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Development of an improved round window stimulation device to treat hearing loss 

Abstract 

Hearing loss affects 14-15% of the US adult population, and can be caused by 

conductive, sensorineural or mixed pathologies; however, the contribution of these pathologies 

has not been quantified. Furthermore, recent studies show that conductive and mixed hearing 

loss can be treated by direct mechanical stimulation of the round window, though a reliably 

effective device is not available. To improve round window stimulation treatment, we 

performed several investigations. 

The first was to quantify the types of hearing loss treated at the Massachusetts Eye and 

Ear hospitals.  Hearing loss categories included: sensorineural, surgically-treatable conductive, 

acute otits media, earwax buildup, and unknown.  Sixteen percent of cases were diagnosed 

with surgically-treatable conductive hearing loss. Conventional treatment for such cases 

includes hearing aids or middle ear surgery, which restores movement or continuity of the 

conductive pathway. However, in some cases, where conventional surgery is unsuitable or 

unsuccessful, round window (RW) stimulation has been used with some success. 

The second studied the variability in efficacy of different middle ear treatments by 

quantifying the relevant mechanical and acoustical properties of human ears.  We analyzed 

pressure and velocity measurements from 18 fresh cadaveric human specimens to create a 

computational impedance model to 1) quantitatively understand sound transmission through 
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the inner ear, and 2) to aid in the development of a RW stimulation device. This model has 

many applications in the future; like, understanding sound transmission mechanisms. 

The third developed and tested several RW stimulation prototypes, where we 

demonstrated that our preliminary Interface Coupler (IC) prototype had improved performance 

compared to a commercial RW treatment device. The fourth described and tested an improved 

IC which better fits differences in the anatomy of the RW with an internalized actuator for 

surgical ease. The improved IC performed well across multiple anatomies, had a linear output 

with good dynamic range, and produced an equivalent hearing output of at least 90 dB SPL 

across a wide frequency range. The IC performance was consistent with our impedance model 

(produced by the second study), exemplifying the many useful applications of the impedance 

model. 
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Introduction 
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Hearing loss affects over 35 million people in the United States and is the third most 

common health problem (Pleis and Lethbridge-Cejku 2007). The most common form of hearing 

loss is sensorineural hearing loss and treatment for this type of loss tends to be through 

conventional hearing aids and cochlear implants with varying success rates. However, there is 

another group that has the potential for excellent prognosis with mechanical solutions, those 

with conductive and mixed hearing loss.  

To better understand these types of hearing loss, we consider the anatomy of the ear 

and how sound travels through the auditory system (seen in Figure 1.1). Sound travels down 

the ear canal, moves the tympanic membrane, causing the middle ear bones to vibrate, thus 

vibrating the oval window of the cochlea. In the cochlea, the oval window vibrates the scala 

vestibuli fluid compartment which is divided from the scala tympani compartment by the 

cochlear partition (illustrated in Figure 1.2A). On the other side of the cochlear partition, in 

scala tympani, there is a flexible membrane, the round window. Because the round window is 

highly compliant and the rest of the fluid-filled spaces and cochlear partition have high 

impedance, the sound pressure produced by mechanical stimulation of the oval window (OW) 

in scala vestibuli is much higher than the sound pressure near the round window in scala 

tympani. This sound pressure difference across the partition at the base of the cochlea defines 

the input to the cochlea, and initiates the traveling wave along the cochlear partition that 

triggers sound transduction by the sensory cells residing on the partition that transduces 

mechanical to electrical signals. These sensory cells initiate the neural signals our brain 

interprets as sound. 
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If the first part of this pathway does not function (the ear canal, tympanic membrane, 

and/or middle ear ossicles do not operate normally), then the person has a conductive hearing 

loss (CHL). A person has sensorineural hearing loss (SNHL) if some part of the neuro-sensory 

mechanism of the cochlea or a pathway to the brain is not operational. Mixed hearing loss is a 

combination of both CHL and SNHL.  

 
Figure 1.1: Anatomy of the Ear. Illustration of the ear from the ear canal to the cochlea 
including the oval window and round window membranes.  
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Figure 1.2: Illustrations of Air Conduction and Round Window Stimulation. The top images show 
the cochlea in 3D perspective drawings. The bottom images represent the cochlea unwound 
and sectioned to show the fluid compartments within a 2D representation. A) In air conduction, 
sound (volume velocity) enters the oval window, produces a sound pressure difference 
between scala vestibuli (SV) and scala tympani (ST), and exists through the RW. B) In round 
window stimulation, the RW is mechanically stimulated to produce a sound pressure difference 
between the ST and SV and exits through the oval window. 
 

Sound flow (volume velocity) in the inner ear typically travels in the pathway pictured in 

Figure 1.2A during air conduction (AC) stimulation. However, by mechanically vibrating the 

round window membrane (RW), volume velocity can also enter the cochlea through the RW, 

pictured in Figure 1.2B (Maier et al. 2013; Schraven et al. 2011; Iwasaki et al. 2012; L. Colletti et 

al. 2011; Marco Mandalà, Liliana Colletti, and Vittorio Colletti 2011; Bernardeschi et al. 2011). 

The arrows at the OW, RW, and cochlear partition are simplified representations of the 

direction of volume velocity flow in the two cases.  

The sound pressure-difference across the cochlear partition produced by mechanically 

stimulating the RW (without puncturing the RW membrane) elicits a traveling wave identical in 
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nature to the wave produced by OW stimulation (Wever and Lawrence 1950; Lupo et al. 2009; 

Stieger, Rosowski, and Nakajima 2013; Nakajima, Merchant, and Rosowski 2010; Voss, 

Rosowski, and Peake 1996). The benefit of RW stimulation is that it can bypass many 

conductive hearing problems to directly stimulate the cochlea. However, RW stimulation is 

relatively new and the currently implanted device has shortcomings that could be greatly 

improved upon (Rajan et al. 2011; Baumgartner et al. 2010; Martin et al. 2009; Beltrame et al. 

2009). This thesis quantifies the mechanics of sound transmission through the middle and inner 

ear, and applies that knowledge to develop a new device specific to the needs of stimulating 

the RW.  

To understand the mechanics of the ear and to test devices, we used fresh human 

cadaveric temporal bones. These specimens include the structures from the ear canal to the 

cochlea and are prepared (via surgical drilling) to access the middle ear ossicles and the OW and 

RW of the cochlea. The macro-mechanics of these fresh temporal bones are similar to the live 

ear (Chien et al. 2009; Nakajima, Ravicz, Merchant, et al. 2005; Nakajima, Ravicz, Rosowski, et 

al. 2005; Goode, Ball, and Nishihara 1993).  Mechanical measurements include sound-induced 

vibrations of the tympanic membrane, middle ear ossicles, OW membrane, RW membrane 

(obtained by laser Doppler vibrometry), and the sound pressures within the cochlea. The latter 

are measured using micro fiberoptic pressure sensors (Olson 1998): one in the scala vestibuli 

near the OW and the second in scala tympani near the RW. The stapes velocity is required to 

determine the volume velocity at the OW.  

Measurements of intracochlear sound pressure provide additional information to 

understand sound transmission (Stieger, Rosowski, and Nakajima 2013; Frear et al. 2018). 



6 
 

Differential pressure across the partition at the base of the cochlea is an estimate of the input 

to the cochlea, and can be used as a mechanical audiogram. Thus it allows one to study the 

effect of different pathologies and stimulation mechanisms, and their effects on the input to 

the cochlea (Nakajima et al. 2009; Pisano et al. 2012). Combining pressure and velocity 

measurements enables us to calculate impedances of the ear, as is extensively utilized to 

construct the model of the inner ear in Chapter 3.     

 

Summary of Thesis: 

In Chapter 2, we provide a quantitative overview of the types of hearing loss treated at 

Massachusetts Eye and Ear (MEE) hospitals. Although hearing loss is a common and devastating 

problem, we lack information regarding the incidence of different types of hearing loss. Such 

information is important to understand how to best allocate healthcare resources, and we 

sought to fill this gap using data about the diagnoses applied to patients seen at MEE hospitals. 

We define and sort patients with diagnosed hearing problems at the different MEE centers over 

3.5 years. We quantify the relative incidence of various forms of hearing loss and determine the 

incidence of CHL conditions that are surgically treatable. This chapter provides much needed 

information to assess the impact of research focusing on specific types of hearing loss, 

especially CHL.  

In Chapter 3, we use sound pressure and velocity measurements from fresh cadaveric 

temporal bones to calculate the acoustic impedances of the middle and inner ear. We create a 

database of “normal” ears (without history of ear disease and with normal middle and inner ear 

macro-mechanics) that can be used to compare past and future data. This data includes 
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measurements of intra-cochlear sound pressures and the velocity of the stapes when the inner 

ear is stimulated with AC sound or a mechanical RW driver. Using this data we calculate the 

impedances of the cochlear partition, RW, possible leakage paths from scala vestibuli and the 

middle ear driven from the stapes. We then develop a computational lumped-element model 

of the normal ear using the experimental data. This model provides an understanding of human 

sound transmission mechanisms for various sound stimulation methods such as AC, RW, and 

bone conduction, as well as sound transmission related to otoacoustic emissions. 

In Chapter 4, we develop a prototype device for RW stimulation by focusing on efficient 

coupling between the device and RW membrane. From our impedance calculations in Chapter 

3, we quantified the cochlea’s scala vestibuli leak that can be advantageous during RW 

stimulation, because it enhances the sound pressure difference across the cochlear partition 

during RW stimulation. Currently clinical RW stimulation is accomplished using the floating 

mass transducer (FMT, Med-El), which has poor acoustic quality and unreliable device 

positioning. In this chapter we provide a proof of concept of an interface coupler (IC) prototype 

designed to address the problems encountered by the FMT. We compare the performance of 

the FMT and IC in one human temporal bone and find the IC produces an increase in sound 

transmission as well as larger bandwidth, superior linearity, and larger dynamic range 

compared to the FMT. 

In Chapter 5, we improve upon the interfacing coupler design and test the new 

prototype in several temporal bones. We create a more compact device that could be used 

with various types of anatomy and focused primarily on safety for the patient and ease of 

surgical implantation for the surgeon. The new IC produces consistent results across varying 
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anatomies in multiple temporal bones with excellent linearity, dynamic range and frequency 

range. Using the computational model from Chapter 3, we estimate the equivalent AC ear-canal 

sound pressure associated with a similar cochlear input drive produced by RW stimulation in a 

normal ear. We find that the RW stimulation device can produce at least the equivalent of air-

conducted 90dB SPL hearing with a 6 Vpeak input to the IC actuator. Finally, we used the results 

of the IC with the impedance model produced in Chapter 3. The model enabled quantification 

of the leakage impedance at the RW during IC stimulation.  

 

 

  



 

 

 

 

 

 

 

 

 

 

CHAPTER 2. 

Overview of Hearing Loss at Massachusetts Eye and Ear Hospitals 
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Introduction 

 Hearing loss has been estimated to be prevalent in 14-15% of the US adult population 

(Pleis and Lethbridge-Cejku 2007; Hoffman et al. 2017) . Prevalence rates are frequently 

estimated by self-reported surveys with a minority of patients undergoing formal audiometry. 

Typically, hearing loss is defined as an average hearing threshold of 25dB above Normal Hearing 

Level (dB HL) or greater.  

Hearing loss can be sensorineural (SNHL), conductive (CHL) or mixed. SNHL happens 

when hair cells within the cochlea are damaged and/or when the neurons connecting the hair 

cells to the brain are damaged. This loss is usually identified via a decrease in the sensitivity to 

bone conducted sounds (increased thresholds). CHL occurs due to problems conducting sound 

gathered by the external ear to the stapes footplate. Such a loss is usually identified by an air-

conducted hearing loss that is accompanied by normal sensitivity to bone-conducted sound. 

Mixed hearing loss occurs as a consequence of pathology affecting both the conductive and 

sensorineural hearing pathways. Although much is known about the prevalence of hearing loss, 

there is surprisingly little data defining the relative prevalence of CHL or the pathologies that 

cause it. Such data are important for understanding the prevalence of various diseases such as 

superior canal dehiscence, otosclerosis and chronic otitis media. CHL is typically a mechanical 

problem with a mechanical solution, with solutions like stapedectomy, bone anchored hearing 

aids, tympanoplasty, etc.  In general it is not possible to reverse SNHL and the most common 

solutions are hearing aids and cochlear implants.  A contemporary study on the prevalence of 

different types of CHL is necessary to identify the needs of patients and assess if we need more 

solutions to meet those needs.  



11 
 

To better define prevalence rates of conductive hearing loss by type and by 

demographics, we undertook a review of patients presenting to a tertiary care center with 

hearing loss as a primary complaint.  With this review, we aim to 1) understand the relative 

prevalence of various forms of hearing loss in all patients presenting to Massachusetts Eye and 

Ear (MEE) hospitals with hearing complaints over a recent 3.5 year period, and 2) segregate 

from its population those with CHL that is surgically treatable. Such an analysis will quantify the 

relative prevalence of surgical disease in the patient population at the MEE hospitals.   

 

Methods 

Data were gathered from patients visiting any of the 20 MEE hospitals for a clinical 

otolaryngology or audiology appointment over a three and a half year period from January 

2015 to July 2018. The diagnostic code (ICD10) of each patient was reviewed. The ICD10 code is 

a code given to every patient seen at MEE by a physician or audiologist. Relevant diagnoses 

were separated into five categories – Surgical CHL, SNHL, Unknown, Earwax, and Acute Otitis 

Media (AOM). Appendix A2 describes how different diagnostic entities were broken down into 

the five categories noted above. Audiograms and doctor’s notes were not consulted for this 

study.  Of note, patients diagnosed with mixed loss were assigned to the sCHL category in our 

study, as these patients have the potential to improve with surgical intervention. Patients 

making multiple visits were generally only counted once and assigned the most significant 

diagnostic code; patients seen multiple times with multiple significant disorders were counted 

multiple times. Patients were excluded if they did not have a diagnosis of hearing loss. Our 

methods were reviewed and approved by the MEE IRB. 
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Surgical CHL (sCHL) included cases like rupture of the tympanic membrane, middle ear 

disorders, cholesteatomas, otosclerosis, superior semicircular canal dehiscence, and external-

ear atresia. Note that sCHL includes chronic otitis media (COM), as the most common 

complication of COM is sCHL and there are many surgical interventions performed to treat the 

consequences of COM (Ballenger and Snow 2003).  

The patient data was reduced to specific cases using the patient’s medical records 

number (MRN) to find the most relevant diagnosis. Priority was given to SNHL and sCHL 

diagnoses over unknown and earwax cases. For example, if a patient was diagnosed with a 

rupture in their tympanic membrane in 2015 and diagnosed with excessive earwax in 2016, 

they would be counted as a case of sCHL not ear wax. However, if a patient was diagnosed with 

two very different types of sCHL or SNHL during the 3.5 years (like perforation of the tympanic 

membrane and otosclerosis), they were counted twice. 

Demographic information was obtained if available in the medical record. The age of the 

patient was taken at the time of their diagnosis and was separated by decade, except under the 

age of ten where there are categories for under 5 and 5-9. The reason for this separation was 

because a majority of AOM cases are diagnosed to children under 5 years of age (Monasta et al. 

2012). Race, ethnicity and veteran status was also reported, when available.  
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Results 

Our patient population was composed of 174,948 unique individuals out of the 360,636 

total patients who entered MEE between January 2015 and the end of June 2018. Thus 48.51% 

of the patients seen at our subspecialty institution were diagnosed with a hearing disorder. 

Demographics of the entire population are included in Table 2.1. Note that both Hispanic race 

and ethnicity were given as options to the patients so these responses are reflected in Table 2.1 

and future tables.  

 

  



 
 

able 2.1: Demographics of the Patient Population with a hearing disorder 
 

 Patients Female Male Veteran Ethnicity  Race 

     Hispanic White Black Native 
Am. 

Asian Hawaiian Hispanic Declined 

n 174948 92472 82467 8839 7800 134960 6683 206 6626 118 1949 2983 

% 48.51% 52.86% 47.14% 5.05% 4.46% 77.14% 3.82% 0.12% 3.79% 0.07% 1.11% 1.71% 

 
 
Table 2.2: Demographic Characteristics of Study Sample Allocated by Hearing Loss Type. Percentages for the Patients column are the 
number in that category divided by the total number of patients. Percentages for all other columns are the number in that row 
divided by the total number of patients in that hearing loss category. 
 
  Patients Female Male Veteran Ethnicity Race 

      Hispanic White Black Native 
Am. 

Asian Hawaiian Hispanic Declined 

sCHL n 28647 14922 13723 852 1240 21585 949 40 1209 20 297 456 

 % 16.37% 52.09% 47.90% 2.97% 4.33% 75.35% 3.31% 0.14% 4.22% 0.07% 1.04% 1.59% 

SNHL n 46726 25192 21532 2986 1564 36886 1557 45 1790 39 413 802 

 % 26.71% 53.91% 46.08% 6.39% 3.35% 78.94% 3.33% 0.10% 3.83% 0.08% 0.88% 1.72% 

Unknown n 23075 12622 10452 1433 1165 17727 1112 30 1059 19 345 391 

 % 13.19% 54.70% 45.30% 6.21% 5.05% 76.82% 4.82% 0.13% 4.59% 0.08% 1.50% 1.69% 

Wax n 43812 23508 20301 3042 1227 34802 1591 44 1295 11 381 708 

 % 25.04% 53.66% 46.34% 6.94% 2.80% 79.43% 3.63% 0.10% 2.96% 0.03% 0.87% 1.62% 

AOM n 32688 16228 16459 526 2604 23960 1474 47 1273 29 513 626 

 % 18.68% 49.65% 50.35% 1.61% 7.97% 73.30% 4.51% 0.14% 3.89% 0.09% 1.57% 1.92% 

Total n 174948 92472 82467 8839 7800 134960 6683 206 6626 118 1949 2983 

 % 100.00% 52.86% 47.14% 5.05% 4.46% 77.14% 3.82% 0.12% 3.79% 0.07% 1.11% 1.71% 

 

1
4 
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The patients were separated into five categories (sCHL, SNHL, Unknown, Earwax, and 

AOM) as shown in Table 2.2. Table 2.2 also provides additional demographic information from 

this patient population. A visual representation of the percentage of each type of hearing loss is 

shown in Figure 2.1A. The largest cause of hearing loss is SNHL (27%), then earwax 

buildup/impaction (25%), AOM (19%), sCHL (16%) and unknown causes (13%). 

 
Figure 2.1: Percentages of the Hearing Loss: A) The five categories of hearing loss, B) surgical 
conductive hearing loss diagnoses, C) sensorineural hearing loss diagnoses, and D) specific SNHL 
diagnoses (no undefined).  
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Table 2.3: Demographic Characteristics of Surgical Conductive Hearing Loss 
 

  Patients Female Male 

COM n 12373 5953 6419 

 % 43.19% 48.11% 51.88% 

Ear Canal n 1013 598 415 

 % 3.54% 59.03% 40.97% 

Tympanic 
Membrane 

n 7353 3871 3481 

 % 25.67% 52.65% 47.34% 

Middle Ear n 383 169 214 

 % 1.34% 44.13% 55.87% 

Mastoid n 250 123 127 

 % 0.87% 49.20% 50.80% 

Otosclerosis n 1540 997 543 

 % 5.38% 64.74% 35.26% 

SCD/Fistula n 526 315 211 

 % 1.84% 59.89% 40.11% 

Undefined n 3092 1718 1374 

 % 10.79% 55.56% 44.44% 

Mixed n 2117 1178 939 

 % 7.39% 55.64% 44.36% 

 
Table 2.4: Demographic Characteristics of Sensorineural Hearing Loss 
 

  Patients Female Male 

Neuroma n 2155 1239 916 

 % 4.61% 57.49% 42.51% 

Labyrinthitis n 531 337 194 

 % 1.14% 63.47% 36.53% 

Vestibular n 412 262 150 

 % 0.88% 63.59% 36.41% 

Noise induced n 640 183 457 

 % 1.37% 28.59% 71.41% 

Dysfunction n 127 83 44 

 % 0.27% 65.35% 34.65% 

Ototoxicity n 39 15 24 

 % 0.08% 38.46% 61.54% 

Presbycusis n 332 167 165 

 % 0.71% 50.30% 49.70% 

Undefined n 42490 22906 19582 

 % 90.93% 53.91% 46.09% 
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Relative Incidence of Surgical CHL Types  

A breakdown of sCHL cases into the structure affected is given in Table 2.3 and 

illustrated in a pie graph in Figure 2.1B. COM was the largest cause of sCHL (43%) and tympanic 

membrane pathology (26%) was the second most common case of sCHL.  

 

Relative Incidence of SNHL Types 

A breakdown of the SNHL cases into sub-diagnoses is included in Table 2.4 and Figure 

2.1C. The SNHL with undefined cause was the large majority of SNHL cases at 91%. Figure 2.1D 

plots the breakdown of the seven other causes: acoustic neuroma (4.6%), noise induced (1.4%), 

labyrinthitis (1.0%), vestibular (0.88%), presbycusis (0.71%), dysfunction (0.27%), and 

ototoxicity (0.08%). 

 

Age 

Histograms of the age-distribution of the different hearing-loss types are illustrated in 

Figure 2.2, with the corresponding data in Table 2.5.  The average age of this patient population 

was 49 with a median age of 57 where the age range was 0 to 105 years old.  

AOM was the largest cause of a hearing related diagnosis for those 9 and under, while 

SNHL and earwax were the biggest problem for those 40 and above, where SNHL is the largest 

diagnosed hearing loss between ages 60-69. The group of 60-69 and under 5 years old were the 

groups most diagnosed for hearing problems at MEE hospitals. sCHL diagnoses were largest for 

the under 5 age group and second largest for the 50-69 age group.  
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The sCHL cases were further broken down by age in Figure 2.3. The largest age group 

affected by sCHL was largely due to COM for the under 5 age group (34%). COM was also most 

diagnosed for patients 5-9 and over 40 years old. A tympanic membrane issue was most 

diagnosed from ages 10-39. Otosclerosis and mixed hearing loss were most diagnosed from 

ages 40-79. 

 



 
 

 

 

Table 2.5: Age Characteristics Allocated by Hearing Loss Type 
 

  <5 5-9 10-19 20-29 30-39 40-49 50-59 60-69 70-79 >80 

sCHL n 5072 2007 2005 1871 2164 2846 4042 3943 2809 1888 

 % 17.71% 7.01% 7.00% 6.53% 7.55% 9.93% 14.11% 13.76% 9.81% 6.59% 

SNHL n 488 393 1000 1591 2321 4174 8789 12045 9901 6023 

 % 1.04% 0.84% 2.14% 3.40% 4.97% 8.93% 18.81% 25.78% 21.19% 12.89% 

Unknown n 1046 622 858 1225 1473 2174 3826 4827 4188 2836 

 % 4.53% 2.70% 3.72% 5.31% 6.38% 9.42% 16.58% 20.92% 18.15% 12.29% 

Wax n 1776 1108 1993 2083 2059 2995 5465 8372 9009 8946 

 % 4.05% 2.53% 4.55% 4.75% 4.70% 6.84% 12.47% 19.11% 20.56% 20.42% 

AOM n 12472 4187 2866 1752 1987 2207 2768 2385 1388 673 

 % 38.15% 12.81% 8.77% 5.36% 6.08% 6.75% 8.47% 7.30% 4.25% 2.06% 

Total n 20854 8317 8722 8522 10004 14396 24890 31572 27295 20366 
 % 11.92% 4.75% 4.99% 4.87% 5.72% 8.23% 14.23% 18.05% 15.60% 11.64% 
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Figure 2.2: Hearing Loss Cases Separated by Age 

 



 
 

 
 
 
 

 
 

Figure 2.3:  Surgical CHL Cases Separated by Age
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Gender 

There were more females than males in our population set (53% vs. 47%), where females were 

diagnosed more often than males in the sCHL, SNHL, Unknown, and Earwax cases. Specifically 

for SNHL cases, males were diagnosed more frequently than females in Noise Induced (71%, 

where the total number of patients was n=640) and Ototoxicity (62%, n=39) cases. For sCHL 

cases, males were more diagnosed for COM (52%, n=12373), Middle Ear (56%, n=383), and 

Mastoid problems (61%, n=250).  

 

Ethnicity, Race, and Veteran Status 

Those that reported veteran status, ethnicity, and race were reflected in Table 2.2 broken up by 

hearing loss type. Veterans represent 5.1% of this population where most were diagnosed with 

earwax, SNHL and unknown cases. Those that reported Hispanic ethnicity represented 4.5% of 

this data where the largest group was diagnosed with AOM. The largest racial group of this 

dataset was white at 77% where the most were diagnosed with ear wax buildup.  

 

Discussion 

Sensorineural Hearing Loss and Surgical Conductive Hearing Loss 

For patients seeking care for hearing loss at Massachusetts Eye and Ear hospitals, 40% 

have treatable conditions – those with sCHL, AOM, and earwax buildup. This 40% could all be 

defined as CHL, but we narrow the sCHL definition to include only cases that usually lead to 

surgery to improve the conduction of sound to the inner ear. Even with our narrowed 

definition, sCHL prevalence in MEE patients was found to be 16%. Since sCHL can primarily be 
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solved via a mechanical solution, these patients have a chance to improve their quality of life, if 

surgical or implantable solutions to their problems exist or can be devised.  

For instance, SCD is a relatively newly discovered disease (Lloyd B. Minor et al. 2001) 

that represents almost 2% of the sCHL population, which may be an underestimate of the 

incidence of this disorder (Agrawal, Ward, and Minor 2013). The literature suggests multiple 

surgical treatments for SCD (Crane et al. 2010; Crane, Minor, and Carey 2008; L. B. Minor et al. 

1998) some of which produce less than satisfactory results. More research on these treatments 

1) may provide improvements in treatment, and 2) raise the awareness of this disorder.   

Furthermore, solutions that do not rely on the normal sound conduction pathway could 

benefit those that have resilient sCHL that persists despite conventional surgeries. Round 

window stimulation is one such solution that we delve into more detail in the upcoming 

chapters of this thesis. 

 

Demographics 

Sex 

We observed that the percentages of females with hearing loss ICD10 diagnostic codes 

are larger than males for sCHL, SNHL, Unknown, and Earwax categories, but their statistical 

significance was not investigated. There are several diagnostic subcategories where males are 

the majority including AOM, COM, noise induced cases, ototoxicity, middle ear and mastoid 

problems. Females being diagnosed with hearing problems more often than males contradicts 

other studies that identify males as the more common sex with hearing related issues (Pleis and 

Lethbridge-Cejku 2007; Lin, Niparko, and Ferrucci 2011).  
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Age 

As expected, AOM is most common in the 0-5 age group along with sCHL due to COM. 

sCHL is more common in 50-70 years old patients mostly due to COM, otosclerosis, mixed 

hearing loss, and tympanic membrane perforation. SNHL is most prevalent from 50-80 years of 

age where undefined SNHL is the most common diagnosis. Earwax affects more patients as 

they age up to 80, though some fraction of this increase may be related to the increase in 

hearing aid usage in this group (Browning 2008).  

 

Ethnicity and Race 

Given local demographics and referral patterns, our population was found to be 

overwhelmingly identifying as White at 77%.  Patients identifying as Black or Asian both have 

their largest population in the unknown hearing loss type. Patients who identify as Hispanic 

ethnicity and/or race were most diagnosed with AOM.  

 

Limitations 

This study uses only ICD10 codes to distinguish types of hearing loss. Since audiograms 

were not consulted, there is no guarantee that every patient had hearing loss. Additionally, 

MEE is known to treat patients with rarer forms of hearing loss, so certain diagnoses are likely 

higher in this patient population than a general population. The diversity of this patient 

population is low with patients identifying as White being the largest percentage of race in this 

dataset. There is some missing demographic information for age, veteran status, ethnicity, race, 

and sex. Furthermore, there is no way to know if a patient went to another hospital network 
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where they were diagnosed with a specific hearing loss code. Finally, it is likely there are many 

more patients in the New England area that are not seeking care for their hearing loss.  

 

Future Work 

This study is a step toward an investigation of the incidence of different middle-ear 

disorders. Future work could include expansion of the data set to include multiple hospitals, 

and the analysis of procedure codes to identify patients that underwent surgery to correct their 

hearing loss. Furthermore, analyzing audiograms can help us confirm hearing loss in patients. 

Despite the limitations, the ICD10 diagnosis codes provide a look into the patient distribution 

for different types of hearing loss.  

 

Conclusion 

The general make up of patients diagnosed with hearing loss at MEE hospitals includes 

SNHL (27%), earwax buildup/impaction (25%), AOM (19%), sCHL (16%) and unknown cases 

(13%). SNHL is more prominent than sCHL, especially in adults 50 and older. The prevalence of 

sCHL was specifically defined to be surgically treatable cases. 

  



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3. 

Impedances of the inner and middle ear estimated from intracochlear sound pressures in 

normal human temporal bones 
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Abstract 

For almost a decade, we have measured intracochlear sound pressures evoked by air 

conducted (AC) sound presented to the ear canal in many fresh human cadaveric specimens. 

Similar measurements were also obtained during round window (RW) mechanical stimulation 

in multiple specimens. In the present study, we use our accumulated data of intracochlear 

pressures and simultaneous velocity measurements of the stapes or RW to determine acoustic 

impedances of the cochlear partition, RW, and the leakage paths from scala vestibuli and scala 

tympani, as well as the reverse middle ear impedance. With these impedances, we develop a 

computational lumped-element model of the normal ear that illuminates fundamental 

mechanisms of sound transmission.  

To calculate the impedances for our model, we use data that passes strict inclusion 

criteria of: (a) normal middle-ear transfer function defined as the ratio of stapes velocity to ear-

canal sound pressure, (b) no evidence of air within the inner ear, and (c) tight control of the 

pressure sensor sensitivity. After this strict screening, updated normal means, as well as 

individual representative data, of ossicular velocities and intracochlear pressures for AC and RW 

stimulation are used to calculate impedances. This work demonstrates the existence and the 

value of physiological acoustic leak impedances that can sometimes contribute significantly to 
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sound transmission for some stimulation modalities. This model allows understanding of 

human sound transmission mechanisms for various sound stimulation methods such as AC, RW, 

and bone conduction, as well as sound transmission related to otoacoustic emissions. 

Abbreviations: 

Note: italics represent a complex variable with magnitude and phase or real and imaginary 

parts. 

AC = air conduction 
RW = round window 
OW = oval window 
SV = scala vestibuli 
ST = scala tympani 
PEC = sound pressure in the ear canal 
PST = sound pressure in the scala tympani  
PSV = sound pressure in the scala vestibuli 
Vact = velocity of the actuator on the RW 
ZDiff = differential impedance across the partition including the helicotrema  
ZRW = RW impedance    
ZME’ = middle ear impedance from the cochlea looking out 
ZlkSV = leakage impedance of the SV and exterior of the otic capsule  
ZlkSTRW = leakage impedance of the ST and RW  
Ustap = volume velocity of stapes during AC stimulation 
UDiff = volume velocity across the partition  
URW = volume velocity of RW during AC stimulation 
U’stap = volume velocity of stapes during RW stimulation 
UlkSV and U’lkSV = volume velocity through the SV leakage for AC and RW stimulation  
UlkST = volume velocity through the ST leakage for AC stimulation  
U’lkSTRW = volume velocity through the ST and RW leakage for RW stimulation  
Uact = volume velocity entering the cochlea during RW stimulation with actuator 
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1. Introduction 

Passive macro-mechanics in fresh cadaveric human temporal bones are similar to the 

living, as is evidenced by similarities in measurements of sound-induced stapes vibration in live 

ears and fresh cadaveric specimens (Chien et al. 2009). “Passive macro-mechanics” of the 

cochlea refers to the gross mechanical properties of the inner ear.  These do not include the 

active mechanical processes within the cochlear partition of live ears. For example, the inner-

ear sound pressures in scala vestibuli (PSV) and scala tympani (PST) measured close to the 

surrounding bone (not the partition near the traveling wave), quantifies the human cochlear 

input pressure drive (PSV - PST), the complex differential pressure across the cochlea partition at 

the cochlear base that is dominated by fast wave sound pressure and starts the traveling wave 

along the cochlear partition (Olson 1998). The cochlear input pressure drive has been shown to 

have the same frequency response as sensory potentials (cochlear microphonic) measured at 

the same location in animals (Dancer and Franke 1980; Lynch, Nedzelnitsky, and Peake 1982). 

Furthermore, the effects of middle and inner ear lesions (e.g. ossicular discontinuity and 

superior canal dehiscence) on the cochlear input drive in temporal bones are similar to clinical 

findings for hearing in live humans (Nakajima et al. 2009; Niesten et al. 2015; Pisano et al. 

2012). 

Measurements of intracochlear sound pressures and ossicular motions quantify 

important mechano-acoustic properties of the ear.  Knowledge of the impedances of the 

middle and inner ear are necessary to understand the intricacies of sound transmission through 

the inner ear (Elliott, Ni, and Verschuur 2016; Nakajima et al. 2009; Stieger, Rosowski, and 

Nakajima 2013). Our pressure measurement techniques combined with velocity measurements 
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of the stapes and round window are valuable in determining the sound transmission 

mechanisms that dominate during various forms of inner-ear stimulation (e.g. air conduction 

(AC), bone conduction (BC), round window (RW) stimulation, soft tissue stimulation, etc.). 

Previously, we showed that the paths of sound-related volume velocity through the 

inner ear differ between ear-canal AC and actuator-driven RW stimulation (Stieger, Rosowski, 

and Nakajima 2013). For AC stimulation, evidence supports the two-window hypothesis: the 

input to the inner ear – the volume velocity produced by stapes motion (Ustap) at the oval 

window (OW) – and the output of volume velocity from the inner ear via the compliant RW 

(URW) are approximately equal (Kringlebotn 1995; Stenfelt, Hato, and Goode 2004a). Therefore, 

in AC, other potential sound paths, such as vestibular and cochlear aqueducts, contribute little 

to sound transmission and have insignificant volume velocity sound flow.   

Different from AC, RW stimulation results in inner-ear volume velocities that do not well 

conform to the two-window hypothesis (Stenfelt, Hato, and Goode 2004a; Stieger, Rosowski, 

and Nakajima 2013), where the volume velocity elicited by the RW actuator flowing into scala 

vestibuli does not all flow through the oval window, but splits, such that a significant fraction 

flows through a leakage path on the vestibular side of the cochlear partition (likely the 

vestibular aqueduct and/or neurovascular channels) (Dancer and Franke 1980; Stieger, 

Rosowski, and Nakajima 2013; Tonndorf 1972). A physical factor that contributes to this leak 

with RW stimulation is that the volume velocity elicited by stimulation faces an impedance at 

the OW (the reverse middle-ear impedance) that is similar in magnitude to the high impedance 

of the scala vestibuli leakage path (Stieger, Rosowski, and Nakajima 2013). 
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The major goal of the present study is to determine the values of the impedances that 

influence sound transmission within the inner ear. As a prerequisite for this task, we determine 

a “standard” set of sound-pressure transfer functions for “normal” human temporal bones – 

those without history of ear disease and with normal middle and inner ear macro-mechanics. 

From our accumulated measurements of intracochlear sound pressures and ossicular velocities 

during normal air conduction (AC) and round window (RW) stimulation, we implement strict 

inclusion criteria to describe the intracochlear sound pressure characteristics in normal ears. 

This set of standards, expressed as transfer functions, is useful for a) comparisons to past and 

future experiments, b) validation of computational models of the ear, and c) improving our 

understanding of the mechanism of sound transmission within the inner ear.  

Using this data, we focus on the impedances that most influence the transmission of 

sound: the differential impedance across the partition measured at the base of the cochlea 

(ZDiff, which includes the influence of the helicotrema), the RW impedance (ZRW ), the reverse 

middle-ear impedance from the cochlea looking out towards the middle ear (ZME’ ), the leakage 

impedance of the SV to the exterior of the otic capsule (ZlkSV), and the leakage impedance of the 

ST and RW (ZlkSTRW) to the exterior of the otic capsule.  We use a combination of AC and RW 

stimulation results to determine these impedances. Based on these results we develop a 

lumped-element model that can help us understand more complex sound transmission 

mechanisms, such as bone- or soft-tissue-conducted sounds (Stenfelt and Goode 2005; Stenfelt 

2016; Perez, Adelman, and Sohmer 2016). This model can also impact our understanding of 

inner-ear sound transmission in pathological and perturbed states, where the flow of volume 
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velocity through the inner ear is altered by changes in the relevant impedances or by the 

introduction of new volume velocity paths (e.g. superior canal dehiscence).  

 

2. Methods 

A total of 37 fresh human cadaveric temporal bones provide normative data. Pressure 

data from 22 specimens were already published including AC stimulation data from Nakajima et 

al. 2009, Stieger et al. 2013, Pisano et al. 2012, and Niesten et al. 2015. The RW stimulation 

data came from Stieger et al. 2013. In the aforementioned studies, except for Nakajima et al 

2009, there was a computational error such that the reported intracochlear pressures were 7 dB 

lower than the actual level; this error is now corrected. The methods for the present study were 

detailed in previous publications (Nakajima et al. 2009, 2010; Stieger, Rosowski, and Nakajima 

2013). Therefore, only brief descriptions are given here. 

 

2.1 Temporal Bone Preparation  

The temporal bones were harvested within 24 hours of death with surrounding dura 

kept intact, and used either fresh or after freezing and thawing. Inspection of the ear with a 

surgical microscope was normal with no noticeable pathology. The major difference between 

fresh and previously frozen is that fresh bones rarely showed evidence of air in the inner ear, 

while several of the thawed bones did (Ravicz, Merchant, and Rosowski 2000). Prior to 

specimen preparation, the fresh and thawed specimens were stored at 4oC in 0.9% normal 

saline. A mastoidectomy was performed to widely open the facial recess, and the stapedial 

tendon was usually removed to allow access to the area surrounding the oval window. In the 
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RW stimulated ears, the bony overhang around the perimeter of the RW was reduced to 

facilitate the coupling of the actuator to the RW membrane. 

 

2.2 AC and RW Stimulation  

For AC stimulation, a loudspeaker (either Radio Shack 40-1377 or Beyer Dynamic DT48) 

was coupled to the bony ear canal. Pure tones of 77 ms length at 74 logarithmically-spaced 

frequencies between 0.1 and 10 kHz were presented and responses averaged 25 or 50 times. 

The sound pressure within the ear canal (PEC) was recorded with a probe microphone (ER-7C, 

Etymotic) with the tip located 1-2 mm from the umbo. The stimulus sound pressures were 

generally between 50 and 120 dB SPL. 

For RW stimulation we used a piezoelectric actuator firmly coupled to a transparent-

glass rod (1 mm diameter). In 5 specimens the tip of the rod was coupled to the RW membrane 

directly or with an interfacing disk (1.5 mm diameter) punched out of a soft contact lens. The 

glass rod was brought into contact with the RW membrane and pushed towards the inner ear in 

small increments until the stapes velocity and intracochlear pressure measurements stopped 

increasing in magnitude (Schraven et al. 2012; Maier et al. 2013). The RW stimulator was driven 

at the same frequencies as for AC stimulation. The magnitude of the stimulus displacement was 

generally between 55 nm and 85 nm. 

 

2.3 Pressure and Velocity Measurements  

Intracochlear sound pressure measurements were performed with micro fiber-optic 

pressure sensors (Olson 1998). Cochleostomies slightly larger than the sensor diameter (167-
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200 um) were drilled by hand while the cochlea was immersed in saline to prevent air from 

entering the cochlea. The sensors were inserted into scala vestibuli near the OW and scala 

tympani near the RW. The depth of insertion was approximately 100-200 µm from the otic 

bone-fluid interface. While maintaining saline around the sensors, the gaps between the 

sensors and the bone were sealed with dental impression material (Jeltrate, L.D. Caulk Co.). In 

later experiments, a layer of dental cement (Durelon, 3M Corp) was overlaid on the dried 

Jeltrate and surrounding bone to firmly fix the sensor to the promontory. 

We measured intracochlear sound pressures close to the otic bone to maximize 

measurement of the fast-wave component of intracochlear sound pressure (distant from the 

cochlear partition), and minimize the “physiologically vulnerable” slow-wave components 

produced by the motion of the cochlear partition. Therefore, the pressures we measured are 

not vulnerable to the physiological condition of the sensory mechanism in the living ear, but are 

related to the mechanisms of gross macro-mechanical sound transmission, which is similar in 

living and fresh cadaveric specimens.  

Simultaneous with the pressure measurements in the cochlea and ear canal, velocities 

of the stapes (posterior crus), round-window membrane, actuator or cochlear promontory 

were measured with a laser Doppler vibrometer (Polytec CLV), using reflective tape (0.1-0.2 

mm2) on the vibrating surface. To measure the velocity of the stapes (Vstap), the laser was 

aligned along the plane defined by the anterior and posterior crus and as close to orthogonal to 

the stapes footplate as possible to maximize sensitivity to the piston-like motion of the stapes 

and to minimize sensitivity to rocking motions. To measure the velocity of the RW (VRW), the 

laser beam was positioned orthogonal to the plane of the RW membrane and at its center. The 
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velocity of the promontory was measured during AC and RW stimulation to determine the level 

of artifact motion of the entire temporal bone. Actuator velocity (Vact) was measured at the side 

of the glass rod with an angle of 20 to 30 degrees relative to the direction of the actuator 

motion. 

Data were analyzed using software coded in Matlab. All pressure and velocity 

measurements with a signal-to-noise ratio (SNR) below 10 dB were excluded. Geometric 

averages and standard deviations (computed in the log domain) were used to describe the 

mean data and variation.  

 

2.4 Criteria Set for Normal Ears and Accuracy of Measurements 

Experimental data were only included in this study if three criteria were fulfilled for each 

specimen: 1) normal stapes velocity to ear-canal sound pressure transfer function; 2) no 

evidence of inner-ear air or fluid leak; 3) consistency (within 2 dB) of the pressure-sensor 

sensitivity throughout the experiment.  
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Figure 3.1: Inclusion criteria (striped gray area) compared to measurements in 37 temporal 
bones. A) Comparison of air-conducted middle ear transfer function (magnitude of VStap/PEC) 
against the range (gray area) set by Rosowski et al. (2007). B) The difference in phase between 
the velocity of the stapes and RW (phase of VStap/VRW) is plotted against frequency. Only 
experiments with data that fell within the striped gray areas at frequencies <2000 Hz in A and 
<500 Hz in B were used in this study.   
 

2.4.1 Stapes Velocity to Ear-Canal Sound Pressure Transfer Function  

The velocity of the stapes normalized to the sound pressure in the ear canal (Vstap/PEC), 

was used as a measure of the normality of the ears’ responses to sound and compared to the 

normal magnitude range reported by (J.J. Rosowski et al. 2007) (Figure 3.1A). Experiments that 

fell outside the normal range (gray shaded area) below 2 kHz were excluded. The 2 kHz limit 

was chosen because the motion of the stapes becomes complex (not a simple piston-like 

motion) above this range (Chien et al. 2006; Hato, Stenfelt, and Goode 2003; Heiland et al. 
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1999; Sim et al. 2010), and the one-dimensional laser measurement can vary greatly depending 

on the three-dimensional direction of the motion. 

 

2.4.2 Tests for air within the cochlea  

We tested for the presence of air in the cochlea using two tests. First, we used the 

observation that during AC stimulation, the motion of the incompressible fluid within the inner 

ear produces a half-cycle phase difference between the velocities of the stapes and RW 

(Vstap/VRW) at frequencies below 500 Hz (Kringlebotn 1995; Stenfelt, Hato, and Goode 2004a, 

2004b) (above 500 Hz, the mode of RW velocities can become complex). If air enters the inner 

ear, the inner-ear contents become compressible and the low-frequency phase difference 

varies from 0.5 cycles. This half cycle relationship was checked before and after the sensors 

were inserted and sealed in place. Second, we made certain that the phases of Vstap and VRW 

relative to the stimulus sound pressure were unchanged (within 0.02 cycles) before and after 

pressure sensor insertions. Figure 3.1B plots the phase of Vstap/VRW with the sensors in place for 

all 37 temporal bones. Only experiments that exhibited phase differences between -0.48 and 

0.52 cycles (corresponding to ± 7.2°) at frequencies less than 500 Hz were included in this study.  

 

2.4.3 Consistency of sensor sensitivity 

To ensure accuracy of our inner-ear pressure measurements, we checked the sensitivity 

of our pressure sensors to determine if their calibrations remained within 2 dB of the initial 

measurement during the experiment.  In earlier studies, we did this by comparing the 

calibrations of the sensors before inner-ear insertions, and after removal of the sensors at the 
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end of the entire experiment. In later studies, we adopted a different method described as 

follows:  

At the beginning of the experiment we calibrated the sensors outside the ear with a 

fluid-filled shaker in the manner described previously (Nakajima et al. 2009; Stieger, Rosowski, 

and Nakajima 2013), and then measured the AC stimulus-generated sound pressures within the 

inner ear after sealing the sensors with Jeltrate® – a flexible quick-setting gel used for dental 

impressions. The sensors were then removed and recalibrated outside the ear. If the new 

calibrations were within 2 dB of the originals, these initial measurements in scala vestibuli and 

scala tympani were considered reliable and accurate and used as comparators for subsequent 

measurements. The sensors were reinserted and secured using much firmer dental cement that 

prevented the removal of the intact sensor and did away with the possibility of retesting sensor 

sensitivity. Repeated new measurements of AC induced sound pressures were compared to the 

initial measurements to test for consistency of sensor sensitivity and specimen preparation 

throughout the experiment.  Frequency-independent changes in the magnitude (and stable 

phase) of the AC pressure response that remained relatively stable were considered to indicate 

slow changes in sensor sensitivity and were used to correct later measurements. Changes from 

the initial measurements that were complex (frequency dependent magnitude or phase 

changes) were considered indicators of sensor failure or uncontrolled changes in the 

preparation.  

 

 

 



39 
 

2.4.4 Summary of inclusion for this study 

A summary of the experiments using the inclusion criteria is shown in Table 3.1. Eighteen out of 

the 37 experiments passed our strict criteria. Also noted in Table 3.1 are reasons for the 

exclusion, which included the failure to perform one or more of the inclusion tests, abnormal 

stapes-velocity transfer function, abnormal ear structure, air in the inner ear or fluid leak (failed 

half-cycle phase test), and unstable sensor sensitivity.   

Table 3.1: Summary of experiments. (Experiments that were halted early due to different issues 
are not listed here). 
 

Experiment Number Status  

39, 104, 116, 119, 124, 131, 165, 172, 178, 
187, 189, 190, 199, 207, 209, 210, 212 

Included for  impedance calculation 

106 AC stimulation included for 
impedance calculation. RW 
stimulation excluded due to 
inefficient coupling  

36, 37, 71, 76, 79, 92 Excluded. Cannot ensure proper seal 
of pressure sensors 

38, 41, 112, 125, 127, 160, 162, 174, 211 Excluded. Abnormal middle ear 
transfer function or anatomy 

40, 41, 115, 162, 211 Excluded. Air in inner ear or fluid 
leak (failure of half-cycle test) 

 
108, 118 

 
Sensor calibration varied by more 
than 2 dB 
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2.5 Impedance Modeling  

Based on the functional anatomy, the structures, impedances and volume velocity paths 

relevant to inner-ear sound transmission are presented in block diagrams in Figure 3.2. AC 

stimulation is presented in Figure 3.2A and RW stimulation in Figure 3.2B. The acoustic 

impedances are calculated based on experimental results. 

 

Figure 3.2 A) AC and B) RW stimulation impedance models. The path of the volume velocity 
changes based on the stimulation type. The impedances of our models do not change their 
values from AC to RW stimulation. A) For AC, the volume velocity enters through the stapes, 
across the cochlear partition (including the helicotrema) and out the RW. The AC model 
assumes the two-window hypothesis, and assumes the volume velocities through the leakage 
paths are negligible. B) For BC, the volume velocity enters through the RW via a mechanical 
stimulus and passes through the cochlear partition or a leakage area in the ST. If it passes 
through ZDiff the volume velocity splits out into the leakage in the SV or middle ear. The leakage 
in the ST, ZlkST, is not determined in this paper, but a combination of ST leakage and the leakage 
at the RW-actuator interface during RW stimulation, ZlkSTRW, is estimated. 

 

The blocks include: Zlksv which accounts for any leakage or compressibility on the 

vestibular side of the cochlear partition, ZDiff which accounts for both the cochlear partition and 

the helicotrema (Dallos 1970; Lynch, Nedzelnitsky, and Peake 1982; Dancer and Franke 1980) 

(the pressure across this block is the differential pressure across the cochlear partition), Zlkst 
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which accounts for any leakage or compressibility on the scala tympani side of the cochlear 

partition,  ZRW is the impedance of the RW, ZME’ is the impedance of the middle ear looking out 

from the cochlea via RW stimulation, and ZlkstRW  which accounts for Zlkst as well as leakage near 

the RW-actuator interface during RW stimulation. Associated with these impedances are PSV 

which is the sound pressure in the scala vestibuli near the stapes, and PST which is the sound 

pressure in the scala tympani near the round window.  There are also volume velocities that 

flow through each impedance block.  In AC stimulation (3.2A) the stimulus volume velocity Ustap 

is estimated as the product of the measured stapes velocity and the area of the stapes 

footplate. In RW stimulation (3.2B) the stimulus volume velocity Uact is estimated as the 

product of the stimulator actuator velocity and the area in contact with the round window.  ZME’ 

is not required to specify AC stimulation, and ZRW is not required to specify RW stimulation. 

Detailed calculation of the five impedances from the measured sound pressures and stimulus 

velocities are explained in the results.  

The choice of element values to model the impedances was performed using a least 

squares fit to both the magnitude and phase of the experimentally-derived impedance 

calculations. The equations used to calculate the Total Error and obtain a good fit of the data to 

the model are further explained in Appendix A3.    
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3. Results 

3.1 Air Conduction Stimulation 

The intracochlear sound pressures (PSV and PST) were measured simultaneously with 

sound pressures in the ear canal (PEC) and stapes velocity (Vstap). As shown in Figure 3.3, PSV is 

higher than PST in magnitude for AC stimulation regardless of its reference (referenced to PEC or 

Vstap) for a wide frequency range, except for the lowest and highest frequencies. PST is generally 

lower in magnitude due to its proximity to the high compliance (low impedance) RW membrane 

(Nedzelnitsky 1980; Lynch, Nedzelnitsky, and Peake 1982; Nakajima et al. 2009). As shown in 

Figure 3.3A, PSV/PEC peaks in magnitude around 700 Hz on average, but the frequency and the 

prominence of the peak varies among individuals. The phase is between 0 and 0.25 periods at 

low frequencies and decreases with increased frequency at a steady rate as it crosses zero near 

700 Hz (the same location as the peak in the magnitude). Figure 3.3B shows that PST/PEC dips in 

magnitude at about 600 Hz on average, but this dip ranges from 400-1000 Hz for the individual 

experiments. The phase starts at 0 periods, increases slightly from about 400-1000 Hz, and then 

decreases steadily as frequency increases.  
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Figure 3.3: The magnitude and phase frequency responses of the intracochlear sound pressures 
referenced to PEC (A, B) or Vstap (C, D), measured in 18 normal ears (colored lines).  The mean is 
plotted as a thick black line and the standard deviation as the gray fill. 
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Because referencing the intracochlear pressure measurements to PEC includes the effect 

of the middle-ear impedance, we plot intracochlear pressures referenced to Vstap to obtain 

transfer functions related to the input at the cochlea.  PSV/Vstap, plotted in Figure 3.3C has a 

magnitude that is generally flat over the measured frequency range with a shallow dip at lower 

frequencies (200-400 Hz) that is more notable in individual experiments. The phase at the 

lowest frequency is negative but steadily increases and plateaus slightly above 0 periods 

between 1000 and 4000 Hz. PST/Vstap (Figure 3.3D) dips in magnitude between 400-1000 Hz. The 

average smooths the sharp valleys of the individual magnitude measurements (which occur at 

different frequencies). The phase transitions from around -0.25 periods to almost 0.25 periods 

over the 100 – 6000 Hz range. This transition is steep in the individual experiments and occurs 

at frequencies from 400-1000 Hz, also varying across ears similarly to the magnitude valleys. 

The low-frequency magnitudes (below the valley) vary considerably, but maintain a -20 dB per 

decade slope across ears, while the phases are generally consistent at these low frequencies. 

This pattern is consistent with the dominance of a RW compliance at low frequencies but with 

the value of the RW compliance varying across ears.  

 

3.2 Round Window Stimulation  

During RW stimulation, the intracochlear sound pressures (PSV and PST) were measured 

simultaneously with the actuator velocity (Vact). These data are seen in Figure 3.4. PSV/Vact and 

PST/Vact are approximately equal during RW stimulation in both magnitude and phase. The 

magnitudes are high at low frequencies, decrease steadily up to 1-2 kHz, then level off. The 

phase of both PSV/Vact and PST/Vact starts at about -0.25 periods at 100 Hz, increases to 0 periods 
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around 1000 to 2000 Hz, and increase further at higher frequencies. The individual pressures in 

RW stimulation are less smooth compared to the AC stimulation case. 

 

Figure 3.4: The intracochlear sound pressures measured in five ears with RW stimulation 
(colored lines). The pressures are referenced to the velocity of the actuator Vact. The mean is 
plotted as a thick black line and the standard deviation as the gray fill. 

 

3.3 Impedance Calculations 

In both AC and RW stimulation, volume velocity at the oval window was calculated as 

Ustap = Vstap* Astap where Astap = 3.22 mm2 is the nominal area of the stapes footplate, consistent 

with the estimates of von Békésy et al. and Aibara et al. (Aibara et al., 2001; Georg von Békésy 

and Ernest Glen Wever, 1960) .  In order to compute ZDiff and ZRW, we use AC stimulation 

measurements of Ustap, PSV, and PST along with the assumption that Ustap ≈ UDiff ≈ URW, as would 

be the case if Zlksv >> (ZDiff + ZRW) and Zlkst >> ZRW in Figure 3.2A. We also assume that the 
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cochlear walls are rigid and the cochlear fluid is incompressible (Kringlebotn 1995; Sim et al. 

2012; Stenfelt, Hato, and Goode 2004a). With these assumptions: 

 

       
       

     
 

       

     
, and Eqn 3.1 

 

     
   

   
 

   

     
 Eqn 3.2 

 

As shown in Figure 3.5A, ZDiff magnitude and phase is fairly flat across frequency, but the 

phase at low frequencies is consistently above zero periods for all experiments. In Figure 3.5B, 

the magnitude of ZRW at low frequencies (below 400-700 Hz) starts high and decreases at 

around 24dB/decade, with a corresponding phase of around -0.25 periods. At frequencies 

between 700 and 7000 Hz, ZRW increases in magnitude by around 22dB/decade and with a 

constant mean phase of about 0.15 periods.  
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Figure 3.5: Impedance Magnitude and Phase Frequency Response Plots. The acoustic 
impedances were calculated for the A) differential across the partition (at the base which 
includes the influence of the helicotrema) ZDiff, B) round window ZRW, C) reverse middle ear ZME’, 
D) leakage in the scala vestibuli ZlkSV, and E) leakage in the scala tympani and RW ZlkSTRW.  
Individual experiments are plotted in light blue lines, the geometric mean in black lines, & the 
standard deviation in a gray fill and a noise floor estimate in light green fill. Results from Puria 
2003 are also plotted in C. Only data with SNR of at least 10dB are plotted.  
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Measuring intracochlear sound pressures and stapes volume velocity during RW 

stimulation (U’stap in Figure 3.2B) allows the determination of the impedance of the middle ear 

driven in reverse (ZME’ in Figure 3.2B, which includes the effects of the stapes, other ossicles, 

middle-ear ligaments, TM and ear canal). The reverse middle ear impedance is simply related to 

PSV and U’stap measured during RW stimulation: 

 

      
   

      
 Eqn 3.3 

 

To compute ZlkSV we assume ZDiff has the same value for AC and RW stimulation. Then 

we calculate the volume velocity U’Diff (across ZDiff) during RW stimulation using the measured 

intracochlear sound pressures: 

  

        
       

     
 Eqn 3.4 

The model of Figure 3.2B then specifies the leakage volume velocity during RW 

stimulation U’lkSV to equal the difference between U’Diff and U’stap: 

   
                   Eqn 3.5 

and the impedance ZlkSV is: 

  

       
   

      
 Eqn 3.6 
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Computations of the volume velocity and impedance of the ST leakage path were 

complicated by possible differences between the volume velocity produced by the round 

window stimulation and URW. Such a difference could result from the difference in area 

between the smaller RW actuator and the RW itself. This area difference would allow some of 

the actuator volume velocity to leak around the actuator and out the uncoupled RW area.  

Because of this uncertainty we use the RW stimulation methods to estimate the impedance of a 

combination of the ST and RW leakage path (ZlkSTRW). The volume velocity of the actuator (Uact) 

is calculated by multiplying the velocity of the actuator times the diameter of the rod (1 mm) 

touching the RW membrane. We first compute the leakage volume velocity and then solve for 

the impedance: 

  

                      Eqn 3.7 

         
   

        
 Eqn 3.8 

 

The three impedances calculations using the RW stimulation data are also illustrated in 

Figure 3.5 (C, D, E). ZME’, the impedance looking out of the cochlea through the middle ear 

(Figure 3.5C) has a high impedance magnitude and phase of -0.25 periods at low frequencies. At 

higher frequencies, the ZME’ magnitude starts to flatten out with frequency and the phase 

approaches 0.25 periods. Also plotted in Figure 3.5C is the ZME’ estimated by Puria et al., 2003 

(Puria 2003).  The Puria estimate is about 7 dB lower in magnitude than our mean results with 

RW stimulation.  
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The SV leakage impedance ZlkSV from Eqn. 3.6 (Figure 3.5D) is similar or even slightly 

lower in magnitude to ZME’ with a less intense decline across frequency. The phase is 0 periods 

at low frequencies and slowly increases to almost 0.25 periods.  

The combination of leakage at the ST and around the RW actuator during RW 

stimulation, ZlkSTRW, (Figure 3.5E) is nearly an order of magnitude lower than ZlkSV across all 

frequencies. The phase starts at -0.25 periods and increases steadily to 0 periods at high 

frequencies.  

 

3.4 Computational Modeling of Impedances 

We modeled the five computed impedances with basic circuit components (i.e. 

resistance, conductance, and inductance) using simple component combinations based on 

anatomical considerations with element values fitted to the experimental data using least 

squares techniques (Figure 3.6). At frequencies above a few kHz, mean magnitude and phase 

are influenced by large variations in the individual measurements. Furthermore, the stapes 

motion at frequencies above 2 kHz becomes less piston-like and incorporates a rocking motion 

that is not measured well by our one point LDV measurement (Hato, Stenfelt, and Goode 2003; 

Heiland et al. 1999; Sim et al. 2010). Therefore we focused our analysis and modeling to the 

frequency range between 100 - 2000 Hz. Separate sets of element values (Table 3.2) were fit to 

the average data and to two individual experiments for each impedance that were selected 

because their magnitudes fell just outside the standard deviations in Figure 3.5. The two 

individual experiments for each impedance are described in Table 3.2 as “Experiment Hi” and 

“Experiment Lo” in order to model the extremes of the impedance magnitude range across 
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ears; the individual experiment numbers are listed in brackets on each figure legend. Table 3.3 

lists the root mean square error of the difference between the model and fitted data at 

frequencies below 2 kHz. This Total Error is the combined error of the model and measured 

magnitudes and phases (described in Appendix A3). 

Table 3.2: Circuit values for the acoustic impedance models. R = resistor, C = capacitor, L = 
inductor. In the average ZRW, RW parameters R and L are iterated for N = 6. Experiment Hi and 
Lo represent the range of impedance variability across ears. For the individual ZRW, RLC are in 
series.  For experiment 116: R = 2.04x109, L = 1.77x106, and C = 4.13x10-14. For experiment 189: 
R = 4.19x109, L = 1.36x106, and C = 1.80x10-14. 
 
Impedance Orientation Parameter SI Units Average Experiment Hi Experiment Lo 

 

Parallel 

   Exp 199 Exp 172 

ZDiff RDiff N s m-5 3.04x1010 5.18x1011 1.58x1010 

 LDiff N s2 m-5 6.46x107 1.66x108 1.34x107 

 
Foster 

Network / 

Series 

   Exp 212 Exp 119 

ZRW RRW N s m-5 5.00x107 6.33x109 6.32x108 

 LRW N s2 m-5 7.30x105 1.24x106 1.47x106 

 CRW N-1 m5 3.59x10-14 1.38x10-14 7.62x10-14 

 

Series 

   Exp 127 Exp 119 

ZME’ RME’ N s m-5 4.76x1010 8.40x1010 2.74x1010 

 LME’ N s2 m-5 7.78x105 8.60x105 8.68x105 

 CME’ N-1 m5 2.56x10-15 1.01x10-15 1.13x10-14 

 

Series 

   Exp 127 Exp 104 

ZlkSV RlkSV N s m-5 9.80x1010 4.30x1010 1.18x1010 

 LlkSV N s2 m-5 5.00x106 4.70x106 2.00x106 

 

Series 

   Exp 127 Exp 119 

ZlkSTRW RlkSTRW N s m-5 4.10x109 2.71x109 4.19x109 

 ClkSTRW N-1 m5 7.49x10-14 5.00x10-14 3.04x10-13 
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Table 3.3: Root mean square total error between model and experimental data including log 
magnitude and phase error up to 2kHz. The smaller the number, the better the model fits to 
the experimental data. 
 

 ZDiff ZRW ZME’ ZlkSV ZlkSTRW 

 
Average 0.094 0.052 0.114 0.182 0.149 
 
Experiment 
Hi 0.176 0.164 0.086 0.128 0.148 
 
Experiment 
Lo 0.186 0.159 0.300 0.430 0.217 
 
[116] 

 
0.118 

    
[189] 

 
0.070 
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Figure 3.6: Impedance plots and models. For experimentally obtained impedances, the average 
is in thick black lines. The “Experimental Hi” and “Experimental Lo” are representative 
magnitude extremes of the total range of each impedance measured (Note, each “Experimental 
Hi” and “Experimental Lo” differ in experiment number, as listed in brackets); they are plotted 
in thin solid lines. Our model was fit to the three experimental curves up to 2 kHz, plotted with 
dotted and dashed thick lines. The gray high-frequency (>2 kHz) area indicates the region where 
the data is not used for model fitting. A) ZDiff B) The average ZRW data is best fit with the black 
circuit. The individual data are best fit with the red circuit. Because of the large variability in 
experiments, two additional experiments are modeled. C) ZME’ D) ZlkSV E) ZlkSTRW. Only data with 
SNR of at least 10dB are plotted. 
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3.4.1 Differential Impedance (ZDiff) 

The magnitude of ZDiff (Figure 3.6A) is relatively independent of frequency with a phase 

near zero, as is consistent with a simple resistance. However, the phase at low frequencies is 

consistently (for all experiments, Figure 3.5A) greater than zero, which can be modeled with the 

addition of a parallel inductor that can be attributed to the helicotrema, where the resistor 

represents the wave impedance of the cochlear partition and surrounding fluid (Lynch, 

Nedzelnitsky, and Peake 1982). The influence of the inductor (and helicotrema) is to shunt 

volume velocity around the partition resistance at low frequencies. The combined total error 

for the fit of the ZDiff model to the average data was lower (0.094) than the fits to the individual 

data, and was the second lowest error for all the model fits. The individual data has 

approximately double the total error as compared to the average.  

 

3.4.2 Round Window Impedance (ZRW)  

The magnitude and phase of ZRW (Figure 3.6B) at frequencies below 400-700 Hz is well 

modeled with a capacitor, analogous to the acoustical compliance of the RW membrane. The 

magnitude of ZRW at frequencies of 700 Hz to 2 kHz is well modeled by the addition of a series 

inductor and resistor – an acoustic mass and resistance. Due to large difference between 

individual experiments, two additional representative experiments are modeled ([116] and 

[189] in Figure 3.6B). The model fits the experimental data very well up to 1 kHz, and 

reasonably well up to 2 kHz (the total error is lower than 0.17). However, a simple series 

combination of the three elements does not match the average ZRW phase, which is lower than 

0.25 periods phase above 1 kHz. To account for this lower phase, a model in which the mass 
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and resistance change with frequency is necessary. We chose an iterated Foster network of 

resistors and inductors (N=6 branches), as described in Nakajima et al. (2009), to better fit the 

average phase data. Using a Foster network model for the individual data did not improve the 

fit to the data; therefore the simpler RLC circuit was used for the individual plots.   

 

3.4.3 Reverse Middle Ear Impedance (ZME’) 

ZME’ (Figure 3.6C) at low frequencies has  an impedance magnitude that decreases with 

increasing frequency and a phase of -0.25 periods, suggesting a compliance related to the 

acoustic compliance of the annular ligament surrounding the oval window as well as compliant 

characteristics of the middle-ear chain including the tympanic membrane. At higher frequencies 

the magnitude becomes more constant with frequency and the phase approaches 0.25 periods 

– evidence of a series inductor and resistor. From the perspective of the vestibule the 

inductance is probably related to the mass of the middle-ear ossicles and tympanic membrane. 

The resistor may reflect losses in the middle ear. The circuit models the experimental data well 

at low frequencies. Notice that the value of CME’ is an order of a magnitude smaller than that of 

CRW for the three models in Table 3.2, such that the magnitude of the middle ear impedance at 

low frequencies is an order of magnitude greater than the magnitude of the RW impedance. 

The average and Experiment Hi have errors of 0.114 and 0.086 respectively. Experiment Lo has 

a higher total error (0.300) due to additional frequency dependences in the magnitude and 

phase data between 500 and 2000 Hz.  
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3.4.4 Scala Vestibuli Leakage Impedance (ZlkSV) 

The SV leakage impedance (Figure 3.6D) has a magnitude that is generally flat but 

sometimes decreases above a kHz, and a phase that increases from 0 to 0.25 periods as 

frequency increases. Assuming the leak was similar to an open tube, we chose to fit this with 

the series combination of a resistor and inductor. The best-fit model is Experiment Hi with a 

total error of 0.128. Experiment Lo has the highest total error of all impedance fits (0.430) 

because the magnitude decreases at high frequencies while the phase increases, behavior that 

is inconsistent with a series combination of a resistor and inductor. For similar reasons, the fit 

to the mean data produce a relatively high error of 0.182.  

 

3.4.5 Scala Tympani and Round Window Leakage Impedance (ZlkSTRW) 

The ST and RW leakage impedance (Figure 3.6E) has a low-frequency magnitude that 

decreases with frequency and flattens out above 1 kHz; the phase increases with frequency 

from -0.25 to 0 periods. We modeled this impedance with a resistor and capacitor in series, 

where the capacitor may represent some of the leakage around the round window stimulator 

and the resistance models the impedance of a narrow tube. Experiment Hi is fit with the lowest 

error of the three models at 0.148. The fit to the average and Experiment Lo yields total errors 

of 0.149 and 0.217 respectively.  

 

4. Discussion 

In this paper we present the data and best-fit models that describe the mechano-

acoustic measurements of human temporal bone specimens without noticeable mechano-
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acoustic pathologies. To obtain our most reliable estimates of the normal case, we improved 

our experimental techniques and implemented strict inclusion criteria to represent healthy 

specimens and accurate intracochlear pressure measurements. The criteria include normal 

anatomy, normal ossicular velocity with respect to AC input sound pressure (similar to Rosowski 

et al. 2007), no evidence of air in the inner ear (checked by measurements described above), 

and high repeatability of our pressure sensor sensitivity. Implementing these criteria decreased 

the measurement variability within our population. We then used selected results to compute 

and model the impedances of structures within and surrounding the inner ear. These analyses 

quantify how sound is transmitted within the normal inner ear during AC and other forms of 

cochlear stimulation. The description of middle-ear function based on our selected 

measurements is valuable for our computational models as well as other analyses (e.g. Puria et. 

al. 2003, Elliott et. al. 2016, Stenfelt 2015) requiring accurate estimates of sound transmission 

in the human ear.  

Our population of ‘normal’ measurements included velocity and pressure data that 

were similar but not identical across ears. This variability may be related to differences in 

anatomy and mechanical properties of middle-ear and inner-ear structures. While the average 

of the experiments provides a simple way to compare our data to pre-existing and future data, 

averaging inevitably smooths the frequency responses, and thus does not represent the 

frequency variations seen in the responses of individual ears. For some data types, there are 

considerable variations in the frequency-dependence seen across ears, resulting in an average 

that is not representative of individual ears. Therefore, we also model the results from 

individual ears (Figure 3.6).  



59 
 

4.1 Impedance Calculations and Modeling 

ZDiff represents the differential impedance of the cochlear partition and scala fluids 

including the helicotrema measured at the base of the cochlea (Figures 3.2 & 3.5A). The 

magnitude of ZDiff is generally independent of frequency, and has a relatively small standard 

deviation across ears of about ±5 dB (a logarithmic standard deviation of a factor of 1.6). The 

phase is slightly above 0 (0.1±0.05 periods) at low frequencies.  The components used to model 

ZDiff (Figure 3.6A) are the same as Elliott et al. 2016 and has a parallel orientation as similar to 

the model of Lynch et al. 1982. The model resistance accounts for the distributed partition and 

scala impedance (Zwislocki 1963), while the parallel inductor can be attributed to the 

helicotrema (Dallos 1970). (Note, ZDiff differs from previous reports of ZC, the “cochlear 

impedance,” in that ZC = ZDiff + ZRW.) Despite limiting our model fit to data from 100 to 2000 Hz, 

the model matches the data well up to 7000 Hz.  

ZRW represents the impedance of the round window and the contributions of the fluids 

entrained by its motion (Figures 3.2 & 3.5B).  During AC stimulation, we assume any volume 

velocity leakage out of ST (though ZlkST) is insignificant because ZlkST is greater in magnitude than 

the combination of ZRW + ZDiff (consistent with the two-window hypothesis). ZRW has a similar 

frequency response shape across ears, but at low frequencies the magnitude varies moderately 

across ears (a standard deviation of 6 to 7 dB), and all experimental data demonstrate the 

characteristics of a capacitor below 400Hz (with a phase angle of -0.25 to -0.18 in Figure 3.5B). 

We attribute this compliant behavior to the RW membrane’s flexibility, where the variations 

may be related to variations in the membrane’s thickness, size and shape across ears, 

consistent with our observation of significant variety in the RW anatomy across ears.  At 
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frequencies above 1000 Hz the magnitude of ZRW is less variable (a logarithmic standard 

deviation of a factor of 1.5 equivalent to 3-4 dB), which suggests the mass term (which we 

associate with the effective mass of fluid entrained with the RW membrane at high frequencies) 

is more similar across ears.  

In this study we fit our models to the data at frequencies of 2 kHz and below (resulting 

in deviation between model and data for high frequencies). The models chosen to describe the 

average and individual ZRW data do reasonably well up to 2 kHz, but at higher frequencies, the 

phase data is generally limited below 0.13 periods while the model goes to 0.25 periods. This 

difference could be due to the complex motion of the stapes above 2 kHz – the addition of 

complex modes produces less smooth data and could produce some downward shift in the 

phase data. The four individual data are modeled in a similar manner (RLC) as in Elliott et al. 

2016. Above 1 kHz, the model phase does not perfectly fit the data in both Elliott et al. 2016 

and this present study. 

 Our ZRW element model for the average data is similar to the model used by Nakajima 

et al. 2009 (Figure 3.6B). The Foster form iterated network of the resistor and inductor leads to 

frequency dependence in the network resistance and inductance, and represents a distributed 

system. Thus, similar to the data, the phase above 1 kHz in the model is flat at about 0.13 

periods instead of the 0.25 periods (as in a simple RLC); this high frequency phase was closely 

modeled in (Nakajima et al. 2009). However, the average data is not a good representation for 

any individual experiment as the sharp magnitude valleys and steep phase transitions are lost in 

averaging the data. While capturing the average well, the Foster network was not able to fit the 

magnitude peaking and steep phase change relative to frequency of the individual data.   
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ZME’ is the reverse impedance load of the middle ear (the load affected by the oval 

window annular ligament, ossicles, middle-ear cavity, tympanic membrane, and ear canal) 

measured during sound transmission from the inner ear to the ear canal that results from RW 

stimulation (Figure 3.5C). Variations in reverse middle ear impedance ZME’ magnitudes are 

largest at frequencies less than 800 Hz (standard deviations of ±10 dB). However, the phase is 

consistent across experiments with a value of -0.25 periods at the lowest frequencies, implying 

compliant behavior due to the flexible components of the middle ear (e.g. OW, ossicles, 

tympanic membrane, etc.), moving towards 0 as frequency increases. At mid-to-high 

frequencies, the variation in magnitude is smaller, but the variation in phase is increased. Puria 

2003 also estimated ZME’ by stimulating the scala tympani with a hydrophone (Puria 2003). His 

ZME’ estimated is about 7 dB lower in magnitude than our results. The cause of this discrepancy 

could be due to different measurement techniques. Puria 2003 used a hydrophone to drive the 

middle ear in reverse, while we used stimulation of the round window. Puria 2003 also found 

that comparison of no occlusion and different volumes of air with occlusion did not change the 

reverse middle-ear impedance ZME’. In our setup we had a large volume of air between speaker 

and ear canal. We found, similar to Puria 2003, that ZME’ remained stable whether the speaker 

was connected or removed (open system) during RW stimulation. We modeled ZME’ with a 

compliance, mass, and resistance in series (Figure 3.6C). Elliott et al. 2016 also estimated the 

impedances described above using a combination of data (our early Nakajima et al. 2009 data 

and Puria et al. 2003 data) with a similar lumped-element model. Despite limiting our model 

from 100 Hz to 2 kHz, the model fits well up to 10 kHz for the average and Hi Experiment. 



62 
 

ZlkSV represents the combination of sound leakage paths between the scala vestibuli and 

the exterior of the otic capsule in our temporal bone preparation (Figure 3.5D).  These could 

include the vestibular aqueduct, and any vascular and neural channels that penetrate the bone 

around the vestibule and scala vestibuli (Georg von Békésy and Ernest Glen Wever 1960; Otto F. 

Ranke 1953). The standard deviation within our estimates of ZlkSV is about ±6-7 dB. To fit the 

phase response, we model the SV leakage impedance with a resistor and inductor (Figure 3.6D), 

similar to the model of Elliott, Ni, and Verschuur 2016. As seen in Figure 3.6D, there is a 

reasonable match between a simple RL circuit model and both the averaged data and 

experiment Hi data below 2 kHz.  Many of the discrepancies happen above 2 kHz (though with 

experiment Lo discrepancies happen below 2 kHz) where the single-point laser measurements 

made are less reliable due to the addition of complex motion of the stapes. It is also possible 

that calculation of the leakage impedance for that ear was unusually affected by compounding 

of errors from the pressure sensor sensitivity calibrations. The variability of ZlkSV across 

experiments suggests significant anatomical differences across ears (e.g. in the dimensions of 

the vestibular aqueduct (Elliott, Ni, and Verschuur 2016; Saliba et al. 2012)), but may also 

reflect its computational dependence on a difference between two volume velocities of similar 

magnitude (Eqn. 3.5).  

ZlkSTRW (Figure 3.5E) is the leakage path of the scala tympani and round window during 

RW stimulation. The dominant leakage path from the ST is likely due to the incomplete coupling 

between the interface of the actuator and the RW membrane (e.g. volume velocity leakage 

where the actuator does not directly touch the RW membrane) and the cochlear aqueduct. We 

model the ST and RW leakage impedance with a resistor and capacitor (Figure 3.6E). This is 



63 
 

different than other models that represent just ZlkST (RLC circuit from Stenfelt et al. 2016 or RL 

circuit in Elliot et al. 2016). The capacitor element is used to model the low frequency phase, 

and may be needed to explain any volume velocity leaks in the areas of the RW that surround 

the areas directly coupled to the actuator. To separate the contribution of imperfect actuator 

coupling, we need to better define the actual volume velocity of the RW that is induced by 

mechanical RW stimulation. An alternative method is to determine ZlkST by measuring stapes 

velocity and intracochlear pressures in the normal condition and then with the immobilization 

of the RW membrane during AC stimulation. To specifically determine the impedance of the 

cochlear aqueduct, one could also experimentally block the cochlear aqueduct. Anatomical 

measurements of the vestibular and cochlear aqueducts could also provide estimates of their 

impedances, as we performed for cat in John J. Rosowski, Bowers, and Nakajima 2017.  

Our measurements and models demonstrate that some of the acoustical properties of 

inner-ear and middle-ear structures (embodied in the acoustic-impedance elements of our 

model) can be very similar across ears, while other structures vary across individuals. The 

model and defined parameters are powerful tools to understand complex sound transmission 

mechanisms, the effects of pathologies that change inner-ear impedances such as superior 

canal dehiscence, and consequences of implants that changes impedances surrounding the 

inner ear such as cochlear and vestibular implants. Various computational models from simple 

lumped-element model as used here to more complex 3-D models, such as finite element 

models, can also benefit from our measurements and models which describe the impedances 

and other transfer functions important in characterizing sound transmission in the human ear. 
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4.2 Errors and Variability in Estimating SV Leakage Impedance 

To compute ZlkSV, assumptions are made and multiple equations are used. Every 

pressure calculation (particularly difference calculations) has some error associated with the 

solution; and the need for multiple calculations can compound any error made in the pressure 

measurements. Although the error in the intracochlear sound pressure measurement was kept 

to a minimum (e.g. less than 2 dB shift from the start to the end of the experiment), 

accumulation of those small errors in the calculations can make significant errors in the final 

result. Small errors in the measured volume velocity of the stapes and volume-velocity 

calculated from differential pressure could in particular contribute to errors in the leakage 

impedance estimates (Eqn 3.4 & 3.5). Figure 3.7 illustrates the ratio of Ustap and UDiff during RW 

stimulation. If we have accurately defined the leak in the SV, the differential volume velocity 

UDiff should be larger than the stapes volume velocity Ustap (a ratio of less than 1 in Figure 3.7), 

and this is generally the case; most experiments remain below 1 (dashed line) for frequencies 

up to 2 kHz, as seen by the thick black line representing the average. The model chosen for ZlkSV 

fits reasonably well up to 2 kHz (Figure 3.6D), but could use improvement. Future experiments 

will focus on improvements in the quantification of round-window volume velocity, which will 

decrease the dependence on assumptions of equal volume velocity during air conduction 

stimulation.  
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Figure 3.7: Ratio of volume velocities through the stapes oval window to the differential volume 
velocity (velocity across the cochlear partition and helicotrema), computed during round 
window stimulation. The ratio should have a magnitude lower than 1 (dashed line); almost all 
are below this level for frequencies up to 1kHz. Data are only plotted if the SNR of the Ustap 
measurement is at least 10dB. 

 

4.3 Two-window Hypothesis  

In this study, a major assumption made for AC stimulation is the two-window 

hypothesis, where significant volume velocity flows only through the round and oval windows. 

In order to determine if this approximation is appropriate, we compare the averaged calculated 

impedances and standard deviation of ZlkSV and ZDiff in Figure 3.8. If the two-window hypothesis 

holds during AC stimulation, differential pressure impedance, ZDiff, should be considerably lower 

in magnitude than the leakage impedance, ZlkSV. If the impedance of ZlkSV is lower than or 

approximates ZDiff at any frequency, then there is likely some significant volume velocity flow 
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exiting through the ZlkSV during AC stimulation. Up to 500 Hz the average ZlkSV is at least four 

times (average ten times) the magnitude of ZDiff but this difference falls to a factor less than two 

by 2kHz.  

 

Figure 3.8: Average and standard deviations of the differential and SV leakage impedances. The 
leakage impedance, ZlkSV, is on average greater in magnitude than ZDiff up to about 2 kHz, where 
they start becoming comparable. The standard deviations are indicated by dashed lines for ZDiff 
and shading for ZlkSV. 

 

The above finding is not contradictory to the work of Stenfelt et al. (2004a). The general 

conclusion of that past work is that the two-window hypothesis holds during AC from 

experiments showing similar volume velocities for OW and RW (Figure 3.5 of Stenfelt et al. 

2004a). However, close inspection of this data also shows frequency-dependent deviation 

between oval and RW volume velocities (Figure 3.6 of Stenfelt et al. 2004a). At higher 

frequencies the deviation between individual experiments is greater (4 dB, factor of 1.6) than 
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that at low frequencies (<2dB, factor of 1.3) and there are more instances of the ratio growing 

and shrinking across higher frequencies. Furthermore, the individual ratio of the RW to OW 

volume velocity for each experiment are between 0 to -4dB below 500Hz indicating the RW 

volume velocity is less than the OW volume velocity. Therefore, there is variability across ears 

and in some ears there is a visible volume velocity loss between the OW to the RW, as shown in 

Stenfelt et al. 2004a, consistent with what we show in our present study. However, given that 

the volume velocity losses are small, the two-window hypothesis generally holds well for AC 

stimulation, especially at low frequencies. 

 

5. Conclusions 

In this study of fresh cadaveric normal ears we provide a carefully selected set of 

simultaneous measurements of intracochlear pressures in SV and ST, near the otic capsule at 

the base of the cochlea. These pressures are normalized with stapes velocity during AC and RW 

stimulation and ear canal pressure during AC stimulation.  

From these measurements, component acoustical impedances are calculated and fit to 

simple lumped element models: The differential impedance, ZDiff, is represented by a resistance 

due to distributed partition and scala impedance and a parallel fluid mass, due to the 

helicotrema. The impedance through the RW, ZRW, has compliant behavior due to the flexibility 

of the RW membrane. A mass and resistor in series can generally simulate the individual data 

well for frequencies below 2 kHz. However, in the average data the iterated network of a mass 

and resistance leads to a frequency dependent network to represent a distributed system, 

consistent with less than ¼ cycle phase at higher frequencies. The reverse middle ear 
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impedance, ZME’, contains a mass to account for the OW, annular ligament, ossicles, TM, and 

middle ear cavity. Its compliance is likely dominated by the flexibility of OW owing to the 

annular ligament, and the entire middle-ear chain. The leakage in the SV, ZlkSV, is represented by 

a resistor and inductor and is a combination of leakage between SV and exterior of the otic 

capsule. It is likely the vestibular aqueduct or small channels that innervate the SV. The leakage 

in the ST and RW, ZlkSTRW, is represented by a resistor and capacitor and is perhaps the cochlear 

aqueduct. The compliance is likely due to volume velocity leaks at the RW surrounding the 

actuator-RW interface.  

The simple lumped-element models help us understand complex sound transmission 

mechanisms, effects of pathologies that change inner-ear impedances, and the consequences 

of implants that change impedances surrounding the inner ear. Finally, we showed that 

individual measurements can be fitted to this model, which allows us to study the large 

variations in different specimens.  

  



 

 

 

 

 

 

 

 

 

 

CHAPTER 4. 

Improving round window stimulation with an interface coupler 
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Abstract: 

Hypothesis:  

To mechanically stimulate the round window (RW) membrane, an actuator with a novel 

interfacing coupler (IC) greatly improves sound transmission to the cochlea as compared to RW-

stimulation devices implanted today or other designs.  

Background:  

A variety of hearing pathologies resulting in mixed and conductive hearing loss can be 

addressed by mechanically stimulating the RW to transmit sound to the cochlea. This RW 

stimulation is accomplished clinically using the floating mass transducer (FMT, Med-El), which 

has poor acoustic quality and unreliable device positioning. Here we show proof of concept of 

an IC prototype designed to address some of the shortcomings of other RW stimulation 

methods.   

Methods: 

Comparison was made between RW stimulation using the IC with an actuator and an FMT in a 

fresh human temporal bone. Velocities of stapes, FMT, and IC actuator were measured with 

laser Doppler vibrometry to determine bandwidth, linearity, and dynamic range of the devices 

and cochlear sound transmission.  
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Results: 

Stimulation with the proposed IC provided a linear output for larger dynamic range and wider 

frequency range as compared to the FMT. The IC also produced an increase in sound 

transmission ratio as compared to the FMT.  

Conclusions: 

We showed proof-of-concept that our prototype IC stimulates the RW membrane with 

improved acoustic performance as compared to the FMT. This paves the way for the 

development of a safe, effective and mechanically RW stimulator.  

 

Introduction 

Conductive hearing loss (CHL), a reduction in sound transmission from the external 

environment to the inner ear, accounts for a significant portion of the hearing loss experienced 

by patients. There are a variety of pathologies causing this reduction, such as an abnormal or 

absent outer or middle ear, and Eustachian tube dysfunction leading to non-aerated middle-ear 

cavity. Although there are treatments to correct some forms of CHL, for a variety of chronic CHL 

pathologies, treatment can be challenging and can fall short of acceptable hearing. For 

example, prosthetic replacement surgery to reconstruct a large segment of the middle-ear 

apparatus is difficult and has a high failure rate, and even when successful often falls short of 

attaining near-normal function (Lee and Schuknecht 1971; Brackmann, Sheehy, and Luxford 

1984; Merchant et al. 2003). 

  For patients with a functioning inner ear (or slight sensorineural hearing loss) with a 

pathological sound-transmission mechanism, bone conduction hearing aids are a potential 
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solution. However, some patients, especially with those with significant hearing loss, 

experience poor hearing with bone conduction hearing aids, and others cannot use bone-

conduction devices.  Bone conduction hearing aids can be non-linear (cause distortion) and are 

limited in their dynamic and frequency ranges. Additionally, infection at the site of the bone-

anchored screw can be problematic.  

Instead of relying on transduction of sound via the normal air-conduction path (through 

the path of the ossicular chain via reconstruction) or accepting the limitations of bone-

conduction hearing aids, an alternative method known as round window (RW) stimulation has 

shown some success (Maier et al. 2013; Schraven et al. 2011; Iwasaki et al. 2012; L. Colletti et 

al. 2011; Marco Mandalà, Liliana Colletti, and Vittorio Colletti 2011; Bernardeschi et al. 2011).  

Previous studies in animals and human temporal bone specimens have shown that both RW 

stimulation and oval window stimulation produce the sound-pressure difference across the 

cochlear partition necessary to elicit a hearing response (Wever and Lawrence 1950; Lupo et al. 

2009; Stieger, Rosowski, and Nakajima 2013; Nakajima, Merchant, and Rosowski 2010). This has 

been confirmed in patients who were helped by a RW stimulator device when conventional 

treatments have failed (V. Colletti et al. 2005; L. Colletti et al. 2011; Kiefer, Arnold, and 

Staudenmaier 2006; Henning Frenzel et al. 2008).  Although RW stimulation has improved 

hearing loss in some patients, available devices have considerable limitations, such as poor 

acoustic fidelity, consistency, and migration of the device (Rajan et al. 2011; Baumgartner et al. 

2010; Martin et al. 2009; Beltrame et al. 2009). A major determining factor for the success of 

RW stimulation is the effectiveness of coupling the vibrating actuator to the RW membrane 

(Stieger, Rosowski, and Nakajima 2013). 
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The devices used today for RW stimulation were not designed and optimized for 

stimulating the RW, but rather to mechanically stimulate the middle-ear ossicles. Thus, 

surgically “fitting” these ossicular devices for RW stimulation is suboptimal, and yields poor and 

inconsistent results.  Some types of devices modified for RW stimulation can risk traumatizing 

the cochlear sensorineural mechanism. Although many patients could potentially benefit from 

RW stimulation, most otologic centers throughout the world do not perform surgeries for RW 

stimulation because of the lack of an optimal RW stimulation device. 

 

Anatomy 

To better understand how a device can couple to and stimulate the RW, we study the 

anatomy of the RW area in intact temporal bone specimens. Histological sections provide 

detailed information regarding the proximity of the RW membrane to the cochlear partition 

and the complex architecture of the RW niche area. Study of the anatomy helps determine 

design criteria for a device to safely couple motion to the RW membrane in a stable and 

consistent manner. Figure 4.1A is a histologic cross section of the RW niche area through the 

middle region of the RW membrane (similar to Figure 3B in Li et al. 2007). The RW membrane is 

close to the cochlear partition at the middle of the RW membrane, especially at the 

superior/medial edge of the RW membrane (< 300µm, as shown in Fig. 3A in Li et al. 2007).  

Figure 4.1B is a simplified illustration depicting a similar cross section as 4.1A, and used in 

subsequent figures.  
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Figure 4.1: Round window (RW) niche.  
A) histological section through the center of the RW-membrane area. B) A schematic illustration 
of the histological section in (A).  
 

Current Devices  

Floating Mass Transducer (FMT) 

The active middle-ear prosthetic device most implanted for RW stimulation, and which 

has yielded positive results, is the floating mass transducer (FMT) (Vibrant Soundbridge, MED-

EL) (V. Colletti et al. 2005; Baumgartner et al. 2010; Vittorio Colletti et al. 2006). It is an 

electromagnetic actuator shaped as a small cylinder, with a small metal arm to crimp on to a 

middle-ear ossicle. To vibrate the middle-ear ossicle to which the FMT is attached, the entire 

FMT has to freely vibrate without touching other surrounding structures.  

For RW stimulation, the FMT’s crimping arm piece for the ossicle is removed, and one 

end of the flat circular face of the FMT is then placed adjacent to the RW membrane to vibrate 

it. However, the diameter of the FMT is larger than the diameter of the RW membrane’s 
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surrounding bone (RW overhang) and there is considerable air volume within the RW niche; 

thus the FMT cannot interface the RW membrane directly and is impeded in its motion by the 

bony overhang. Consequently, the bony overhang is drilled almost flush to the RW membrane. 

To fill residual air volume and to cushion between the remaining surrounding bone and FMT 

face, fascia is used between the FMT and the RW membrane to improve the transmission of 

vibration. The placement of the FMT at the RW niche is illustrated in Figure 4.2A, with the RW 

overhang drilled down close to the level of the RW membrane surface, and fascia sandwiched 

between the FMT and the RW membrane as well as the surrounding bone to improve sound 

transmission to the cochlea. The FMT is then secured in place by wrapping fascia around the 

whole device.  The intent is to prevent the FMT from displacing away from the RW membrane, 

but at the same time, to allow for free motion of the entire FMT, which is necessary for its 

function.   

Because the entire FMT device needs the freedom to vibrate (it cannot be held 

stationary at any point), the FMT is loosely held in place by wrapping the FMT with fascia 

and/or wedging soft-tissue between the FMT and surrounding bone inferiorly (Beltrame et al. 

2009; Nakajima et al. 2010). This positioning method can be unstable and inconsistent across 

varying anatomy. Poor transmission of sound to the cochlea has been reported immediately or 

delayed after surgery due to poor FMT coupling to the RW and displacement of the FMT 

(Bernardeschi et al. 2011; Rajan et al. 2011; Marino et al. 2013). Even with optimal positioning, 

RW stimulation with the FMT is limited to a narrow frequency band and dynamic range 

(Nakajima et al. 2010). 
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Actuator and Tip 

Another method to vibrate the RW, used experimentally and proposed for clinical use, 

incorporates an actuator (piezoelectric or electromagnetic) that vibrates an attached rigid tip 

(e.g. cylindrical or ball tip) that is considerably smaller in diameter than the RW membrane 

diameter for direct vibration (Maier et al. 2013; Schraven et al. 2011; Lupo et al. 2009; Stieger, 

Rosowski, and Nakajima 2013; Schraven et al. 2012). Sometimes tissue (e.g. fascia, cartilage, 

etc.) or a contact lens is sandwiched between the actuator tip and RW membrane (Figure 4.2B). 

To improve sound transmission to the cochlea, the tip pushes the RW membrane into the 

cochlea (approximately 20-50 μm from just touching the RW membrane towards the scala 

tympani (Stieger, Rosowski, and Nakajima 2013)) with static force of as much as 3.9 mN (Maier 

et al. 2013) to put tension on the RW membrane. This method has been shown in temporal 

bones to attain sound transmission reproducibly across specimens (Maier et al. 2013; Stieger, 

Rosowski, and Nakajima 2013; Schraven et al. 2012). However, it imposes a risk of puncturing 

the RW and damaging the cochlear partition close to the RW membrane as discussed above 

(Figure 4.1A and in Lee et al. 2007 Fig. 3)(Maier et al. 2013; Schraven et al. 2011; Li et al. 2007). 

Furthermore, some ears have a thin plate of bone at the level of or just behind or in front of the 

RW membrane as shown in Figure 4.3; this bony plate can take up to more than half the area of 

the normal round-window membrane area. If the tip of the actuator tries to push and vibrate 

this thin plate of bone, then vibration of the RW membrane would be impeded.  Moreover, 

damage to the cochlea, such as the partition, can occur if the tip is pushed in and breaks this 

thin plate of bone.  
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Figure 4.2: Illustrations of three methods to stimulate the RW. 
A) FMT. The RW overhang has been drilled away to allow close proximity of the FMT to the RW 
membrane. Fascia (orange) is inserted between the device and the RW membrane to increase 
sound transmission. (The fascia wrapped around the entire FMT for stabilization is not 
depicted.)  B) Actuator and tip. The actuator tip (light gray) is smaller in diameter than the RW 
membrane for direct RW interface. It needs to be pushed towards the cochlea providing 
tension on the RW membrane to improve sound transmission. A disc of plastic contact lens 
(blue) or tissue can be placed between the tip and RW to protect the RW membrane. C) The 
interface coupler (IC) and actuator. Fascia fills the volume between the ‘ballooned’ membrane 
of the interface coupler and the RW membrane to increase sound transmission. At the opposite 
end of the coupler, an actuator tip vibrates the coupler’s flat membrane. Direction of Laser 
Doppler vibrometry measurements are shown with red dashed lines with arrow heads.  
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Figure 4.3: Temporal bone with large area of bone growth (thin plate of bone) at the surface of 
the RW membrane. The bone is identified as being lighter and whiter in color than the darker 
region of just the RW membrane.  
 

Given the major shortcomings of current RW stimulator devices, a device and method 

for RW stimulation that improves sound transmission and functions more consistently across 

ears is necessary. We hypothesize that an actuator equipped with an interface coupler (IC) for 

RW stimulation will improve transmission of sound to the cochlea in a manner that will be safe 

and more consist across varying RW anatomy. The main goals of this study are to demonstrate 

proof of concept of our novel IC and to compare performance of an actuator with IC to the FMT 

(the most popular device and method used). This test, carried out in one specimen, is sufficient 

to demonstrate the efficacy of the proposed approach, and will serve as the basis for its future 

refinement. 
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Methods 

Interface Coupler (IC) Development 

Our IC prototype was composed of a brass tube of approximately 2mm in length and 

2.5mm in diameter (2.05mm inner diameter) filled with degassed water encased by two 

membranes at both circular openings, as shown in Figure 4.2C. The thin (~0.05mm) flexible 

membranes that seal the two tube circular openings were made with ultra-violet cured 

photopolymer (Northland Optical Adhesive 68, Norland Products, Inc.). The membrane that 

interfaces the RW has a ballooned out shape towards the RW membrane to better mold to its 

surroundings within the RW niche. The metal tube’s circular perimeter with the ballooned 

membrane was larger than the circumference of the RW membrane, thus rested against the 

bone surrounding the RW membrane (preventing possible harm to the RW membrane itself).  A 

small amount of fascia was required between the RW membrane and balloon membrane of the 

IC to improve mechanical contact and prevent air pockets between the IC balloon membrane 

and the RW membrane. At the opposite end of the IC tube, a flat compliant membrane was 

coupled to a solid cylindrical tip (about 2mm in diameter), which is in turn glued to a stack 

piezo-electric actuator.  

 

Temporal Bone Experiment 

A fresh human cadaveric temporal bone specimen donated with permission for research 

was extracted within 24 hours post mortem, then refrigerated for use within two days (Nadol 

and McKenna 2005). Such specimens have similar anatomy and passive macro-mechanical 

properties to living ears (Chien et al. 2009; Nakajima, Ravicz, Merchant, et al. 2005; Nakajima, 
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Ravicz, Rosowski, et al. 2005), and the specimen used was prepared in a manner described in 

previous publications (Nakajima, Merchant, and Rosowski 2010; Nakajima et al. 2010; Stieger, 

Rosowski, and Nakajima 2013). A posterior tympanotomy with a widely opened facial recess 

provided access to the stapes and RW area. Sound was presented to the ear canal via air 

conduction (AC) with a Beyer Dynamic speaker (DT48) while velocities of the stapes and RW 

(VStap and VRW) were measured with laser Doppler vibrometry (LDV, Polytec CLV 1000).  To 

ensure that air did not enter the inner ear and that there was no cochlear fluid leak, the relative 

phase between VStap and VRW was checked (±0.5 period phase relationship below 500 Hz 

indicates no air or leak) (Stieger, Rosowski, and Nakajima 2013; Merchant et al. 2003) before 

and after RW stimulation.  

For FMT implantation, we optimized for “best” coupling and stability procedures 

performed in a similar manner as Nakajima et al. 2010 (Nakajima, Merchant, and Rosowski 

2010); an ‘idealized’ configuration that is stable and difficult to achieve intra-operatively. This 

included drilling away the bony overhang surrounding the RW membrane until surrounding 

bone was almost flush to the RW membrane. Fascia was placed between the RW and the FMT. 

The FMT was stably held in place by two methods, 1) by wrapping with fascia as is performed in 

surgery, or 2) using a soft dental impression material (Jeltrate) as used in Nakajima 2010 

(Nakajima, Merchant, and Rosowski 2010) placed between the FMT and surrounding bone 

inferiorly. While the fascia or Jeltrate surrounding the FMT kept the FMT in position in front of 

the RW, the FMT still had the freedom to vibrate.  

For RW stimulation with the IC, fascia was placed in front of the RW membrane and the 

ballooned membrane of the IC was brought into contact with the fascia. On the opposing 
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surface of the IC cylinder with the flat membrane, the tip of the actuator was brought into 

contact (Figure 2C). In this paper, we present data from one human cadaveric temporal bone to 

demonstrate proof of concept of the IC prototype, and to compare the performance of the 

actuator with IC to that with the FMT.  

Velocity measurements of the stapes (Vstap), promontory (Vprom), coupler cylinder (Vcoup), 

and FMT or IC-actuator (VFMT or Vact) were made with LDV. The laser was aligned to be 30-40 

degrees to the stapes footplate for Vstap and almost 20-30 degrees with respect to the motion 

of VFMT, Vcoup and Vact (Figures 4.2 A&C). All these velocity measurements were >10 dB above 

the cochlear promontory velocity. 

 

Results 

Velocities 

We compared RW-stimulated sound transmission to the cochlea between the actuator 

with IC and the FMT in the same specimen. The output and input velocities were plotted in 

Figure 4 for actuator and IC (A) and FMT (B), stimulated by constant voltage of 140 mVpeak for 

the IC actuator and 56 mVpeak for the FMT to produce comparable Vstap output magnitudes.   

For the IC-actuator, the output Vstap and input Vact frequency responses are 

demonstrated in Figure 4.4A; both increased proportionally with frequency (~20 dB/decade). 

We also measured the velocity of the IC’s rigid cylinder coupler motion Vcoup, which was 

considerably lower than Vstap and Vact, and similar to the velocity of the bony promontory Vprom. 

Thus, stimulus vibrations from the actuator were not transmitted to the otic capsule or the IC 
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cylinder; therefore there was no evidence of bone conduction and the IC cylinder was 

stationary as compared to the stimulus vibrations.  

In comparison, during constant voltage drive of the FMT (Figure 4.4B), the Vstap and VFMT 

were low at low frequencies, increasing with frequency (~40 dB/decade), peaking at 1.2 kHz, 

and then decreasing with further increase in frequency. These frequency responses are similar 

to that reported in the past (Nakajima et al. 2010). Generally, for the IC, the magnitudes of Vstap 

were a factor of 2 lower than Vact, while for the FMT, Vstap was a factor of 10 lower than VFMT. 

For both the IC and FMT, the phases of Vstap and Vact generally differed by a half cycle, though 

the phase difference increased at high frequencies (with 0.70 periods difference at 10 kHz) 

likely due to the complex three-dimensional stapes motions above approximately 2 kHz (Chien 

et al. 2006; Hato, Stenfelt, and Goode 2003; Heiland et al. 1999; Sim et al. 2010).  

Our previous work showed that Vstap is not usually an accurate measure of cochlear 

input during RW stimulation because volume velocity does not just flow out the oval window, 

but also via leak impedances through scala vestibuli (possibly from the vestibular aqueduct 

and/or scala-vestibuli neural and vascular connections) that are of similar magnitude to the 

reverse middle-ear impedance through the oval window (Stieger, Rosowski, and Nakajima 

2013; Frear et al. 2018).  There are also variations across ears and frequency dependencies in 

the magnitudes of these leak impedances (Stieger, Rosowski, and Nakajima 2013; Frear et al. 

2018). However, because we made comparisons between our IC-actuator prototype and the 

FMT in the same ear (with the same leak impedances through scala vestibuli), relative 

comparison of the two device types can be made based on the basis of Vstap measurements.  
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Figure 4.4: Velocity Responses of the (A) IC and (B) FMT.  IC actuator, FMT and stapes velocities 
(Vact, VFMT, Vstap) have magnitudes over 20 dB above the velocities of the cochlear promontory 
(Vprom). The IC actuator is driven with 140 mVpeak, while the FMT is driven with 56 mVpeak. The 
FMT was stabilized with Jeltrate in this case.   
 

Volume Velocities 

As shown in Figure 4.5, we compared sound transmission performance between the devices 

via the volume velocity output/input ratios. IC volume velocity ratio was the stapes and IC 

actuator tip ratio (Ustap /Uact), and the FMT volume velocity ratio was the stapes and FMT ratio 

(Ustap /UFMT). The volume velocities were calculated by multiplying the velocity and the surface 

area (e.g. Ustap = Vstap*Astap, where the area of the stapes footplate (Astap) was 3.2mm2). The 

area of the IC actuator tip (Aact) was 1.8mm2, while the area of the FMT (AFMT) was 2.5mm2. The 

volume velocity ratio is 0 dB if the output (Ustap) is equivalent to the input (Uact or UFMT).  



84 
 

 

Figure 4.5: Volume Velocity Ratio of the Stapes to the Actuator  
Sound transmission performance is compared with volume velocity ratios between IC and FMT. 
Two methods of stabilizing the FMT are included – with the FMT wrapped by fascia and braced 
by Jeltrate, respectively. 
 

As shown in Figure 4.5, comparison of RW stimulation sound transmissions showed that 

the IC volume velocity ratio was about 3-8 dB higher than the FMT volume velocity ratio up to 

3kHz, and more than 8dB higher above 3kHz. Figure 4.5 also shows that the bandwidth of 

sound transmission for the IC was wide, but the transmission capability of the FMT fell above 3 

kHz. The FMT was stabilized using two different methods to prevent displacement:  1) wrapping 
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fascia around the device as is performed in surgery and 2) stabilizing the FMT with Jeltrate 

towards the inferior bony wall of the middle-ear cavity (as in Nakajima et al. 2010). Comparison 

showed that Jeltrate stabilization improved the FMT’s ability to transmit sound more effectively 

at frequencies above 3kHz than fascia (Figure 4.5). For both the IC and FMT, the phase ratios 

were near 0.5 period below 1 kHz, as would be expected from an inward RW motion producing 

an outward stapes motion.  At higher frequencies there was an additional delay in the stapes 

response.  

 

Linearity 

Linearity and dynamic range of the two RW stimulation systems were compared.  

Deviation from linearity relates to distortion of sound transmission. Input-output linearity 

relationships for the actuators – IC actuator and FMT velocity outputs with respect to the input 

voltages – are plotted for a range of frequencies in Figures 4.6A and B, where a linear 

relationship would be parallel to the gray dashed lines (decade/20 dB). Linearity relationships of 

the cochlear sound transmissions were also assessed using stapes velocity outputs Vstap with 

respect to the input voltages for both the IC and FMT, plotted across frequency in Figures 4.6C 

and D. For RW stimulation using the IC-actuator, the actuator velocity Vact was linear, and the 

sound transmission Vstap was generally linear for a wide frequency range and large dynamic 

range. The FMT performed linearly in terms of actuator velocity VFMT at higher frequencies, but 

deviated from linearity at low frequencies and between 500-1000Hz where the voltage-to-

velocity gain of the FMT almost peaks (Figure 4.4, Figure 4.6B, 1 kHz line).  This characteristic 
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tends to limit the useful frequency bandwidth and dynamic range of the FMT. In Figure 4.6D, 

the FMT’s sound transmission Vstap was shown to be nonlinear at most frequencies. 

 

 

Figure 4.6: Assessment of linearity between IC and FMT.   
Input-output curves of the actuators: A) Vact for IC-actuator and B) VFMT, versus input voltage 
driving the actuator (IC or FMT) for various frequencies (represented by different colors). Input-
output curves of the cochlear sound transmission measured by output Vstap for the C) IC-
actuator and D) FMT, plotted against the input voltage. Dashed gray lines show the slope 
representing linearity.  
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Discussion  

This report presents proof of concept of using an actuator with interfacing coupler IC to 

stimulate the RW. The design improves upon and solves some of the shortcomings of other 

methods to mechanically vibrate the RW for cochlear transmission, including sound 

transmission performance, stability and safety.  

 

Development of the Prototype Interfacing Coupler (IC)  

We considered several factors in designing and developing an early prototype system 

for improved RW stimulation. Our anatomical study revealed that the RW area is complex and 

variable across ears, posing challenges to the design of such a system. We thus designed a 

coupler for RW stimulation that can conform to a wide range of anatomical shapes with safety 

as the highest priority. Our IC prototype has a flexible ballooned membrane to interface closely 

with the RW membrane yet its rigid rim is larger than the circumference of the RW (thus the 

bone surrounding the RW prevents the rigid rim of the IC from touching the RW membrane). 

Our IC can be adapted to use various existing middle-ear actuators for RW stimulation. The IC 

was designed to improve transmission of volume velocity between the actuator and RW 

membrane to provide improved fidelity of sound transmission to the cochlea, with large 

dynamic and frequency ranges and high linearity.  

 

RW stimulation with FMT 

As described in the introduction, the FMT (the device used most for RW stimulation) 

was not designed for RW stimulation. Because the entire FMT needs to freely vibrate, it is 
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loosely stabilized with fascia during surgery, resulting in incidences of displacement (Nakajima, 

Merchant, and Rosowski 2010; Arnold, Stieger, et al. 2010; Pennings et al. 2010; Arnold, 

Kompis, et al. 2010). Even under ideal positioning for RW stimulation, the FMT is not able to 

produce adequate vibrational displacements below 1 kHz (Figure 4.4 and also shown in 

Nakajima et al. 2010). While the FMT does show nonlinearities, those occur at displacements 

that are larger than those of the IC.  

 

Comparing the IC to the FMT 

Compared to the FMT, the actuator and prototype IC has better fidelity during RW 

stimulation, and is designed for stability and versatility across the wide range of anatomical 

shapes of the RW area. The IC can be held firmly in place, as only the IC flexible membranes 

need to vibrate, reducing the chance of device displacement. Various existing FDA approved 

middle ear actuators can be used with the IC. The performance of the IC shows excellent 

linearity, large dynamic range and wide bandwidth to potentially aid conductive and mixed 

hearing loss due to a variety of etiologies (Figure 4.6A and C). Finally, the IC can transmit the 

volume velocity of the actuator to the cochlea with minimal loss, demonstrated by a high 

output/input volume velocity ratio (3-8 dB better than the FMT for all frequencies measured, 

Figure 4.5). Because the IC has excellent vibrational coupling to the RW membrane, volume 

velocity output is close to the actuator input, demonstrating high efficiency of sound 

transmission to the cochlea.  
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Future Work 

This study demonstrated proof of concept of an early IC prototype and compared the 

performance of a system incorporating the IC to that with the FMT on the same specimen. Now 

that we have quantitatively demonstrated the potential benefits of the IC for RW stimulation, 

we plan further developments to optimize it. Here, we drilled the bone surrounding the RW 

membrane to optimize for FMT performance, and used the same preparation for the IC. 

However, drilling the RW overhang has potential to cause physical and acoustic trauma. We 

plan to optimize the ballooned flexible membrane of the IC to conform to the RW niche and 

enable transmission of sound without or with minimal drilling of the RW overhang. We will also 

study anatomical variation across ears to optimize the IC to even better conform to wide 

anatomical variations of the RW niche and overhang. Additionally, we need to investigate and 

optimize attachment methods of various actuators to the coupler. With the variations in 

anatomy in mind, the shape of the entire device will be optimized for easy surgical implantation 

and mechanical stabilization. After these future developments for an improved IC prototype, 

performance will be tested on different ears with varying anatomy with no or minimum drilling 

of the bony RW overhang. After such performance analyses, consideration of materials for 

biocompatibility and tests for biocompatibility and long-term durability with animal testing will 

be performed.  
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Conclusion 

Preliminary measurements show proof of concept with an early prototype of an 

interface coupler for RW stimulation. The results indicate the IC prototype allows for efficient 

transmission of sound by an actuator to the cochlea with excellent linearity, dynamic range and 

wide frequency bandwidth, exceeding the performance of the FMT for RW stimulation. 



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5. 

Improvements to the Interface Coupler for Round Window Stimulation 
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Introduction  

Conductive hearing loss (CHL) and mixed hearing loss are often treated by surgery 

and/or hearing aids. The study in Chapter 1 of this thesis showed that about 16% of patients 

seen at all Massachusetts Eye and Ear hospitals for hearing problems are due to either CHL or 

mixed hearing loss. Conventional solutions for common forms of pathology include surgery to 

repair the tympanic membrane and/or the ossicular chain. Conventional hearing aids as well as 

bone conduction hearing aids are also used. However, there remains an unmet need for 

patients that fail multiple middle-ear reconstruction surgeries and hearing aids do not restore 

their hearing to a level for normal auditory communication (Lee and Schuknecht 1971; 

Brackmann, Sheehy, and Luxford 1984; Merchant et al. 2003).   

Round window (RW) stimulation is a potential solution for these difficult cases and has 

been shown to be a good alternative (Stieger, Rosowski, and Nakajima 2013; Spindel, Lambert, 

and Ruth 1995; Nakajima, Merchant, and Rosowski 2010; Voss, Rosowski, and Peake 1996; 

Nakajima et al. 2010). Clinically, patients who have either failed multiple middle-ear 

reconstruction surgeries, or have a previously obliterated middle-ear cavity, aural atresia, and 

stapes fixation have been shown to be helped by RW stimulation (Vittorio Colletti et al. 2006; 

Kiefer, Arnold, and Staudenmaier 2006; Beltrame et al. 2009; Martin et al. 2009; Baumgartner 

et al. 2010) . The RW stimulator most often used is the floating mass transducer (FMT), but it 

has multiple limitations (Rajan et al. 2011; Baumgartner et al. 2010; Martin et al. 2009).  

One major limitation is that the FMT is generally larger in diameter than the diameter of 

the RW membrane (Su et al. measured over 550 temporal bones and found that the average 

RW membrane diameter is 1.65 mm while the FMT diameter is 1.8mm) (Su et al. 1982). This 
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results in the FMT vibrating against the bone surrounding the RW instead of moving the RW 

membrane (Nakajima, Merchant, and Rosowski 2010). Therefore, drilling away the bone 

surrounding the RW is often required and fascia or other soft tissue is often placed in the RW 

niche and between the surrounding bone and the FMT (Skarzynski et al. 2014; Cuda, Murri, and 

Tinelli 2009; Tringali et al. 2010). 

Drilling close to the RW risks physical trauma to the RW membrane as well as the 

acoustic trauma to the cochlea (Kylén and Arlinger 1976; Pau et al. 2007; Zou et al. 2005; 

Holmquist, Oleander, and Hallén 1979). Microscopic inspection of histologically prepared 

human ears and fresh temporal bone specimens reveals that the RW’s outer mucosal lining and 

the fibrous layers within the membrane can be continuous with the tissues overlaying the bone 

near the RW perimeter. The continuous tissues include the outer mucosal membrane but also 

the other two layers of the RW membrane (Goycoolea and Lundman 1997), though this 

anatomical relationship varies considerably across ears. Therefore, drilling bone near the RW 

can result in the detachment of the membrane from its bony rim. This can cause trauma to the 

nearby cochlear partition with its sensorineural structures close by, as well as introduce air into 

the cochlea (which happened in two of our aborted experimental preparations after RW 

stimulation). 

Previously, we created an early prototype RW interface coupler – a cylindrical fluid-filled 

tube with each end terminated by a flexible membrane: one membrane was designed to 

contact the RW and its surrounding bone, the other was stimulated by a rod attached to an 

actuator (details found in Chapter 4 of this thesis). This prototype exhibited improved 

performance compared to the FMT. The flexible design of the membrane contacting the RW 
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made it more adaptable to varying RW anatomy, though in that study we still drilled the bone 

surrounding the RW to directly compare to the FMT.  A complication was that adequate 

vibration of the fluid within the interface coupler required a range of specific orientations of the 

vibrating actuator and its coupled rod.  Proper surgical placement of the actuator, its stabilizing 

rod and the interface coupler tube could be challenging. 

In this chapter we describe an improved prototype RW interface coupler (IC) that 

reduces the need for drilling near the RW, and incorporates the actuator within the IC. We test 

this new device in human cadaveric temporal bones to 1) see if it performs consistently across 

ears with various anatomy, 2) measure linearity, dynamic range, bandwidth, and 3) estimate 

the equivalent ear-canal sound pressure. 

 

Methods 

Development of the Round Window Interface Coupler 

The IC was constructed from a stainless steel tube of approximately 3mm in length and 

2.41 mm in outer diameter (2.15mm inner diameter). At one end of the IC tube opening, an 

actuator (Figure 5.1 A) was fit partially inside the IC tubing and glued in place (Figure 5.1 B). This 

“bellows actuator” (Figure 5.1A) was cylindrical in shape, 3mm in length and 1.8mm in 

diameter. The actuator was developed by our collaborators in Dr. Jin-ho Cho’s research group in 

Korea. Earlier, they developed an electromagnetic bellows actuator (Shin et al. 2016) similar in 

size and shape to the actuator used in the present study. The new bellows actuator used in this 

study incorporates a piezoelectric drive for compatibility with magnetic resonance imaging. The 

actuator was fixed inside the stainless steel tube by a continuous ring of cyanoacrylate around 
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the actuator’s non-mobile base. The remaining space between the actuator and the inside of 

the tube was filled with de-gassed water.  This fluid filled IC tube was then sealed by a thin 

flexible membrane (~0.05mm in thickness) made from ultra-violet cured photopolymer 

(Northland Optical Adhesive 68, Norland Products, Inc.). This polymer was floated on the 

water’s convex meniscus (ballooning out) and then cured to better couple with the RW niche 

space. The IC with internalized actuator is illustrated in Figure 5.1B.  
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Figure 5.1: Schematics and photographs of the interface coupler (IC). A) Bellows actuator 
illustration and photograph, B) IC illustration and photograph, and C) illustrated IC interfacing 
the RW niche. Facia was used to fill the RW niche, Jeltrate to cushion and seal the interface 
between the IC ring and bone, and cement to fill crevasses. A and B photographs show a 
reflector on the face of the bellows actuator that was used to measure the velocity response 
with laser Doppler vibrometry. 
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Temporal Bone Experiments  

The IC was tested in five fresh de-identified human cadaveric temporal bone specimens 

donated specifically for research purposes. The bones were extracted within 24 hours post 

mortem and immediately frozen until thawed just prior to the experiment  (Nadol and 

McKenna 2005). 

Such post-mortem specimens have similar anatomy and passive macro-mechanical 

properties to living ears (Chien et al. 2009; Nakajima, Ravicz, Merchant, et al. 2005; Nakajima, 

Ravicz, Rosowski, et al. 2005). The specimens were prepared as described in previous 

publications (Nakajima, Merchant, and Rosowski 2010; Nakajima et al. 2010; Stieger, Rosowski, 

and Nakajima 2013).  

Briefly, the facial recess was opened via a posterior tympanotomy to provide access to 

the stapes and RW area. Sound stimulation via air conduction was presented to the ear canal 

using a Beyer Dynamic speaker (DT48) while velocity measurements were made of the stapes 

and RW (Vstap and VRW) using laser Doppler vibrometry (LDV, Polytec CLV 1000). We ensured the 

inner ear was intact (no air, no fluid leak, etc.) by verifying that the phase between the air-

conduction driven Vstap and VRW was half a cycle at frequencies below 500 Hz before and after 

every experiment (Stieger, Rosowski, and Nakajima 2013; Merchant et al. 2003).  

Generally, the otic capsule did not require drilling, but in three cases with a large boney 

protrusion surrounding the RW niche (that produced a highly uneven coupling surface for the IC 

device) minimal drilling was performed. A mild uneven surface was not an issue because we 

used a soft rubbery material (Jeltrate – alginate, a soft dental impression) to seal between the 

IC ring and the surrounding bone.   
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Figure 5.1C illustrates the interface between the IC and the RW. The IC (at the static end 

of the bellows actuator) was held with a rod and positioned by a micromanipulator.  To 

improve coupling (reduce volume velocity leaks) between the device and the RW membrane, 

we used dental cement to fill large bony crevices surrounding the RW niche, while carefully 

avoiding the RW membrane protected by thin fascia. After the cement dried, the niche was 

filled with more fascia to eliminate any air between the membrane and the IC. A thin ring of 

Jeltrate was used to seal the IC to the bone around the RW niche. The flexible membrane side 

of the IC was then brought into contact with the fascia-filled RW niche, where the tube rim of 

the IC rested on the rubbery Jeltrate around the edge of the niche opening. We found that best 

results were obtained if the IC gently rested on the surface of the Jeltrate. 

LDV measurements were made of the unloaded bellows actuator velocity (Vbellows) 

before it was glued to the IC tubing. (Loaded bellows actuator measurements were not possible 

because the laser was not accessible to the moving diaphragm of the actuator when coupled to 

the RW.) Once the IC was assembled with the bellows glued internally, LDV measurements 

were made of the IC driven velocities of the stapes (Vstap) and cochlear promontory (Vprom). To 

measure Vstap, the laser was aligned to within 30-40 degrees of a direction orthogonal to the 

stapes footplate. All the velocity measurements were greater than 10 dB above Vprom. The input 

stimuli were 74 logarithmically-distributed sinusoidal waves with a frequency range of 100 Hz 

to 20 kHz with a voltage input from 0.1 Vpeak to 9 Vpeak (responses were averaged ten times). A 

voltage input of 6 Vpeak to the unloaded bellows actuator produced a linear volume velocity of 

the bellows (Ubellows) from 1.3e-5m-10/s to 2.3e-2m-8/s in magnitude across frequency.  
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Results  

Anatomy  

The anatomy of each temporal bone greatly varied; variations were seen in the depth of 

the RW niche and bony overhang, and number and size of crevasses in the bone within the 

bony outline of the RW niche.  As depicted in Figure 5.2, the overhang of each temporal bone 

can be nearly nonexistent (bone df11, Figure 5.2A) or significant (bone df16, Figure 5.2B).  

 

 

Figure 5.2: Example of the differing anatomy of the RW overhang measured as shown. The RW 
overhang varied from A) under 0.1 mm to B) 3 mm in length across the five temporal bones 
tested.  
 

Velocity Measurements  

Measurements of the magnitude and phase of Vstap normalized by the voltage drive to 

the IC in specimens df11 and df13 (5.4 Vpeak input), and in df14, df15, df16 (6.0 Vpeak input) are 

shown in Figure 5.3. The phase was consistently 0.25 periods for all five experiments up to 2kHz 



100 
 

before decreasing slightly at higher frequencies. The magnitude of the normalized velocity 

generally increased proportionally with stimulus frequency (the dashed line in Figure 5.3 

indicates direct proportionality). Three experiments slightly deviated from direct 

proportionality above 4kHz (df13, 14,16).  

 

Figure 5.3: Stapes velocity response normalized by the input voltage to the IC. The normalized 
stapes velocity generally increased proportionally with frequency while the phase was t +0.25 
periods for low and mid frequencies. The bellows actuator was driven with 5.4-6 Vpeak. Dashed 
line shows proportional relationship. The gray area represents the noise.  
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Linearity 

Linearity of cochlear sound transmission was tested by determining the relationship of 

the output Vstap with respect to the input voltage to the IC stimulating the RW. Figure 5.4 shows 

an example of the frequency response of the gain (Vstap/Voltage).  A perfectly linear system 

would produce equivalent gain for various input voltages. Generally, stapes velocity grew 

approximately linear with input voltage over the frequency bandwidth of the measurements.  

Input-output plots detail the linear relationship, as shown in Figure 5.5. On this log/dB scale, a 

linear relationship would produce an order of magnitude increase in output for a 20 dB increase 

in drive, as shown in the dashed line of Figure 5.5. Though the data in Figure 5.4 and 5.5 

describe a somewhat expansive non-linearity at lower voltages (relatively larger motions at 

higher stimulus levels up to about 3 Vpeak), these deviations from perfectly linear behavior are 

small (< 3 dB over a 35 dB input range). This is possibly due to weaker coupling of the IC to the 

RW at low voltages (low stroke of the IC motion); the coupling then became stronger with 

higher voltages (higher stroke).  Overall, sound transmission through the cochlea due to RW 

stimulation with the IC showed near linearity over a wide dynamic range and wide frequency 

bandwidth.  
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Figure 5.4: Gain frequency response of sound transmission through the inner ear for varying 
input voltages to the IC device to vibrate the RW (df16). Because the gain (Vstap/Volt) is 
generally the same for all voltage inputs across all frequencies, it demonstrates good linearity 
of sound transmission to the cochlea for a wide dynamic range and wide frequency bandwidth. 
All data are 10 dB above noise.  
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Figure 5.5: Input-output relationship of sound transmission through the cochlea from the IC 
input drive (df16). Generally, Vstap output versus voltage input to the IC device vibrating the RW 
exhibits linear relationships for various frequencies. For reference, the gray dashed line shows 
perfect linear relationship. All data plotted are 10 dB above the noise.  
 

Equivalent Level of Hearing During Air Conducted Sound 

To determine the level of hearing achieved by IC stimulation of the RW, we estimate the 

equivalent level of input sound pressure at the ear canal during air-conducted sound required 

for the same cochlear input drive as achieved with RW stimulation.  To do so we use 

information gained from our previous study in Chapter 3 (Frear et al. 2018). 

The input to the cochlea, the cochlea drive, is the magnitude of the vector difference in 

sound pressure between scala vestibuli (PSV) and scala tympani (PST) at the base of the cochlea. 

We assume that the differential pressure across the basal cochlear partition (PSV - PST) is the 
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cochlear input drive to start the traveling wave for both AC and RW stimulation (Dancer and 

Franke 1980; Lynch, Nedzelnitsky, and Peake 1982). We use the relationship during RW 

stimulation between the output stapes velocity (       
) and cochlear drive (     

       
) 

magnitudes, as well as the relationship during AC stimulation between cochlear drive 

(     
       

) and input ear canal pressure (Pec). These relationships during RW stimulation 

and AC stimulation were obtained by directly measuring PSV , PST , Vstap, and PEC experimentally 

in fresh temporal bones.  It is important to note that during AC stimulation, the path of volume 

velocity starts at the driven oval window, produces pressure difference across the cochlear 

partition and exits the low-impedance round window (thus a two-window system). However, 

during RW stimulation, we found that because the reverse middle-ear impedance is high, the 

volume velocity driven by RW vibration producing pressure difference across the cochlear 

partition divides between a leakage path in scala vestibuli (likely the vestibular aqueduct) and 

the oval window. This finding was detailed previously (Stieger et al., 2013 and Frear et al. 2018). 

Thus, to accurately predict the relationship between stapes velocity output due to cochlear 

pressure drive during RW stimulation, it is important to have experimentally derived 

relationships measured during RW stimulation. 

The two components are illustrated in Figure 5.6.   

From the multiple studies summarized by Frear et al. (2018) we plot the average and 

standard deviation of five measurements of the differential pressure divided by the stapes 

velocity during RW stimulation,  (     
       

 )        
, and the average and standard 

deviation of 18 measurements of the ear canal pressure divided by the differential pressure 

during ear canal sound stimulation,       
 (     

       
) (plotted in Figure 5.6A and B 
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respectively). In order to calculate the equivalent ear canal pressure using the IC to stimulate 

the RW, we multiply the above ratios with the stapes velocity using the IC at the RW (       
): 

 

             
  (       

)   (
     

      

       

 )  
     

     
 –      

  Eqn 5.1 

 

The equivalent ear canal pressures,              
, for all experiments are plotted in Figure 

5.7 for voltage inputs of 5.4 - 6 Vpeak to the IC for RW stimulation. For low frequencies up to 1 

kHz, 5.4 - 6 Vpeak drive to the IC resulted in               
output of 80 - 100dB SPL. For higher 

frequencies above 1 kHz,              
 increased steadily up to 140dB SPL (30-40 dB/decade). 

The phase starts at -.25 periods and increases with increasing frequency where it is about 0 

near 1 kHz, and up to 0.5 periods at 10kHz.  
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Figure 5.6: The mean and standard deviation (gray area) of two measured transfer functions 
obtained from experimental data from (Frear et al. 2019, Ch3).  These transfer functions are 
used to determine the equivalent Pec. A) Data from round window stimulation where the 
pressure differential is divided by the stapes velocity. B) Data from air conduction stimulation 
where the ear canal pressure is divided by the pressure differential.  
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Figure 5.7: Equivalent ear canal pressure for the IC (ranging from 5.4 Vpeak IC input for df11 and 
df13 to 6 Vpeak IC input for df14-16). All the experiments provide similar ear canal pressure (80-
100dB SPL) for low frequencies and increase in magnitude above 1kHz.  
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Discussion  

In this study, we developed the IC system for RW stimulation to increase safety and 

consistency for a large variation in the anatomy of the RW membrane and surrounding bony 

architecture. The FMT device, most used for RW stimulation in patients, requires the bone 

surrounding the RW to be reduced by drilling, which risks introduction of air into the inner ear 

and trauma to the cochlear partition. The performance of the FMT is also variable across ears. 

Previously, we showed that an earlier prototype of the IC (without an internalized actuator) 

performed superiorly compared to the FMT. In this study, we demonstrate that the newly 

designed IC with an integral bellows actuator within the IC for RW stimulation performs 

remarkably similarly across ears despite the large variation in anatomy and without excessive 

drilling on the bone surrounding the RW niche. The bony anatomy around the RW vastly differs 

in shape and size, with niche depths ranging from 0 to 3 mm within our 5 specimens (Figure 

5.2).  Despite these anatomical differences, the new IC produces stapes velocities that generally 

varied by less than a factor of 3 (10 dB) for frequencies less than 4000 Hz, and no more than a 

factor of 10 (20 dB) at frequencies as high as 10 kHz. The variations at higher frequencies were 

likely due to the one-dimensional laser vibrometry measurements for stapes motion that is 

known to vibrate in complex 3-dimentional modes of motion above around 2 kHz  (Chien et al. 

2006; Hato, Stenfelt, and Goode 2003; Heiland et al. 1999; Sim et al. 2010). The new IC design is 

shown to perform quite consistently across large anatomical variation (without drilling or 

minimal drilling surrounding the RW niche) and with an interface to the RW membrane that is 

gentle (does not require force and tension to the RW membrane), thus should not risk 



109 
 

traumatizing the RW membrane or the inner ear behind the RW membrane, or allow for air to 

enter around the edge of the RW membrane.  

RW stimulation with the FMT has poor linearity, limited dynamic range and bandwidth 

(Chapter 4; Rajan et al. 2011; Baumgartner et al. 2010; Martin et al. 2009; Beltrame et al. 2009). 

The newly designed IC stimulated the RW producing sound transmission linearly (thus low 

harmonic distortion), large dynamic range and bandwidth. Figure 5.4 shows that the output 

stapes velocity is generally linear across varying voltage inputs where all voltage-normalized 

stapes velocities (gain) are all within a factor of 2 (6 dB) of each other across frequencies. Figure 

5.5 demonstrates that the generally linear behavior is observed over 30 dB or more of stimulus 

range.  The results of Figures 5.4 and 5.5 suggest the device is most nearly linear with drive 

voltages of 1Vpeak and above. Our assessment of linearity encompasses the whole system from 

voltage drive of the IC to the output velocity of the stapes. The slight non-linear behavior 

recorded at low voltages (low strokes of the actuator) is likely due to slightly poorer coupling 

between the IC membrane and RW membrane. As seen in Fig. 5.4, the gain improves 

monotonically with higher input voltage and increased stroke of the IC membrane up to 3 Vpeak 

and then becomes stable above 3 Vpeak input.  

Because of data from previous experimental studies, we are able to estimate the sound 

transmission level (the level of hearing) produced by RW stimulation by the new IC. This 

estimate takes into consideration the effect of volume velocity leak through the scala vestibuli 

(likely via vestibular aqueduct) during RW stimulation, as was discovered by Stieger et al., 2013. 

Using data summarized by Frear et al 2018, we determine the frequency-dependent 

relationships between stapes velocity output and cochlear input drive (differential pressure 
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across the cochlear partition) during RW stimulation. We then calculate the cochlear input drive 

for the stapes velocity output measured during IC RW stimulation. We also have the 

relationship between ear canal pressure input and cochlear input drive during AC stimulation 

from Frear et al. 2018. With these experimentally derived relationships, we determine the 

equivalent input of ear canal sound pressure required for levels of cochlear input drive 

obtained during RW stimulation with the new IC (Figure 5.7). The results suggest that input 

stimulus of approximately 6Vpeak to the new IC can give an equivalent level of hearing that is 

better than 80dB SPL input at the ear-canal during normal AC stimulation. The output greatly 

increases above 1 kHz for the same voltage input (30-40 dB per decade). However, the method 

used to calculate the equivalent ear canal pressure has limitations because it relied on transfer 

functions derived from the averages of data obtained from different temporal bones from this 

study. Thus accuracy of this estimate is limited by the frequency dependent variations seen 

across ears (standard deviation shown in Fig. 5.6).   

 

Computational Modeling  to Understand Sound Transmission 

To better understand RW sound transmission with the IC, we used the impedance 

model of the inner ear from Frear et al. 2018 (Chapter 3) and incorporated the IC device 

coupled to the RW.  

 

Modeling to estimate the device volume velocity  

The volume velocity output of the IC device was estimated from velocity measurements 

at the center of the vibrating diaphragm of the bellows actuator made without load (before 
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attaching to the IC tubing). Such an estimate was necessary because the loaded IC vibrating 

membrane interfaced to the RW membrane was not accessible for measurement. The volume 

velocity of the bellows actuator given a 6 Vpeak input with no load grows proportionally with 

stimulus level with a phase of 0.25 periods relative to the stimulus voltage, as plotted in Figure 

5.8. This behavior is consistent with an ideal volume displacement source that can be described 

in the sinusoidal steady state by the following equation: 

                (    )                     Equation 5.2 

Where i is the imaginary number, Areadevice = (0.0018/2)2*π m2, Volt = the stimulus 

voltage, and C = constant = 1.3e-8 m/V for the bellows actuator. The constant was determined 

by fitting the model equation to the experimental data of the bellows actuator volume velocity 

(Figure 5.8). This ideal volume displacement source model (Udevice) will be used as the estimated 

input to the RW in our inner and middle ear model. 
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Figure 5.8: Modeling the bellows actuator of the IC as an ideal volume displacement source. 
The model (dashed line) fits well with the measured (solid line) device volume velocity 
especially below 3kHz.  The measurement and model prediction were made with 6 Vpeak 
stimulus drive without load. 
 

Modeling the volume velocity of the stapes 

The impedance model described in Frear et al. 2018 (Chapter 3) determined the 

impedances (Z) in Figure 5.9A: ZDiff, ZME’, ZlkSV, and ZlkSTRW from experimental measurements of 

intracochlear pressures and velocities of the stapes and RW actuator during AC and RW 

stimulation. ZlkSTRW is a combination of the physiological leakage impedance of the ST (possibly 

the cochlear aqueduct) and leakage at the RW-actuator interface, as these two leakages cannot 
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be separated given the stimulation method (described in Frear et al 2018). The leak due to 

ZlkSTRW was likely dominated by the volume velocity leak at the RW membrane during 

stimulation with a rod smaller in diameter than the RW membrane (Frear et al 2018). By 

knowing the impedances from our earlier study and our estimated input (our modeled Udevice), 

we can calculate the expected Ustap: 

      
           

          
  Equation 5.3 

      
      

               
             

          
  Equation 5.4 

 

Where Zcrev is the combined impedance of ZDiff, ZME, and Zlksv; where the parallel ZME and Zlksv are 

in series with ZDiff: 

            
       

   

          
  Equation 5.5 
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Figure 5.9: Impedance model. A) Impedance model during RW stimulation where impedances 
are represented by blocks. B) Diagram with circuit elements representing the impedances. 
 

In Frear et al. 2018, ZlkSTRW was low because the actuator rod tip only interfaced a portion of 

the RW membrane area.  In this study, the coupling method of the IC with the RW membrane 

has less leakage of volume velocity as compared to the Frear et al. 2018 rod method. Therefore, 

we calculate a new ZlkSTRW to determine the leak from the IC-RW coupling and physiological ST 

leak (likely the cochlear aqueduct).  

To calculate Ustap (Equation 5.4), the circuit elements representing the impedance in Figure 

5.9A are depicted in Figure 5.9B. The values for ZDiff, ZME’, Zlksv, and ZlkSTRW were obtained from 

the average calculated model values in Frear et al 2018. In Figure 5.10, we plot the 

experimental Ustap / Udevice when stimulating the RW with the IC (red); where Udevice is the 

modeled (estimated) volume velocity described in Equation 5.2 and Fig. 5.8.  The model data 

for the IC-driven case using the average values found in Frear et al 2018 is plotted with a purple 

line (Model with rod+actuator) in Fig. 5.10. Since the data using the rod and actuator results 
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(purple) do not adequately represent the experimental results (red), modification of the ZlkSTRW 

impedance was necessary. ZlkSTRW was found to be best modeled with a resistor and compliance 

in series and we did not alter this configuration, however new values for the elements were 

determined for the IC-RW coupling by fitting the predicted Ustap (Equation 5.4) to the 

experimental measurements (red) of Figure 5.10. ZlkSTRW needed to increase as using the IC 

stimulator likely resulted in less leakage out of the RW than when using the rod+actuator. The 

increased leakage impedance resulted in our Model of the IC (blue) to better fit the 

experimental data (red) in Figure 5.10.  

Component values are as below: 

1. ZlkSTRW for Model with rod-actuator driving the RW (from Frear et al. 2018):  

R = 4.10e9 and C = 7.49e-14 (purple) and 

2. ZlkSTRW for Model with IC driving the RW to best fit the experimental data:  

R = 1.07e10 and C = 7.43e-15 (blue). 

The average ZlkSTRW with rod+actuator results in a smaller Ustap than measured 

experimentally with IC stimulation, indicating more leakage with the rod+actuator stimulation 

used in Frear et al. 2018 as compared to the new IC-RW stimulation. The ZlkSTRW with IC 

stimulation has a higher acoustic resistance and lower acoustic compliance to account for less 

leakage with the IC, demonstrating better sound transmission with the IC as compared to the 

rod-actuator method used in Frear et al 2018.  
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Figure 5.10: Modeling the volume velocity ratio. Measured Ustap/Udevice with IC driven RW 
stimulation are plotted in red (experiment df14). The model data with rod-actuator are in 
purple (values from Frear et al 2018). The model data with IC are in blue. The model data with 
the IC values are similar to the experimental data. 
 

The resistance and compliance in series work well to model the combined leakage at the 

ST and RW, ZlkSTRW, during RW stimulation with the IC. The compliance could be representing 1) 

the compressibility of the water/fascia between the IC and the RW membrane or 2) a pocket of 
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air within the water/fascia. To better understand the compliance representation, we consider 

the two possibilities.  

1) Compressibility of the water/fascia: The RW niche with a diameter of approximately 

2.5mm and length of 2.7 mm, has a volume of approximately 1.33e-8 m3 for a representative 

specimen df14. With the bulk modulus of water (2.15e9 N/m2), the compliance can be 

calculated as C = volume / bulk modulus = 6.19e-18 m5/N. This compliance, C, is about 3 orders 

of magnitude smaller than the C calculated for our new ZlkSTRW with IC-RW stimulation. Thus, 

the compliance is unlikely representing the compressibility of the fluid between the IC and RW.  

2) Compressibility of air: The bulk modulus of air is 1.42e5 N/m2 in adiabatic conditions 

(assuming no heat transfer with its surroundings). The volume of the air is calculated by, 

volume of air = C*bulk modulus = (7.43e-15 m5/N)*(1.42e5 N/m2) = 1.05e-9 m3.  

The volume of the RW niche was estimated to be 1.33e-8 m3, so the compliance could be 

representing air bubble(s) about a tenth of the size of the RW-niche volume between the IC and 

the RW membrane. Our calculations are consistent with the possibility that the compliance 

represents a small volume of air within the fluid/fascia in the RW niche between the IC and RW 

membrane.  

The cochlear aqueduct is a physiologic leakage path from the ST, and is modeled as a 

resistor and mass (inductor) in series (i.e. modeled as a small tube) (Gopen, Rosowski, and 

Merchant 1997; Elliott, Ni, and Verschuur 2016; John J. Rosowski, Bowers, and Nakajima 2017). 

There are other cases where it is modeled with a compliance in series with a resistance which 

represents the compliance of the fluid-filled cranial space (Stenfelt 2015). Unfortunately, using 

the IC as a RW stimulator did not allow us to separate the RW leakage from the ST leakage 
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(cochlear aqueduct). The leakage at the RW dominates our ZlkSTRW model (compliance) due to 

the air bubbles between the device and the RW membrane. Because removing all air bubbles is 

difficult and the leakage at the RW and ST is much more relevant during RW stimulation, our 

model is a good estimate of our experimental results and for future patients with a RW 

stimulation device. However, in the future we can change our model to incorporate the small 

tube model of the ST leakage with compliance and resistance model of the RW leakage. 

 

Future Work  

In addition to achieving our aims of improving the IC design for increased safety and 

sound transmission, the IC is an all-in-one device with internalized actuator, allowing for easy fit 

and surgical placement. The next step is to develop a simple robust method to stabilize the IC 

device at the RW niche. We had superior results when the IC was just touching the soft Jeltrate 

on the bony rim of the RW niche, stabilized with a rod slightly pushing the non-vibrating end of 

the IC to hold it in place.  If the IC was pushed further towards the RW, the output stapes 

velocity showed fluctuations with change in frequency instead of the smooth frequency 

response obtained with less force from the stabilizing rod. The jagged frequency response 

obtained when the IC was pushed firmly towards the RW might be due to leakage of volume 

velocity (soft Jeltrate can no longer seal well) and/or bone conduction (metal rim of IC touching 

bone). There are various methods possible to secure the IC device in place. One possibility is by 

metal hardware (rod or plate) with a ball hinge to secure the IC to an adjacent wall of bone with 

screws (similar to ball and socket joints seen for middle-ear devices from Cochlear®). Another 

possibility is to use bone cement already used in otologic surgery. These methods will have to 
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be tested and made to work for anatomic variations across ears. Another important step is to 

have acceptable alternative materials that are biocompatible and stable for the IC’s flexible 

membrane and the soft Jeltrate seal between bone surrounding the RW and IC rim. Also, 

available cements used for otologic surgery could be an alternative to dental cement to fill 

crevasses of the bony RW niche. We have designed the IC for safety, good sound transmission 

(linearity, dynamic range and bandwidth), consistency of performance across varied anatomy, 

and for the potential of mechanical stability. In the future, we can further modify the IC for ease 

of surgery and for biocompatibility. 

  



 

 

 

 

 

 

 

 

 

 

CHAPTER 6. 

Conclusion 
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This dissertation investigates how patients affected by surgically addressable conductive 

hearing loss may be helped by the implementation of a new round window (RW) stimulation 

device that is designed to fit across various RW niche anatomies. In investigating the need for 

such a device, in Chapter 2, we identified the fraction of hearing loss cases to which it might be 

applied. Of the almost 175,000 diagnosed patients visiting Massachusetts Eye and Ear hospitals 

for hearing loss over 3.5 years, 27% were sensorineural, 25% were earwax buildup/impaction, 

19% were acute otitis media, 13% were unknown, and 16% were surgically treatable conductive 

hearing loss. This last group is the potential pool of patients that could be addressed by our RW 

stimulation device. The breakdown of patients diagnosed with hearing loss not only provides 

impact to the research surrounding the disease/problem but will also help target where to 

focus more resources and track types of hearing loss over time. In the future, this study will 

include more patient diagnosis data from different hospital networks to broaden the dataset.   

In Chapter 3 we investigated the mechanical issues relevant to round-window 

stimulation by quantifying the mechanisms relevant to sound transmission to the inner ear, and 

constructing a computational impedance model that can predict the outcome of such 

stimulation. This study allowed a comparison of how conventional ossicular and RW stimulation 

produce a hearing response. For RW stimulation, unlike conventional air conduction 

stimulation, the leakage path from scala vestibuli is an important factor because the impedance 

of the reverse middle ear is much higher than the impedance of the scala vestibuli leakage path 

at low frequencies. This scala vestibuli leakage impedance plays an important role in producing 

a pressure differential across the cochlea partition (i.e. a vector difference in pressure between 

scala vestibuli compared to the scala tympani). Quantification of the volume velocity leak at the 
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RW/actuator interface helps us estimate the efficacy of RW stimulation. The computational 

model determined in Chapter 3 is also helpful in comparing past and future studies including 

the data obtained in Chapter 5. This model will also be useful in the future to understand the 

effect of pathologies and varied sound stimulation methods to transmit sound to the inner ear. 

In Chapter 4, we designed and developed an early prototype device for RW stimulation, 

which was improved upon in Chapter 5. Chapter 4 focused on proof of concept of our design 

idea, as we used a human temporal bone experiment to compare the stimulus at the inner-ear 

provided by the prototype interface coupler (IC) to that produced by the currently used clinical 

device, the floating mass transducer (FMT). The design of the IC improved the coupling of the 

device to the RW membrane and enabled transmission of more volume velocity into the 

cochlea than the FMT. When comparing the results of the FMT and IC, the volume velocity of 

the stapes response was higher using the IC and linearity, dynamic range and bandwidth were 

greatly improved.  

In Chapter 5 we focused our design improvements on: 1) consistency of RW coupling 

across widely varying anatomy, 2) increasing safety by minimizing the necessity of drilling the 

bone surrounding the RW to place the coupler, 3) integrating the actuator within the IC, 4) 

improving the architecture of the design for easy and reliable surgical implantation. These goals 

were achieved with a device that produced a linear output over a good dynamic range and wide 

bandwidth. The improved IC prototype further demonstrated a proof of concept. Future work 

needs to further improve the IC interface to the RW niche and determine biocompatibility. If 

improvements related to clinical applicability can be met, this device has the potential as a 

solution for those with conductive and mixed hearing loss that are not helped by conventional 
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means. It is also possible that surgeries such as certain tympanoplasties, ossicular 

reconstruction, stapedectomy, repair for aural atresia, and more could be replaced with the IC 

RW stimulation in certain circumstances.  

Chapter 5 also utilized the computational impedance model of Chapter 3 to estimate 

the equivalent AC hearing produced by RW stimulation. The impedance model was also found 

to work well with the input used with the IC RW stimulator. By simulating the measurements 

with modeling, the leakage impedance at the IC-RW interface at the scala tympani was well 

characterized with a compliance and resistance in series. The compliance is likely from small 

pockets of air between the IC and the RW membrane. The compliance element likely represents 

the leakage at the RW, but another component in parallel would be needed to represent the 

leakage impedance of the scala tympani. This parallel component, the cochlear aqueduct, can 

be represented by a small tube, or a resistance and mass (inductor) in series. The 

resistor+inductor component of the cochlear aqueduct will be much higher in impedance than 

the resistor+capacitor of the inefficient RW coupling component. The cochlear aqueduct 

(leakage at scala tympani) and vestibular aqueduct (leakage at scala vestibuli which we 

characterized) likely have important frequency-dependent roles during various stimulation 

methods such as bone conduction. Our model is largely based on anatomical features of the 

ear, and addition of components such as leakage impedances will make it more accurate.  

 The goals of this thesis were to improve understanding of sound transmission through 

the ear by computational modeling where impedance values are obtained by detailed 

experimental measurements, to develop a high-performing RW stimulation device, and to 

determine the population impact of such studies and developments in the field of auditory 
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mechanics. Contributions from this thesis will enable further knowledge and developments to 

help the large number of patients who suffer conductive and mixed hearing loss.  
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Sensorineural hearing loss 
Acoustic Neuroma/Vestibular Schwannoma 
(bacterial/viral) Labyrinthitis  
Vestibular disequilibrium/hypofunction  
Balance problem 
Noise induced hearing loss 
Inner ear dysfunction  
Drug induced or ototoxic hearing loss 
Presbycusis 
Undefined SNHL  
 SNHL 

Sudden idiopathic hearing loss 
Rubella, Deaf mutism 

 
Conductive hearing loss 
Ear Canal 

(Acquired) Stenosis of the external 
ear canal 
Atresia of auditory canal  
Cholesteatoma (of attic of ear) 

Tympanic membrane 
 Granuloma 
 Cholesteatoma 

Perforation (attic/marginal/ 
multiple/total/healed) 

 Atrophic (non)flaccid 
 Retraction  

Irritation  
Disorder 

 Abnormal 
 Tympanosclerosis 
 Retained myringotomy tube 
 Acute OM with rupture of TM 
Middle ear 
 Adhesion 
 Ossicular chain disarticulation 
 Dislocation   
 Ankylosis (malleus/ossicles) 
 Necrosis/Erosion/loss   
 Disorder  
 Abnormality 
 (Granulation) Polyp 

 Granuloma 
Mastoid  
 Cholesteatoma 
 Disorder 

Draining 
 Infectious  
 Other – classified elsewhere 
Otosclerosis  

Involving oval window 
(nonobliterative/obliterative) 
Involving round window 
Other  

Superior semicircular canal dehiscence  
Undefined CHL 
Chronic OM 

Chronic serous OM 
Chronic with rupture of TM 
Chronic myringitis  
Chronic tubotympanic OM 

Mixed hearing loss 
 
Acute OM 
Acute Myringitis 
Acute serous OM 
Recurrent acute allergic OM 
Acute effusion 
Eardrum inflammation  
Recurrent acute OM 
OM undefined  
 
Earwax 
Excessive 
Impacted cerumen 
 
Unknown 
Asymmetrical hearing loss 
Decreased hearing 
Generic hearing loss 
Temporal bone fracture, Birth trauma, Old 
head trauma, enlarged vestibular aqueduct, 
congenital abnormality 
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The error between the model and experimental data was calculated using a least squares 

technique as outlined below.  

We define: 
      as the complex result of the model at the   th frequency,  
      as the complex result of the experiment (expt) at the   th frequency, and 

   as the complex ratio of these complex numbers: 

   
    

    
 . 

This ratio can be written as  
     {  }     {  } 

or  

      
    ,  

 

where    
|      |

|       |
 and   = phase of experiment – phase of model (in radians). 

 
We want   to be as close to one as possible across frequency points v such that the model well 
fits the experimental data.  In particular, we’d like both the log magnitude and phase of the 
model to match the experimental results.  To accomplish this, we seek to minimize the root 
mean square of      (  ) across points v as follows: 
 
 Taking the base 10 logarithm of the above equation:  
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we find the model that minimizes the root mean square (RMS) of      (  ) across frequencies 
v, where:  
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and 

          
  

 

 
∑ (                    )

  
   . 

 

Note that the error is based on ratios and is dimensionless. The model parameters were 

systematically adjusted to produce the lowest possible Total Error over the 100 to 2000 Hz 

frequency range. We also use the Total Error to compare the fits of all the models (Table 3.3). 
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