to their ear canal and controlled by software 

written in MATLAB (The Mathworks, Natick, MA).  Vibratory measurements were made using 

the OCT system and then the mice were sacrificed.  Post-mortem measurements were collected 

without moving the animal.  Finally, vibratory measurements from the orbicular apophysis of the 

malleus (the middle ear ossicular chain) were made. 

 

7.2.2 Scanning Spectral Domain OCT System 

The design of the system has been previously reported (Gao, Raphael et al. 2013).  It is 

an alternative implementation of the same optical technology used to measure vibratory 

responses at different depth locations within the organ of Corti (Chen, Zha et al. 2011; Ren and 

He 2011).  Briefly, it is a custom-built spectral domain OCT system based on a broadband light 

source with a center wavelength of 935 nm with software for data collection and analysis written 

in MATLAB.  The light was directed through an upright microscope onto the structure to be 

imaged.  The reflected light from the sample, when path matched with a reference beam, creates 

an interference pattern that can be recorded by a custom spectrometer based on a linear camera.  

The FFT magnitude of the interference pattern is the depth-resolved sample reflectivity.  An X-Y 

scan mirror incorporated into the beam path allows for stepping the light across tissue.  Scanning 

in one direction allows for the generation of cross-sectional images. 

In air, the axial resolution of the OCT system, as determined by the full width at half 

maximum of the depth-resolved sample reflectivity of a mirrored surface, was 9.4 µm.  The 
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lateral resolution of the OCT system, as determined by the en face image of an USAF resolution 

target, was 18 µm.  To investigate the resolution of a structure surrounded by fluid (which has a 

higher index of refraction than air) and after imaging through the cochlear bone (which scatters 

light), I removed the apical bone from a mouse cochlea and placed it in a drop of water on top of 

the mirrored surface and resolution target.  Under these conditions, the axial resolution was 6.3 

µm whereas the lateral resolution was 35 µm.  For all experiments, I oversampled when 

collecting cross-sectional data to provide spatial averaging with pixel dimensions of 2.4 µm 

axially and 15 µm laterally. 

 

7.2.3 Vibrometry with OCT 

At each x-y position, 10,000 images of the spectrally-interfered signal were collected 

using a linear camera during the application of sound stimuli to the ear.  The FFT magnitude of 

each capture of the interference signal gives the depth-resolved sample reflectivity.  For each 

depth, the phase information from the first FFT was further analyzed by another FFT over the 

10,000 images to calculate vibratory magnitude and phase.  Because vibratory data comes from 

analyzing the phase of the spectrally-interfered signal, the vibration resolution of the system is 

much better than its image resolution.  On a perfect reflector, the measureable vibratory response 

is on the order of a few picometers.  In vivo at the organ of Corti, the signal-to-noise ratio is 

reduced by 50 to 70 dB because the tissue does not reflect as well and the light has to pass 

through the otic capsule bone in both directions.  As a result, I averaged up to 50 stimulus 

repetitions in order to lower the noise floor.  This allowed us to measure vibrations as low as 0.2 

nm within the mouse organ of Corti.  Furthermore, I only considered the vibratory responses at 
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the same frequency as the stimulus frequency that were above a noise threshold, which was 

defined as the mean plus three times the standard deviation of the noise at nearby frequencies. 

 

7.2.4 Data Analysis 

To estimate the secondary filter characteristics, I subtracted the live and dead magnitude 

responses.  I did so for three different cases: live 40 dB SPL response subtracted by the dead 80 

dB SPL response, live 60 dB SPL minus dead 80 dB SPL, and live 80 dB SPL minus dead 80 dB 

SPL.  The data were then fitted to the magnitude equation for a two pole band-pass filter in 

SigmaPlot 11.0 (Systat Software, Chicago, IL): 
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|H(f)| is magnitude, f is frequency, Fc is the center frequency, G is gain, and Q is Fc divided by 

the bandwidth 3 dB from the peak.  The Q10dB was also calculated, as Fc divided by the 

bandwidth 10 dB from the peak, because this value has been more commonly used in auditory 

research. 

To characterize the phase response, the phase from a 10 µm depth region within the 

lateral aspect of the upper organ of Corti was subtracted by the phase from a 20 µm region 

within the basilar membrane.  Values were unwrapped by +360° or -360° when necessary.  The 

data were then fitted to the phase equation for a band-pass filter in SigmaPlot: 
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 H(f) is phase in degrees, f is frequency, Fc is the center frequency, D shifts the graph to the 

+90° and -90° range, and Q is Fc divided by the bandwidth between +45° and -45°. 
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Resonance frequency, gain, and Q10dB were calculated from basilar membrane sensitivity 

data.  Resonance frequency was the frequency of maximum sensitivity for a given stimulus level.  

Gain was calculated as the ratio of the peak sensitivities in the live and dead mouse at the same 

or lowest measureable stimulus level (live 40 dB SPL to dead 60 dB SPL, live 60 dB SPL to 

dead 60 dB SPL, etc.).  Q10dB was the resonance frequency divided by the bandwidth 10 dB from 

the peak response.  If data was not present for one intersection, the bandwidth was extrapolated.  

If data was not present for both intersections, the Q10dB was not calculated.  

The animal experiments were performed without randomization and blinding.  The 

number of animals used was based on previous work, past experiences, and what is typical for 

these kinds of experiments.  Data are plotted as mean ± SEM. When comparing more than two 

groups, I first performed a one-way ANOVA before using two-tailed Student’s t-tests.  Paired t-

tests were used to compare repeated measures from the same animals.  In some cohorts, I could 

not record all of the desired measurements from every animal and so fewer animals were 

included in the analysis.  For these cases, and when comparing data between cohorts, non-paired 

t-tests were used. 

 

7.3 Experimental Results 

First, I recorded basilar membrane tuning curves from wild-type CBA mice.  To do this, 

cross-sectional imaging was performed to identify the organ of Corti within the apical turn of the 

cochlea (Fig. 7.1a and b).  The optical path was then positioned to cross the basilar membrane 

near its midpoint.  I then presented pure tone stimuli of varying frequency and intensity in live 

and dead mice.  I averaged the vibratory responses measured along a ~20 µm depth within the 

basilar membrane to produce tuning curves (Fig. 7.1c).  Finally, the response of the middle ear 
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ossicular chain was measured to define the sound input to the cochlea.  These data were used to 

normalize the basilar membrane magnitude and phase.  As expected, the vibration of the basilar 

membrane exhibited a progressive phase lag as the sound frequency was increased, consistent 

with traveling wave propagation.  In dead mice, the sensitivity and tuning of basilar membrane 

vibration did not change with stimulus intensity, whereas in live mice both increased as the 

stimulus intensity decreased (Fig. 7.1d).  Together with this, the resonance frequency shifted 

towards higher frequencies as the stimulus intensity was lowered.   

 
Figure 7.1.  Basilar membrane and organ of Corti vibratory responses in CBA mice.  (a) Plastic-

embedded section of the mouse cochlea at the location I studied.  (b) In vivo OCT image of a similar 

cochlear cross-section.  The rough location of the key structures within the organ of Corti is outlined 

(yellow). TM: tectorial membrane; BM: basilar membrane; OHC: outer hair cell region; IHC: inner hair 
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cell region; Lat: lateral organ of Corti.  The white dotted line denotes the beam position for basilar 

membrane vibration measurements.  The basilar membrane response was the average vibration along a 20 

µm region (pink segment).  (c) Representative example of raw basilar membrane vibration magnitudes 

and phase in a live (red) and dead (black) mouse.  The phase was referenced to the ossicular chain.  The 

numbers denote the stimulus intensities in dB SPL.  (d) Representative basilar membrane sensitivity 

ratios, where basilar membrane vibration magnitude was normalized to that of the ossicular chain.  (e) 

The sensitivity curves for 80 dB SPL stimuli from the live and dead conditions (d) are redrawn (red and 

black curves, respectively).  The difference between them (blue circles) was fitted to the magnitude 

equation of a band-pass filter (blue line).  Q, Q10dB, and Fc are labeled.  (f) The differences between live 

and dead sensitivities to 80, 60, and 40 dB SPL stimuli are shown (symbols).  Magnitude fits and the 

corresponding phase fits were then calculated according to the properties of a second-order band pass-

filter (lines).  Published auditory nerve (AN) data(Taberner and Liberman 2005)(Taberner and Liberman 

2005)(Taberner and Liberman 2005)(Taberner and Liberman 2005)(Taberner and Liberman 

2005)(Taberner and Liberman 2005)(Taberner and Liberman 2005) collected at threshold (Taberner and 

Liberman 2005)  were similarly fit.  (g, h, i, j) Representative OCT images with vibration phase 

superimposed in pseudocolor measured from live (top row) and dead (bottom) mice at 5 and 8 kHz.  The 

beam path for simultaneous phase measurements (dotted lines) and the specific positions analyzed 

(arrows) are shown.  (k) The phase difference between a 10 µm region in the lateral aspect of the upper 

organ of Corti and 20 µm region in the basilar membrane (arrows in g and h) was calculated (circles).  

Phase fits and the corresponding magnitude fits were calculated (lines).  (l) Comparison of tuning curve 

sharpness (Q10dB) from the phase fits of the cross-sectional organ of Corti data and the magnitude fits of 

the basilar membrane vibratory data.  Basilar membrane vibratory responses (Dead BM Mag) 

representing passive basilar membrane mechanics (1° filter) were calculated from the sensitivity response 

of a dead animal at 80 dB SPL, whereas all other data representing the secondary filter within the organ of 

Corti (2° filter) were calculated either from living mice, or from the phase response of dead mice.  (m) 

Comparison of center frequency (Fc).  Error bars, SEM.  Number of mice (or nerve fibers) is labeled in 

the bar graph.  *P<0.05; NS, not significant; Student’s t-test after 1-way ANOVA. 

 

 I then analyzed the data under the assumption that the basilar membrane vibratory 

response in living animals comes from the sum of two vibratory responses, each set by a distinct 

filter.  The primary filter comes from the mechanical properties of the basilar membrane that 

forms the broadly-tuned traveling wave whereas the second filter sharply tunes OHC force 

production.  To estimate the secondary filter characteristics, I subtracted the sensitivity of the 

dead cochlea from the sensitivity of the live cochlea (Fig. 7.1e).  I then fit these data to the 

magnitude equation of a band-pass filter (see methods), and normalized the peak magnitude, 

providing the center frequency (Fc) and sharpness (Q).  These parameters were determined using 

vibratory data collected using 80, 60, and 40 dB SPL stimuli, and then the corresponding phase 

characteristics were calculated (Fig. 7.1f).  While the sensitivity of the system precluded the use 
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of stimulus intensities lower than 40 dB SPL, I extended this description of the filter 

characteristics to understand what happens near the threshold of hearing using previously 

published data from mouse auditory nerves (Taberner and Liberman 2005) tuned to this resonant 

frequency.  In all cases, if a second filter is present, increasing the sound frequency should result 

in a 180° phase shift. 

I then collected vibratory data across the organ of Corti in living mice at two different 

frequencies to see if such a phase shift was detectable.  I normalized the vibratory phase of every 

pixel in the image to that of the basilar membrane in order to eliminate phase changes associated 

with the primary basilar membrane filter characteristics.  This demonstrated that the lateral 

aspect of the upper organ of Corti vibrated out of phase with the rest of the organ of Corti at 8 

kHz but not at 5 kHz (Fig. 7.1g and h).  This behavior persisted in the dead animal (Fig. 7.1i and 

j).  To better characterize the frequency response of this behavior, I subtracted the phase of the 

lateral aspect of the upper organ of Corti by the phase of the basilar membrane (white arrows 

along the dotted line in Fig. 7.1g and h)  while varying the sound stimulus frequency.  These data 

were then fit to the phase equation of a band-pass filter and the predicted magnitude response 

was calculated (Fig. 7.1k).  This supported the concept of a second filter, in that there was a 180° 

phase transition centered near the resonance frequency.  The Q10dB of the live and dead mice 

calculated from these phase fits were similar.  As well, they matched the Q10dB of auditory nerves 

at threshold (Taberner and Liberman 2005) and the extrapolated Q10dB from the magnitude fits 

(Fig. 7.1l and m).  Therefore, these findings indicate that the organ of Corti vibrates differently 

than the basilar membrane, and are consistent with the predictions of a second filter.  Since sharp 

frequency tuning occurs even in a dead cochlea, active processes requiring electrical and/or 

chemical gradients are not involved. 
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Figure 7.2.  Basilar membrane vibratory responses collected from transgenic mice.  Illustrations of organ 

of Corti behavior, plots of representative basilar membrane sensitivity curves, and comparisons of 

average gain, tuning sharpness (Q10dB), and resonance frequencies for (a) wild-type CBA, (b) 

Prestin
499/499

, (c) Prestin
-/-

, (d) Tecta
C1509G/C1509G

, and (e) Sfswap
Tg/Tg

 mice.  For the illustrations (left 

panels), basilar membrane motion in the vertical direction (black arrows) leads to horizontal deflection of 

stereocilia (red arrows), resulting in OHC force production back in the vertical direction (cyan arrows).  

No OHC force production occurs in Prestin
499/499

, Prestin
-/-

, Tecta
C1509G/C1509G

 mice (cyan lines without 

arrows).  Reduced OHC length and stiffness are found in Prestin
-/-

 mice (dotted cyan lines).  Sensitivity 

curves derive from referencing basilar membrane vibration magnitudes to that of the ossicular chain.  

Gain is the ratio of the peak sensitivities in the live and dead mice at the same or lowest measureable 

stimulus level after appropriate scaling.  Q10dB was the resonance frequency divided by the bandwidth 10 

dB from the peak response.  Resonance frequency was the frequency of maximum sensitivity.  Error bars, 
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SEM.  Number of mice is indicated in the bar graphs.  *P<0.05; **P<0.01; ***P<0.001; NS, not 

significant; Student’s t-test after 1-way ANOVA.  ¥ P<0.05; non-paired Student’s t-test between cohorts. 

 

To determine the functional significance of these findings, I studied several different 

transgenic mice strains, each with different alterations in the mechanics of the organ of Corti.  In 

wild-type CBA mice (Fig. 7.2a), the traditional features of cochlear amplification are found, 

whereby lowering the stimulus intensity leads to increased sensitivity (or gain when referenced 

to the tuning curve in a dead animal), increased tuning curve sharpness, and a higher resonance 

frequency.  In contrast, there is no somatic electromotility with the inactivated form of prestin 

found in the Prestin
499/499

 mouse (Dallos, Wu et al. 2008).  Similar to previously published data 

(Weddell, Mellado-Lagarde et al. 2011), tuning curves measured in these mice demonstrated no 

difference in sensitivity, tuning sharpness, or shift in resonance frequency between living and 

dead mice (Fig 7.2b).  Prestin
-/-

 mice also have severe hearing loss, however, their OHCs are 

shorter (Liberman, Gao et al. 2002) and have a substantially reduced passive stiffness (Dallos, 

Wu et al. 2008).  The tuning curves I measured from these mice, both living and dead, were 

similarly indistinguishable from each other and from dead CBA mice (Fig. 7.2c).  

Tecta
C1509G/C1509G

 mice have a malformed and disorganized tectorial membrane that does not 

attach to the OHC stereocilia, thus the OHC force generating mechanisms are not activated, 

resulting in severe hearing loss (Xia, Gao et al. 2010).  Again, tuning curves demonstrated no 

gain, increase in tuning sharpness, or resonance frequency shift in living mice compared to dead 

mice (Fig. 7.2d).  Finally, Sfswap
Tg/Tg

 mice have patterning defects within the organ of Corti that 

produce mild hearing loss (Moayedi, Basch et al. in press).  At the apical position I recorded 

from, they were missing the third row of OHCs and their underlying Dieter cells (Fig. 7.3a-d).  

The progressive phase lag associated with the primary basilar membrane filter was slightly 

reduced at the higher frequencies compared to wild-type mice (Fig. 7.3e and i).  More 
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importantly, tuning curves demonstrated increasing gain when lowering the stimulus intensity 

even though there was no change in tuning curve sharpness or the resonance frequency (Fig. 

7.2e).  This demonstrates that the gain of cochlear amplification can be separated from the 

sharpness of frequency tuning. 

 
Figure 7.3.  (a, b) Top-down three-dimensional reconstruction of immunofluorescence images of the 

cochlear hair cells labeled with actin (green; Life Technologies, cat no. A12379) and prestin (blue; 

primary: Santa Cruz Biotechnology, Inc., cat no. sc-22692; secondary: Life Technologies, cat no. A-

21082).  (c, d) Cross-sectional images at the level of outer hair cells.  Prestin is only in the cell membrane 

of outer hair cells.  The inner (IHC) and outer hair cells (OHC) are labeled. The rows of OHCs are 

indicated by numbers.  The arrows point to the phalangeal process of Deiter cells.  (c, d) Scale bar, 10 

µm.  (e, f, g, h, i) Representative phase responses of the basilar membrane after referencing to the 

ossicular chain. 
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Figure 7.4.  Organ of Corti vibratory responses collected from transgenic mice.  Representative 

images with pseudocolored organ of Corti vibratory phases superimposed, representative phase fits, 

and calculated magnitude responses from (a) wild-type CBA, (b) Prestin
499/499

, (c) Prestin
-/-

, (d) 

Tecta
C1509G/C1509G

, and (e) Sfswap
Tg/Tg

 mice.  For the pseudocolored images, the labeled stimulus 

condition was selected to be at or near the resonance frequency of that cochlear location.  All data 



95 

were from live mice.  (f) Comparison of the Q10dB and Fc from the fits.  Error bars, SEM.  Number 

of mice is labeled in the Fc graph.  *P<0.05; **P<0.01; Student’s t-test after 1-way ANOVA. 

 

I then made vibrational measurements throughout the organ of Corti to determine whether the 

frequency-dependent phase change consistent with a second filter was present in these mouse 

models (left panels in Fig. 7.4a-e).  I found that this phase change was present in all models 

except Sfswap
Tg/Tg

 mice.  The frequency dependence of the phase difference between the lateral 

aspect of the upper organ of Corti and the basilar membrane was calculated for each mouse and 

fit to the phase equation of a band-pass filter as previously described.  Representative filter 

characteristics are shown for each mouse model (center and right panels in Fig. 7.4a-e).  Tuning 

sharpness was mildly reduced in Prestin
-/- 

mice and non-existent in Sfswap
Tg/Tg

 mice.  The 

resonant frequency in Tecta
C1509G/C1509G 

mice was lower than that of wild-type mice, while it was 

dramatically higher in Sfswap
Tg/Tg

 mice (Fig. 7.4f).  Together these findings demonstrate that 

sharp frequency tuning exists within the organ of Corti of mice that do not exhibit sensitivity 

gain (the Prestin
499/499

, Prestin
-/-

, and Tecta
C1509G/C1509G

 mice).  In contrast, changing the passive 

mechanics of the organ of Corti by altering its structure (Sfswap
Tg/Tg

 mice) or reducing OHC size 

and stiffness (Prestin
-/-

 mice) reduces the sharpness of frequency tuning without necessarily 

impacting gain. 

 

7.4 Discussion of Results 

Humans are able to perceive and distinguish complex, multi-spectral sounds, such as 

speech in the presence of background noise, because of exquisite auditory sensitivity and 

sharply-tuned frequency selectivity, properties found in all mammals (Glasberg and Moore 1990; 

Moore 2004).  The basis for these properties comes from the cochlea, which not only evolved to 
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include specialized force-producing OHCs, but also a highly-structured framework of cross-

linked cells that sit on top of the basilar membrane (Manley 2012).  Herein, I showed that the 

passive mechanics of this framework provides the basis underlying the sharp frequency 

discrimination of mammalian hearing.  While most previous vibratory measurements have been 

made from the basilar membrane, a region in which gain and tuning are inextricably linked, I 

used the relatively-new technique of OCT to perform non-invasive in vivo imaging and identify a 

spot within the organ of Corti whose vibratory patterns allowed the monitoring of frequency 

tuning independent from gain.  The presented results support and extend previous findings of 

phase differences within the organ of Corti (Hu, Evans et al. 1999; Cai, Richter et al. 2003; 

Karavitaki and Mountain 2007; Chen, Zha et al. 2011; Fisher, Nin et al. 2012).  Furthermore, I 

show that altering the passive mechanics of the organ of Corti reduces tuning sharpness whereas 

eliminating OHC force production does not.  It is likely that within the organ of Corti, multiple 

structural components interact in a complex manner to create sharp frequency tuning, which I 

mathematically simplified down to be fit with a two-pole band pass filter.  Regardless, the results 

fundamentally improve our understanding of how the mammalian cochlea sharpens tuning by 

eliminating prestin-based electromotility, active stereociliary bundle mechanics, and the tectorial 

membrane as major contributors to this process.  An additional implication of these results is that 

strategies designed to regenerate lost hair cells as a treatment for hearing loss would ideally 

replace them in the proper anatomic location, so as to minimize changes in passive mechanics 

and maintain frequency selectivity. 
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Chapter 8 

Conclusions 

 

The extreme sensitivity and sharp frequency selectivity of human hearing derives from 

the active processes within the cochlea.  Damage to or malformations of the intracochlear soft 

tissues result in hearing loss.  Our ability to study the cochlea in vivo, in either clinical or 

research settings, has been limited by available technologies.  Thus, we, the Oghalai lab and our 

collaborators, sought to develop a non-destructive method of studying cochlear function.  The 

setup was based on spectral domain OCT, a non-invasive depth resolved imaging technology 

capable of vibrometry.  Using this system and mouse models, I first showed that OCT could 

detect anatomical variations of the TM that result in hearing loss.  I then showed that OCT 

provides comparable vibratory data from the BM to that collected using LDV without the need to 

open the cochlear bone.  Finally, I showed that OCT can provide new insights into cochlear 

function.  Specifically, when I compared the vibratory patterns of the intracochlear structures of 

live and dead normal hearing mice, I found that active force generation by outer hair cells 

produced larger displacements of the TM than the BM.  In addition, there was a traveling wave 

that emanated from the point of OHC attachment.  This could presumably propel fluid radially 

and drive the stimulation of IHC stereociliary bundles.  Furthermore, I observed frequency-

dependent antiphasic behavior in the lateral aspect of the organ of Corti in live and dead normal 

hearing mice.  Using genetically modified mouse models of hearing loss, I demonstrated that this 

behavior is related to sharp tuning within the cochlea.  These findings extend studies focused on 

understanding what is responsible for the impressive sensitivity and frequency selectivity of 

mammalian hearing.   
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 The work presented here lays the foundation for a number of future studies.  Firstly, since 

I have quantified cochlear amplification at the apex of a normal hearing mouse, this data can 

serve as a basis of comparison for future work.  Specifically, the study of mice with novel 

mutations which affect the organ of Corti architecture would be of particular interest.  Studies of 

the cochlear response in the time domain and/or to complex sounds (tone and noise, two-tone, 

speech, etc.) would be invaluable as well.  Secondly, these data highlight the need for 

intracochlear vibratory studies that take into account additional planes of motion.  Ideally, one 

would collect vibratory data in all three planes of motion with the best possible axial and lateral 

resolution for some cochlear volume.  Such a study would give the modelers of cochlear 

mechanics the most comprehensive data set yet.  Finally, my studies suggest that if an OCT 

system could somehow be directed towards the human organ of Corti, it could serve as a great 

diagnostic tool.  For example, since RM is clearly identifiable in B-scan images, OCT could 

perhaps be used to diagnosis endolymphatic hydrops.  Furthermore, the vibratory information 

could empower clinicians to provide more specific diagnosis of hearing loss.  
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