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Characterization of bone-conduction mechanisms in chinchilla using in vivo measurements and 

impedance models 

Abstract 

The mechanisms of bone-conduction hearing in chinchilla that result from vibration of 

the skull, include ear-canal compression, relative motion between the middle-ear bones and the 

inner ear, compression of the cochlear bone, and the transmission of intracranial sound pressures 

into the inner ear via fluid-filled connecting pathways. This work aims to characterize these 

mechanisms in terms of the magnitude and phase of vibration-driven sound pressure and 

volume-velocity sources within the auditory periphery. A lumped-element circuit model of air-

conduction hearing in chinchilla is developed, which serves as the basis for our bone-conduction 

model. The air-conduction model is adapted from a model of hearing in humans, developed by 

Zwislocki (Zwislocki, 1962). The chinchilla model is extended by the addition of an ear canal 

that both contains multiple external-ear bone-conduction sources, and imposes natural 

impedances on motions of the TM produced by vibration-driven sources within the external, 

middle and inner ear. The model is further modified by the addition of realistic cochlear scalae, a 

helicotrema and vestibular and cochlear aqueducts, all of which are defined by the analysis of 

micro-CT scans of a chinchilla ear. The multiple vibration-driven bone-conduction sources are 

characterized by measurements of vibration-induced mechanical, acoustic, and/or neurological 

responses, in normal- or manipulated-ear conditions.  The measurements under the various 

conditions enable separation of system responses resulting from individual sources. Two 
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external-ear bone-conduction sources, which define the contribution of the bony and 

cartilaginous walls of the ear canal to vibration-driven sound pressures within the canal, are fully 

characterized. These sources are shown to dominate the vibration-induced sound pressures 

within the ear canal. The effect of vibration-driven intracranial sound pressures transmitted to the 

inner ear via the vestibular and cochlear aqueducts is estimated from measurements and the 

model. Our analyses suggest this mechanism does not play a significant role in vibration-induced 

hearing mechanics. A method for differentiating the contributions of cochlear compression and 

cochlear-fluid inertia to bone-conduction hearing is offered, and an application of this method is 

demonstrated using a proposed cochlear network that includes such mechanisms. 
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I. The auditory system 

The mammalian auditory system collects acoustic energy from the environment, converts this 

energy to electrical signals, and processes the electrical information to enable auditory 

perception. The processes involved in this rudimentary description of hearing are quite 

impressive, if not amazing, as the ear can respond to sounds that produce motions of the auditory 

structure of less than 1 nm. The dynamic range of hearing of humans is approximately 6 orders 

of magnitude, and the frequency range of hearing covers 3 decades. A normal listener has the 

ability to discriminate between tones whose frequencies differ by less than 1 Hz, and between 

intensities that differ by less than 1 dB. 

The auditory system consists of the two sub systems: the peripheral auditory system, which 

comprises the external, middle, and inner ear, and the central auditory pathway, part of the 

nervous system spanning the cochlear nucleus to the auditory cortex. The external and middle 

ears are responsible for transmitting sound pressures to the inner ear, where these pressures are 

transduced to electrical signals, transmitted as neural signals and processed by the central 

auditory system. 

II. Air-conduction hearing 

When we think of hearing, we typically think of the air-conduction pathway. Sounds from 

the environment around us make their way to the external ear. The pinna acts as a filter, 

changing the spectral content of the acoustic signal, allowing us to better ascertain the location of 

a sound source in 3D space. The sound then travels down the external ear canal, arriving at the 

tympanic membrane. The oscillating pressure associated with the sound moves the tympanic 

membrane (or TM) and the connected middle-ear bones: the malleus, incus and stapes. As the 
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bones rock back and forth, the medial end of the stapes, its footplate, moves in and out of the 

inner ear, generating sound pressure within. The sound pressure inside the auditory inner ear (the 

cochlea) sets the basilar membrane and the attached organ of Corti (our hearing organ) into 

motions that excite the sensory hairs cells, generating action potentials in the auditory nerve, 

which are interpreted by the brain as sound. (Figure 1.1) 

 

Figure 1.1. The human auditory periphery. 
The human auditory periphery consists of the external ear (the pinna and ear canal), the middle 
ear (the tympanic membrane and ossicles), and the inner ear (containing the cochlea). 
 

III. Bone-conduction hearing 

A. History and theory 

It has been understood for centuries that sound may be transmitted to the ear by vibrations of 

the skull rather than the air-conduction pathway described above —Cardano, Ingrassia, and 

Capivacci each described the phenomenon of ‘bone-conducted sound’ in the 16th century 
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(Kelley, 1937, Tonndorf, 1976). A few centuries later, in 1827, Charles Wheatstone 

experimented with the occlusion effect, an acoustic and perceptual phenomenon of bone 

conduction related to occluding the entrance of the external ear; this effect is the basis for 

multiple basic hearing tests designed to diagnose conductive hearing loss. Within the same 

century, further investigation of bone conduction by Weber, Rinne, Schwabach, and others led to 

the practice of comparing air-conducted and bone-conducted responses to evaluate the condition 

of the ear (Olsen, 1990). When middle-ear function has been compromised, sound conduction 

via bone vibration is relatively little affected; yet the same middle-ear pathology generally has a 

much larger effect on the air-conduction (AC) pathway. Hence, audiometric thresholds will be 

increased for AC stimulation, while BC stimulation thresholds are relatively unaffected. This 

difference in BC and AC thresholds, known as the ‘air-bone gap’, is an indication that ear-canal 

sound pressure (ECSP) is not properly transmitted to the inner ear. 

For many years after bone-conduction hearing was first described, it was unknown as to 

whether there were separate organs of hearing for bone conduction and air conduction. In 1932, 

von Békésy performed a test to determine if this were the case. In his experiment he presented a 

listener with an air-conducted tone, while simultaneously presenting a tone of the same 

frequency through bone-conduction stimulation. The test-subject was able to control the 

amplitude and phase of the bone-conducted tone. The hypothesis was that if both forms of sound 

conduction stimulate the same organ, then a bone-conducted tone of the same frequency and 

amplitude, but opposite phase, would cancel out the effect of the air-conducted tone on the 

common sensory structure. Indeed, this was the result of his experiment. Although the original 

experiment was performed with a tones of a single frequency, 400 Hz, it has been repeated and 
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extended to cover a greater frequency range in humans (Stenfelt, 2007), cats and guinea pigs 

(Lowy, 1942). 

The theory of bone conduction has evolved over time, but, generally speaking, ideas 

regarding the mechanisms driving this mode of hearing have not changed much. It has long been 

agreed that the external, middle, and inner ear are somehow involved, but the degree to which 

they contribute to bone-conduction hearing has eluded researchers. For example, it is clear from 

the occlusion effect that altering the condition of the ear canal can alter our perception of bone-

conducted sound. Theories about a possible external-ear bone-conduction component have 

involved compression of the ear canal walls, motion of the lower jaw relative to the skull, and 

motion of the tympanic membrane. It is also thought that several mechanisms directly stimulate 

the inner ear. For example, the inertia of the cochlear fluids and compression of the cochlear 

boundary have been hypothesized to result in perceivable sound pressures within the inner ear. 

Another possible mechanism is the transmission of sound pressure from the brain to the inner ear 

through ducts supplying the inner ear with lymph. The ossicles of the middle ear may also play a 

role in bone-conduction hearing. Vibrations of the head can cause these bones to move relative to 

the cochlea, generating sound pressures within the cochlea, in a similar manner to the ossicular 

motions produced by airborne sound. 

B. Clinical importance of bone conduction 

In-office tuning-fork tests of air and bone conduction, such as the Rinne test, are diagnostic 

tools to quickly assess the condition of the middle ear. During a Rinne test, a clinician places a 

vibrating tuning fork on the mastoid of the patient to provide bone-conduction stimulation. When 

the patient can no longer hear the tone, the still-vibrating tines of the tuning fork are moved 
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nearby the entrance of the ear canal, at which point the patient should once again hear the tone, 

as the elicited response to air conduction should be greater than that of bone conduction. If the 

air-conducted sound is not perceived, this is an indication that the transmission pathway from 

external ear to inner ear is compromised.  

The Bing test makes use of the occlusion effect, which is the expected increase in perceived 

bone-conduction sound when the external ear canal is occluded, specifically at low frequencies. 

This effect is due to the increased impedance of the occlusion-terminated canal, redirecting most 

of the volume velocity generated in the external ear by the bone-conduction stimulus into the 

middle ear, resulting in increased intracochlear sound pressure, and an increase in the perceived 

loudness of the stimulus. When the ear canal is occluded in persons with conductive hearing loss 

due to ossicular fixations or discontinuities, little to no change in loudness is experienced as the 

pathology interferes with the contribution of the increased ear-canal sound pressure to 

intracochlear sound pressure. 

The occlusion effect has implications beyond diagnoses of middle-ear condition. The effect 

can result in an undesirable increased perception of self-generated speech, specifically at low 

frequencies in persons using molded hearing aids that are inserted into the ear canals (Killion, 

1988). An idea that the cartilaginous portion of the canal is responsible for the sound pressure 

generated within the ear canal by bone vibration has led researchers to suggest that a deep-seated 

hearing-air would reduce the unwanted increase in perceived self-generated speech. Venting of 

the ear mold allows for some relief of this effect, as the vent reduces the amount of sound energy 

entering the middle ear. 

Bone-conduction hearing aids have been used by thousands of people around the world to 

treat conductive hearing loss. These devices are similar to air-conduction hearing aids in that 
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they receive an acoustic signal from the environment and transduce the signal in such a way that 

it could be presented to the user in a more-accessible way. In the case of air-conduction hearing 

aids, the audio signal is boosted by electronics and transformed back into an acoustic signal 

within the ear canal. In the case of bone-conduction hearing aids, after the signal is picked up by 

the device’s microphone, the device vibrates the head, or skull, directly. The vibrations then 

follow one or more of the several bone-conduction pathway to the inner ear. 

Conductive hearing loss affects a great number of people. A study by Frear and Nakajima 

(2019) looked at approximately 175,000 patients that visited Massachusetts Eye and Ear 

infirmary over the course of 3 years. Approximately 60% of these patients who described having 

some issue with hearing were determined to have some form of conductive hearing loss, while 

27% were diagnosed with sensorineural hearing loss (typically an issue with the sensory organ of 

hearing). Of these patients, approximately 16% had a form of conductive hearing loss that was 

potentially treatable by surgery. In certain cases, the use a bone-conduction hearing aid may be a 

successful form of treatment. 

C. Commercial bone-conduction devices 

In recent years, there has been an increase in commercial bone-conduction devices, to be 

used similar to headphones, that have entered the market. This has been motivated in part by the 

desire to listen to audio while simultaneously being aware of the environment. This may be 

important, for example, for runners or cyclists who are performing their activity in busy cities. 

Typical headphones that use air-conduction technology block the ear canals, causing a loss in 

awareness of the surroundings, and make it difficult to detect threats, such as vehicles, that are 
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not in plain sight. Bone-conduction devices offer a solution to this issue, as they leave the ear 

canals open, while simultaneously transmitting acoustic information via an osseous route. 

The use of bone-conduction transducers allows persons to use hearing protection to reduce 

exposure to air-conducted noise. The threshold of bone-conduction hearing, resulting from the 

air-conducted sound vibrating the head, is approximately 60 dB greater than that of air-

conducted sound through the typical air-conducted pathway. It is difficult to prevent acoustic 

trauma from bone-conducted sounds as a result of airborne noise. 

IV. Aim of this study 

In bone-conduction hearing, there are several potential sound transmission pathways to the 

inner ear. The relative contributions and associated frequencies of these pathways to bone-

conduction hearing are not fully understood. This study aims to elucidate the contribution of 

each of these pathways, or “sources”, to bone-conduction hearing, and to develop a lumped-

element circuit model to investigate the effect of certain pathologies on bone-conducted hearing. 

The approach of this study was as follows: 1) An air-conduction hearing model was developed 

for the chinchilla. 2) The air-conduction model was expanded by including a transmission line 

model of the external ear canal. 3) Bone-conductions sources within the external ear source were 

characterized using new BC-induced ear canal sound pressure and skull vibration measurements, 

and added to the model. 4) The model’s cochlear network was expanded by the addition of the 

vestibular and cochlea aqueduct, and an explicit representation of the cochlear scalae. 5) A 

method was developed to characterize the inner ear BC source components by the combined use 

of intracochlear sound pressure measurement and the circuit model. 6) The fit of the model to 



19 

  

inner-ear sound-pressure measurements made with various manipulations of ear structure were 

evaluated. 

By better understanding the mechanisms of bone-conduction, it may be possible to devise 

methods of diagnosing conductive and sensorineural hearing loss, allowing doctors to more 

easily determine the exact pathology. This increased understanding may drive advancements in 

hearing aid technologies, and commercial bone-conduction devices.



 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2. Chinchilla air-conduction model of hearing 

(published: Bowers et al. 2019)  
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Abstract. An air-conduction circuit model was developed for the chinchilla middle ear and 

cochlea. The lumped-element model is based on the classic Zwislocki model of the same 

structures in human. Model parameters were fit to various measurements of chinchilla middle-

ear transfer functions and impedances, using a combination of error-minimization-driven 

computer-automated and manual fitting methods. The measurements used to fit the model 

comprise a newer, more-extensive data set than previously used, and include measurements of 

stapes velocity and inner-ear sound pressure within the vestibule and the scala tympani near the 

round window. The model is in agreement with studies of the effects of middle-ear cavity holes 

in experiments that require access to the middle-ear air space. The structure of the model allows 

easy addition of other sources of auditory stimulation, e.g. the multiple sources of bone-

conducted sound—the long-term goal for the model’s development—and mechanical stimulation 

of the ossicles and round window. 
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I. Introduction 

Middle-ear models have been used for many years to investigate how the ear transforms 

sound pressure at the tympanic membrane to sound pressure in the inner ear. The lumped-

element circuit model developed by Zwislocki (1962) was designed to fit measurements of 

middle-ear input impedance in humans in response to air-conducted sound and is the starting 

point for more-recent models (Kringlebotn, 1988; O'Connor and Puria, 2008). One benefit of 

these models is that the effects of pathological changes in ear structure can be predicted by 

altering the circuit element values and structure (Rosowski and Merchant, 1995; Songer and 

Rosowski, 2007a). Kringlebotn (1988) built on the Zwislocki model, with a focus on the effect of  

acoustic energy reflectance at the ear drum and the mechanical coupling between the eardrum 

and its suspension. In another variation of the Zwislocki model, O’Connor and Puria (2008) 

modeled the tympanic membrane (TM) as a distributed-parameter transmission line to account 

for phase delays seen in the middle-ear gain and other transfer functions with an output at the 

cochlea. While finite-element models have also been used to investigate sound transduction to 

the inner ear by the tympanic membrane and the ossicular chain (Funnell et al., 1992; Koike et 

al., 2002; Gan et al., 2004; Higashimachi et al., 2013; Motallebzadeh et al., 2017a), circuit 

models require less computational power and allow easy specification of the location and output 

of different sources of sound and vibration. Although various mathematical representations of 

chinchilla middle ears exist (Songer and Rosowski, 2007b; Wang and Gan, 2016), a lumped-

element circuit model of the chinchilla middle ear has only been published recently (Lemons and 

Meaud, 2016). 

While our model is similar in structure, it is unique to that of Lemons and Meaud (2016). 

Significant differences in parameter values occur because different data sets were used for 
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fitting: Lemons and Meaud (2016) fit the data of Songer and Rosowski (2007b), while the 

current model is fit to a more-extensive set of middle-ear and inner-ear data with all 

measurements made in the same set of ears (Ravicz and Rosowski, 2012; 2013a; b). Moreover, 

the error-minimization methodology we use, although used elsewhere (Puria and Allen, 1998; 

Keefe, 2015), was not employed for determining lumped-element model parameters in past 

models of the chinchilla middle ear and cochlea. 

Similarities between chinchilla and human auditory peripheries make the chinchilla a good 

choice of animal model for hearing research, where the intent is to adapt the model for study of 

the human auditory system. The behavioral frequency range of hearing in chinchilla extends 

from approximately 50 Hz to 33 kHz, while the range of hearing in a young, normal-hearing 

human is approximately 20 Hz to 20 kHz. The surface area of the human TM and stapes 

footplate are approximately 0.68 cm2 and 0.030 cm2 (Hemila et al., 1995), respectively, while 

those of the chinchilla are approximately 0.56 cm2 and 0.020 cm2, respectively (Vrettakos et al., 

1988). While the chinchilla has a relatively large middle-ear air volume (2 cm3) (Ruggero et al., 

1990), which like that of human is broken into multiple air spaces (Browning and Granich, 

1978), the total volume is about a third of that of the average human air spaces (Molvaer et al., 

1978) and there is no region that contains the small interconnected air cells found in the human 

mastoid.  

The long-term goal of this research is to use this new model to guide investigations of the 

multiple mechanisms by which body vibrations (conducted to the inner ear via bone conduction) 

stimulate the inner ear. This goal has shaped this investigation, primarily in our concentration on 

sounds of frequencies of 10 kHz and lower. 
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II. Methods 

A. Basic circuit model and model transfer functions  

The air-conduction circuit model for chinchilla (Figure 2.1) is a modification of the 

Zwislocki (1962) model with that model’s simple form and a relatively small number of 

elements. The model has 5 anatomically distinct segments: (a) the air-filled middle-ear cavity, 

(b) ossicle-uncoupled TM, (c) ossicle-coupled TM, malleus, and incus, (d) incudostapedial joint 

(ISJ), and (e) the stapes, cochlea, and cochlear windows. 

 

 

 

Figure 2.1. Circuit model of the intact chinchilla middle ear. 
Anatomically distinct segments are: (a) middle-ear cavity, (b) ossicle-uncoupled TM, (c) ossicle-
coupled TM and malleus-incus complex, (d) incudostapedial joint, and (e) stapes, cochlea, and 
cochlear windows. Parameter subscripts: a – aditus to the superior cavity, t – tympanic cavity, p 
– superior cavity, d# - ossicle-uncoupled TM, o – ossicle-coupled TM and malleus-incus 
complex, s – incudostapedial joint, st – stapes, al – annular ligament, c – cochlea, rw – round 
window.  
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The circuit model is a ladder network with combinations of series and parallel elements 

arranged in several branches. The parallel branches (b and d) model divergent paths for stimulus 

energy within the eardrum and ossicular joints, both of which “shunt” a fraction of the stimulus 

away from the inner ear. These shunt paths account for relative motions within the TM and the 

ossicular chain (Huber et al., 2001; Rosowski et al., 2003; Nakajima et al., 2005). Humans have 

potentially two ossicular shunts: the incudomalleolar joint (IMJ) and the incudostapedial joint 

(ISJ). In the chinchilla, the IMJ is ankylosed, therefore shunting within the ossicles in chinchilla 

is attributed to compliance in the ISJ or the ossicles themselves due to bending (Funnell et al., 

1992). Shunts of the latter type would be included in model branch b. The model was solved in 

the sinusoidal steady state, and while its parameter values are all real numbers, the branch and 

nodal currents and voltages are complex numbers with both a magnitude and a phase. 

The model represents sound pressures as voltages and volume velocities as currents. 

Descriptions of middle-ear function usually include the transformation of sound energy that 

reaches the inner ear by the ratio of the areas of the TM and stapes footplate (𝐴! = 𝐴!" 𝐴!"), 

and the ratio of the lengths of the malleus and incus lever arms (𝐿! = 𝐿! 𝐿!) (Dallos, 1973). 

However, Figure 2.1 includes no explicit transformers. Instead, the transformers are implicitly 

included in the model parameters and the internal circuit volume velocities (𝐔𝐒𝐓) and sound 

pressures (𝐏𝐕) values. To compute the actual scala vestibuli sound pressure and stapes volume 

velocity (i.e. 𝐏𝐕!  and 𝐔𝐒𝐓! ), one needs to remove the transformation, e.g.: 

               𝑷𝑽! = 𝑷𝑽𝐴!𝐿!                    (2.1) 

 𝑼𝑺𝑻! = 𝑼𝑽
!

!!!!
 (2.2) 



26 

  

The model variables with the transformers removed are used to compute two transfer 

functions (the middle-ear gain – GME, and the stapes-velocity transfer function – SVTF) and 

the cochlear input impedance ZC, specifically: 

 𝑮𝑴𝑬 = 𝑷𝑽! 𝑷𝑻𝑴 (2.3) 

 𝑺𝑽𝑻𝑭 = 𝑽𝑺𝑻! 𝑷𝑻𝑴      (2.4) 

where the velocity of the stapes 𝐕𝐒𝐓!  is 𝐔𝐒𝐓!  divided by the area of the stapes footplate, and 

 𝒁𝑪 = 𝑷𝑽! 𝑼𝑺𝑻! = 𝑷𝑽 𝑼𝑽 𝐴!𝐿! ! (2.5) 

The model directly defines (without the need for transformers) the volume velocity at the 

TM, UTM, and the sound pressure at the TM in the ear canal, PTM. The ratio of these variables 

describes the middle-ear input impedance: 

 𝒁𝑴𝑬 = 𝑷𝑻𝑴 𝑼𝑻𝑴 (2.6) 

All four of these system functions (Equations 2.3-2.6) are implicit functions of frequency.  

B. Modification of the middle-ear cavity model to fit measurement conditions 

The model of the middle-ear air spaces in branch a of Figure 2.1 describes the circumstance 

where the middle-ear cavity is split between two major air spaces: one directly behind the TM 

with compliance Ct, and a second superiorly-positioned space with compliance Cp that is 

connected to the first by a foramen, or aditus, with resistance Ra and inertance La. This 

description can be generally applied to the chinchilla, even though the two model volumes 

actually represent the combined volumes of multiple inter-connected air spaces (Browning and 

Granich, 1978). The model of Figure 2.1 represents air-filled cavities that are naturally closed to 

the outside via bony walls; however, most measurements of middle-ear function require opening 
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the bony walls for manipulations of middle-ear muscles, observation of the ossicles, or the 

placement of microphone probes within the inner ear (Songer and Rosowski, 2006; Ravicz and 

Rosowski, 2013a; b). Modeling this ‘open cavity’ condition requires adding elements to model 

the inertances (acoustic masses) associated with sound flow through the openings in the bone, 

and the radiation impedances from these openings to the outside world (Figure 2.2). 

 

 

Figure 2.2. Circuit model of the chinchilla middle-ear cavity. 
The addition of six elements to the cavity model of branch a in Figure 2.1 to account for 1) the 
placement of a hole into the superior cavity of the chinchilla middle ear (subscript 1), and 2) the 
placement of a hole into the posterior wall of the tympanic cavity (subscript 2). Each hole is 
modeled by the addition of an inertance (Lrx#) that models sound flow through the hole, placed in 
series with a parallel inertance and resistance (subscript r#) modeling the impedance associated 
with radiation of the sound into the atmosphere (Beranek, 1993). 
 

C. Parameter values set by anatomy and structure 

Where possible, model parameters were determined from anatomical values. The 

compressibility (compliance) of air within closed and nearly-closed cavities, and the compliances 

of membranes and joints are described by electrical capacitors. Translationally-oscillating media 
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of known mass (i.e. inertance) and moments of inertia of mechanical masses that undergo 

rotational motion are represented as inductances. Damping and energy absorbance within the ear 

are represented by resistors. The middle-ear cavity compliances were constrained by the 

measurements of the equivalent volume of the combination of the two compliances made by 

Rosowski et al. (2006): 

 𝐶! + 𝐶! = 𝐶!"!#$ =   
!"!!"
!!"#!!"#

! = !"#"$%
!!"#!!"#

!      (2.7) 

where ρair is the density of air, cair is the speed of sound in air, Vp and Vt are the volumes of the 

superior and tympanic cavities, and Vtotal = 2 cm3. The masses of the malleus-incus complex and 

the stapes are related to the inertances Lo and Lst by the appropriate transformer values: 

 𝐿! = (𝑚𝑎𝑙𝑙𝑒𝑢𝑠 + 𝑖𝑛𝑐𝑢𝑠  𝑚𝑎𝑠𝑠)  /  𝐴!"!      (2.8) 

 𝐿!" = 𝑠𝑡𝑎𝑝𝑒𝑠  𝑚𝑎𝑠𝑠  /   𝐿!!𝐴!"!           (2.9)  

As the stapes inertance Lst is in series with that of the cochlear inertance Lc, and the Zwislocki 

model does not distinguish between the two, the early optimization passes (Steps 1–5 described 

below) were made with Lst set to zero. Later, the stapes inertance was constrained by Equation 

2.9. 

D. Computer-automated objective optimization procedures 

As is described in more detail below, the techniques for estimation of circuit model 

parameters included multiple passes through a computer-automated objective optimization 

procedure. This fitting procedure involved iterative perturbations of model parameters to produce 

a ‘best’ fit of model outputs to the magnitude and phase of experimentally determined system 

functions. The MATLAB function fminsearch was adapted for this purpose. The computed 

outputs of either the entire circuit model or particular model segments were fit to experimental 
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data describing the magnitude and phase of system equations relevant to either the complete 

model or the studied segment, using the Nelder-Mead simplex method (1965) for solving 

multidimensional optimization problems invoked by fminsearch. This iterative method produced 

an ‘optimum’ parameter set associated with a minimum in a ‘cost’ function.  

Ideally, the cost associated with the fit to each data set is the mean of the square of the 

difference between the model output and the experimental data normalized by the experimental 

data at each frequency point summed over m frequencies (Equation 2.10), where y is the model 

output and yo is the experimental data. This normalization converts the deviation into a fraction 

of the measured values. This generalized formula was sufficient for fitting the model to phase 

data (after adding 2π to each of the phases as described below). In the case of magnitudes, 

because the experimental data range over several orders of magnitude, the logarithm (base 10) of 

both the experimental and model magnitudes were used to estimate the cost (Equation 2.11), as 

non-logarithmic cost estimates that include normalization by the target value emphasized the fit 

at data regions with small magnitude and high signal-to-noise ratios. The calculation of the 

logarithmic magnitude costs in Equation 2.11 did not include explicit normalization to the 

experimental data, as the calculation of the logarithm provided an implicit normalization to the 

common reference value, where the log quantities were implicitly referenced by a value of 1 of 

the same units (e.g. a reference value of 1 mm–s-1Pa-1 was used to convert the model and 

measured |SVTF| to log values). The total cost (Equation 2.12) is the root-mean-square of the 

costs associated with the n = 6 system equations (3 magnitude and 3 phase). Equal weight was 

given to the cost of the magnitude and phase of the transfer functions, and each transfer function 

was weighted equally. 
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 costphase =
!!!! !

!!
!!

!
 (2.10) 

  costmagnitude =
!"# ! !!"# !! !!

!
  (2.11) 

 total  cost = !"#$ !!
!

 (2.12) 

The measured and model phases in some frequency ranges originally included zero as a 

possible value.  Since normalization by a measured phase near zero would greatly increase the 

cost (Equation 2.10), a +2π shift was applied to the wrapped experimental and model phases 

before the cost was calculated. This cycle phase-shift was undone before plotting the results. 

     The first set of parameter values for the initial iteration of the model were based on an 

optimized version of the Zwislocki human middle-ear model parameters (Bowers and Rosowski, 

2016). The application of fminsearch results in the iteration of perturbations of all variable 

parameter values simultaneously, and the calculation of the total cost associated with the updated 

parameter set.1 For each run, this repeated perturbation and recalculation of the cost was iterated 

(on the order of 10000 times) until the predicted parameters stabilized at an ‘optimum’ value.  

An example of how the parameter values were altered during a single optimization run is 

illustrated in Figure 2.3. 

                                                

1 At the start of an optimization run, a set of n+1 vertices is created in an n-dimensional space, 
where n is the number of parameters being optimized. Each vertex comprises the initial 
parameter values, with a single, unique parameter value adjusted by 5%. The set also includes a 
vertex having coordinates of the initial parameter set without adjustment. The cost resulting from 
each vertex (parameter set) is calculated, and the centroid of the n lowest-cost vertices is 
calculated. The highest-cost vertex is subjected to multiple transformations, about the centroid of 
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Figure 2.3. Visualization of circuit-model parameter optimization. 
An example of a single automated objective optimization run of the MATLAB fminsearch 
algorithm. Parameter values normalized by their starting ‘initial’ value are shown as a function 
of the number of iterations of the algorithm. Total cost is calculated using Equation 2.12 and 
accounts for fitting the model to the magnitude and phase of ZME, SVTF, and ZC. Significant 
changes in parameter values occurred during the first 8000 iterations, but stability was achieved 
by 9500 iterations. 
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Due to the high probability of multiple local minima in the total cost associated with 

optimization of the 14 or more variable model parameters solved for in each iteration, hundreds 

of automated optimization runs (each of which included thousands of iterations) were performed 

after forced variations in the starting parameter values: before each run, we applied a separate 

randomized multiplication factor (over a specified range) to each of the parameter values used to 

initiate the optimization run. Each of these runs resulted in a unique set of parameters and a cost 

value. The final output of the hundreds of runs was the stable parameter set with the lowest cost. 

 A complication of the Nelder-Mead simplex method is that limits cannot be placed on 

possible parameter value solutions. In order to prevent negative parameter values (i.e. negative 

compliances, masses, or resistances), the absolute values of those chosen by the algorithm were 

used to calculate the system outputs at each iteration of the automated process. 

E. Manual optimization procedures 

To supplement the computer-automated objective optimization procedures, manual fitting 

procedures were implemented. The purpose of manual fitting was either to test whether the 

model could be improved beyond what the automated process produced, or to correct the 

objectively-fit parameters to anatomically realistic values. The manual fitting procedures were 

guided by (i) visual inspection of the model outputs relative to the experimental data and (ii) 

‘sensitivity analyses’ that tested how controlled changes in each of the parameter values altered 

the cost of the model. 

Visual inspection was performed via a graphical user interface (GUI) (supplemental Figure 

A.1). The GUI allowed adjustment of individual parameter values while displaying in real-time 
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the predicted model transfer functions superimposed on the measured data, and the cost 

associated with the adjusted model parameter set. 

The sensitivity analyses tracked how the total cost was affected by isolated ±5, ±10 and 

±20% changes in each of the individual parameters. Those changes in parameter values that led 

to decreases in cost indicated a less-than-optimal fit to the data. The single parameter that 

produced the largest alterations in cost was identified and its value set to minimize cost. The 

analysis was repeated until the parameters appeared optimum. The change in cost as a function 

of parameter value perturbation is not necessarily monotonic, hence it is important to examine 

varying degrees of change. For example, increasing a parameter by 5% may increase cost, but 

further increases in the same parameter value may result in a cost reduction. If all parameter 

changes increase the cost, the given parameter set is judged a potential globally-optimal set.  

 

 

Figure 2.4. Expanded cochlear network. 
Expanded cochlear network. An inertance Lrw and resistance Rrw were added to the cochlear 
network, allowing calculation of the sound pressure in the scala tympani PST. 
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F. Estimation of round-window compliance  

After multiple sets of automated and manual optimizations determined an optimum set of 

model parameters for the elements described in Figures 2.1 and 2.2, the cochlear network of the 

original Zwislocki model was expanded to include several new elements that allowed model 

estimates of scala tympani sound pressure (PST). Fitting the expanded model to PST 

measurements helps constrain the round-window compliance, and allows future model 

calculations of the pressure difference across the cochlear partition. In experiments by Ravicz 

and Rosowski (2013a), sound pressures were measured simultaneously in the ear canal near the 

TM and in the two cochlear scalae, including the sound pressure in the scala tympani near the 

round window.  

To enable accurate estimation of PST, two elements were added to the cochlear network 

(Figure 2.4): an inertance to model the mass of a column of water-like perilymph between the 

scala tympani sound-pressure sensor and the round window (Lrw), and an associated resistance 

(Rrw). Such elements have been introduced in multiple previous studies that modeled 

measurements of Pst (Nedzelnitsky, 1980; Olson, 2001; Nakajima et al., 2009; Frear et al., 

2018).2 As was the case for the vestibule sound pressure, the prediction of the target 𝐏𝐒𝐓!  was 

calculated by removing the implicit effect of the middle-ear transformers on the model 

representation of PST: 

               𝑷𝑺𝑻! = 𝑷𝑺𝑻𝐴!𝐿!      (2.13) 

                                                

2 The physical cause of these additional elements has been associated with either the force used 
to move the small column of fluid between the PST measurement point and the round window 
(RW), the mass and resistance of the RW, or some combination. The fitted acoustic inertance we 
define as Lrw can be attributed to cylinder of water or cross-section equal to the RW area and 
length of 1.25 mm.  The computed length is a good approximation of the distance between the 
RW and the PST measurement location (Ravicz and Rosowski, 2013a). 
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 A single automated optimization run was used to find the values of Crw, Lrw, and Rrw that 

best fit measurements of 𝐏𝐒𝐓!  normalized by the sound pressure in the ear canal PTM (Ravicz and 

Rosowski, 2013a).  

 

 

Figure 2.5: Flow chart of model development. 
 

Constrain 9 of the independent middle-ear cavity parameters
       Step 1) Estimate Cp, Ct, and La from intact-cavity impedance measurements
       Step 2) De!ne Ra and Rt by 200 runs of automated optimization; Lh requied
       Step 3) Use the two cavity-hole radii to constrain the radiation impedances 
                          Rr1, Rr2, Lr1, and Lr2 

Computer-automated optimization of 14 middle-ear and cochlear parame-
ters; cavity parameters de!ned above and transformer ratios !xed by anatomy
       Step 4) 200 automated runs with initial values varied by a factor of 10±3

       Step 5) 200 automated runs with step 4 values varied by a factor of 10±3

Manual adjustment of 26 model parameters 
       Step 6) Constrain stapes inductance Lst by stapes mass; introduce Lrx1 and Lrx2
       Step 7) Manual !tting of all de!ned model parameters using GUI and cost estimate
       Step 8) Repeated sensitivity analyses to !ne-tune all parameters

Computer-automated optimization of 16 middle-ear and cochlear parame-
ters; cavity parameters, transformer ratios, and stapes inductance !xed by step 8
       Step 9a) 200 automated runs with step 8 values varied by a factor of 10±0.25

                 9b) 100 automated run with step 8 values varied by a factor of 10±0.5

                 9c) 100 automated run with step 8 values varied by a factor of 10±1

                 9d) 100 automated run with step 8 values varied by a factor of 10±2

                  9e) 100 automated run with step 8 values varied by a factor of 10±3

  
 Manual adjustment of 26 model parameters 
       Step 10) Adjust Lrx1 and Lrx2 for consistency with anatomic cavity volumes
       Step 11) Repeated sensitivity analyses to !ne-tune all parameters
             
Expansion of cochlear network to include Lrw and Rrw
       Step 12) One automated run with all but Crw, Lrw, Rrw, Lc, and Rc !xed; Lrw+Lc and 
                         Rrw+Rc  are constrained by Step 11 Lc and Rc ,respectively.
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G. Complete procedure for fitting model elements  

The procedures for determining the model parameters that best describe the transmission of 

air-conducted sound through the chinchilla middle ear are summarized in Figure 2.5. Our process 

tries to minimize the number of free parameters that are subject to optimization by exploring 

different sections and elements by optimization while separated from other parts of the circuit. 

Figure 2.5 describes 12 steps. 

Steps 1 through 3 describe the initial concentration on an accurate and complete model of the 

air-filled middle-ear cavity based on the model structure and published measurements of the 

acoustic impedance of the cavities (Rosowski et al., 2006). (Optimization of 9 model 

parameters.) In Step 1, measurements of the cavity impedance at low and middle frequencies 

were used to fix values of the cavity volumes (directly related to Cp and Ct) and inertance La of 

the aditus that connects them. In Step 2, the circuit structure of branch a in Figure 2.1 with 

circuit parameters defined by Step 1, and initial parameters for Ra, Rt, and La from the Zwislocki 

circuit were used as inputs to 200 automated optimization runs used to fix Ra, Rt, and La for later 

fitting procedures. In Step 3, estimates of the radii of the two openings into the middle-ear cavity 

were used to fix the four radiation impedance parameters included in Figure 2.2 (Lr1, Lr2, Rr1, and 

Rr2). The additional inertances in Figure 2.2 (Lrx1 and Lrx2) were set to zero. 

Steps 4 and 5 are independent sets of 200 computer-automated objective optimization runs to 

fit the magnitude and angle of ZME, SVTF, and ZC measured with the middle-ear cavities in the 

open state. In these steps, the cavity model parameters were fixed at the values defined by Steps 

1 through 3, and AR and LR (area and lever ratios) were fixed at their anatomically-defined 

values. For reasons described above, the inertance associated with the stapes mass Lst was also 

fixed at zero. The 14 other elements in branches b through e of Figure 2.1 were adjusted in both 
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steps. In Step 4, human-defined initial values were used for all varied elements, and each initial 

value was individually randomly varied (by a factor between 0.001 and 1000) before each of a 

series of 200 optimization runs. The 14 resultant parameters of the run with the lowest cost were 

used as initial values to Step 5. In Step 5, as above, before each of 200 optimization runs, each 

initial parameter value was individually varied by a random factor between 0.001 and 1000. The 

14 resultant parameters of the Step 5 run with the lowest cost define these elements in further 

stages. 

Steps 6 through 8 were manual adjustments of the model parameters guided by calculations 

of the cost of the fit. Step 6 introduced new model elements. The inertance of the stapes Lst was 

fixed at a value derived from its anatomical mass and the contribution of the two transformers 

(Equation 2.9). Additional cavity parameters Lxr1 and Lxr2 were added to the circuit, with initial 

values set by manual adjustments in the next step. Step 7 was a manual adjustment of the circuit 

values using the GUI to provide visual comparisons of the model predictions and the measured 

magnitude and phase of ZME, SVTF, and ZC with middle-ear cavities in the open state. Twenty-

six parameters could be adjusted including: the two radii that fix the four radiation impedance 

elements in Figure 2.2, the other 22 elements of Figures 2.1 and 2.2 (including those added in 

Step 6), the TM area, and malleus-incus lever ratio. Step 8 was a complete sensitivity analysis on 

the individual effects of variations in each of the 26 model parameters to fine-tune the manual 

adjustments of Step 7.  

In Steps 9a-e, computer-automated objective optimization runs were performed. Each 

substep of Step 9 allowed the optimization process to explore a unique range of initial values. 

Sixteen of the circuit parameters (including Lrx1 and Lrx2 introduced in Step 6) were variable, 

while the 9 middle-ear cavity parameters, the stapes inertance (Lst), and the two transformer 
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ratios (AR and LR) were fixed at the values defined by Step 8. All sub-steps of Step 9 used the 

fixed and modified parameter values of Step 8 as initial values, but a varying range of 

randomization factors (10±n) was applied to the initial variables: in Step 9a, n = 0.25 (200 runs); 

in Step 9b, n = 0.5 (100 runs); in Step 9c, n = 1 (100 runs); in Step 9d, n = 2 (100 runs); in Step 

9e, n = 3 (100 runs). The purpose of these repeated optimization-run sets was to search for the 

true global minimum in cost. 

Steps 10 and 11 were manual adjustments. In Step 10, the GUI was used to manually adjust 

Lrx1 and Lrx2, as the value of Lrx1 from Step 9 was not anatomically realistic and because of the 

interplay between Lrx1 and Lrx2 and their effects on the middle-ear transfer-function outputs. All 

other parameters were fixed by the result of Step 9. The modification of Lrx1 and Lrx2 in Step 10 

required adjustment of certain parameters; in Step 11, Lrx1 and Lrx2 were maintained at their 

manually set values, but the other 24 model parameters (including those associated with the 

middle-ear transformer ratios) were subjected to repeated manual sensitivity analyses for fine-

tuning. 

In Step 12, the cochlear network was expanded to allow predictions of the sound pressure in 

scala tympani near the round window (Pst) by adding the inertance Lrw and resistance Rrw in 

series with Crw. The values of Lrw and Rrw were constrained along with the values of Lc and Rc so 

that the total cochlear inertance and resistance were unchanged from that defined in Step 11. 

Specifically, the value of Lrw plus the new value of Lc must equal the value of Lc defined in the 

previous step. A similar constraint was placed on Rrw and Rc. New parameter values for Lrw, Lc,, 

Rrw, Rc, (indirectly by varying Lratio = Lrw/(Lrw+Lc) and Rratio = Rrw/(Rrw+Rc)) and an updated value 

of the round-window compliance Crw were determined—optimization of 3 model parameters—

by a single computer-automated optimization run (randomization of initial values did not 
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produce unique results) that fit the model outputs to the 𝐏𝐒𝐓! /PTM measurements of Ravicz and 

Rosowski (2013a). All other parameter values were fixed.  

 

III. Model fits 

A. Model of the middle-ear air spaces 

The parameters of the two inter-connected chambers of the intact middle-ear cavity (branch a 

of Figure 2.1) that incorporate the tympanic and superior cavities (the former with volume 

approximately 3 times that of the latter, and both totaling approximately 2 cm3) were 

independently analyzed from the rest of the model (TM, ossicles, and cochlea). Step 1 fixed the 

model parameters that describe the cavity compliances (Ct and Cp) and the inertance of the aditus 

(La) that connects them, based on a combination of manual and automated fittings to 

measurements of the input impedance of the cavity, with intact walls, made at frequencies 

between 0.1 and 2 kHz (Figure 2.6a). The low-frequency impedance (at 0.2 kHz, arrow 1 in 

Figure 2.6a) can be attributed to the parallel compliances of the two air-filled cavities, with the 

relationship described by the following equation: 

 
𝒁𝑴𝑬𝑪 !!!.!!"# ≈

!
!"!! !!!!

→ 𝐶! 1+ 𝐴! = !
!"!!"# !!!.!  !"#

 (2.14) 

where ZMEC is the impedance of the middle-ear cavity, Ct is the compliance of tympanic cavity, 

AV is the compliance ratio of the superior cavity Cp to the tympanic cavity Ct (which equals the 

ratio of the volumes of the superior and tympanic cavities), and the angular frequency is ω = 2πf. 

Unlike human (Molvaer et al., 1978), there is little inter-individual variation in the total volume 

of the chinchilla middle-ear cavity (Vrettakos et al., 1988). 
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Figure 2.6 Middle-ear cavity. 
Impedance of the fitted intact (no holes) middle-ear cavity superimposed on the averaged data of 
Rosowski et al. (2006). The middle-ear cavity model parameters were defined by fitting its 
parameter values to the measured data using a combination of observations from the mean 
impedance data and the automated optimization technique. Arrow 1 indicates the frequency at 
which the summed cavity compliances were estimated. Arrow 2 indicates the frequency at which 
the inertance La was calculated; (b) middle-ear cavity network with a series TM hole inertance 
that was included in the middle-ear cavity network during this step to represent the perforation in 
the TM (Voss et al., 2001) that was present during the experimental measurements. 

 

The process of determining the middle-ear cavity parameter values was repeated with AV 

values between 0.2 and 0.4 with AV = 0.35 yielding the lowest cost and best fit. The inertance La 

associated with the aditus between the two cavity regions was estimated from the frequency near 

the lower-frequency minimum in magnitude where the angle of the measured cavity impedance 
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is zero (at 1.49 kHz, arrow 2 in Figure 2.6a). The minimum in magnitude and zero angle of the 

impedance are due to the series resonance between La and Cp (Step 1); at the resonant frequency 

ωo, the imaginary part of the cavity impedance is zero and La can be calculated from Cp and the 

square of the resonance frequency: 

 𝐼𝑚𝑎𝑔 𝒁𝑴𝑬𝑪 !!!.!"!"# ≈ 𝑗𝜔!𝐿! +
!

!!!!!
= 0 → 𝐿! =

!
!!!!!

 (2.15) 

As noted by the thin solid line in Figure 2.6a, the cavity model described by branch a of 

Figure 2.1 explains many of the features of the cavity impedance measurements made in 

chinchilla (the dashed line in Figure 2.6a) at frequencies below 2.5 kHz, but it does not explain 

the second minimum in impedance magnitude and the increasing angle seen at higher 

frequencies. This difference probably occurs because the cavity impedance measurements were 

performed in chinchillas with large (~4 mm2) TM perforations (Rosowski et al., 2006). An 

appropriately-valued inertance (Lh) (Figure 2.6b) associated with such large perforations (Voss et 

al., 2001) improved the model fit to the impedance at higher frequencies (thicker solid line of 

Figure 2.6a). In Step 2, the automated optimization process was used to determine a resistance of 

the tympanic cavity (Rt), resistance of the aditus (Ra), and the inertance Lh that best fit the 

measurement in Figure 2.6a, while Ct, Cp, and La were held constant with the values defined in 

Step 1. The magnitude of Lh determined by the optimization is 3.8e-3 kg–m-4, and is consistent 

with a perforation size of 1.7 mm in radius (Equation 2.16; a and l are the radius and length of 

the perforation):  

      𝐿! ≈   𝜌!"#𝑙/(𝜋𝑎!)+
!!!"#!.!

!"
        (2.16) 

Equation 2.16 assumes that the inertance Lh accounts for the mass of air within the 

perforation as well as the mass portion of a radiation impedance at both ends of the perforation; 
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the resistance portion of the radiation impedance is not considered. While the contribution of Lh 

was important to fit the cavity model to the cavity impedance measurements of Rosowski et al. 

(2006) at the higher frequencies, the measurements used to describe branches b through e of the 

model were made with an intact TM, and the perforation inertance (Lh) was not included in our 

later analyses. 

While the TM was intact in the measurements used to define the rest of the model, two holes 

were made in the middle-ear cavity to access structures within it: one hole opened the superior 

cavity to the outside (and allowed access to the tensor tympani tendon, which was cut in all of 

the measurements), and a second posterior hole opened the tympanic cavity to the outside (and 

allowed access for stapes velocity and inner-ear sound pressure measurements). In Step 3, we 

amended the cavity model structure to the model of Figure 2.2 that includes the effects of the 

holes and the impedance associated with sound radiation from the holes. The radiation 

impedances were defined by two elements in parallel (Figure 2.2), having parameter values that 

depend on the radius of the holes: 

 𝑅!!,! =
!!"#!!"#
!!!

 (2.17) 

 𝐿!!,! =
!.!!!"#
!"

 (2.18) 

where Rr and Lr are the resistance and inertance associated with the radiation impedance, and r is 

the radius of the hole. Middle-ear cavity subscripts 1 and 2 note the superior cavity and tympanic 

cavity, respectively. Radii of 3.9 mm and 2.5 mm, estimated from a specimen used in the 

experiments of Ravicz and Rosowski (2013b), were used to calculate the radiation impedance 

parameters of the superior cavity and tympanic cavity holes, respectively. 
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B. Original automated fitting of 14 middle-ear and cochlea parameters: Steps 4 and 5 

With branch a of Figure 2.1 replaced by the circuit of Figure 2.2, and with most elements of 

that branch fixed by Steps 1-3 (at this point Lrx1 and Lrx2 were set to zero), the parameters of the 

ossicularly-uncoupled TM (branch b), ossicle-coupled TM and malleus-incus complex (branch 

c), incudostapedial joint (branch d), and the series combination of the stapes inertance, annular 

ligament and oval window compliances, and cochlear elements (branch e) were approximated by 

automated fitting (Steps 4 and 5) to measured ZME, SVTF, and Zc data (2012; 2013a; b). (The 

stapes inertance was set to zero and unchanged throughout this fitting step.) 
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Figure 2.7. Outputs of model at various stages of optimization. 
Outputs of model Steps 3, 5, 8, and 12 with superimposed experimental data. Model fits are 
compared to experimental data of Ravicz and Rosowski (2012; 2013a; b). 
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Figure 2. 7 (continued) 
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The initial values for the automated optimizations of branch b, c, and d elements were from 

an optimized version of Zwislocki’s (1962) human middle-ear model (Bowers and Rosowski, 

2016). Initial values of the cochlear resistive and inertial parameters (in branch e) were 

determined by manual fitting to the cochlear input impedance (Zc) data (Figure 2.7d). The 

magnitude of the measured cochlear input impedance (Ravicz and Rosowski, 2013b) is relatively 

flat up to approximately 600 Hz, after which it increases with increasing frequency. This 

frequency dependence suggests the series combination of a resistance Rc =1.88e6 kg–s-1m-4 and 

inertance Lc = 1.46e2 kg–m-4, where their values in the model depend on the middle-ear 

transformer ratios. The resistive effect is assumed to result from the distributed mass and 

stiffness of the scala fluids and basilar membrane, while the inertance term describes the effect of 

a mass of fluid between the stapes footplate and the cochlea, as described by Zwislocki (1962). 

The stapes footplate mass was set to zero, and any inertance in branch e determined by the 

iterative process was attributed to Lc. The annular ligament (Cal) and round window (Crw) 

compliance initial values were defined by the optimized Zwislocki model (Bowers and 

Rosowski, 2016), as there is no obvious compliance-dominated region in the cochlear input 

impedance data (Figure 2.7d). The transfer-function predictions produced by these mixed human 

and chinchilla initial values of the 14 middle-ear elements are illustrated as the Step 3 predictions 

in Figure 2.7, where the large deviations between the measured and Step 3 model ZME, SVTF, 

and GME are the direct result of the use of human model parameters at this stage. 

During the Step 4 and 5 automated fittings, the middle-ear lever ratio LR and stapes footplate 

area were fixed at 2.84 and 0.0198 cm2, respectively (Vrettakos et al., 1988). The effective TM 

area was constrained to a pars tensa area of 0.70 cm2 (maximum; Rosowski, 1994), such that AR 



47 

  

= 35.3. The transformer ratios have a large effect on both the element predictions and the target 

data (e.g. Equations 2.3, 2.4 and 2.5), and allowing them to vary freely led to highly inconsistent 

element definitions. 

Two sets of 200 computer-automated optimization runs fit the element-dependent transfer 

functions of the model to the six target system equations, including: the magnitude and phase of 

the input impedance of the ear (ZME: Figure 2.7a), the magnitude and phase of the stapes 

velocity transfer function (SVTF: Figure 2.7b), and the magnitude and phase of the cochlear 

input impedance (Zc: Figure 2.7d). The measured middle-ear gain (GME: Figure 2.7c) was used 

in the manual fitting procedures, but was excluded from the automatic fitting, as GME is directly 

related to the combination of Zc and SVTF. The system functions with the model parameters 

produced by Step 5 (Figure 2.7) were better fits to the target data than the system functions 

produced by the model with human-based elements (Step 3 in Figure 2.7).  

C. Introduction of additional model parameters and manual fitting: Steps 6, 7 and 8 

 Two shortcomings of the model results of Step 5 are its lack of an explicit stapes inertance, 

and the poor fit of the model predictions to the prominent notch in the magnitude and phase near 

2.7 kHz seen in the middle-ear dependent transfer functions (Figures 2.7a, b, and c). To address 

the first weakness, Step 6 partitioned the branch e inertance into the cochlear inertance Lc and the 

inertance of the stapes Lst, where the latter was initially set by the transformer ratios and a stapes 

mass of 0.52 mg using Equation 2.9. 

The 2.7 kHz notch in the measured magnitude and phase of ZME, SVTF, and GME is 

thought to result from an anti-resonance that results from the parallel combination of the 

compliances of the middle-ear cavity and inertances associated with sound flow out the cavity 
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holes (Figure 2.2) that were introduced to observe and manipulate the middle ear (Rosowski et 

al., 2006). While the model used in Step 5 contains an anatomically defined radiation inertance, 

that inertance neither produces the notch seen in the data, nor does it account for the fraction of 

air within the cavities that is accelerated by sound flow out the cavity hole. This additional 

inertance at the two cavity holes was added in Step 6 by including non-zero Lrx1 and Lrx2 into the 

cavity model with holes in the cavity wall (Figure 2.2).   

After introducing these new elements, the model parameters were refined using the GUI to 

visually fit the model predictions to data from ZME, SVTF, Zc, and GME simultaneously (Step 

7). All 26 model parameters introduced by this point (22 circuit-model element values, 2 middle-

ear transformer ratios, and the 2 radii of the cavity holes that controlled the radiation 

impedances) could be varied. In Step 8, repeated sensitivity analyses were performed in which 

the parameter with the greatest impact was altered to minimize the cost. These cost-guided 

manual adjustments were repeated until the cost associated with each of the parameters appeared 

to be minimum. The initial sensitivity analyses of Step 8, which tested the sensitivity of the cost 

to the parameters defined in Step 7, are illustrated on the left in Figure 2.8. The panels illustrate 

the fractional change in cost due to ±5%, ±10%, and ±20% variations in individual parameters 

while all other parameters were held constant. The 26 parameters are arranged along the 

horizontal axis, where the correspondence between the 26 sensitivity-analysis numbers (SA #) 

and the parameter names are included in Tables II and III. The existence of decreases in cost 

associated with changes in the 26 parameters in these panels indicate that Step 7 did not produce 

an optimum parameter set. 
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The transfer functions predicted by the parameter set defined by Step 8 show a clear notch 

near 2.7 kHz in the magnitude and phase of SVTF, GME, and the phase of ZME, but the notch in 

ZME magnitude is less well-defined (Figure 2.7a, b, and c). 

 

Figure 2.8. Sensitivity analyses. 
Parameters were altered ±5%, ±10%, and ±20% and the change in cost was calculated. Shown is 
the change in cost produced by perturbations in each of the 26 parameters; the SA # of each 
parameter, which describes its position along the horizontal axes, is in Tables II and III. The 
sensitivity analysis of resulting parameter set of Step 7 is shown on the left; the deviations from 
unit values demonstrate some residual non-optimum parameter values.  The Step 11 results on 
the right are consistent with an optimum parameter set, as the perturbations do not decrease the 
cost. Parameters 25 and 26 are the transformer ratios. 
 

D. Step 9: final automated optimization 

Our sensitivity analyses do not guarantee the resulting parameter set is the ‘best’ fit, therefore 

additional automated fitting steps were performed. Middle-ear cavity parameters, the middle-ear 

transformer ratios, and the value of Lst were fixed at the values defined in the previous step, and 
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16 parameters (including Lrx1 and Lrx2) were variable. In Steps 9a-e, a set of automatic fits were 

performed in which unique, random multiplication factors were applied to the parameter initial 

values of Step 8. The purpose was two-fold: i) to search in the nearby cost-function space for a 

lower-cost parameter set, where the resulting parameters are not significantly different from the 

initial values (small randomization factors), and ii) to search for an equally good, or better set of 

system parameters that could be significantly different than those determined heretofore (large 

randomization factors). A multiplication factor having a range of 10±n was applied to each 

parameter, where n = 0.25, 0.5, 1, 2, or 3. A set of 200 optimization runs was performed for n = 

0.25, while 100 optimization runs were performed for n = 0.5, 1, 2, and 3.  The optimization runs 

of these two steps produced little change in the model parameter set and the predicted transfer 

functions. 

E. Steps 10 and 11: final manual fitting and sensitivity analysis 

Step 10 invoked the GUI to adjust any parameters defined by Step 9 that were inconsistent 

with anatomical values. Specifically, Step 9 defined inertance Lrx1, representing the air mass of 

the superior cavity resulting from the bulla hole, with a mobile volume of air of 23.5 cm3, which 

is an order of magnitude greater than the volume of the cavity itself. Manual fitting guided by the 

dimensions of the cavity resulted in an Lrx1 with a radius and length consistent with a volume of 

0.53 cm3. This alteration emphasized the 2.7 kHz dip in the magnitude of ZME. In Step 11, a final 

sensitivity analysis that investigated alterations in all 26 defined model parameters led to other 

small adjustments. The final outcome of this analysis was a stable cost value that could only be 

increased by changes in parameter values (Figure 2.8, right). 
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F. Step 12: Expansion of cochlear network to better define Crw 

By the end of Step 11, most of the parameters of the model were well-defined by a 

combination of anatomy and the repeated manual and automated optimization steps. An 

exception was the round-window compliance Crw whose value had little influence on any of the 

transfer functions used to estimate the model parameter. The lack of a well-defined Crw would 

interfere with the model’s ability to predict the sound pressure in the scala tympani 𝐏𝐒𝐓!  (Figure 

2.4), a value needed to define the sound pressure across the cochlear partition, a good indicator 

of the acoustic stimulus to the organ of Corti (Olson, 1999; Nakajima et al., 2009). Direct 

measurements of 𝐏𝐒𝐓!  normalized by sound pressure in the ear canal at the TM do exist (Ravicz 

and Rosowski, 2013a) and a last optimization run was used with the target data described in 

Figure 2.9.  

An additional complication in modeling 𝐏𝐒𝐓!  measurements is that the physical location of 

these measurements is some small distance from the round window, therefore, we separated out a 

fraction of the cochlear inertance and resistance (Lc and Rc), determined by the first 11 steps of 

our fitting procedure, to describe the inertance and resistance (Lrw and Rrw) of a small column of 

perilymph between the 𝐏𝐒𝐓!  measurement location and the round window (Nedzelnitsky, 1980; 

Olson, 2001). These terms would also account for any inertance or resistance associated with the 

RW membrane (Nakajima et al., 2009; Frear et al., 2018). 

A single run of the automated fitting procedure was used to determine Crw and what portions 

of Lc and Rc can be attributed to Lrw and Rrw; values of Lrw and Rrw were determined indirectly by 

optimizing the percent of Lc and Rc, respectively, they were assigned. (Optimization of 3 model 

parameters.) Lrw and Rrw were initialized at 10% of the total cochlear inertance and resistance. 

All parameters of the middle ear, Lst, Crw, and transformer ratios were fixed. A single automated 
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optimization run with thousands of iterations was performed, with initial parameter values taken 

from Step 11, and with target data of the measured magnitude and phase of 𝐏𝐒𝐓! /PTM. Test 

randomizations of the initial values of the variable parameters did not alter the stable values that 

resulted from the one optimization run. Figure 2.9 illustrates an excellent fit between the target 

and the predicted sound-pressure ratios. The transfer functions predicted by the expanded model 

parameter set produced by Steps 11 and 12 show a good match to much of the data set (Figure 

2.7).   

 

Figure 2.9. Cochlear model fit to intracochlear sound-pressure data. 
Fitting the model prediction of 𝐏𝐒𝐓!  normalized by ear canal sound pressure, based on the 
parameter set determined from Step 12. The data is from Ravicz and Rosowski (2013a). 
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G. Fitness of parameter sets 

The total costs associated with the different modeling steps are listed in Table 2.1, and show 

a general improvement of the fit of the model ZME, SVTF, and Zc to the target data (Figure 2.7). 

The large cost from Step 3 reflects a combination of chinchilla middle-ear cavity and optimized 

human middle-ear parameters (Bowers and Rosowski, 2016). The first optimizations of the 

parameters of Figure 2.1 branch b through e, produce a large reduction in cost (Steps 4 & 5).  

Cost in general continued to decrease as the original model was refined. The lowest cost was 

produced by the final manual adjustments and the introduction of a realistic Crw by the additional 

fitting to the data of Figure 2.9. 

 

Table 2.1. Total cost of the fit after Steps 3 through 12 
Output of step Cost Output of step Cost 

3 0.703 8 0.0985 
4 0.111 9 0.0971 
5 0.106 10 0.0900 
7 0.113 12 0.0818 

 

H. Final Model parameters 

The model parameters that resulted from Step 12 are listed in Table 2.2 (middle-ear cavity) 

and Table 2.3 (middle ear, cochlea, and transformer ratios). Resistance values have units of  

kg–s-1m-4, inertances have units of kg–m-4, and compliances have units of m4s2kg-1. The 

anatomical equivalents of parameters that can be directly related to anatomical features, such as 

cavity volumes, introduced hole sizes, and ossicular mass, are listed in Table 2.4. 
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Table 2.2. Middle-ear cavity network parameter values of Step 12 output.  
All values are in MKS units. Resistance values have units of kg–s-1m-4, inertances have 
units of kg–m-4, and compliances have units of m4s2kg-1. SA # is the number assigned 
to the parameter for the sensitivity analysis. The paired radiation resistances and 
inertances Rrx and Lrx are linked in the SA by the radius of the holes. 

Parameter Output of Step 12 SA # 
Ra 3.83 e7 1 
La 3.18 e2 2 
Cp 3.62 e-12 3 
Rt 1.60 e6 4 
Ct 1.04 e-11 5 
Rr1 8.23 e6 21 
Lr1 7.39 e2 21 
Rr2 2.69 e7 22 
Lr2 1.33 e2 22 
Lrx1 2.53 e2 23 
Lrx2 2.59 e2 24 

 

Table 2.3. Middle-ear and cochlea parameter values of Step 12 output.  
All values are in MKS units. Resistance values have units of kg–s-1m-4, inertances have 
units of kg–m-4, and compliances have units of m4s2kg-1. SA # is the number assigned 
to the parameter for the sensitivity analysis. 

Parameter Output of Step 12 SA # 
Rd1 8.34 e 6 6 
Rd2 8.29 e6 5 
Cd1 1.36 e-12 8 
Cd2 2.05 e-12 9 
Ld 1.02 e3 10 
Ro 7.51 e6 11 
Lo 1.9 e3 12 
Co 2.07 e-6 13 
Rs 3.18 e5 14 
Cs 1.70 e-12 15 
Lst 17.5 16 
Cal 1.10 e-10 17 
Rc 3.15 e6 18 
Lc 2.27 e2 19 

Crw 2.89 e-9 20 
Rrw 6.24e4 NA 
Lrw 68.8 NA 

TM area 0.668 cm2 25 
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Lever 2.83 26 
FP Area 0.0198 cm2  

 

 Table 2.4. Anatomical equivalents for parameters of Step 12 output.  
Anatomical equivalents of middle-ear cavity parameter values are listed below, as well 
the effective malleus-incus complex mass and the mass of the stapes. 

Anatomy Output of Step 12 
Tympanic cavity volume 1.47 cm3 

Tympanic cavity hole area 0.490 cm2 
Superior cavity volume 0.513 cm3 

Superior cavity hole area 0.150 cm2 
Malleus-incus mass 7.56 mg 

Stapes mass 0.616 mg 
Volume of Lrx1 0.531 cm3 
Volume of Lrx2 0.0509 cm3 

  

IV. Discussion 

A. Degree of fit of the different parameter sets  

Outputs from Step 3 in Figure 2.7 indicate that constraining the middle-ear cavity based on 

middle-ear impedance data and initializing the cochlear parameters based on cochlear input 

impedance data is not sufficient for producing a good fit to middle-ear transfer-function data 

when the remaining parameters are set to values determined for the human middle ear. 

Outputs of the first automated fitting steps (Step 5 in Figure 2.7) are already quite similar in 

magnitude and phase to the experimental data (Ravicz and Rosowski, 2012; 2013a; b), with a 

few exceptions: i) The notches seen in GME and SVTF at approximately 2.7 kHz are not 

captured, ii) the model does not capture the two distinct |ZME| maxima at approximately 1.3 kHz 

and 4.2 kHz (a broad peak is predicted), iii) the model underpredicts middle-ear transfer function 

magnitudes at frequencies below 600 Hz, and iv) the model does not fit the angle of Zc well at 

frequencies above 1 kHz. 
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The addition of Lrx1 and Lrx2 in manual fitting Steps 7 and 8 reproduces the 2.7 kHz notch in 

the middle-ear transfer functions. The further addition of an inertance to model the stapes mass 

shifts the high-frequency maximums of |SVTF| and |GME| to a lower frequency, however, this 

is not obvious in Step 8, as the effect of the stapes addition was balanced by a decrease in 

cochlear inertance Lc. 

As with earlier steps, the model of Step 12 underpredicts the magnitude of SVTF and GME 

at frequencies below 600 Hz, with the largest discrepancy located about the peaks, between 200-

300 Hz and at 300 Hz, respectively. The magnitude of these transfer functions are directly 

related to the middle-ear transformer ratios, and the resistive component of the cochlea. It is 

unclear as to why the automated-optimization method was unsuccessful in generating a 

parameter set that better fits the magnitude of SVTF at lower frequencies (the cost of the 

automated process did not account for the fit to GME), but it may be due to the fixing of the 

middle-ear transformer ratios. During the manual fitting procedure, although the transformer 

ratios could be adjusted, it was not possible to improve the fit to the low-frequency magnitudes 

of SVTF and GME simultaneously. The final model under predicts both, as altering the 

transformer ratios to better fit one transfer function magnitude caused a worse fit to the other. 

There is also a tradeoff in the model fit to the magnitude and angle of the cochlear input 

impedance above a few kHz.  The series combination of Rc and Lc can be set to produce a 

reasonable fit to the magnitude of Zc (as in Figure 2.7d), but at the cost of overestimating the 

angle of Zc above 3 kHz. A reduction in Lc can produce a better fit to the Zc angle, but will lead 

to a decrease in the fit of the magnitude.
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Figure 2.10. Outputs of complete air-conduction model. 
Chinchilla ME transfer functions with the middle ear closed or with two holes in the cavities. 
Shown are magnitude and phase of model outputs (thick solid line) of Step 12 and experimental 
data (dashed line) of (a) ZME, (b) SVTF, (c) GME, and (d) Zc. Data are from Ravicz and 
Rosowski (2012; 2013a; b).  In (a-c), the model outputs of Step 12 with the middle-ear cavity 
parameters set to the closed-bulla (no hole) condition (thin solid line) are shown as a comparison 
of middle-ear conditions. 
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Figure 2.10 (continued) 
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B. Comparison of model parameters to known structures  

Compliance of the total middle-ear cavity volume is described in the model by the parallel 

compliances of Ct and Cp with volumes of 1.47 cm3 and 0.513 cm3, respectively, resulting in a 

total middle-ear cavity volume of approximately 1.98 cm3. Average chinchilla middle-ear 

volumes of (1.2, 1.5, 2.0, 2.2, 2.8) cm3 have been cited (von Bismarck, 1967; Drescher and 

Eldredge, 1974; Teas and Nielsen, 1975; Vrettakos et al., 1988; Rosowski et al., 2006). The 

volume of the superior cavity was measured in two chinchillas (one ear each). The individual 

measurements were 0.527 cm3 and 0.680 cm3. Our fitting results that describe the ratio of the two 

cavity volumes AV as 0.35 and the sum of the volumes as 2 cm3 are roughly consistent with this 

anatomical observation AV = Vp/Vt = 0.6/(2-0.6) = 0.42. 

From Equation 2.8, the inertance of the coupled TM, malleus, and incus, Lo is related to the 

effective ossicular mass Mo, where Mo = Lo(ATM)2 and ATM is the tympanic-membrane area. With 

ATM = 0.60 cm2 and Lo = 1.9x103 kg–m-4, the predicted malleus-incus mass from Step 12 is 7.56 

mg.  Thirteen chinchilla malleus-incus complexes (with intact manubrium) from experiments 

were stored in saline and later weighed. The average mass was 12.9 mg. Since this malleus-incus 

mass (along with the mass of the coupled TM) rotates around supporting ossicular ligaments near 

its center of gravity (Sim et al., 2007), the calculated Mo is reasonable. 

The inertance representing the stapes mass was added to the circuit in Step 6 with a value of 

13 kg–m-4, which is equivalent to a stapes mass of 0.52 mg with LR = 2.86 and ATM = 0.70 cm2 

(Equation 2.9). This inertance was modified in Step 8 to a value of 17.5 kg–m-4 (equivalent to a 

mass of 0.65 mg) and remained fixed in Step 9. Because Step 11 included adjustments of ATM, 

LR, and Lst, the final stapes mass became 0.62 mg, which is 55% greater than the 0.4 mg 

measured by Vrettakos et al. (1988). 
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The area of the tympanic cavity hole was also modified during the final manual fitting 

process (Step 11) from 0.190 cm2, based on the measured tympanic cavity hole of a single 

representative chinchilla ear, to 0.150 cm2. This is a reasonable change given the amount of 

variation expected in cavity hole size across experiments. 

The inertance terms in the cochlear input impedance can be described in terms of quantities 

of water-like fluid. Zwislocki (1962) suggested Lc corresponded to a small column of fluid 

between the footplate and the cochlear partition, and Nedzelnitsky (1980) and Olson (2001) 

suggest that some component of Lrw may be attributed to a small column of RW-entrained fluid 

positioned between the 𝐏𝐒𝐓!  measurement site and the RW. Using the model transformer ratio, we 

can convert the acoustic inertances seen at the TM to those that appear at the footplate. These 

acoustic inertances can then be converted to mechanical masses by multiplying by the square of 

the area of the footplate (Zwislocki, 1962). After these transformations, the masses associated 

with the optimized Lc and Lrw are 8.11 mg and 2.46 mg, respectively. Assuming these correspond 

to volumes of water-like fluid, the volumes are 8.11 and 2.46 microliters, respectively. If we 

assume these volumes are cylindrical with a cross-section equal to that of the footplate area, ~2 

mm2, the length of the cylinders are 4.05 and 1.23 mm, respectively. The first is about twice the 

distance between the footplate and the cochlear partition in chinchilla, while the second is a 

reasonable estimate of the distance between the 𝐏𝐒𝐓!  measurement site and the RW. 
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C. Effect of closing and opening the cavity on middle-ear sound transmission 

While we have fit the middle-ear model to data gathered with the middle-ear air cavity open 

to enable ossicular manipulations and measurements, the air cavity is closed in the intact animal. 

Closing the chinchilla air cavity is expected to have two effects (Rosowski et al., 2006): i) an 

increase in the stiffness of the ear at low frequencies that results in an increase in the magnitude 

of the middle-ear impedance at low-frequencies, and a concomitant decrease in the magnitude of 

SVTF and GME, as sound transmission to the inner ear is reduced; ii) a change in the frequency 

and depth of the near 2.7 kHz notches in middle-ear transmission that result from an interaction 

of the cavity compliance and the inertance of the introduced holes.  

Closing the cavity holes in our model by replacing the cavity model of Figure 2.2 with that of 

Figure 2.1 produces such effect, as observed in Figure 2.10. In that figure, we compare the model 

predictions based on the parameter values from Step 12, with the open cavity data, and model 

predictions made after closing the model’s cavities as described above. The model changes are 

consistent with both an increase in the stiffness of the ear that increases |ZME| and reduces 

|SVTF| and |GME| at frequencies below 800 Hz, alters the frequency and depth of the mid-

frequency notches in ZME magnitude and phase, and nearly eliminates the mid-frequency notches 

observed in SVTF and GME magnitude and phase. 
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Figure 2.11. The effect of opening the cavity on middle-ear transmission. 
The dB difference between the intact and opened cavities in either |SVTF| or |YME|. The effect in 
the model is shown as a solid line (Step 12), the effect measured by Rosowski et al. (2006) is 
dash-dotted line, and the effect measured by Ruggero et al. (1990) is shown as a dashed line. The 
× markers show the frequency resolution in the Ruggero data. 
 
 
 
 

To further compare the cavities contribution to middle-ear function, we compare the model 

predictions to measurements of the effect of opening holes in the walls of the chinchilla middle-

ear cavity, which has been evaluated by multiple investigators (Dallos, 1970; Drescher and 

Eldredge, 1974; Teas and Nielsen, 1975; Ruggero et al., 1990; Rosowski et al., 2006). In all of 

these studies, at frequencies below 0.7 to 1 kHz the effect of the opening the middle ear was an 

increase in the magnitude of middle-ear sound transmission by as much as 20 dB at 100 Hz. 

Figure 2.11 shows the effect of opening cavity holes on the magnitude of the model SVTF along 
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with the SVTF data of Ruggero et al. (1990) and YME (1/ZME) of Rosowski et al. (2006). (The Y 

ratio is computed from YME measured with middle-ear cavity holes similar to those in the Ravicz 

studies, set 2 of Figure 2.12 of Rosowski et al., divided by the mean admittance measured with 

intact but vented middle-ear cavities, Figure 3A of that paper.) There is much in common 

between the model prediction and the data sets, but some differences. In the 2 to 3 kHz region, 

the model predicts opening the cavities introduces a narrow notch (a narrow-band decrease) in 

the magnitude. This notch is not seen in the Ruggero et al. data, which did not have a high 

enough frequency resolution to see such a notch, while in the Rosowski et al. data, which is 

based on mean data, the notch is somewhat spread in the frequency domain. 

Such a notch, and an accompanying rapid change in phase angle is a common observation of 

the effect of placing holes in the cavity wall (Guinan and Peake, 1967; Ravicz et al., 1992; 

Rosowski et al., 2006). In chinchilla, the frequency of the notch has been demonstrated to 

depend on the size of the cavity holes (Rosowski et al., 2006). The ZME, SVTF, and GME data 

and fits in Figure 2.10 demonstrate the model was able to match the magnitude notch and phase 

change after the introduction of the additional hole associated inertances Lrx1 and Lrx2 in Step 6. 

The dependence of the notch on the addition of Lrx1 and Lrx2 points out that simply including 

anatomically correct cavity hole radiation impedances in the model did not produce the notch. 

We associate the necessary inertances Lrx1 and Lrx2 with some fraction of the formerly-enclosed 

air volumes being accelerated by sound as the sound particles move in and out of the holes. If we 

assume these air columns have a cross-sectional area equal to the area of the opening of the 

middle-ear cavities Ah, the volume of the accelerated air columns can be calculated by the 

following equation: 
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These hypothetical accelerated air volumes after the manual fitting of Step 11 are 0.531 cm3 

for Lrx1 and 0.0509 cm3 for Lrx2. These volumes are about 1/3 of the Ct volume and about a tenth 

of the Cp volume. Our fitting procedure has not reduced the compliant air volumes by these 

fractions. 

D. Possible additional complexity needed to model the low-frequency cochlea 

The lumped-element model of the cochlea used in the fitting procedure is based directly on 

the simple cochlear model proposed by Zwislocki (1962) of a series resistance Rc and inertance 

Lc. Such a model does a good job of matching the load the cochlea places on the middle ear at 

frequencies between 0.1 and 3 kHz (Figure 2.7d). However, there are cochlear structures with 

effects not included in our model that may contribute to the cochlear load on sound transmission, 

in particular the helicotrema, which is thought to affect the cochlear input impedance at low 

frequencies (Dallos, 1970; Lynch et al., 1982; Motallebzadeh et al., 2017b). Dallos (1970) 

attributed variations in the frequency dependence of the cochlear microphonic in chinchillas that 

occurred at frequencies below 0.3 kHz to the helicotrema. Consistent with such an effect, 

irregularities in the frequency-dependence of the chinchilla middle-ear impedance were observed 

in the same low-frequency range (Rosowski et al., 2006), and these irregularities were decreased 

by removal of the cochlear load. It is possible that the lack of a helicotrema in our model 

contributes to the model’s failure to precisely fit both ZME and SVTF data at frequencies of 0.3 

kHz and below. The significance of such low-frequency effects in our future bone-conduction 

model is reduced by the limited bandwidth, 0.2 to 8 kHz, of our bone-conduction stimuli. 
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Step 12 was performed to determine the round-window compliance, as automated 

optimizations did not predict a value that contributed to the resulting transfer function and 

impedance outputs in any way. The final value of Crw, although being important for fitting the 

model to the normalized scala tympani sound pressure measurements, had little impact on the 

cochlear input impedance and middle-ear transfer functions. 

E. Comparison to the model of Lemons and Meaud (2016)  

As noted above, Lemons and Meaud (2016) used the Songer and Rosowski (2007b) data to 

produce circuit-element and two-port transmission-matrix descriptions of the chinchilla middle 

ear that they modified to investigate inter-species difference in middle-ear function. A significant 

difference between our and the Lemons and Meaud approach is that they chose significantly 

different transformer values (TM to footplate area ratios AR = 0.8/0.0198, and malleus-incus 

lever ratio LR = 3.7) that they fixed before fitting the model. While we fixed our model 

representation of the footplate area to the same value (0.0198 cm2), we initiated LR = 2.86 and 

ATM = 0.7 cm2 with different values from the literature, and we used sensitivity analyses to direct 

manual adjustments in LR and ATM.  As noted previously, the cost of the different model fits was 

quite sensitive to LR and ATM, and the fitting procedure led to downward adjustments in both of 

these quantities. The result of this different approach is a sizeable difference between the overall 

transformer ratio of our ((ATM/AFP) x LR = 78.8) and the Lemons and Meaud models ((ATM/AFP) x 

LR = 148). This difference, coupled with differences in model structure, make it difficult to 

compare the element values of the two models. 
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F. Model limitations and weaknesses 

 1. Cochlear network 

Much of the finer frequency dependence in the experimental Zc data (Ravicz and Rosowski, 

2013b) is not captured by the model, nor is the less than quarter cycle phase at higher 

frequencies, as these behaviors cannot be reproduced by a simple series RLC network. Some of 

the complexity in the data may be associated with the shunting of volume velocity through 

additional sound pathways such as the cochlear and vestibular aqueducts. Such additional 

complexity in Zc could explain similar differences between the measured and the model-

predicted |GME| and |SVTF| (Ravicz and Rosowski, 2013a; b). A more-complicated 

representation of the cochlea will be necessary to model the mechanisms of the inner-ear bone-

conduction source (Stenfelt, 2016). 

2. 3D motion of ossicular chain 

Our lumped-element model does not account for observations of complex 3D motion of the 

ossicular chain (Decraemer et al., 1994). This limitation is shared by the experiments of Ravicz 

and Rosowski (2013a; b), in which the stapes velocity was measured only in the direction normal 

to the stapes footplate. In human, over the range of 0.5 to 8 kHz, rocking motions of the stapes 

are on the same order of magnitude as its linear motion along an axis perpendicular to the stapes 

footplate (Sim et al., 2010). Puria and Steele (2010) suggest that in larger mammals, such as in 

human and cat, asymmetry in TM area with respect to the axis defined by the length of the 

manubrium may cause rocking motion of the ossicles. This differs from smaller mammals such 

as the guinea pig and chinchilla, in which there is symmetry of the TM area about this same axis. 

It may then be the case that complex motions of the ossicular chain of the chinchilla are limited 

to complex modes of motion of the TM resulting from other asymmetries in the membrane. 
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V. Conclusion 

A relatively simple circuit of the middle ear and cochlea that is developed from air-conduction 

hearing data will serve as the basis for a model for bone-conduction hearing in chinchilla. The 

model was developed by fitting various model outputs to middle-ear input impedance, middle-

ear cavity and transfer-function data, and cochlear input impedance. Parameters that are direct 

circuit analogs of anatomical features served as model constraints. The model captures the salient 

features of the data and predicts the effects of middle-ear cavity holes. The greatest difference 

between the model output and experimental data is in the cochlear input impedance. 

Automatic fitting procedures were used that led to decreases in the squared difference (the 

cost) between target data and model predictions. A GUI also allowed manual fitting that was 

guided by the quantified total cost of the model fit to the experimental data, and sensitivity 

analyses that quantified the effect of parameter changes on cost. In some cases, automatic fitting 

produced erratic results, such as when the stapes mass, transformer ratios of the middle ear, and 

the annular ligament compliance were allowed to vary. The final parameter values make sense 

both anatomically and mechanically and are in general agreement with those found in literature. 

Our model fits middle-ear transfer functions and impedances (Ravicz and Rosowski, 2012; 

2013a; b) at frequencies below 10 kHz. No attempt was made to fit to higher-frequency data; we 

expect phase discrepancies above 10 kHz because our model does not contain any explicit delay 

term, and such delays have been observed in chinchilla middle-ear data at higher frequencies 

(Ravicz and Rosowski, 2013a; b). 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3. Characterization of chinchilla external-ear source of bone-conducted 

sound 
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Abstract. We are adapting a model for air-conducted sound in chinchilla to include multiple 

data-defined bone-conduction sources. Here, the magnitude and phase of two hypothetical 

vibration-driven external-ear bone-conduction sources (EEBCs) are estimated using ear-canal 

sound-pressure (ECSP) measurements, during BC stimulation. The measurements were made in 

the normal ear and after external and middle-ear modifications. The EEBC estimates required 

model estimates of the acoustic impedance of (a) the middle ear in the different measurement 

states, and (b) the reverse ear-canal impedance in the open and occluded states. Results suggest: 

1) motion of both the cartilaginous and bony portions of the ear canal generate BC-induced 

ECSP; 2) ECSP measured during bone-conduction stimulation is dominated by the EEBC as 

manipulations of the ossicular chain (i.e. ossicular fixation and ISJ interruption) that effectively 

isolate the ear canal from the middle and inner ear, do not greatly affect the estimates of the 

EEBC magnitudes; 3) The relative motion of the jaw with respect to the ear canal has little effect 

on the measured ECSP. Compound action potentials (CAP) measurements before and after 

various manipulations of the ear, which quantify the effect of the EEBCs on the inner ear’s 

response to bone-conduction stimulation, suggest they contribute to hearing across a large 

frequency range when the ear canal is both occluded and open.  
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I. Introduction 

Bone-conduction (BC) hearing, elicited by sound pressure transmitted to the inner ear by 

skull vibration, is used clinically to diagnose and treat middle-ear disease. Medical BC devices 

work by bypassing the pathologic external and/or middle ear (with pathologies produced by ear-

canal atresia, otosclerosis, ossicular discontinuity, or other disorders) allowing the inner-ear 

mechanisms of BC to stimulate the organ of Corti. The mechanisms of BC are not fully 

understood, as skull vibrations travel along multiple pathways to the inner ear. Here we examine 

one BC pathway: the external-ear component of BC hearing that is related to sound pressure 

produced in the ear canal by vibratory stimuli. The external-ear pathway is hypothesized to result 

from the oscillating compression and expansion of the ear-canal walls that perturbs the ear-canal 

volume and generates a sound pressure within the canal. We model these vibration-induced 

changes in the ear-canal volume by a pair of ideal volume-velocity sources, where the magnitude 

of the generated sound pressure depends on the complex magnitude of the vibration-related 

sources as well as the acoustic impedances of the middle-ear and the air in the ear canal. In the 

normal ear, this sound pressure is transmitted to the inner ear by way of the ossicular chain, 

following the same pathway used to conduct air-conducted sound to the inner ear. 

In addition to the external-ear bone-conduction sources (EEBCs), other BC sources transmit 

sound energy to the inner ear: the middle-ear BC source is associated with relative motions 

between the stapes and the cochlea that result from ossicular inertia; inner-ear source 

mechanisms include fluid (perilymph) inertia, cochlear-bone compression and expansion 

(Stenfelt and Goode, 2005), and sound pressures produced within the cranium that are 

transmitted to the inner ear via “third-window” pathways, including the cochlear and vestibular 

aqueducts (Freeman et al., 2000), and perineural and perivascular channels. 
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The EEBCs are commonly associated with the occlusion effect, the expected increase in 

perceived bone-conduction sound when the external ear canal is occluded, specifically at low 

frequencies. A long-standing theory, developed by Mach (1863), was that the low impedance of 

the open ear canal allows sound energy, which enters the cochlea via other routes, to escape to 

the outside world via the ear canal. Under this hypothesis, occlusion of the ear canal increased 

ECSP due to the increased impedance loading the sources within the inner ear. This idea was 

challenged by experiments which compared bone-conduction evoked ECSPs in the normal ear 

and after the tympanic membrane (TM) was resected. Resection of the TM should cause a 

decrease in the ECSP if the sound energy originates within the inner-ear, but this was not the 

case (Tonndorf, 1976). In 1930, several scientists independently formed the idea that occluding 

the ear simply eliminates air-borne masking noise, effectively increasing the sound perceived 

through bone-conduction stimulation (Hallpike, 1929; Dean, 1930; Pohlmann, 1930). It was later 

shown that this could not be the only mechanism, as the cochlear microphonic increases along 

with the perceived loudness when the ear canal is occluded (Tonndorf, 1976). The occlusion 

effect has continued to be studied by others looking at changes in ECSP (Fagelson and Martin, 

1994; Stenfelt et al., 2003), and/or changes in hearing thresholds (Edgerton and Klodd, 1976; 

Berger and Kerivan, 1983). It is now commonly understood that normally a significant fraction 

of the sound energy generated within the ear canal by ECBC sources exits the ear via the low-

impedance open ear canal, and occlusion of the ear canal, forces more sound energy into the 

middle ear.  

Békésy (1932) first reasoned from experimental observations that only the cartilaginous 

portion of the ear canal is capable of sufficiently compressing the air within the canal, producing 

an acoustic pressure, and that if the occlusion were inserted deep to the bony canal, no noticeable 
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increase in sound pressure would result. Moreover, Békésy concluded that any notable sound 

pressure generated within the occluded ear canal would be due to relative motion of the 

mandibular joint (which is located just inferior to the cartilaginous ear canal) with respect to the 

canal, as the mandible is not fixed to the skull. Contribution of jaw motion to BC hearing has 

been supported subjectively by changes in bone-conduction hearing when the jaw is clenched 

and relaxed (Littler et al., 1952). Further support for the importance of the mandible comes from 

a study in which BC-induced ECSPs were measured in normal subjects and subjects who 

underwent a hemimandibulectomy (a portion of the mandible is removed) (Howell and Williams, 

1989). The occlusion effect at the side of resection was diminished with respect to the effect 

measured in the ear canal of the contralateral side. However, Allen and Fernandez (1960) 

reported that in two patients who underwent unilateral mandibular resection, an occlusion effect 

was recorded, at similar magnitudes, in both ears. Stenfelt and colleagues (Stenfelt et al., 2003) 

found that resection of the lower jaw in cadaver heads did not significantly alter the measured 

ECSP. 

 Stenfelt and colleagues (2003) investigated the EEBCs by looking at the BC-induced 

ECSP and umbo velocity in the cadaveric human ear. In addition, they investigated potential 

contribution of the inner- and middle-ear mechanisms to BC-induced ECSP by quantifying the 

ECSP that results from TM motions produced by driving the ossicles in reverse (driving the 

vestibular side of stapes footplate). Their results suggest that in humans a) the occlusion effect is 

as great as 20 dB at frequencies below 2 kHz, b) the occlusion effect is diminished but not 

eliminated by removal of the cartilaginous portion of the ear canal, c) relative motion of the jaw 

with respect to the ear canal does not contribute significantly to the BC-induced ECSP, and d) 

motion of the TM contributes little to BC-induced ECSP. Also, comparisons of the ratio of umbo 
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velocity to ECSP—during BC and AC stimulation suggested, e) BC hearing in humans is 

dominated by the EEBC at frequencies between 0.4 and 1.2 kHz when the ear canal is occluded. 

The mechanisms of bone conduction and its use in diagnosing the pathologic ear have been 

studied in various animals, including the cat (Tonndorf et al., 1961; Marres, 1965), guinea pig 

(Legouix, 1959; Kanagawa and Tokimoto, 1982), mouse (Chhan et al., 2017), and chinchilla 

(Songer et al., 2003; Chhan et al., 2013; Chhan et al., 2016b). The choice of a non-human animal 

model in the current study was motivated by the ability to record acoustic, mechanical, and 

neural responses in normal and manipulated ears; procedures that are not readily performed in 

live humans. Furthermore, similarities to humans in the frequency range of hearing and in the 

dimensions of the chinchilla middle and inner-ear structures makes this rodent especially well-

suited for study, while one major difference, the lack of mastoid air-cells in chinchilla, allows for 

greater intraspecies consistency across measurements. A potential confounding factor in relating 

chinchilla-derived measurements to human is that the cartilaginous portion of the chinchilla ear 

canal projects from the skull and its muscle layers and is not contained within the soft-tissues of 

the head as it is in human. 

The mechanisms of the EEBC and the occlusion effect (Schroeter and Poesselt, 1986; 

Stenfelt and Reinfeldt, 2007), and the contribution of the EEBC to BC-hearing (Stenfelt, 2016) 

in human have been studied using a lumped-element circuit model approach. The latter model 

incorporates a 2-source representation of the EEBC to account for the distributed nature of 

sources along the ear canal. The effect of static pressure on transmission of BC-induced ECSP to 

the inner ear has been studied with a finite-element model (Homma et al., 2010). 

Here, the magnitude and phase of the EEBCs are estimated from new ear-canal sound-

pressure measurements together with model impedance predictions. The predicted impedances of 
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the middle ear and cochlea come from a chinchilla AC circuit model (Bowers et al. 2019). The 

ear canal is modeled by a structure-based concatenation of finite conical horns, and its acoustic 

impedance is derived from a series of transmission matrices representing these conical segments 

(Beranek and Mellow 2012). The influence of jaw motion on the BC-induced ECSP is 

investigated, as well as the potential contribution of non-external ear BC sources to the sound 

pressures generated within the ear canal. The contribution of the EEBC to BC hearing is 

estimated by comparison of compound action potentials (CAPs) at threshold, during BC 

stimulation, in the normal and manipulated chinchilla ear. 

II. Methods 

A. Preparation 

All experiments were performed in accordance with guidelines published by the U.S. Public 

Health Service and were approved by Massachusetts Eye and Ear Institutional Animal Care and 

Use Committee. Sixteen live chinchillas were used in this study. In some experiments in which 

only mechanical and/or acoustic measurements were performed (neural responses were not 

measured), cadaveric chinchilla heads were used (n = 14, most used the ear that was unused 

during the live animal experiments). In all experiments in which electrophysiological potentials 

were measured, the animals were alive and deeply anesthetized; initial doses of 0.05 mg/kg of 

atropine and 3 mg/kg of Xylazine (subdermally), and 25 mg/kg of ketamine (intramuscularly) 

were administered, and supplemental doses of either ketamine or a mixture of ketamine and 

Xylazine (intramuscularly) were administered as needed. The animal’s body temperature was 

regulated at a normal level (38°C ± 1°) and its heart rate was monitored. A tracheotomy was 

performed and a tracheal cannula inserted. Holes were made in the superior and posterior bullae 
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(Figure 3.1A). The tensor-tympani tendon was cut by way of the superior bulla hole. Through the 

posterior bulla hole, a portion of a bony wall that follows the bone covering the tympanic 

segment of the facial nerve, was removed to provide a view of the incudostapedial joint (ISJ), 

while making sure not to remove bone to which the stapedius muscle was connected (Figure 

3.2). A hole was placed in the bony portion of the external-ear canal near the TM. A probe-

microphone positioning sleeve was inserted into the hole so that the medial end of the inserted 

probe was approximately 5 mm away the umbo and 1mm below the superior portion of the 

tympanic ring (Figure 3.1A).  Due to the tented shape of the TM and the constrained orientation 

of the probe-tube microphone, the microphone was closer to the perimeter of the TM than to the 

umbo. The average distance from microphone to TM was about 1.7 mm. 

A 3 mm diameter hole was drilled into the top of the skull down to the dura mater. A 

stainless-steel mount designed for a bone-anchored hearing aid (BAHA) was fitted 

approximately 1 mm into the hole and was fixed in place with dental cement (Figure 3.1B).  

B. Data acquisition  

1. Stimuli and measured responses 

The vibratory stimuli used for the ECSP measurements consisted of a series of pure sinusoids 

ranging from 200 Hz to 10 kHz at logarithmically-spaced frequencies with a 24 

frequencies/octave spacing. The stimulus waveforms were generated by a Hewlett Packard 

33120A waveform generator. The output of the waveform generator was conditioned by a TDT 

System 3 attenuator, Krohn-Hite 3901 filter, and a Crest 1001A power amplifier, before driving 

the BAHA attached to the chinchilla skull. One of two BAHAs were attached to the skull-mount; 

either a BAHA© 3 (BP100) or a BAHA© 5 SuperPower. The skull-motions produced by these 
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devices were measured with laser doppler vibrometry; the measured head velocity was used to 

normalize all other measured quantities. 

Electric responses to pure tone stimulation were averaged for periods of 0.25 (typical) to 1 

second, depending on the strength of the response signals. Fourier analysis of the average tone 

data via a custom software package (the High-frequency Measurement System, written by author 

MER in LabView®) allowed the definition of the magnitude and phase of the stimulus-frequency 

component and an estimate of measurement noise from frequency components near the stimulus 

frequency. The velocity and sound pressure data presented in this report include only responses 

that met or exceeded a 10 dB signal-to-noise criterion; signal was compared to noise floor at ± 3 

frequencies points about the frequency of interest. 

2. Skull velocity 

Skull velocity was measured using a Polytec CLV1000 laser Doppler vibrometer (LDV). The 

LDV measured the vibration-induced velocity of the outer surface of a portion of the superior 

bulla (along a bulla septum when possible) and was most sensitive to motion in the rostral-caudal 

direction (Figure 3.1B). Skull velocities induced by BC stimulation ranged from approximately 

0.1 nm/s to 1 mm/s. 

3. Ear canal sound pressure 

Ear canal sound pressures (ECSPs) within 1.7 mm of the TM (PTM) were measured using a 

calibrated Knowles microphone and attached probe tube. A custom pre-amplifier boosted the 

signal by 20 dB before the voltage was recorded. The microphone voltages were converted to 

sound pressure amplitude and phase. 

4. Compound action potentials 
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Compound action potentials were measured to assess the influence of the BC-induced ECSP 

on the cochlear stimulus. A National Instruments data acquisition system (PXI-8119,-4461,-

6122), controlled by custom software package (Cochlear Function Test Suite) written in the 

LabVIEW Programming Environment, was used for recording CAPs (Maison et al., 2007) 

during bone-conduction stimulation. An electrode was placed in contact with the cochlear 

promontory, approximately 1 mm inferior to the round window. Access to the cochlear 

promontory was achieved through an opening in the posterior tympanic cavity. The electrode 

response was amplified 1000x by a Grass Instruments pre-amplifier with 300 Hz to 3000 Hz 

bandpass. Stimuli were 8.5 ms tone bursts of (0.2, 0.25, 0.31, 0.4, 0.5, 0.63, 0.79, 1.0, 1.26, 1.59, 

2.0, 2.52, 3.17, 4.0, 5.04, 6.35, and 8) kHz. Stimulus level was adjusted in 5 dB steps. Responses 

were averaged from 24 measurements at each frequency. Thresholds were the lowest sound 

pressures that reliably produced a visible N1 (early negative peak associated with the cochlea). 

 
 

Figure 3.1. Chinchilla experimental setup. 
A) Illustration shows the placement of the microphone for recording ECSPs at the TM, 
placement of the electrode to measure CAPs, the earplug (or silicone) for occlusion of the 
opening of the bony canal, and location of holes placed in the superior and posterior bullae. B) 
The BAHA post is placed and cemented 1 mm deep within a 3 mm diameter hole drilled into the 
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skull along the sagittal suture and just posterior to the coronal sutures. The LDV measures skull 
velocity from the bone at the top of the posterior bulla, at the back of the head and in a near 
posterior-anterior direction. 
 
 

 

Figure 3.2 Access to the incudostapedial joint. 
The posterior bulla hole allowed access to the incudostapedial joint and round window. A 
portion of bony wall that follows the posterior facial canal is removed when the ISJ is not 
otherwise visible. 
 

C. Estimation of external ear BC source magnitude and phase  

Sound pressure measurements near the TM were combined with model estimates of middle-

ear and ear-canal acoustic impedance to characterize the EEBC sources. We first approximated 

the EEBC by a single ideal (unaltered by the load placed on it) point volume-velocity source 

located within the external ear canal just lateral to the TM. This source described the sinusoidal 

change in ear-canal volume change due to the summed compressions and expansions of the canal 

walls. (A more precise model would be a set of sources distributed along the canal walls 

throughout the external ear canal.) The definition of the source depended on measurements of the 

ECSP at the TM (PTM) evoked by bone-conduction that may contain contributions from other 
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sources, e.g. the motion of the TM or sound air-conducted sound radiated by the BAHA that 

enters the ear canal. These possible contaminants are dealt with later.   

If we consider the walls of the canal to be much stiffer and more dense than air, the acoustic 

load impedance ZS on a sound source near the TM is the parallel combination of the reverse ear-

canal input impedance ZEC (the impedance looking out the ear canal from the TM, e.g. Rosowski 

et al. 1989) and the middle-ear input impedance ZME, as described in Figure 3.3 and Equation 

3.1. 

 𝒁𝑺 =
𝒁𝑬𝑪⋅𝒁𝑴𝑬
𝒁𝑬𝑪!𝒁𝑴𝑬

 (3.1) 

As noted above, ZME was defined by an earlier model of the middle ear. We modeled ZEC with a 

concatenation of anatomically defined conical horns represented by a two-port transmission 

matrix (described below) that is terminated by either a radiation impedance (unoccluded ear) or 

an open circuit (occluded ear) (Figure 3.4). 

 

Figure 3.3. Placement of EEBC source. 
Block diagram of external-ear bone-conduction source and impedances seen by source: reverse 
input impedance of the external ear canal ZEC, and the middle-ear input impedance ZME. 
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Figure 3.4. Model of external ear canal. 
The external ear canal impedance ZEC is modeled by a transmission matrix coupled to a 
termination impedance, shown enclosed by a dashed line. The termination impedance here is a 
radiation impedance, representing the case of the unoccluded ear. The occluded ear termination 
impedance is modeled as an open circuit. 
 
 
 

 The volume velocity produced by the single EEBC (US) was calculated with the external ear 

either occluded (US_OC, Equation 3.2) or unoccluded (US_UN, Equation 3.3).  

 𝑼𝑺_𝑶𝑪 =
𝑷𝑻𝑴_𝑶𝑪
𝒁𝑺_𝑶𝑪

 (3.2) 

 𝑼𝑺_𝑼𝑵 =
𝑷𝑻𝑴_𝑼𝑵
𝒁𝑺_𝑼𝑵

 (3.3) 

where PTM_OC and PTM_UN are measured sound pressures in the ear canal at the TM in the 

occluded and unoccluded case, respectively, and ZS_OC and ZS_UN are the load impedances acting 

on the source in the occluded and unoccluded cases.  In each external ear condition we estimated 

the single source with PTM measured under three different middle-ear conditions: normal, 

interrupted incudostapedial joint, and fixed incus-malleus (described below). In order to 

standardize measurements across animals and different experimenters, the measured sound 

pressures are normalized by the measured skull velocity Vskull, (supplemental Figure B.4) unless 

otherwise noted. Skull velocity measurements were consistent within individual experiments, 
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while skull velocities across experiments were less consistent, likely due to variations in 

coupling between the BAHA and skull. 

D. Estimation of ear canal impedance, ZEC 

1. Digital 3D model of ear canal  

A 3D reconstruction of the chinchilla auditory periphery, comprising the external, middle, 

and inner ear, was generated from microCT images from a single cadaveric chinchilla ear. The 

scan resolution was 36 µm3/voxel, the highest possible resolution for a specimen approximately 

78 mm in length and 35 mm in diameter. The scan was performed at the Ortho Biomechanics 

Lab at Beth Israel Deaconess Medical Center, Boston, MA. The 3D reconstruction was 

performed using Amira software. A view of a sectioned 3D representation of the ear is included 

as supplemental Figure B.1. 

2. Geometry of the cartilaginous canal 

The geometry of the cartilaginous portion of the ear canal was approximated by the 

concatenation of conical horn segments of equal length (0.72 mm) and varied cross-sectional 

areas determined from the 3D model of the canal (supplemental Figure B.2). The longitudinal 

axis of the cartilaginous canal was approximated by a straight line. The lateral opening of the 

model’s cartilaginous canal tube is located along the canal’s central axis and is described by the 

lateral-most location where the perimeter of the cartilage segment is first complete. Any effects 

of the cartilaginous pinna flange (more lateral locations where the perimeter is incomplete) 

should be relatively small (Beranek and Mellow, 2012) and are not considered. 
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3. Geometry of the bony ear canal 

The longitudinal axis of the curved bony canal was determined subjectively. Each cross-

section of the segmented representation of the bony canal in supplemental Figure B.2 represents 

a section that is orthogonal to the longitudinal axis in the 3D model. Distances between adjacent 

cross-sections were estimated by the straight-line distance between their intersection with the 

longitudinal axis. The total length of the ear canal, estimated at 10.16 mm, is similar to the 

summed length of the longitudinal axes of the cartilaginous and bony canals in supplemental 

Figure B.1. 

4. Reverse ear canal impedance 

Each conical-horn segment of the ear canal is represented as a 2-port network, and described 

by a transmission matrix T (Equation 3.4), where PT and UT are the pressure and volume velocity 

at the throat (smaller diameter opening of horn), and PM and UM are the pressure and volume 

velocity at the mouth of the horn (Beranek and Mellow, 2012). 

 𝑷𝑻
𝑼𝑻

=
𝒂𝟏𝟏 𝒂𝟏𝟐
𝒂𝟐𝟏 𝒂𝟐𝟐 ∙ 𝑷𝑴𝑼𝑴

= 𝑻 ∙ 𝑷𝑴𝑼𝑴
  . (3.4) 

Matrix elements of T are defined from the geometry of each segment (Equations 3.5-3.8) 

 𝒂𝟏𝟏 =
!!
!!

cos 𝑘𝑙 − !
!!!

sin 𝑘𝑙   , (3.5) 

 𝒂𝟏𝟐 = 𝑗 !!!
!!!!

sin 𝑘𝑙  , (3.6) 

 𝒂𝟐𝟏 = 𝑗 !!!!
!!!

!
!!!

− !
!!!

cos 𝑘𝑙 + 1+ !
!!!!!!

sin 𝑘𝑙  and (3.7) 

 𝒂𝟐𝟐 =
!!
!!

cos 𝑘𝑙 + !
!!!

sin 𝑘𝑙   , (3.8) 
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where SM and ST are the cross-sectional areas of the mouth and throat respectively, l is the length 

of the segment and xM and xT are related to the slope of the conical walls. Also, k is the wave 

number defined as 2π f/c; f is sound frequency in Hz; c is the propagation velocity of sound in 

air, and ρ is the density of air.  The geometric description of the conical horn is detailed in 

supplemental Equations B.1 to B.5 and Figure B.3. The impedances looking into the throat (ZT) 

and the mouth (ZM) of each horn segment are defined by: 

 

 𝒁𝑻 =
!!!𝒁𝑨𝑴!𝒂𝟏𝟐
𝒂𝟐𝟏𝒁𝑨𝑴!!!!

 (3.9) 

 𝒁𝑴 = !!!𝒁𝑨𝑻!𝒂𝟏𝟐
𝒂𝟐𝟏𝒁𝑨𝑻!!!!

 (3.10) 

E. Contribution of middle and inner ear BC sources in EEBC estimates 

External-ear volume-velocity sources were estimated from PTM measurements made in three 

middle-ear conditions: the normal middle ear, with the incudostapedial joint (ISJ) interrupted, 

and with the malleus-incus (MI) [in the chinchilla these ossicles are ankylosed into a single bone; 

(Vrettakos et al., 1988)] fixed to the cochlear promontory by dental cement between the distal 

incus and the bone surrounding the cochlear base. Immobilization of the MI greatly reduces any 

contribution of ossicular inertia and inner ear BC mechanisms to the measured PTM during BC 

stimulation. ISJ interruption removes contribution of inner-ear BC sources from the PTM 

measurements. Estimation of the EEBC in the three manipulated states required the definition of 

the middle-ear input impedances from our model of the chinchilla middle ear (Bowers et al. 

2019). 
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F. Isolation of contributions of cartilaginous and bony canals to EEBC 

As will be described, our initial results suggested the PTM measured with the unoccluded 

external ear might be better fit by 2 volume-velocity sources, one accounting for the contribution 

of the cartilaginous portion of the ear canal (Ucart) and a second source accounting for the 

contribution of the bony canal (Ubone). The two-source model terminated medially by the ME and 

cochlea, and laterally by the impedance associated sound radiating to the outside is illustrated in 

Figure 3.5A. The cartilaginous and bony canals are modeled as the two-port networks Tcart and 

Tbony, respectively. PEC is the sound pressure at the boundary between the bony and cartilaginous 

canals. A similar lumped-element circuit model was developed by Stenfelt and Reinfeldt (2007), 

with major differences being 1) their ear canal segments were modeled as a network of lumped 

elements, as opposed to two-port networks, and 2) the bony and cartilaginous canal sources were 

located midway along their respective canal segments, as opposed to being located at the most-

medial location of the segments. 
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Figure 3.5 Two-source representation of EEBC.  
(A) Expanded model of ear canal and it’s BC sources, and the middle ear and cochlea, and (B) 
model of occlusion of the medial end of the cartilaginous ear canal, which includes the rigidly 
terminated bony ear canal, the bony ear-canal source, and the impedance of the middle ear, and 
cochlea. 
 

 

We represent the bony-canal volume-velocity source Ubone in this model by our initial 

estimate of the EEBC in the occluded ear canal case, as the occlusion prevents any contribution 

of the motion of the cartilaginous canal walls to PTM (Figure 3.9B). If we assume Ubone is 

independent of the occlusion, and using superposition, the PTM produced by the cartilaginous 

source, Ucart, alone is described as the complex difference between the PTM measured when the 

canal is unoccluded and the PTM produced by Ubone in the unoccluded state. (The contribution of 

Ubone to the unoccluded PTM is computed from the source definition and the model.) The sound 

pressure PEC (due to the cartilaginous source alone) associated with the difference defined PTM 
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was then calculated using the ear-canal transmission matrices. Ucart (Figure 3.5A) was then 

defined as the ratio of its contribution to the BC-induced PEC to the impedance load on the 

cartilaginous-canal source produced by the parallel combination of the impedances due to the 

unoccluded cartilaginous canal and the impedance looking into the middle-ear-terminated bony 

canal. 

G. Estimation of lower-jaw motion to BC-induced ECSP 

 The contribution of relative motion of the lower jaw to the BC-induced ECSP was 

investigated by comparing PTM measurements made while the lower jaw was intact to those 

made after resecting the boney connection of the ipsilateral side lower jaw to the skull. 

(Resection of the jaw was performed only on cadaveric chinchillas.) Enough jaw and muscle 

were removed to prevent contact between the jaw and the ear canal; however, much of the jaw 

was left in place so as to not significantly alter the vibration-induced motion of the head. The 

external ear was intact and unoccluded. The ISJ was interrupted to minimize the effects of the 

middle and inner-ear BC sources on the measured ECSP; results from Methods section I suggest 

fixation of the ossicles is not necessary to isolate the effect of the external-ear source on the BC-

induced ECSP, and ISJ-interruption, although also unnecessary, is relatively trivial to perform. 
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Figure 3.6. Chinchilla skull.  
1) Anterior portion of skull, 2) posterior portion of skull [bullae of middle ear], 3) lower jaw, 4) 
muscle, cartilage, and connective tissue, and 5) entrance to bony portion of ear canal. The dashed 
line approximates the boundary of the middle-ear cavity behind the soft tissue and jaw. Jagged 
lines illustrate where the lower jaw was resected, while the teeth bearing components of the jaw 
were kept in place. 
 

H. Effect of EEBC on bone-conduction hearing 

CAP thresholds in response to BC stimuli were measured in the normal ear and the ISJ-

interrupted ear while the ear canal was unoccluded. A comparison of these thresholds placed 

limits on the contribution of the EEBC to hearing thresholds in the unoccluded ear. The process 

was repeated with the ear canal occluded. 

Thresholds in the normal, unoccluded ear were compared to thresholds in the normal, 

occluded ear to investigate the effect of ear-canal occlusion on BC-hearing thresholds: the so-

called ‘occlusion effect’. The process was repeated for the case in which the ISJ was interrupted 

to investigate whether the occlusion affected non-external-ear BC pathways. 
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III. Results 

A. Vibrational response to BC stimulation 

Skull velocity was measured simultaneously with each sound-pressure measurement.  

Examples of the vibrational response of the skull are shown in supplemental Figure B.4 (Top).  

With both the BAHA© 3 (BP100) and a BAHA© 5 SuperPower, the measured velocity has a 

band pass quality. The BAHA© 3 peak response was generally between 700 Hz and 3 kHz, while 

the BAHA© 5 peak response was between 400 Hz and 900 Hz. The velocity produced by the 

BAHA© 5 was at least 10 dB above the noise floor across all frequencies, while the velocities 

produced by the BAHA© 3 did not meet our 10 dB signal-to-noise criterion above 8 kHz. 

B. Ear canal sound pressures produced by bone conduction 

1. Ear canal sound pressures 

Examples of the measured PTM in response to BC stimulation, as well as the measured noise 

floor, are shown on the right side of in supplemental Figure B.4. The measured ECSPs had a 

band pass quality that is similar to that of the velocity produced by the stimulator with peak 

resonances between 700 Hz and 2 kHz. Our 10 dB signal-to-noise criteria often excluded 

measured pressures at the lowest (f < 0.35 kHz) and highest frequencies (f > 8 kHz). Errors due 

to noise may be compounded in our EEBC estimates, as they depend on both velocity and sound 

pressure. 

 2. Effect of Canal Occlusion on PTM 

The occlusion effect, defined by the ratio of the BC-induced PTM after occlusion at the 

entrance to the bony canal to the PTM measured with an unoccluded canal, is shown in Figure 3.7 

for 3 different middle states: 1) normal ME, 2) ISJ interruption, and 3) the MI fixed to the 
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cochlear promontory. Occlusion of the normal ear causes an increase in the mean PTM of between 

5 dB and 12 dB below 2 kHz. Between 2 kHz and 6 kHz, PTM is higher in the unoccluded case; 

over this frequency range there are 2 apparent minima in the ratio of occluded to unoccluded 

measurements, likely determined by resonant frequencies of the ear canal. In the ISJ-interrupted 

ear, the occlusion increases PTM with increasing frequency from 2 to 10 dB between 300 Hz and 

2 kHz. As with the normal ear, the occlusion produces a sharp decrease in PTM between 2 kHz 

and 2.5 kHz, and the dB value of the ratio becomes negative at approximately 2.1 kHz. Minima 

are again observed between 2 kHz and 6 kHz. In the normal and ISJ-interrupted ears, occlusion 

increases PTM above 6 kHz. With immobilization of the malleus-incus occlusion produces a 

maximum in the ratio near 300 Hz (22 dB on average); as frequency increases from 0.4 to 3 kHz, 

the effect decreases. The effect increases sharply from 3 kHz to 3.5 kHz. Above this frequency, 

the mean occlusion effect is minimal.  

The differences in the low frequency magnitude of the occlusion effect in the three 

conditions is consistent with condition-related differences in the middle-ear input impedance, 

ZME. ISJ interruption leads to a reduction in ZME at low frequencies and produces the smallest 

occlusion effect magnitude at f < 2 kHz. Immobilization of the malleus and incus leads to a 

significant increase in the magnitude of ZME in the same frequency range and produces the 

largest occlusion effect magnitude at f < 1 kHz.  These impedances are discussed and illustrated 

in the next section. 
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Figure 3.7. Average change in PTM produced by occlusion of the ear canal for various middle-ear 
states. 
This effect is quantified as the ratio of PTM in the occluded canal relative to the PTM in the 
unoccluded case, and is shown for the normal (n = 12), ISJ-interrupted (n = 12), and MI-fixed 
middle ear (n = 10). The standard deviations associated with the manipulated states of the middle 
ear are similar in magnitude to those of the normal state. 
 

10
2

10
3

10
4

ï��

ï��

ï�

0

�

10

��

20

��

30

Frequency (Hz)

|P
TM

| 
in

 o
c
c
lu

d
e
d
 E

C
 (

d
B

 r
e
: 

u
n
o
c
c
lu

d
e
d
 E

C
)

Effect of occlusion on PTM

Normal

ISJ Interruption

std dev
+
-

Malleus-Incus Fixation



91 

  

C. Acoustic impedances 

The acoustic impedance looking out the ear canal from the TM (ZEC) is shown in Figure 

3.8A for the following conditions: 1) the impedance of the bony canal terminated by an 

occlusion (EC occluded), 2) the impedance of the entire canal terminated by a radiation 

impedance (EC unoccluded), and 3) the impedance of the cartilaginous canal terminated by a 

radiation impedance (EC unoccluded short). Our canal impedance computations do not account 

for viscous or heat losses at the tube walls [the effects of such losses are discussed by Lynch et 

al., (1994)] and therefore predict a very sharp minima in the impedance in the occluded external 

ear. The sharpness of the resonances in the unoccluded ear canal is limited by losses due to the 

radiation of sound into the environment (Rosowski et al., 1988). In the same figure, middle-ear 

input impedances (ZME) are plotted for the 1) the normal middle ear and cochlea, 2) the middle 

ear with ISJ interruption, and 3) the MI-fixed middle ear. 

The load impedances (Equation 3.1) on a single-point source, located in the ear canal near 

the TM (at cross-section 10 of bony ear canal in supplemental Figure B.2), for the 3 conditions 

of the middle ear are shown in Figure 3.8B, each combined with the open and closed conditions 

of the ear canal. 
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Figure 3.8. Model impedances. 
(A) ZEC, the reverse input-impedance of ear canal (unoccluded, occluded, and unoccluded 
cartilaginous portion only), and ZME middle-ear input impedances (normal, ISJ-interrupted, and 
MI-fixed conditions; open bullae). (B) Computed load impedances acting on a point source 
located near the TM (at cross-section 10 of bony ear canal in supplemental Figure B.2). Each 
impedance is a parallel combination of a ZEC and ZME. The source impedance produced by the 
combinations of the unoccluded ear canal impedance and the normal or ISJ-interrupted ZME are 
very similar. 
 

 

D. Single-source estimates of EEBC 

The EEBC (with units of volume velocity, m3/s, normalized by head velocity, m/s) was first 

approximated as a single point-source located near the TM. In all cases, the middle-ear cavities 

were open. We first estimated the source from the unoccluded-ear data using Equation 3.2, PTM 

measurements and the source-load impedance estimates of Figure 3.8B. The magnitude and 
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phase of US_UN in the case of the normal ME, ISJ interruption, and the MI immobilization are 

shown in Figure 3.9A. As noted previously the middle-ear manipulations were designed to 

remove any middle- and inner-ear contribution to the measured sound pressures. The bottom 

panel in Figure 3.9A points out the magnitudes of the three computed source estimates are 

generally within ±3 dB. Students’ t-test comparing two conditions at each frequency suggest the 

magnitudes of the estimated EEBC in the ISJ-interrupted ear compared to the normal ear are not 

statistically different at any frequency with valid measurements (P > 0.05). The magnitude of the 

EEBC in the MI-fixed condition compared to that of the normal ear appear statistically different 

over a limited range of frequencies (3.1 to 4.2 kHz; P < 0.02). While these significance estimates 

are not corrected for repeated significance testing, their grouping across multiple contiguous 

frequencies argues against a chance occurrence. 

The EEBC was also estimated in the occluded (US_OC) ear-canal case (Figure 3.9B). The 

normalized source magnitudes, based on the 3 middle-ear conditions, are fairly flat below 3 kHz, 

while increasing at approximately 12 dB/octave above this frequency. The magnitude of the 

estimated EEBC based on measurements in, and impedances of the ISJ-interrupted ear are not 

statistically different from the normal US_OC at frequencies between 200 Hz and 8 kHz (P > 

0.05), and the differences between the occluded source magnitudes for the normal and the ISJ 

condition are less than 1-2 dB (Figure 3.9B, bottom panel). 

The source magnitude based on the occluded, MI-fixed condition is different from that of the 

occluded, normal middle-ear-based estimate over much of this frequency range (grey boxes 

denote frequency regions over which there are apparent statistical differences in estimated mean 

magnitude, P < 0.05). Given the more random distribution in the frequency domain of some of 

these findings and a lack of correction for repeated significance testing, some of these 
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differences are likely random in nature. However, the clustering of apparent significance 

between 0.6 and 1 kHz argues for real differences in this range, and its likely the computed 

source magnitudes in the IM-fixed condition are 6 to 10 dB smaller than the normal and ISJ-

interrupted sources in this range. 

Figure 3.10 compares the computations for the single-source estimates in the unoccluded and 

occluded ear canal conditions in the case of a normal middle ear. The magnitude of US_UN is 

about 10 dB larger than US_OC at frequencies below 3.5 kHz. Between 4 kHz and 5 kHz, |US_OC| 

is approximately 10 dB greater than the magnitude of the unoccluded condition, and above 5 kHz 

the two magnitudes are similar. The phases of the sources estimates are similar above 500 Hz, 

but diverge below this frequency.  The consistent ~10 dB differences in the EEBC source 

magnitudes computed from the occluded and unoccluded sound pressures at frequencies less 

than 5 kHz, suggests that a single source in the bony canal near the TM cannot explain the sound 

pressures we measured in the two ear canal conditions and argues for the presence of another 

source within the cartilaginous canal. 

 

 



 

 
 

 

 

 

 

 

 

 

Figure 3.9: EEBC estimates in the normal and modified middle-ear condition, with and without 
occlusion of the ear canal. 
(A) The EEBC is estimated as a point source located near the lateral side of the TM. The 
measured sound pressures, each scales relative to the skull velocity, are divided by the 
appropriate modeled ME input impedance, depending on the middle-ear condition in which the 
sound pressures were measured; normal (n = 12), ISJ-interruption (n = 12), or immobilized MI  
(n = 10). Top panel shows the computed source magnitudes; grey boxes denote frequency 
regions where there is a computed difference between the normal and IM-fixed magnitudes (P < 
.05). The middle panel shows the computed phases. The bottom panel shows the ratios of the ISJ 
interrupted and MI fixed computations to the normal case. (B) As in A, single sources computed 
in the occluded case; normal (n=12), ISJ-interrupted (n=12), and MI-fixed middle-ear conditions  
(n=10). 
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Figure 3.9 (continued) 
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Figure 3.10: EEBC estimates in the normal middle-ear condition, with and without occlusion of 
the ear canal. 
EEBC estimates in the normal-ME condition, with and without occlusion of the ear canal (n = 12 
in each case).  
 
 

E. Bony and cartilaginous canal EEBC estimates 

The inability of the single-source model to explain both the occluded and unoccluded sound 

pressure data, led to tests of a two-source model, with 1) a source for motion of the bony canal 

walls Ubone set equal to US_OC (Figure 3.9B), where the occlusion removes any contribution from 
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the cartilaginous portion of the canal to the measured PTM, and 2) a second source for the motion 

of the cartilaginous canal walls Ucart. We used superposition (as described in the methods) to 

separate out the contribution of Ucart to PTM in the unoccluded condition, and then used the 

model (as described in the methods) to compute the complex magnitude of the cartilaginous 

canal source. 

Estimates of Ucart and Ubone are shown in Figure 3.11. Results are shown for the normal, ISJ-

interrupted, and MI-fixed cases. The magnitude and phase of the computed Ucart is nearly 

independent of the middle-ear condition. At frequencies between 0.5 and 3 kHz Ucart magnitude 

is about 10 dB greater in magnitude than Ubone for the normal and ISJ-interrupted conditions and 

between 10 and 20 dB greater than Ubone computed for the IM-fixed condition. |Ubone| for all 

three conditions is approximately 20 to 25 dB less than |Ucart| at frequencies below 0.5 kHz. 

Above 4 kHz, the magnitudes of Ubone and Ucart in all middle-ear conditions are similar, with the 

exception of the normal-ME case between 5 and 7 kHz, where the magnitude of Ucart is up to 10 

dB greater than the magnitude of Ubone. The source estimates of the two distinct canal sections 

are generally in phase between 500 Hz and 2 kHz, with the exception of the MI-fixed condition, 

where the bony-canal source leads Ucart by between an eighth cycle and a quarter cycle between 

1 and 3 kHz. Above 3 kHz, comparisons of the different source phase angles are complicated by 

phase differences of more than 1 cycle. 
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Figure 3.11. Estimates of cartilaginous- and bony-canal sources. 
Mean source estimates of the cartilaginous EEBC in the normal, ISJ-interrupted, and MI-fixed 
middle-ear conditions, shown with the bony-canal source estimates from Figure 3.9B. The 
number of ears in each population is identical to that described in Figure 3.9, and the standard 
deviations about the means for the Ucart sources are equal to those of Ubone. 
 

  

The measured ECSP at the TM in the unoccluded case with a normal middle ear is shown in 

Figure 3.12, as are the sound pressures predicted by the cartilaginous and bony-canal sources.  
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unoccluded case and a computation of the PTM due to Ubone, we see no difference between our 

measured PTM and the predicted sum of the PTM produced by the two sources.  

The analysis suggests that ECSP in the unoccluded ear is dominated by Ucart below 0.9 kHz 

and in a band of frequencies between 2 and 4 kHz, where the summed sound pressure resulting 

from both sources approximates the larger sound pressures produced by Ucart.  At frequencies 

between 1 and 2 kHz the sound pressure produce by the two sources are similar in magnitude 

and phase such that the summed PTM is roughly twice (6 dB larger than) the PTM produced by 

either source. At frequencies above 5 kHz, the measured PTM in the unoccluded ear is equal to 

that predicted for the Ubone source alone, and we see a sharp minimum in the Ucart associated 

PTM. At higher frequencies the sound pressures predicted from Ubone and Ucart are of a similar 

magnitude.  
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Figure 3.12. BC-induced ECSP. 
Sound pressure in ear canal at the TM produced by the Ubone, Ucart, and the superposition of the 
two (as measured in the normal middle-ear condition). 
 
  

F. Contribution of jaw motion to EEBC  

Contribution of motion of the lower jaw to the measured ECSP was investigated by 

comparing the measured PTM, with the lower jaw intact and resected (Figure 3.13). 

Measurements were made at the TM in the unoccluded ear, as occlusion of the canal might 

remove potential contribution of volume displacement of the cartilaginous canal space resulting 

from jaw motion. 
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The mean magnitude of PTM with the jaw resected shows no significant difference compared 

to the mean estimate of the normal case; differences of up to 4 dB are seen between the two 

estimates, however, their mean values are within one standard deviation of one another. 

 

 

Figure 3.13. ECSP measured at the TM with intact and resected lower jaw (n = 6 in each case). 
 

30

40

50

60

70

80

-3

-2

-1

0

1

Intact lower-jaw (mean)

Lower-jaw resected (mean)

std dev+-

std dev+-

Effect of jaw motion on ECSP

P
h

a
s
e

 (
c
y
c
le

s
)

2 3 4
10 10 10-D
Z
�5
HV
HF
W�ï
�1
RU
P
DO
��G
%�

Frequency (Hz)

|P
TM
_��
G%

�UH
��3

D�
�P
�V
��

-20

-10

0

10

20



103 

  

G. Effect of occlusion on the BC stimulus to the inner ear: CAPs 

BC-induced CAPs were measured in deeply anesthetized chinchillas, with the ear canal 

occluded or unoccluded, both before and after ISJ interruption. The CAP thresholds in the ISJ-

interrupted case, relative to the normal ME, are shown in Figure 3.14 for the two ear-canal 

conditions. The effect of occlusion on CAP thresholds is shown for the normal ear and ISJ-

interrupted ear in Figure 3.15. 

Interruption of the ISJ causes an increase in CAP thresholds in both the unoccluded and 

occluded ear. Thresholds are increased by 4 to 5 dB in the unoccluded ear at frequencies below 2 

kHz, while the thresholds are increased by 8 to 10 dB in the occluded ear across the same range 

of frequencies. The effect of the ISJ interruption on CAP thresholds decreases above 2 kHz and 

begins to increase again above 4 kHz, peaking at 6.2 kHz, and again decreasing above this 

frequency. Above 4 kHz, the effect of the ossicular discontinuity is similar for the open and 

occluded ears. 
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Figure 3.14. Effect of ISJ interruption on CAP thresholds. 
Effect of ISJ-interruption on BC-inducted CAP thresholds in the occluded (n = 5) and 
unoccluded (n = 6) ear canals. Error bars represent ±1 standard error. 

  

 

Figure 3.15 indicates that occlusion of the ear canal results in no significant change in CAP 

thresholds while the ISJ is interrupted. In the normal ME, however, CAP thresholds are higher in 

the unoccluded state. An increase of 5 dB occurs at 1.5 kHz, an increase of approximately 3 dB 

is seen between 200 Hz and 500 Hz, and more modest increases occur at all other frequencies. 

The results in Figure 3.14 and Figure 3.15 indicate ISJ interruption effectively isolates the 

external and inner ears, and that even in the unoccluded normal ear EEBCs introduce sound 

pressures that can lower the threshold to BC stimulation of the head.  
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Figure 3.15. Effect of EC occlusion on CAP thresholds. 
Effect of ear canal occlusion on BC-induced CAP thresholds in chinchillas with normal middle 
ears (n = 7) and ISJ-interrupted ears (n = 5). Error bars represent 1 standard error. 
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Single-source EEBC magnitude and phase estimates are shown for the normal, ISJ-interrupted, 

and MI-fixed middle ear in Figure 3.9A and B. The great similarity of the estimates made in the 

different middle-ear conditions (Figure 3.9A and B) is consistent with the ear-canal sound 

pressure in BC being dominated by the EEBCs, though the existence of some differences in the 

source estimates are consistent with a small contribution of middle- or inner-ear sources to ECSP 

in BC. 

Some of the observed differences in Figure 3.9A and B may have another cause. The 

estimates of the EEBCs under the different middle-ear conditions also depend on knowledge of 

the middle-ear input impedances ZME. We used a model of the middle ear (Bowers and 

Rosowski, 2019) to define those impedances, where the model was explicitly fit to 

measurements of the normal ZME, in circumstances (tensor-tympani cut, two middle-ear cavity 

openings) very similar to those used in these measurements. We therefore expect a good 

correspondence between the model ZME and the ZME present in the normal ears in our test 

population. The ZME with the ISJ interrupted is a model prediction based on removing the 

influence of the stapes, annular ligament and inner ear from the model, where these three 

structural components and their connection to the rest of the model are well characterized and 

fairly simple, and there is good reason to expect that ZME in the IJS-interrupted state is fairly well 

defined by the model. The model’s definition of the governing structures and their circuit 

location and description in the fixed MI case are less well defined, and therefore ZME in the MI-

fixed case is less certain, and the meaning of differences between source estimates based on the 

MI-fixed condition and the other middle-ear states is less clear. In light of these uncertainties, the 

great similarity of the predicted source strength in the case of the normal and ISJ-interrupted 

middle-ear conditions points to the presence of little if any contribution to BC-induced PTM from 
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the inner ear, and the small but significant differences between the EEBCs predicted for the MI-

fixed and normal states may be the result of either some small contribution of the ossicles and 

TM motion to ECSP or errors in model predictions of ZME in the MI-fixed case (Figure 3.8B). 

B. Effect of ear canal occlusion on source estimate 

If our initial model of EEBC as a single source unaffected by ear-canal occlusion was correct 

(i.e., the source is constant under the two conditions), the pressure and impedance loading the 

source would change proportionally (Equations 3.2 and 3.3) and the source computed for the 

occluded and unoccluded ears would be the same.  The observed differences in source estimates 

(Figure 3.10) suggest the presence of a more-distributed external ear source, which separates the 

bony and the cartilaginous canal sources, and whose outputs sum in the unoccluded condition.  

This led to our inclusion of a second source BC-related volume-velocity source due to 

compression of the cartilaginous ear canal.  Comparisons of the occluded and unoccluded source 

estimates suggest the source in the unoccluded condition is of larger magnitude when compared 

to the source computed for the occluded condition (Figure 3.10). 

C. Two-source representation of EEBC 

In defining our two-source model, we identify Ubone as bounded by the boney walls of the 

canal, and we base our estimates of this source on PTM measurements and model impedances in 

the occluded case (Figure 3.9B), where the occlusion removes any contribution of the 

cartilaginous ear canal (Figure 3.5B). The definition of Ucart depends on model impedances and 

the sound pressure difference between PTM measured in the unoccluded ear and estimated PTM 

resulting from Ubone in the unoccluded condition. While the Ucart we have defined is of larger 

magnitude than Ubone (Figure 3.11), the sound pressures measured in the occluded condition, 
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when only Ubone is active, is larger in magnitude than in the unoccluded state at many frequencies 

(supplemental Figures B.4A & B). The difference in the observed sound pressures occurs 

because much of the sound energy produced by both of these sources in the unoccluded ear is 

shunted out the open ear canal away from the middle ear, similar to the low-pass filter action 

described by Tonndorf (1966). 

The difference in magnitude between the two sources may result from differences in the area 

of the bony and cartilaginous canal walls as well differences in the rigidity and mass of the walls: 

the less-impedant cartilage walls may move more in response to head vibration. The increased 

motion of cartilage vs. bony walls was intuited by Békésy (1932); though he suggested the bony 

walls of the human ear canal were so stiff that Ubone would approximate 0. This is clearly not the 

case in our measurements in chinchillas, where one difference may be the relatively thin bone of 

the chinchilla ear canal. The complete lack of mobility of the human ear-canal bone was 

questioned by Stenfelt et al. (2003) who were able to produce BC-induced ear-canal sound 

pressures in human ear canals with deep canal plugs. 

D. Other potential sources of ECSP  

1. Effect of lower-jaw motion on BC hearing 

Bone-conduction induced ECSPs were measured in the ISJ-interrupted unoccluded ear, with 

the lower jaw intact and with the portion of the jaw nearest the ear canal resected, along with 

nearby connective tissue between the lower jaw and the skull. Comparison of these 2 ECSPs are 

shown in Figure 3.13. The sound-pressure magnitudes are not significantly different between the 

two conditions. The results suggest relative jaw motion does not play a significant role in BC 
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hearing in the chinchilla, and any sound pressure generated by relative jaw motion appears 

smaller than the sound pressure produced by other EEBCs. 

2. Motion of the occlusion plug 

 Some fraction of the ECSPs we measured could also result from motion of the earplug 

used to occlude the canal.  In one ear, the volume velocity generated by motion of the occluding 

plug was estimated by measuring the velocity of the plug, in the direction of the canal’s 

longitudinal axis, and by multiplying this velocity by the cross-sectional area of the canal. The 

estimated volume velocity produced by motion of the occluding plug is more that 40 dB down 

from the ear-canal source estimates across all frequencies, suggesting that the measured PTM 

used for estimating the canal sources are unaffected by motion of the occlusion plug. 

3. BAHA-induced airborne sound 

Sound-pressure measurements were made at the TM and at the entrance to the bony canal, 

while the BAHA was either coupled to or detached from the head. In both cases, the body of the 

BAHA was kept in the same location, relative to the location of ECSP measurements, in both 

cases. The ECSPs were compared to determine whether the measured sound pressure is 

dominated by BC mechanisms or airborne sound radiated from the BAHA (supplemental Figure 

B.5).  The PTM in the coupled case was greater in magnitude, across all frequencies, than when 

the BAHA was uncoupled, with the difference generally being larger than 20 dB. 

 D. Contribution of EEBC to BC hearing 

The sensations of sound associated with bone conduction are hypothesized to be the result of 

a summation of contributions of multiple sources, including ear-canal compression, relative 

motion of the ossicles and the petrous bone, and inner-ear sources related to fluid inertia, 
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cochlear-wall compression, and third-window connections between the cranial cavity and the 

inner ear. We assessed the contributions of external and middle-ear sources to BC hearing by 

looking at how ear-canal occlusion and the interruption of the ISJ affects CAP thresholds in our 

preparation. However, it should be noted that changes in thresholds cannot be absolutely 

attributed to removal of BC sources lateral to the cochlea, as ossicular discontinuity and fixation 

alters the loading impedance on the inner-ear sources, and can therefore modulate the 

intracochlear sound pressure produced by such sources (Chhan et al., 2016a). 

Comparison of thresholds between the 2 conditions of the ME were performed with the ear 

canal open and occluded. ISJ interruption results in a 5 to 10 dB increase in CAP thresholds 

below 2.5 kHz, with the larger magnitude observed when the EC is occluded. Little change is 

seen around 4 kHz in either case, and CAP threshold increases above this frequency are similar 

for the open and occluded ear. Since this increase in threshold is most apparent at frequencies 

less than 2.5 kHz, where we might expect the contribution of ossicular inertia to be small, this 

suggests the EEBC is a significant contributor to BC sensitivity in the chinchilla whether the ear 

is occluded or not.   

Changes in the differential sound pressure ΔP across the cochlear partition at the basal end of 

the basilar membrane approximates the change in acoustic stimulus to the organ of Corti (Olson, 

1999; Nakajima et al., 2009). Chhan et al. (2013) compared ΔP in the normal and ISJ-interrupted 

ears, with occluded EC, to investigate the potential contribution of the external and middle-ear 

sources of BC to hearing. Interruption of the ISJ caused a 5 to 10 dB decrease in ΔP at 

frequencies below 3 kHz. A similar effect is seen in changes to CAP thresholds in the data 

presented here. The mean data shows a relatively constant 10 dB threshold increase after ISJ-
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interruption at frequencies below 2 kHz; however, the individual chinchilla thresholds show 

similar variability to the ΔP data of Chhan et al. (2013).  

Effect of ear-canal occlusion on CAP thresholds in the normal ear are in agreement with ΔP 

data from Chhan et al. (2016b) below 3 kHz; occlusion of the canal results in an increase in 

cochlear drive during BC stimulation. Above this frequency range, the cochlear pressure 

differential decreases, while the data presented here suggests ΔP would increase, albeit to a 

smaller degree compared to the change at lower frequencies. 

E. Comparison to humans 

The dominant contribution of EEBCs to BC-induced ECSP, as suggested by results shown in 

Figure 3.9A, agrees with results of BC experiments performed in human. Stenfelt et al. (2003) 

compared the BC-induced ECSP and ECSP resulting from reverse stimulation of the ossicles 

(results were normalized by relative motion between the umbo and the tympanic ring). Their 

results suggest that TM motion does not contribute significantly to ECSP during BC stimulation, 

and can be extended to suggest an insignificant contribution of ossicular inertia to the ECSP as 

well. Earlier experiments by Tonndorf (1976), in which the BC-induced ECSP was measured 

before and after TM removal, support the hypothesis that neither TM motion, nor the middle and 

inner ear BC sources contribute to the measured ECSP. 

The effect of occlusion in chinchilla with a normal ME is an approximately 5 dB to 10 dB 

increase in ECSP at frequencies below 2.0 kHz (Figure 3.7). An increase of 10 dB to 20 dB has 

been shown in cadaver heads (Stenfelt et al., 2003). Above this frequency, the two-studies show 

similar effects at frequencies associated with the resonances of the open or closed canal. A 

negative effect is seen at approximately 2.5 kHz to 3 kHz due to the quarter wavelength 
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resonance in the open canal. There is an upward trend above this frequency that does not quite 

reach a positive effect and may be associated with the half wavelength resonance of the occluded 

ear. A comparison is made between the modeled occlusion effect in chinchilla, where the effect 

of the cartilaginous portion of the ear canal is removed, and the measured occlusion effect in 

human cadaver heads that have the same ear-canal manipulation (supplemental Figure B.6)—the 

normal ear condition is included. A reduction in the occlusion effect is seen in both the chinchilla 

(n = 3) and human ear canal after the cartilaginous portion of the canal is removed at frequencies 

below approximately 1.5 kHz. An increase is seen in the effect in chinchilla after resection of the 

canal between 2 kHz and 3 kHz, which may be due to the shift of the open-canal quarter-

wavelength resonance to a higher frequency. 

Resection of the chinchilla lower jaw did not produce a significant change in ECSP (Figure 

3.13). This result supports the hypothesis that relative motion between the lower jaw and ear 

canal does not contribute to BC hearing, as has been suggested by others (Allen and Fernandez, 

1960; Stenfelt 2003). However, unlike the human, the jaw joint in the chinchilla is much smaller 

in absolute size and relatively more distant from the cartilaginous canal. 

The effect of the EEBC on BC hearing in chinchilla was investigated by comparing CAP 

thresholds before and after interruption of the ISJ. Thresholds increase by approximately 10 dB 

below 2.5 kHz in the occluded ear-canal condition after ISJ interruption, while thresholds 

increased by approximate 5 dB, below the same frequency, in the open ear-canal condition after 

interruption (Figure 3.14). The contribution of the EEBC to BC hearing in human was 

investigated by Stenfelt et al. (2003) by comparing umbo velocity relative to ECSP level (ME 

input admittance) in response to AC and BC stimulation. Their results suggest the EEBC can 

contribute to BC hearing between 0.4 and 1.2 kHz when the ear canal is occluded, but would not 
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in the open-canal condition. This differs from our results in that (under the assumption that the 

change in CAP threshold is not due to a change in inner-ear BC source-loading and is instead 

due to the removal of the EEBC) the EEBC contributes to BC hearing in both the occluded and 

unoccluded ear canal conditions. The lack of effect of loading conditions is based on results by 

Chhan et al. (Chhan et al., 2016b), in which both stapes fixation and ISJ-interruption result in a 

decrease in ΔP.  

Stenfelt et al. (2003) further investigated the effect of occlusion on BC hearing by comparing 

the changes in umbo velocity and ECSP after occlusion of the ear canal. Their results show a 

smaller increase in umbo velocity after the ear canal is occluded, compared to the increase in 

ECSP at frequencies below 2 kHz. The positive increase in umbo velocity occurs between 400 

Hz and 1 kHz and is almost 10 dB lower magnitude in maximum positive change compared to 

that of sound pressure (700 Hz). A similar result is seen in chinchilla; the maximum positive 

increase in ECSP is approximately 10 dB, compared to the 5 dB maximum decrease in CAP 

threshold (1.5 kHz). 

The estimated contribution of the cartilaginous source to the ECSP at the TM is greater than 

that of the bony-canal source at frequencies below 0.9 kHz, and between 2 and 3 kHz in the 

unoccluded, normal chinchilla ear (Figure 3.11). Above 3 kHz, neither source dominates, with 

the exception of at 5 kHz, where Ubone dominates, due to a minimum in sound pressure produced 

by the cartilaginous canal source. Stenfelt et al. (2003) measured ECSP at the TM relative to 

umbo velocity in the normal open ear, and open ear in which the cartilaginous portion of the 

canal was removed. The measured ECSP was greater in the normal ear below 1 kHz, but the 

sound pressure was similar between the two cases above this frequency, suggesting the source of 

the bony canal is of significance to the BC-induced ECSP above 4 kHz in human. Further 



114 

  

support for this hypothesis can been seen in the changes in CAP thresholds due to ISJ 

interruption (Figure 3.14). Above 4 kHz, there is no difference in CAP thresholds when 

comparing the threshold change in the open and occluded ears. 

V. Conclusion 

The external-ear bone-conduction source was first estimated as a single volume-velocity 

point-source located near the TM. Estimates of the EEBC, in the unoccluded ear-canal condition, 

in various states of the middle ear suggest the inner and middle-ear BC sources do not contribute 

to the measured PTM induced by BC stimulation, with the exception of a limited frequency range, 

between 3 and 4 kHz. Therefore, our estimates of the EEBC in the normal ear are valid in the 

sense that the estimate is dependent upon the measured PTM and our impedance model alone. 

Additionally, estimates of the EEBC with the lower jaw intact and resected reveal that relative 

motion of the jaw does not contribute to the measured PTM during BC stimulation. 

Differences in source estimates of the open and occluded ears, namely a greater magnitude in 

the unoccluded ear at frequencies below 3.5 kHz, suggest that occlusion of the canal removes 

contribution of compression and expansion of the cartilaginous canal to the BC-induced ECSP; 

although the cartilaginous canal is not contained within the chinchilla head, as it is in human, it 

still plays a role in BC hearing in this animal. 

The EEBC was separated into 2 point-sources to model volume velocities produced by the 

bony and cartilaginous canals separately. The estimated magnitudes of these sources estimates 

suggest the volume velocity produced by motion of the EC cartilage is greater than that of the 

bony canal, by approximately 10 to 15 dB below 4 kHz. Above this frequency, the magnitudes of 

the two sources are similar. In the unoccluded ear, both sources contribute to the BC-induced 
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sound pressure at the TM, with the cartilage source dominating at frequencies below 0.9 kHz. 

Our model suggests that as in human, the amount of EEBC-related sound energy that stimulates 

the middle and inner ear in the unoccluded ear canal is reduced by the low-pass action of the 

open canal, as suggested by Tonndorf (Tonndorf, 1966). 

Comparison of bone conduction CAP thresholds before and after interruption of the ISJ 

suggests that the EEBC contributes to BC hearing across a wide range of frequencies in both the 

occluded and unoccluded case. Occlusion of the ear canal decreases the output to the BAHA 

required to reach threshold, by up to 5 dB. 

Differences in anatomy between human and chinchilla prompt caution when attempting to 

directly relate our results to BC hearing in human, however, our definition of EEBCs associated 

with the expansion and compression of the bony and cartilaginous canals is consistent with 

Stenfelt et al. (2003) description of reduced but measurable sound pressures within the deeply 

occluded human ear canals. 

 



 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 4. A method for characterizing the inner-ear sources of bone-conduction 

stimulation in chinchilla 
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I. Introduction 

Vibrations of the head can be transmitted to the cochlea by non-ossicular pathways, 

generating relative motion between the cochlear fluids and walls. It is widely accepted that such 

relative motions can result from compression and expansion of the cochlea and inertia of the 

cochlear lymph. The intracochlear sound pressures generated by this fluid motion can displace 

the cochlear partition, producing traveling waves along the basilar membrane. Head vibrations 

may also produce sound pressures within the brain, which can be transmitted to the inner ear via 

the vestibular and cochlear aqueducts, as well as the perineural and perivascular channels. These 

cochlear-cranial connections are collectively referred to as third-window pathways [see Tonndorf 

(1972), who cites Ranke (1953) as the source of this nomenclature]. The relative contributions of 

cochlear compression, fluid inertia or the third-windows to bone-conduction hearing in the 

normal and pathologic ear are not at all clear. 

Retjö (1914) suggested the inner ear could directly receive acoustic energy from vibrations of 

the skull, and the theory was described further by Herzog and Krainz (1926), who coined the 

term compression mode of bone conduction. These compressive forces acting on the cochlear 

walls produce alternating compressions and rarefactions of the cochlear space, which occur even 

though the fast wave speed through the cochlear bone does not allow any phase differences 

across the cochlea. As the cochlear fluid is effectively incompressible, these volume changes in 

the cochlear capsule cause displacements of the cochlear fenestra. The unequal compliances of 

the oval and round windows as well as the asymmetry of the scalae result in sound pressure 

differences across the cochlear partition that stimulate the inner ear sensory apparatus. 

Inertia of the cochlea fluids is also thought to play a role in bone-conduction hearing, 

although its contribution relative to cochlear compression is still debated. Kirikae (1959) 
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suggested that the data supporting compression of the cochlear walls was insufficient and that 

fluid inertia must play a role in BC hearing. Brinkman et al. (1965) hypothesized that both 

ossicular and fluid-inertia components play the biggest role in BC hearing across all frequencies. 

More recently, Stenfelt (2015) suggested that in the normal human ear, fluid inertia dominates 

BC hearing up to 10 kHz, but that in the case of oval-window immobilization, cochlear 

compression may dominate at frequencies as low as 1 kHz. 

Conceptually, it is possible to effectively enhance or reduce the contribution of different BC 

components to cochlear stimulation by performing certain manipulations of the ear (e.g. window 

fixation); however, these same manipulations could alter the behavior of the remaining sources. 

For this reason, researchers have turned to models to characterize different inner-ear stimulus 

components. Bohnke and Arnold (2006) first used finite element analysis to study the effect of 

cochlear-window manipulation on basilar membrane displacement; their use of a homogeneous 

pressure encompassing the boundary of the cochlea would best model the cochlear 

compressional component. Kim et al. (2011) used a sinusoidal translation imposed on a finite 

element model of an uncoiled cochlea to study the inertial component of cochlear stimulation. 

Their results support the theory that basilar-membrane motion is driven by a difference in 

cochlear window velocities. Kim et al. (2014) extended this study with a coiled model of the 

cochlea, with the results suggesting differences in scala volumes, particularly in the hook region 

of the cochlea, are important to the generation of asymmetric cochlear-window volume 

velocities.  

Others have developed models to address multiple BC components of the inner ear. Schick 

(1991) developed an electrical model to study cochlear compressional and inertia components, 

and to investigate the effect of middle-ear pathologies on BC-induced basilar-membrane motion. 
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The model permitted estimation of sound pressures along the basilar membrane, where large 

differential pressures produce large displacements of the cochlear partition. The contribution of 

each of the model sources to such displacements was estimated. Stenfelt (2015) stressed the 

importance of excitation type, arguing that in-phase (inertial driven motion) and out-of-phase 

(compressive) cochlear wall motion would occur during BC stimulation. With that, he developed 

a lumped-element circuit of the cochlea, including sources for both the inertial and 

compressional component. Stenfelt used a simple model of wave propagation along a linearized 

cochlear geometry with specific boundary conditions to characterize the relative magnitude of 

his inertial and compressive sources, where the magnitude of the inertial component is dependent 

upon the in-phase, or “common” motion of the cochlear boundaries while that of the 

compressional component is dependent on out-of-phase, or “differential” motion of the 

boundaries. 

In this chapter, we propose a relatively simple cochlear circuit analog that includes sound 

pressure and volume-velocity sources to model different inner-ear stimulus components in BC 

hearing. The model is an extension of that defined in Chapter 2, and is a starting point for further 

study. Intracochlear sound pressures measured in the live chinchilla under various conditions of 

the ear described here and in earlier work (Chhan et al. 2013; 2016) are used to characterize the 

sources. A major difference between the study presented here and previous models is that 

sources in those models were estimated from some intuition of process: while we utilize an 

intuitive placement of the different sources within the cochlea, we characterize their output 

magnitudes and phases from measurements of intra-cochlear sound pressure. As a result, in our 

model, it does not matter if stimulation of the cochlea is due to phase differences along a 

longitudinal pressure wave across the cochlea, or a pressure difference across the cochlear 
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boundary, so long as the representative sources produce the appropriate responses in all 

conditions of the ear. That being said, we still make assumptions concerning the sources’ type 

(pressure or volume velocity), their placement within the model, and the conditions under which 

these sources are active.  

II. Methods 

A. Animal preparation 

In one set of measurements, vibration-induced intracochlear sound pressure were measured 

in live chinchillas prepared as described in Chapter 3, in regard to anesthesia, tracheal 

cannulation, severing of tensor tympani, and attachment of BAHA post to the skull. In addition, 

a ~ 0.25 mm diameter hole was placed in the bone of the superior medial wall of the vestibule, 

which was accessed by exposing and removing a small part of the paraflocculus of the 

cerebellum. A second hole was made in the petrous bone over the scala tympani at about 1 mm 

apical to the round window. In a second set of measurements, vibration-induced intracranial 

sound pressures were measured in cadaveric chinchilla heads. These specimens were from earlier 

experiments in which at least one ear was still completely intact. In these cases, no cochlear 

fenestrations were performed, but intracranial sound pressures were measured via an opening 

made in the skull. 

B. Intracochlear sound-pressure measurements 

Intracochlear sound pressures were measured using fiber-optic pressure sensors (Olson, 

1999). Prior to their insertion into the ear, the sensors were calibrated as described in previous 

work (Olsen, 1999; Nakajima et al.; Ravicz et al. 2012) and were recalibrated after 
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measurements to check sensor stability. Intracochlear sound pressures were measured within the 

vestibule and the scala tympani near the round window via the holes described above. 

Once each sensor was positioned for recording intracochlear sound pressures, Jeltrate® and 

dental cement were used to seal the space between the cochlear bone and the sensor to minimize 

relative motion (Chhan et al. 2016). In order to standardize measurements across animals and 

different experiments, the measured sound pressures were normalized by the simultaneously 

measured skull velocity, unless otherwise noted. The velocity was measured as described in 

Chapter 3. 

C. Intracranial sound-pressure measurements 

Intracranial sound-pressure measurements were recorded in cadaveric chinchillas. 

Calibration of the pressure sensor was performed in the same manner as described for 

intracochlear sound-pressure sensors; however, customized “off-the-shelf” sensors (FISO 

Technologies Inc.) were used. A 1 mm diameter hole was drilled into the top of the skull of 

frozen cadaveric heads, approximately 1 cm in front of the BAHA post. Through the skull hole, a 

hole of the same diameter and 5 mm depth was drilled into the frozen brain. The specimen was 

then allowed to thaw, after which the removed column of brain was filled with water. A pressure 

sensor was placed within the water column 3 mm deep and sealed in place. The intracranial BC-

induced sound-pressure measurements were also normalized by simultaneous skull velocity 

measurements. 

D. The cochlear model 

Different bone-conduction cochlea models were based on the air-conduction model of 

Chapter 2 and the detailed cochlear anatomy of a single ear. The modified cochlear networks 
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included elements describing the vestibular and cochlear aqueducts, and additional components 

describing the distributed mass of the scala vestibuli, scala tympani, and scala media.  

1. 3D structures of the cochlea and middle ear 

A 3D reconstruction of the cochlea and middle ear was generated from the microCT scans of 

Chapter 3, using Amira software. In Figure 4.3A and B, the cochlea is segmented such that the 

vestibule, the superior, posterior, and horizontal semicircular canals, scala vestibule, scala media, 

scala tympani, vestibular aqueduct, and cochlear aqueducts are differentiated. These segments 

represent the spaces contained within the cochlear bone. The illustrated ossicles, on the other 

hand, represent the volumes of the bones. The vestibular and cochlear aqueduct boundaries are 

highlighted in white in Figure 4.3A and B, respectively. The vestibule segments include the 

wider end limbs and the ampullae of the semi-circular canals. 
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Figure 4.3. 3D reconstruction of chinchilla inner ear from microCT. 
(A) Lateral-medial and (B) anterior-posterior views of the reconstructed chinchilla middle ear 
and cochlea. The cochlear aqueduct (A) and vestibular aqueduct (B) are highlighted in white. 
The ossicles are coded in different colors: green, the head of the malleus; blue, the manubrium of 
the malleus; gold, the stapes footplate; red, the incus. The vestibule and semicircular canals are 
coded by: yellow, the vestibule and parts of the semicircular canals; the three semi-circular 
canals are in gold, cyan and blue. The components of the coiled cochlea include: the scala 
vestibuli in magenta, the scala media in blue, and the scala tympani in cyan. 
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2. Vestibular and cochlear aqueducts 

The vestibular aqueduct and cochlear aqueduct connect the fluid spaces of the inner ear to the 

cranial cavity (Rosowski et al., 2018). The vestibular aqueduct, also known as the endolymphatic 

duct, forms a communication between the endolymph-filled utricle in the vestibule and the 

endolymphatic sac, which is situated between the dura mater layers on the medial surface of the 

petrous bone. The cochlear aqueduct is a perilymph-filled channel between the scala tympani, 

where it opens near the round window, and the cerebrospinal fluid-containing subarachnoid 

space. 

The geometries of the vestibular and cochlear aqueducts were determined from the microCT 

scans from our sample ear described in Chapter 3. These geometries were approximated by a 

concatenation of conical horns; and the impedances of the aqueducts were estimated using the 

lossless equations describing the ear-canal impedances in the Chapter 3 (Equations 3.4-3.10), 

using the density, viscosity, and speed of sound of water. Each aqueduct was terminated at the 

cranial entrance by a compliance of 7.39e-16 m3/Pa, based on an average chinchilla brain mass 

of 1.7e-3 kg (Sultan and Braitenberg, 1993) and volume of 1.7 cc. 
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Figure 4.4. Vestibular- and cochlear-aqueduct geometries. 
The vestibular and cochlear aqueducts were reconstructed in 3D using microCT images of the 
chinchilla ear. Both aqueducts were modeled as a series of conical horns.  

 

 

3. Cochlear scalae 

The geometries of scala tympani, vestibuli, and media were also determined from the 

microCT images. The absence of a clear Reissner’s membrane or basilar membrane in the 

images made it difficult to determine the separation between the compartments, and so this 

distinction was somewhat subjective, and guided by histological sections from the temporal-bone 

collection at the Massachusetts Eye and Ear. The resultant volumes and average areas of the 
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scalae (volume divided by a cochlear length of 18.4 mm (Eldredge et al., 1981) are listed in 

Table 4.1. 

 

Table 4.1. Cochlear-scalae geometries 
†Average of the combined scala vestibuli and tympani were determined by the 
combined volume divided by the average cochlear length 

 Volume (mm3) Area (mm2) 
Scala vestibuli 11.18 0.608 
Scala media 3.58 0.195 
†Scala vestibuli + scala media 14.76 0.802 
Scala tympani 10.53 0.572 

 

The modeled cochlear spaces were simplified by combining the volumes of the scala 

vestibule and scala media, under the assumption that Reissner’s membrane imposes little 

impedance between the two fluid spaces. The ratio of the volumes (and areas) of the scala 

vestibuli to scala tympani is 1.06, while the ratio of the volumes (and areas) of the scala vestibuli 

plus scala media to scala tympani is 1.4. In human, the volume and area ratios of scala vestibuli 

to scala tympani are approximately 1.66 and 1.5 (Tonndorf, 1972). 

The combined space of the scala vestibuli and scala media, as well the scala tympani, were 

modeled as an inductor and a resistor in series, valued according to Equations 4.1 and 4.2, 

respectively: 

 𝐿!"#$# = 𝜌𝑙/𝑆! (4.1)	  

 𝑅!"#$# = 8𝜂𝑙/𝜋𝑎! (4.2) 

where l is the length of the cochlea, S is its average cross-sectional area, a is the average radius; 

the density (ρ) and viscosity (η) of the lymph were approximated to be that of water. 
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4. Network topology 

The cochlear network of the BC model is shown in Figure 4.5. The placement of the inner 

ear BC sources requires additional sound transmission pathways not relevant to air-conduction. 

In air-conduction, the cochlear input impedance is dominated by the input impedance of the 

distributed cochlear mass and stiffness (ZRC, Zwislocki 1965). A more distributed cochlear 

impedance is usually used in bone-conduction models of the inner ear, particularly a model that 

distributes the mass of the fluid that moves with cochlear compression or inertia (e.g. Schick 

1991; Stenfelt 2015, 2016).  We make a first attempt at a combined lumped-distributed cochlear 

model for BC that accounts for fluids displaced by compressive or inertial forces, and at the 

same time maintains the normal cochlear input impedance to describe the sound pressure 

difference across the cochlear partition. More complicated models that also account for the 

distributed stiffness of the cochlear partition are part of future plans. The elements describing the 

masses of the scalae fluids are contained within a branch parallel to the resistance of the cochlear 

partition. Additionally, branches of the vestibular and cochlear aqueducts are included to allow 

sound pressure transmission between the inner ear and the brain cavity, and which will also act 

as important transmission pathways for the compressional and inertial components of BC when 

the stapes is fixed and/or the round window is occluded. 

The inner ear BC sources we consider are also illustrated in Figure 4.5. The pressure source 

Pcranial models a hypothesized uniform intracranial sound pressure defined by our measurements. 

The sound pressures produced by inertial forces are modeled as an ideal pressure source Pinertia, 

and two ideal volume velocity sources Ucomp1 and Ucomp2 describe the compression related 

changes in the volumes of scala tympani and vestibuli. A similar association of inertial forces 
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with pressures sources and compression with volume-velocity sources was made by Stenfelt 

(Stenfelt, 2015; 2016). 

 

Figure 4.5. Complete circuit diagram of inner ear including its bone-conduction sources. 
Each block represents a collection of circuit elements (e.g. ME+EC – middle ear and ear canal, 
SV+SM – scala vestibuli and media, ST – scala tympani) or transmission matrices (e.g. VA – 
vestibular aqueduct, CA – cochlear aqueduct). 
 
 

F. Inner-ear BC source estimates 

1. Third-window sound-pressure transmission 

The pressure source Pcranial of Figure 4.5 model BC-related sound pressures within the brain 

that stimulate the inner ear. This source is characterized by the mean sound pressure measured 

within the brain, during BC stimulation. A later results section will show that the contribution of 

this pressure source to inner-ear sound pressures is generally small over the frequency range of 

our measurements (0.25 to 8 kHz). 
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2. Compressional sources 

Compression of the cochlear walls is modeled by two volume-velocity sources (Ucomp1 and 

Ucomp2) that model changes in the volume of the cochlear scalae (Figure 4.5). Two sources were 

used to better model complex relative motions between opposite cochlear walls. In order to 

characterize these sources we assumed that measurements of BC-induced inner-ear sound 

pressures, made when the oval and round window were both occluded (BWx), were dominated 

by the two compression sources, as any external or middle-ear contribution to the sound 

pressures are removed by immobilizing the stapes, and the reduced motion at the windows would 

decrease any inertial source contributions (Kim et al., 2011). A simplified cochlear network 

containing only the compressional sources is shown in Figure 4.6. 

In this simplified model PV and PST are the measured sound pressures in the vestibule and 

scala tympani. PX is the pressure in the scala vestibuli at the basal end of the cochlear partition. 

ZLc is the impedance of the fluid between the location of PX and that of the pressure sensor 

within the vestibule. The impedances of the scala vestibuli and scala tympani are divided, with 

half of each represented as Z2 and Z3, respectively. The remaining scala-associated impedances 

are summed together as Z1. The resistance of the cochlear partition is Z4. With the stapes and 

round window immobilized in the BWx condition, Z5 is the impedance of the vestibular 

aqueduct, and Z6 is the impedance of the cochlear aqueduct, placed in series with the impedance 

of Lrw; values of Z5 and Z6 may differ depending on the condition of the ear. 

The estimated PV and PST induced by the third-window pathway were subtracted from the 

measured values in the BWx condition. These pressure differences were used to solve for the 

compressional sources. 
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Figure 4.6. Circuit diagram for estimating compressional sources and their effects on 
intracochlear sound-pressures. 
Ucomp1 and Ucomp2 of Figure 4.5 are represented here as U1 and U2, respectively. 

 

The system of Figure 4.6 was described by a set of linear equations according to Kirchhoff’s 

current and voltage laws, which were combined in matrix form (Equation 4.3); U1 and U2 are 

equal to Ucomp1 and Ucomp2, respectively. The system was solved to estimate the compressional 

source volume velocities. The volume velocities U6 through U8 are described in Equations 4.4 - 

4.7. 
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 𝑼𝟕 = 𝑷𝑽/𝒁𝟓 (4.4)	  

 𝑼𝟖 = 𝑷𝑺𝑻/𝒁𝟔 (4.5)	  

 𝑷𝑿 = 𝑷𝑽 + 𝑷𝑽
𝒁𝑳𝑪
𝒁𝟓

     (4.6)	  

       𝑼𝟔 = 𝑷𝑿 − 𝑷𝑺𝑻 /𝒁𝟒                  (4.7) 

 

Once U1 and U2 were defined, they were used to compute the contribution of the 

compressional sources to the sound-pressure measurements made in the interrupted incudo-

stapedial joint (ISJx) and normal experimental conditions. In the former case, any middle or 

external contribution to the sound pressures are removed, while in the latter case all potential 

sources contribute to the measure sound pressures. 

3. Inertial sources 

The inertial component of BC is modeled here as a single pressure source. The choice of 

source placement was a result of analyses involving unique network topologies and numbers of 

sources. The inertial pressure source is placed to produce a volume velocity across the cochlear 

partition at the basal end of the cochlea (Figure 4.7). Impedance blocks Z5 and Z6 comprise the 

same circuit elements as they do in Figure 4.6. ZPSc is the impedance of the cochlear partition 

(ZRc) in parallel with the impedance of the cochlear scalae (Z1, Z2, and Z3 of Figure 4.6 placed in 

series). 

 



132 

  

 

Figure 4.7. Circuit diagram for estimating fluid-inertia source and its effects on intracochlear 
sound-pressures. 

 

Interruption of the ISJ removes contributions of the inner and middle ear BC sources to 

measured intracochlear sound pressures. In this case, the stapes is unfixed and the round window 

is unoccluded, allowing inertial effects to contribute to the measured PV and PST. 

Intracochlear sound pressures due to the compressional and third-window sources were 

estimated in the ISJx case from the model and the pre-defined cranial and compressional sources. 

The combined resulting sound pressures were subtracted from the measured sound pressures of 

the same condition to estimate PV and PST produced by the inertial source alone. The pressure 

difference (PV – PST) and the impedances Z5 and Z6 define the current Uinertia (Equation 4.8). 

 𝑼𝒊𝒏𝒆𝒓𝒕𝒊𝒂 = 𝑷𝒗 − 𝑷𝑺𝑻 / 𝒁𝟓 + 𝒁𝟔  (4.8)	  

 

The inertial pressure source was calculated by the total pressure drop across the closed-

circuit loop of Figure 4.7 (Equation 4.9).	  
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 𝑷𝒊𝒏𝒆𝒓𝒕𝒊𝒂 = 𝑼𝒊𝒏𝒆𝒓𝒕𝒊𝒂 𝒁𝑳𝒄 + 𝒁𝑷𝑺𝒄 + 𝒁𝟓 + 𝒁𝟔  (4.9)	  

With Pinertia defined, intracochlear sound pressures induced by the inertial source were 

estimated in the normal and BWx conditions. 

 

III. Results 

A. Impedances 

1. Vestibular and cochlear aqueducts 

The vestibular and cochlear aqueducts were each modeled as series of conical horns 

(Equations 3.4 - 3.10). Impedances of the aqueducts, in the direction of inner ear to cranium, are 

shown for both aqueducts in Figure 4.8. Histological sections of the chinchilla inner ear indicate 

the aqueducts are partly filled with non-water-like tissue, assumed to have the effect of 

decreasing the channel cross-sectional area. To model this effect, the diameters of the aqueducts 

were reduced to half their measured widths. Aqueduct input impedances are shown only in the 

direction of inner ear to brain, as these impedances model potential pathways for volume 

velocity produced by the compression and inertial sources. The impedance is mass-like; its 

magnitude is proportional to the frequency and its phase is a quarter cycle. 

Sound pressures transmitted from the brain to the inner ear do not contribute significantly to 

the measurable intracochlear sound pressures (discussed later in chapter), therefore the aqueduct 

input impedances in the direction of brain to inner ear are somewhat trivial and are not shown 

here; the impedances are dominated by the aqueduct itself, not the terminating auditory 

periphery. 
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Figure 4.8. Acoustic impedances of vestibular and cochlear aqueducts. 
Modeled impedances of the vestibular and cochlear aqueducts in the direction of inner ear to 
brain according to the measured diameters (dFact = 1) of the aqueducts and to modified versions 
in which their diameters are halved (dFact = 0.5). 

 

2. Cochlear scalae 

The cochlear scalae were modeled as an inductor and resistor in series, representing inertial 

and viscous effects of the perilymph. The scala vestibuli and scala media were combined based 

on the assumption that Reissner’s membrane has little effect on flow between the two scalae. 

Impedances of these cochlear spaces are shown in Figure 4.9. The impedance of the cochlear 

partition is that of Rc of the air-conduction model.  
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According to Dallos (1970), at low frequencies there is an equilibrium between the 

impedance of the cochlear partition and its parallel branch associated with flow through the 

helicotrema. His measurements suggest this occurs at approximately 150 Hz. A helicotrema 

impedance (Zheli), modeled as an inductor (mass-dominated) was estimated under this 

assumption (Figure 4.9). 

 

Figure 4.9. Modeled acoustic impedance of cochlear partition, cochlear scalae, and 
‘helicotrema’. 
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B. Intracranial sound pressures 

BC-induced sound pressures were measured in the brain. The magnitude and phase of the 

sound pressure, normalized by skull velocity, is shown in Figure 4.10 (n = 3). The sound 

pressure is considered constant in all conditions of the ear. The pressure source Pcranial of Figure 

4.5 was determined by the mean measured intracranial sound pressure. 

The mean magnitude of the third-window source increases with a rate of approximately 10 

dB/decade between 300 Hz and 2 kHz. Its magnitude increases by approximately 20 dB from 3 

and 3.7 kHz. The inertial source magnitude generally decreases proportionally with frequency 

above 3.7 kHz. 
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Figure 4.10. BC-induced intracranial sound pressures: third-window pathway. 
Sound pressures were measured in the brain of 3 chinchillas during bone-conduction stimulation. 
The magnitude of these pressures, normalized by skull velocity, model the source associated 
with the third-window pathways. 

 

C. Compressional source estimates 

The magnitude and phase of the compressional BC sources are shown in Figure 4.11. The 

compressional sources are similar in magnitude with small deviations at frequencies below 800 

Hz, and are a half a cycle out of phase. 
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Figure 4.11. Estimates of compressional BC sources of inner ear. 
  

D. Inertial source estimate 

The magnitude and phase of the inertial BC source is shown in Figure 4.12. The cranial 

sound-pressure source (third-window pathway), equal to the mean sound pressure of Figure 4.10, 

is included in Figure 4.12. 

The inertial pressure-source magnitude decreases with increasing frequency at a rate of 

approximately 30 dB/decade from 200 Hz to 1.2 kHz, the lower-frequency minimum. Another 

minimum occurs at 3.2 kHz. Magnitude maximums are located at approximately 2 and 6.5 kHz. 
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Figure 4.12. Estimates of inertial and third-window-pathway BC sources of inner ear, based on 
measured intra-cranial sound pressures and modeled impedances. 
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4.13 - 4.15. Included in these figures are the estimated sound pressures induced by the inner ear 

BC components. The conditions of the auditory periphery are shown in the order in which they 

were considered for characterizing the volume velocity sources: first, BWx is the condition in 

10
2

10
3

10
4

1

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

40

50

60

70

80

90

100

110

M
a
g
n
it
u
d
e
 (

P
a
/(

m
/s

))

Inertial and third-window source estimates

-3

-4

-2

-1

0

Inertial

7KLUGïZLQGRZ



140 

  

which the inertial effects are assumed inactive (Figure 4.13); second, the ISJx condition permits 

inertial effects while simultaneously removing effects of the external ear BC source and 

minimizing ossicular inertia—only the stapes remains (Figure 4.14). Complete analyses of the 

BWx and ISJx conditions were then performed with the inner-ear sources fully characterized. 

BC-induced intracochlear sound pressures were then estimated in the normal (Figure 4.15), and 

the Stx and RWx (supplemental Figure B.1 and B.2) conditions. Analysis of the BWx condition 

performed with the full circuit including the inertial pressure source is shown in Figure 4.16. 
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Figure 4.13. Intracochlear sound pressures in BWx condition (without inertial source). 
Intracochlear sound pressures were measured with the stapes fixed and round window occluded, 
in the vestibule and scala tympani (n = 10); estimated sound pressures due to each of the inner-
ear BC components, and their combined resulting pressures, are shown. 
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Figure 4.14. Intracochlear sound pressures in ISJx condition. 
Intracochlear sound pressures were measured while the ISJ was interrupted (no cochlear-window 
occlusion), in the vestibule and scala tympani (n = 10); estimated sound pressures due to each of 
the inner-ear BC components, and their combined resulting pressures, are shown. 
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Figure 4.15. Intracochlear sound pressures in normal-ear condition. 
Intracochlear sound pressures were measured in the vestibule and scala tympani in the normal 
ear (n = 24); estimated sound pressures due to each of the inner-ear BC components, and their 
combined resulting pressures, are shown. 
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Figure 4.16. Intracochlear sound pressures in BWx condition (with inertial source). 
Intracochlear sound pressures were measured in the vestibule and scala tympani in the normal 
ear (n = 24); estimated sound pressures due to each of the inner-ear BC components, and their 
combined resulting pressures, are shown. 
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The intracochlear sound pressures PV and PST resulting from the third-window component of 

BC were estimated in the BWx condition (Figure 4.11A and B). The estimated sound pressures 

are approximately 30 dB less than the measured values below 2 kHz. Between 2 and 4 kHz, the 

third-window component generates a PV within 10 dB of the measured sound pressure, with a 

minimum difference of 2 dB occurring at 2.6 kHz. PST produced by this component is similar in 

magnitude to the measured sound pressure between 2.6 and 6.5 kHz. 

Consistent with our definition of the compressional sources from the data, the magnitude and 

phase of the estimated sound pressures produced by compressional sources are generally equal to 

that of the measured sound pressures in the BWx, except at those frequencies where the third-

window-pathway source appears to contribute to the measured sound pressures. Note that PV and 

PST predicted from the cranial source alone are equal (consistent with a circuit where the blocked 

windows allow no current flow), and this equality produces a 0 pressure difference across the 

cochlear partition; therefore, the estimated total pressure difference is due to the compressional 

sources alone. 

The inertial source was estimated in the ISJx condition, in which all three inner ear BC 

components are active. The sound pressures predicted by the defined compressional and third-

window sources were summed and then subtracted from the measured sound pressures, of this 

condition, to determine the contribution of the inertial component. We see in Figures 4.14A and 

B that the estimated total sound pressures from all sources (dashed black lines) does not equal 

that of the measured sound pressure (solid black line). In Figure 4.14A, the PV predicted from the 

compressional source is an order of magnitude greater than the measured sound pressures at 

frequencies below 1 kHz, which is balanced by a PV predicted for the inertial source of the same 

magnitude and opposite phase of the compressional sources. In Figure 4.14B, the PST resulting 
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from the inertial and compressional sources are similar in magnitude and generally out of phase 

between 400 Hz and 1.5 kHz. The compressional sources dominate the total pressure below 400 

Hz and around 2 kHz, while the inertial source dominates within the frequency ranges of 1.5 to 

2.5 kHz and 3.5 to 6.5 kHz. The difference between the inertia-source and compressional-source 

induced pressure differences (Figure 4.14C) are similar to those of PV. While we see differences 

in PV and PST between the measurements and model predictions, the estimated total pressure 

difference is equal to that of the measured difference, which is consistent with our use of the 

pressure difference data in this condition to compute the inertial source. 

Measured and estimated sound pressures of the normal ear are shown in Figure 4.15. The 

third-window pathways contribute little to the total Pv, except at 2.2 kHz, and do not contribute 

to the measured PST at any frequency. The estimated PV of the inertial and compressional source 

are similar in magnitude and opposite in phase below 1.3 kHz. The inertial source dominates 

within the frequency ranges of 1.5 to 2.5 kHz. Above 2.5 kHz, the estimated total |PV| is up to 20 

dB greater than the measured values. The compressional source dominates the total estimated 

|PST| between 500 Hz and 1.5 kHz, while the inertial source dominates the total estimated |PST| 

between 1.5 and 2.5 kHz. The estimated total |PV-PST| is up to 20 dB greater than the measured 

differential above 1.5 kHz. 

As a test of our assumption that the inertial source does not contribute to the measured 

pressures in the BWx condition, we used the inertial sources characterized in the interrupted-ISJ 

condition, to predict its effect on sound pressures in the BWx condition (Figure 4.16). The 

predictions in this set of figures are not consistent with our assumption. Above 1.3 kHz, |PV| due 

to the inertial component is greater in magnitude than |PV| generated by the compressional 

sources, except at approximately 3.1 kHz. A similar effect of the inertial component on |PST| can 
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be seen at the same frequencies. The magnitude of the total estimated |PV-PST| is generally less 

than the measured values below 1.3 kHz and generally greater above this frequency. 

 Measured and estimated sound pressures in the Stx and RWx conditions are shown in 

supplemental Figures C.1 and C.2. 

 

IV. Discussion 

A. Impedances of the vestibular and cochlear aqueducts, and cochlear scalae 

The vestibular and cochlear aqueducts were modeled as a series of conical horns. In the 

direction of inner ear to brain (forward), an impedance approximating brain tissue terminated 

both aqueducts. In the reverse direction, the complete ear model of the appropriate condition 

terminated the aqueducts. Impedances in the forward direction, dominated by inertial effects, are 

shown in Figure 4.8. The aqueducts are filled with both lymph and non-water-like tissue, with 

the latter decreasing the effective diameter of the aqueducts. The diameter was halved in the final 

cochlear model. As can be seen in Figure 4.8, halving the diameter shifts the magnitude equally 

across all frequencies by a factor of approximately 4, as would occur if the impedance were 

modeled by a simple inductor (Equation 4.1).  The inductive-like behavior (associated with an 

acoustic mass) of similar magnitude dominates the impedance of the aqueducts looking from the 

cranium into the inner ear. 

The vestibular and cochlear aqueducts are similar in geometry and are terminated cranially 

by the same impedance. As such their impedances in the forward direction are similar. When the 

oval and round windows are occluded, the presence of these aqueducts permits volume velocity 

within the circuit. In this condition, small changes in the relative impedance of the aqueducts 
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may cause significant changes in the pressure across the cochlear partition. Visual inspection of 

histological sections of a single chinchilla inner ear suggests the vestibular aqueduct may be of 

smaller cross-sectional, compared to the cochlear aqueduct, a difference that could be obscured 

by the resolution of the microCT images. 

 Impedances of the cochlear scalae are shown in Figure 4.9. The impedance of the scala 

vestibuli plus scala media, and the scala tympani are also inductance-dominated across all 

frequencies investigated. The impedance of the cochlear partition (ZRc) is lower in magnitude 

than the scalae impedance estimates. In the case of air-conduction, the cochlear input-impedance 

is dominated by the impedance ZRc; however, in bone-conduction the impedance of the scalae 

may play a role in how cochlear compression and fluid inertia contribute to the cochlear drive. In 

our model, the placement of the inertial source is such that its contribution to PV and PST is not 

affected by the impedances of the scalae above 200 Hz. 

Dallos (1970) suggested the impedances of the helicotrema and the cochlear partition form a 

parallel circuit, where  at low frequencies the impedance of the helicotrema is smaller in 

magnitude, and at higher frequencies the parallel impedance is dominated by the less-impedant 

cochlear partition. A hypothetical impedance Zheli modeling the helicotrema (not included in our 

model) was estimated by an inductor having an impedance magnitude equal to that of the 

cochlear partition at 150 Hz (Figure 4.9). Zheli has a magnitude approximately 6 dB less than the 

total scalae impedance. This similarity suggests that the impedance parallel to that of the 

cochlear partition may be due to the fluid mass of the scalae and not of the helicotrema itself 

(Puria and Allen, 1991). The difference here between the magnitudes of the helicotrema and total 

scalae impedance may be due to simplification of the scalae geometry; an average cross-

sectional area was used to estimate the scalae impedances. 
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B. The predicted effect of intracranial sources on the measured sound pressures 

The cranial sound pressure source, Pcranial, was estimated form measurements and PV and PST 

produced by Pcranial were predicted for various conditions of the ear (Figures 4.11 - 4.16; 

supplemental Figures B.1 and B.2).  

In the BWx condition (Figure 4.11), the PV and PST produced by Pcranial are at least an order 

of magnitude less that the measured sound pressures below 2 kHz. The third-window component 

is predicted to contribute significantly to the total |PV| and |PST| between 2 and 6 kHz. Note that 

the model circuit of Figure 4.5 in the BWx condition prohibits the third-window source from 

producing a volume velocity. With only the third-window source active, the system is 

constrained by an equal sound pressure at every node and a non-existent pressure difference 

(|PV-PST|). 

In the ISJx condition, Pcranial produced an estimated PV and PST (Figure 4.14A and B) of at 

least an order of magnitude less than the measured value across all frequencies, with the 

exception of PV at 700 Hz and 1.2 kHz, where the their magnitudes are similar (Figure 4.14A 

and B). Pcranial does not contribute the pressure differential across the cochlear partition (Figure 

4.14C). 

Figures 4.15A and B suggest in the normal ear, Pcranial does not contribute to the measured 

PV and PST, with the exception of PV at 2.2 kHz, where the their magnitudes are similar. Pcranial 

does not contribute the measured pressure differential across the cochlear partition (Figure 

4.15C). 
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C. Estimated vs. measured sound pressures 

To estimate the compressional sources, we assumed that in the BWx condition the measured 

intracochlear sound pressures are produced by cochlear compression and third-window sound 

pressure transmission without any inertial components. If the inner ear structures and its BC 

sources are accurately modeled, and the assumption of compressional source dominance in the 

BWx condition holds true, the magnitude of the sound pressures resulting from the inertial 

sources should be less than the measured sound pressures. In Figure 4.16, the estimated sound 

pressures resulting from each component in the BWx condition are shown. With the inertial 

source active, the estimated total |PV| and |PST| does not follow the magnitude of the pressures 

produced by the compressional sources as it does when the inertial source is inactive. The 

estimated total |PV| is less than the measured pressures below 1.3 kHz, and is general greater than 

the measured pressures above this frequency, where the inertial source dominates (Figure 

4.16A). The estimated total |PST| is also dominated by the inertial source at most frequencies 

above 1.3 kHz (Figure 4.16B). Moreover, the estimated pressure differential |PV-PST|, exhibits a 

behavior similar to |PV|. The large estimates of |PV| and |PST| produced by the inertial component 

suggest the choice of network topology, source types and placements, and/or the assumption that 

the inertial component is inactive in the BWx condition are/is incorrect (Figure 4.16C). Because 

of the broken hypothesis, our estimates of the compressional source must be inaccurate, and this 

will lead to inaccuracies in our estimate of the inertial sources. 

Measured and estimated intracochlear sound pressures in ISJx condition are shown in Figure 

4.14. Estimates of PV magnitude are similar for the compressional and inertia sources up to 1 

kHz, and the associated phases are a half cycle apart, with a resulting total magnitude that is 

approximately 30 dB less sound pressures generated by the sources separately (Figure 4.14A). 
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The inertial component dominates the |PV| above 3 kHz. The estimated |PV| due to these two 

sources are not equal but are of similar magnitude. The magnitude of the estimated total PV 

follows that of the inertial source between 1.3 and 2.3 kHz and above 4 kHz, as does the pressure 

differential |PV-PST| (Figure 4.14C). |PST| produced by the compressional and inertial sources are 

similar between 400 Hz and 1.2 kHz; the half-cycle phase difference of these pressures results in 

a decreased estimated total |PST| (Figure 4.14B). 

Estimated and measured sound pressures are shown for the normal condition in Figure 4.15. 

Pressure measurements of this condition were not used in characterizing the inner ear BC 

sources. The magnitudes of PV due to the compressional and inertial sources are similar below 

1.3 kHz (Figure 4.15A), as was the case in the ISJx condition (Figure 4.14A). The total estimated 

|PV| is approximately 10 dB greater than the measured sound pressure below 400 Hz, is 10 to dB 

less between 400 and 800 Hz, and is approximately 10 to 35 dB greater than the measured sound 

pressure above 1.3 kHz. The estimated total |PST| is generally less than the measured sound 

pressure with the greatest deviation (35 dB) at between 300 and 500 Hz (Figure 4.15A). The 

magnitude of the estimated total pressure differential (Figure 4.15C) is dominated by |PV|. 

Measured and estimated sound pressures in the Stx and RWx conditions are shown in 

Appendix C. 

D. Estimation of the inertial source 

According to Equation 4.8, the volume velocity of the closed loop circuit is constrained by 

the impedances Z5 and Z6 and the pressure difference across them, PV-PST. The ground (Pground = 

0) at the node between Z5 and Z6 places an additional constraint on the system (Figure 4.7), 

making it over-determined. Estimation of the inertial pressure source, as described by Equation 

4.8, is independent of the pressure at this node, and estimation of Pground based on this same 
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equation will produce a non-zero value. (Alternatively, the volume velocity of the circuit could 

be defined by the pressure difference PV-Pground or PST-Pground across either Z5 or Z6, 

respectively. However, the system remains over-determined.)  

With the inertial pressure source defined, PV and PST are calculated, adhering to the ground 

constraint. As a result, in the ISJx condition, the estimated pressures will not equal those that 

were used to define the source. This is evident in Figures 4.14A and B, where the total estimated 

sound pressures do not match the measured data. However, the estimated total pressure 

difference PV-PST does equal the measured difference, as an absolute value of Pground is not 

required in calculating this pressure difference.  

Estimates of the inertial pressure source based on various the constraints are shown in 

supplemental Figure C.3 for reference. None of these estimates are necessarily correct. 

Furthermore, a measure of error associated with the different constraints cannot be made, as 

there is no ground-truth for which to compare. The source of error may reside in multiple 

measurements and impedance estimates, as well as the network topology. 

E. Comparison to other models 

Schick (1991) developed an electric model of the human cochlea and middle ear to 

investigate the inner-ear bone-conduction mechanisms. He looked at basilar membrane 

displacement as a function of position along the cochlea and frequency of stimulation. Relative 

displacement amplitudes were estimated as the measured potential across the basilar membrane, 

modeled as parallel capacitors coupled by inductors to account for fluid mass effects in the 

longitudinal direction. In his model, motion of the cochlear wall is localized, directly stimulating 

the basilar membrane at a similar position along the length of the cochlea. In our study, the 
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magnitude of cochlear drive is proportional to the pressure difference at the base of the cochlear 

partition, as it is our assumption that this pressure gradient generates the traveling wave and that 

pressure differences along the membrane are a function of its mechanical properties and active 

mechanisms of the hearing organ. A limitation of Schick’s model (1991) is that relative 

contributions of the different components of bone conduction cannot be determined. His results 

suggest that the compressional component excites the basilar membrane with maximum 

amplitude at frequencies above 1 kHz, while the inertial component is most effective between 

200 Hz and 2 kHz. 

Stenfelt (2015) developed a lumped-element circuit model of the inner ear to investigate the 

relative importance of the compressional and inertial components of BC hearing in human. The 

magnitudes of these sources were dependent on the relative motion of the cochlear walls, 

estimated by phase differences in a longitudinal sound pressure wave—simulating the BC 

stimulus—transmitted across through the cochlea. This simplification ignores higher modes of 

distortion, does not account for variations in wave propagation, and does not consider 

compressibility of the cochlea due to pressure gradients across the cochlear boundary. Similar to 

our study, Stenfelt quantifies the contribution of the sources to BC hearing by the response of the 

basilar membrane at the base of the cochlea. The results of his study suggest that the inertial 

component is the dominating inner ear source of BC across all frequencies considered in the 

present study. As previously stated, our model does not assume specific mechanics of the 

sources. A direct comparison of the relative contributions cannot be made between the two 

studies, as the results of our model are likely inaccurate to some degree. 

The finite element models of Bohnke and Arnold (2006) and Kim et al. (2011), and the 

circuit models of Schick (1991) and Stenfelt (Stenfelt, 2015) assume simple mechanics of the BC 
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sources. Because of the demonstrated inaccuracy of our estimates of compression and inertial 

sources a direct comparison of the relative contributions cannot be made between the two 

studies, as the results of our model are likely inaccurate to some degree. 

Finally, while the model presented here is of the chinchilla ear, our proposed method of 

characterizing the inner ear components of BC hearing could be extended to research in humans. 

F. Model limitations and weaknesses 

1. Quality of window occlusion and pressure-sensor seal 

Our model assumes the application of dental cement at the oval and round windows results in 

occlusions that may be modeled as an infinite impedance. This is likely a good approximation for 

oval window occlusion, when the stapes is fixed to the cochlear bone. It is possible, however, in 

the case of round window occlusion for air bubbles to be trapped between the cement and the 

round window membrane, causing a reduction in the impedance at high frequencies. To test the 

effect of a less-than-ideal occlusion, the modeled round window compliance was decreased over 

a range of magnitudes. As the compliance is decreased, the estimates of PV and PST continue to 

change noticeably, until the compliance is reduced by a factor of 1e7. Therefore, an occlusion 

altering the compliance by a factor of less than this may produce a response not representative of 

the occluded condition. Similar issues may exist with compliance of Jeltrate® surrounding the 

sound pressure sensors. 

2. Unknown complex system behavior 

An understanding of the potentially complex mechanics associated with each of the inner ear 

BC sources is not necessary for its characterization, based on the method proposed here. 

However, this becomes a disadvantage; even if the sources are characterized quantitatively such 
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that the estimated responses match the measured data of each condition, full descriptions of the 

source mechanics are not likely attainable. 

3. Non-linear cochlear mechanics 

The current study does not consider active cochlear mechanics. It is not clear that these 

mechanics, in regard to BC hearing, are unaffected by changes in impedances, namely of the 

oval and round windows. If, for example, a source estimate includes measurable effects of active 

cochlear mechanics, these effects may change in a different condition of the ear, making the 

prior source estimate inaccurate under the different condition. 

 

V. Conclusion 

The inner-ear source of bone-conduction hearing is believed to comprise several 

mechanisms. At the present time, no one has yet clearly determined the dominating 

mechanism(s) of this source. Various methods have been used to investigate these mechanisms, 

including lumped-element circuit models and finite element models. These models are developed 

and solved under different assumptions and these assumptions are important for correctly 

modeling the behavior of the sources. 

A method is proposed here that minimally assumes the mechanics of each inner ear BC 

source. The type of electric element used to model the different sources and their placement 

within the model are affected by our assumptions; however, our method involves measured data, 

namely BC-induced intracochlear sound pressure measurements, to characterize the sources. 

These measurements were made under varying conditions of the ear, and these conditions may 

be used to isolate the activity of these components. 
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Our results suggest sound-pressure transmission via third-window pathways does not play a 

significant role in bone-conduction hearing in chinchilla; the estimated sound-pressure 

differential across the cochlear partition due to this source, as modeled here, is an order of 

magnitude below the measured differential at most frequencies, in all conditions. The magnitude 

of this source is directly related to the BC-induced intracranial sound pressures. Manipulation of 

the auditory periphery is not required to isolate this source, therefore any inaccuracies in its 

estimation is limited to impedance estimates and assumptions of cochlear network topology. 

Our estimates of the inertial and compressional sources are likely inaccurate, as estimated 

intracochlear sound pressures due to these sources can be larger than the measured sound 

pressures (Figure 4.14-4.16). Sources of error may include cochlear model network topology, 

based on assumptions of the nature of inner ear BC sources, impedance estimates, and degree of 

source isolation by manipulation of the auditory periphery. The theoretical framework described 

here for isolating these inner-ear bone-conduction sources requires further investigation. 
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I. Air-conduction model 

A lumped-element circuit model was developed for air-conduction hearing in chinchilla. This 

model, based on the classic Zwislocki model of air-conduction hearing in human, serves as the 

basis for a bone-conduction hearing model. 

The unknown parameter values were determined by fitting various model outputs to 

mechanical and acoustic responses of the chinchilla middle ear and cochlea. The model was 

constrained where possible by directly relating parameter values to geometries of the middle ear 

(e.g., transformer ratios of the middle ear were determined by areas of the tympanic membrane 

and stapes footplate, and lengths of the malleus and incus). Other parameters were determined by 

an iterative process involving automated and manual optimization methods. 

II. Bone-conduction model 

Our chinchilla bone-conduction model was adapted from our model of air-conduction 

hearing. In the air-conduction model, most analyses can be performed with the introduction of an 

arbitrary volume velocity or pressure source. The bone-conduction model input is constrained by 

relative magnitudes of its sources, with each source magnitude and phase relative to a global 

system input, a skull velocity driven by a bone-conduction stimulator. The sources must be 

characterized accurately to understand how they work together. 

III. External-ear source 

The external-ear source of bone conduction is thought to be due to compression of the ear 

canal walls that perturbs the volume of air within the canal, generating a sound pressure. This 

BC-induced ear-canal sound-pressure was measured under various conditions of the middle ear 
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and ear canal. The EEBC was characterized by using the measured sound pressures and modeled 

impedances of the auditory periphery. 

Isolation of the EEBC in its effect on the measured ear-canal sound pressures, by 

manipulations of the middle ear, allowed us to study its contribution to the ECSP in the normal 

ear. Our results suggest that in the normal condition, the BC-induced ECSP is dominated by the 

external-ear source. 

Relative motion of the lower jaw with respect to the ear canal does not contribute to the 

measurable sound pressure within the canal, according to our data. 

Compound action potentials—the summation of action potentials of the auditory nerve in 

response to sound—were measured in the live chinchilla. Comparison of these neural responses 

at threshold across different conditions of the ear were used to investigate the contribution of the 

external-ear bone-conduction source to BC hearing, while the ear canal is open and occluded. 

Our results suggest that the EEBC contributes to BC hearing in both conditions of the ear canal. 

IV. Inner-ear source 

The inner-ear source of bone-conduction hearing is believed to comprise several 

mechanisms. To our knowledge, no one has yet clearly determined the dominating mechanism(s) 

of this source. It is likely that the answer is frequency dependent. Various methods have been 

used to investigate these mechanisms, including lumped-element circuit models and finite 

element models. These models are developed and solved under different assumptions and these 

assumptions are important for correctly modeling the behavior of the sources. 

A method is proposed here that minimally assumes the mechanics of each component. The 

type of electrical element used to model the different components and their placement within the 
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model are affected by our assumptions. Ourr method involves using measured data, namely BC-

induced intracochlear sound pressure measurements, to characterize the sources. These 

measurements were made under various conditions of the ear, which may isolate the activity of 

these components. 

The validity of our inner-ear BC source estimates is dependent upon the accuracy of our 

modeling of various conditions of the middle ear and assumptions of the nature of the sources. 

Moreover, the validity of our estimates of the inertial and compressional inner-ear BC sources is 

dependent upon the degree of source isolation achieved. As previously noted, the theoretical 

framework described here for isolating these inner-ear BC sources requires further investigation.
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Figure A.1. Graphical user interface for manual optimization of an air-conduction hearing model for chinchilla.
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A. Chinchilla auditory periphery 

 Figure B.1 shows a volume reconstruction (generated with Amira software) of the 

posterior (caudal) half of a complete chinchilla ear (external, middle, and inner ear) – sectioned 

along the ear-canal axis – from a series of microCT scans performed at the Center for Skeletal 

Research at Massachusetts General Hospital. The complete 3D reconstruction was used to 

quantify the geometry of the external ear, which was the basis of our ear-canal acoustic 

impedance estimates.  

 

Figure B.1: Chinchilla auditory periphery – the posterior half of a volume rendered 
reconstruction of microCT scan data. 
A single chinchilla ear (including external, middle, and inner ear) was scanned with 36 µm3 
voxel resolution. The effective cartilaginous ear canal (1) is bounded by two dashed lines: (2) the 
boundary between the pinna flange and the cartilaginous ear-canal tube, and (3) the entrance to 
the bony ear canal. The bony ear canal (4) is bounded by dashed line (3) and the tympanic 
membrane (white dashed line) (5).  The location of the probe tube microphone (6) is schematized 
in the reconstruction. 
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B. External ear-canal model  

 The geometry of the chinchilla external ear canal (Figure B.2) was estimated from the 

complete 3D reconstruction. The ear canal was divided into segments and each segment was 

represented by a conical horn. The segments of the cartilaginous canal  are of equal length and 

varied cross-sectional areas, and are arranged along a linear longitudinal axis. The bony canal 

segments are of varied length and cross-sectional area. The curved longitudinal axis of the bony 

canal was estimated by eye and the cross-sectional areas were arranged perpendicular to this 

axis. Distances between adjacent cross-sections were estimated by the distance between their 

intersections with the longitudinal axis. 
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Figure B.2. External ear-canal model. 
The cartilaginous portion of the ear canal is modeled by the concatenation of 18 horn segments 
of equal length and varied cross-sectional area. The bony portion of the ear canal is modeled by 
the concatenation of 10 horn segments of varied length and cross-section. In all segments, left is 
lateral and right is medial. The microphone that measured ECSP (ear-canal sound pressure) was 
located at the boundary between segment i and j of the bony canal.  

 

The geometry of a conical horn (e.g. Figure B.3) is described by the following equations, where 

the subscript T corresponds to the narrow throat of the horn, and the subscript M corresponds to 

the wider mouth of the horn: 

 ℎ! = 𝑆! − S!/2  (S1) 

 ℎ! = S!/2 (S2) 

 θ = tan!!(ℎ!/𝑙) (S3) 

 x! = ℎ!/tanθ (S4) 

Cartilagenous Ear Canal

  lateral     medial

Bony Ear Canal

1 2 3
4 5 6 7 8 9 10

11

aa b c d e f g h i j k l m n o p q r b c d e f g h i j

x-sectional area (mm2)
1=29.28, 2=29.92, 3=33.29, 4=49.27, 5=51.94, 6=43.95,
7=35.96, 8=31.96, 9=30.63, 10=33.29, 11=66.8

length (mm)
a=0.4, b=1.63, c=1.03, d=0.67, e=1.02, f=0.90, g=1.09,
h=0.89, i=0.83, j=1.7

x-sectional area (mm2)
1=149.2, 2=135.1, 3=127.4, 4=123.7, 5=122.9, 6=122.6,
7=121.9, 8=119.6, 9=119.0, 10=89.1, 11=82.0,12=74.8,
13=67.1,14=61.7,15=56.4,16=33.9,17=34.7,18=32.8,
19=29.28
length (mm)
a-r: all segments are 0.72 mm
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10 11 12 13 14 15

16 17 1819

middle ear

location of 
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 x! = x! − 𝑙 (S5) 

 

 

 

Figure B.3: Geometry of a finite conical horn (after Beranek and Mellow 2012). 
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C. Skull velocity and sound pressure responses to BC stimulation 

The BC vibrators used in this had finite bandwidths that limited the bandwidth of our 

measurements (Figure B.4).  

 

 
Figure B.4: BC-induced skull velocities and EC sound pressures. 
(A) Examples of the skull velocity produced by the two BAHA stimulators used in this work 
(left-hand figure), and (B) the raw (un-normalized) ear-canal sound pressures elicited at the TM 
with the ear canal opened or occluded in one ear using the BAHA© 3. Both panels include 
estimates of the noise floor of the velocity and sound pressure measurements.`  
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D. Effect of BAHA-radiated sound on measured ECSP 

 Ear canal sound pressures were measured at the TM, and as a control at the entrance to 

the bony ear canal. The straight-line distance between the BAHA and these locations are 

approximately 2.5 cm and 3.5 cm, respectively. Figure B.5 illustrates sound pressure 

measurements made at these two locations with the BAHA attached to the chinchilla head 

divided by measurements made with the driven BAHA detached from the skull but placed along 

side the mounting post. Between 0.2 and 7 kHz, the sound pressures measured at the TM when 

the BAHA was attached to the skull were generally at least 20 dB larger than those measured 

without skull attachment. 

 

 

Figure B.5. Effect of airborne sound on measured ECSP. 
We measured the contribution of airborne sound generated by the BAHA to the measured sound 
pressures when the ear canal was unoccluded and the middle-ear cavity was opened in a single 
chinchilla ear. Sound pressures measured at the TM and the entrance of the bony ear canal with 
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the BAHA mounted on the skull are divided by the sound pressures at the same locations when 
the BAHA is detached from the skull but placed next to the mounting post. 

 

E. The occlusion Effect: comparison to human data (Stenfelt, 2003) 

The effects of ear-canal occlusion on the sound pressures at the TM measured in the normal 

ear and the ear with the cartilaginous portion of the ear canal removed are shown in Figure B.6.  

Our data are compared to similar measurements by Stenfelt et al. made in humans (Stenfelt et al., 

2003). 

 

 

Figure B.6. Effect of ear canal occlusion on ECSP in chinchillas (this study) and humans 
(Stenfelt et al., 2003).
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A. Intracochlear sound pressures 
 
Intracochlear sound pressures due to the compressional, inertia, and sound-pressure 

transmission sources were estimated in the fixed-stapes (Stx) and occluded round windows 

(RWx) cases. The sound pressures resulting from each source and their combined resulting 

pressures are shown in Figure B.1 along with the mean measured sound pressure, in the Stx 

condition. Sound pressures are shown in the RWx condition in Figure B.2. 
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Figure C.1. Intracochlear sound pressures in Stx condition. 
Intracochlear sound pressures were measured in the vestibule and scala tympani while the stapes 
was fixed (n = 8); estimated sound pressures due to each of the inner ear BC components, and 
their combined resulting pressures, are shown. 
  

Sound pressure in vestibule

10
2

10
3

10
4

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

|P
V|

 [
d
B

 r
e
: 
1
 P

a
/(

m
/s

)]

Sound pressure in scala tympani

10
2

10
3

10
4

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

|P
ST

| 
[d

B
 r

e
: 
1
 P

a
/(

m
/s

)]
Measured

Model

Cranial

Compression

Inertial

Differential sound pressure

10
2

10
3

10
4

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

|P
V-
P S

T|
 [
d
B

 r
e
: 
1
 P

a
/(

m
/s

)]

-5

-4

-3

-2

-1

0

1

0

20

40

60

80

100

120

-4

-3

-2

-1

0

1

-4

-3

-2

-1

0

1

20

40

60

80

100

120

Stx
20

40

60

80

100

120



174 

  

 

 

 

Figure C.2. Intracochlear sound pressures in RWx condition. 
Intracochlear sound pressures were measured in the vestibule and scala tympani while the RW 
was occluded (n = 10); estimated sound pressures due to each of the inner ear BC components, 
and their combined resulting pressures, are shown. 
  

Sound pressure in vestibule

10
2

10
3

10
4

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

|P
V|

 [
d
B

 r
e
: 

1
 P

a
/(

m
/s

)]

Sound pressure in scala tympani

10
2

10
3

10
4

P
h

a
s
e

 (
c
y
c
le

s
)

Frequency (Hz)

|P
ST

| 
[d

B
 r

e
: 
1

 P
a
/(

m
/s

)]

Measured

Model

Cranial

Compression

Inertial

Differential sound pressure

10
2

10
3

10
4

P
h
a
s
e
 (

c
y
c
le

s
)

Frequency (Hz)

|P
V-
P S

T|
 [
d

B
 r

e
: 
1
 P

a
/(

m
/s

)]

-4

-3

-2

-1

0

1

20

40

60

80

100

120

-4

-3

-2

-1

0

1

20

40

60

80

100

120

20

40

60

80

100

120

-4

-3

-2

-1

0

1

RWx



175 

  

C. Estimates of the inertial BC source under various constraints 
 
Placement of a ground between impedances Z5 and Z6—necessary to estimate absolute 

pressures of PV and PST—result in an over-determined system. The inertial pressure source of 

Figure 4.7 is dependent on the volume velocity through circuit, which depends on two selected 

pressures constraining the system. Inertial source estimates are shown for the system constrained 

by 1) PV and PST, 2) PST and Pground, and 3) PV and Pground. (Figure C.3) 

 

 

Figure C.3. Estimates of the inertial BC source under various system constraints. 
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