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A lumped-element model of the chinchilla middle ear
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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 param-
eters 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. © 2019 Acoustical Society of America.
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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 tym-
panic 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 imped-
ance 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 mem-
brane 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 com-
putational 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
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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 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 chin-
chilla 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 behav-
ioral 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
20kHz. The surface area of the human TM and stapes foot-
plate are approximately 0.68 and 0.030 cm” (Hemila et al.,
1995), respectively, while those of the chinchilla are approx-
imately 0.56 and 0.020 cm?, respectively (Vrettakos er al.,
1988). While the chinchilla has a relatively large middle-ear
air volume (2cm?) (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
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conduction) stimulate the inner ear. This goal has shaped
this investigation, primarily in our concentration on sounds
of frequencies of 10 kHz and lower.

II. METHODS
A. Basic circuit model and model transfer functions

The air-conduction circuit model for chinchilla (Fig. 1) is
a modification of the Zwislocki (1962) model with that mod-
el’s simple form and a relatively small number of elements.
The model has five 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.

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 (Ag = A7y /Ast), and the ratio of the
lengths of the malleus and incus lever arms (Lg = L,,/L;)
(Dallos, 1973). However, Fig. 1 includes no explicit

U

transformers. Instead, the transformers are implicitly
included in the model parameters and the internal circuit vol-
ume velocities (Ust) and sound pressures (Py) values. To
compute the actual scala vestibuli sound pressure and stapes
volume velocity (i.e., Py and Ugy), one needs to remove the
transformation, e.g.,

Py, = PyAgLg, (D

1

U.. =U .
ST STARLR
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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 = P, /Py, 3)
SVTF = Vi /Pru, “)

where the velocity of the stapes Vi, is Uy, divided by the
area of the stapes footplate, and

Zc = Py /Ug = (Py/Uy)(ArLg)’. (5)

The model directly defines (without the need for transform-
ers) the volume velocity at the TM, Ury, and the sound
pressure at the TM in the ear canal, Ppy. The ratio of these
variables describes the middle-ear input impedance

Zyg = Pry/Urm. (6)

All four of these system functions [Egs. (3)-(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
Fig. 1 describes the circumstance where the middle-ear cav-
ity is split between two major air spaces: one directly behind
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FIG. 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 supe-
rior cavity, f: 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, ¢: cochlea, rw: round window.
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the TM with compliance C,, and a second superiorly posi-
tioned space with compliance C,, that is connected to the first
by a foramen, or aditus, with resistance R, and inertance L.
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 Fig. 1 repre-
sents air-filled cavities that are naturally closed to the outside
via bony walls; however, most measurements of middle-ear
function require opening the bony walls for manipulations of
middle-ear muscles, observation of the ossicles, or the place-
ment 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 impe-
dances from these openings to the outside world (Fig. 2).

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 com-
pliances of membranes and joints are described by electrical
capacitors. Translationally oscillating media 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 compli-
ances were constrained by the measurements of the equiva-
lent volume of the combination of the two compliances
made by Rosowski et al. (2006),

Vp + Vt thal
> = 5 (7N

air PairCair

Cp + Ct = Ctoral = :

air€
where p,;, is the density of air, ¢, is the speed of sound in
air, V,, and V, are the volumes of the superior and tympanic

cavities, and V. = 2 cm>. The masses of the malleus-incus
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FIG. 2. The addition of six elements to the cavity model of branch (a) in
Fig. 1 to account for (1) the placement of a hole into the superior cavity of
the chinchilla middle ear (subscript /), 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 (L,,4) that models sound flow through the
hole, placed in series with a parallel inertance and resistance (subscript 1#)
modeling the impedance associated with radiation of the sound into the
atmosphere (Beranek, 1993).
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complex and the stapes are related to the inertances L, and
L, by the appropriate transformer values

L, = (malleus + incus mass)/Ary?, )

Ly = stapes mass/(Lg*Ary®). ©)

As the stapes inertance Lg, is in series with that of the
cochlear inertance L., and the Zwislocki model does not dis-
tinguish between the two, the early optimization passes
(steps 1-5 described below) were made with Ly, set to zero.
Later, the stapes inertance was constrained by Eq. (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 perturba-
tions of model parameters to produce a “best” fit of model
outputs to the magnitude and phase of experimentally deter-
mined 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 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
(Nelder and Mead, 1965) for solving multidimensional opti-
mization 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 experi-
mental data at each frequency point summed over m frequen-
cies [Eq. (10)], where y is the model output and y, is the
experimental data. This normalization converts the deviation
into a fraction of the measured values. This generalized for-
mula was sufficient for fitting the model to phase data (after
adding 27 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 [Eq. (11)], as non-logarithmic cost esti-
mates that include normalization by the target value empha-
sized the fit at data regions with small magnitude and high
signal-to-noise ratios. The calculation of the logarithmic
magnitude costs in Eq. (11) did not include explicit normali-
zation to the experimental data, as the calculation of the log-
arithm provided an implicit normalization to the common
reference value, where the log quantities were implicitly ref-
erenced by a value of 1 of the same units (e.g., a reference
value of 1mm s~ 'Pa~' was used to convert the model and
measured |[SVTF| to log values). The total cost [Eq. (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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The measured and model phases in some frequency ranges
originally included zero as a possible value. Since normaliza-
tion by a measured phase near zero would greatly increase the
cost [Eq. (10)], a+ 2x shift was applied to the wrapped experi-
mental 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 associ-
ated with the updated parameter set.! For each run, this
repeated perturbation and recalculation of the cost was iter-
ated (on the order of 10000 times) until the predicted param-
eters stabilized at an “optimum” value. An example of how
the parameter values were altered during a single optimiza-
tion run is illustrated in Fig. 3.

Due to the high probability of multiple local minima in the
total cost associated with optimization of the 14 or more vari-
able model parameters solved for in each iteration, hundreds of
automated optimization runs (each of which included thou-
sands 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
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FIG. 3. (Color online) 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 Eq. (12) and accounts for fitting the
model to the magnitude and phase of Zy;g, SVTF, and Zc. Significant changes in parameter values occurred during the first 8000 iterations, but stability was

achieved by 9500 iterations.

1978  J. Acoust. Soc. Am. 145 (4), April 2019

Peter Bowers and John J. Rosowski



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 solu-
tions. In order to prevent negative parameter values (i.e., nega-
tive 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 opti-
mization procedures, manual fitting procedures were imple-
mented. The purpose of manual fitting was either to test
whether the model could be improved beyond what the auto-
mated process produced, or to correct the objectively fit
parameters to anatomically realistic values. The manual fit-
ting 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). The GUI allowed adjustment of individual
parameter values while displaying in real-time 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 val-
ues 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.

F. Estimation of round-window compliance

After multiple sets of automated and manual optimiza-
tions determined an optimum set of model parameters for
the elements described in Figs. 1 and 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 (Pgr). Fitting the expanded model to
Pst measurements helps constrain the round-window com-
pliance, and allows future model calculations of the pressure
difference across the cochlear partition. In experiments by
Ravicz and Rosowski (2013a), sound pressures were mea-
sured 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 Pgt, two elements were
added to the cochlear network (Fig. 4): an inertance to model
the mass of a column of water-like perilymph between the
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FIG. 4. Expanded cochlear network. An inertance L,, and resistance R,,,

were added to the cochlear network, allowing calculation of the sound pres-
sure in the scala tympani Pgr.

scala tympani sound-pressure sensor and the round window
(L,,), and an associated resistance (R,,,). Such elements have
been introduced in multiple previous studies that modeled mea-
surements of Py (Nedzelnitsky, 1980; Olson, 2001; Nakajima
et al., 2009; Frear et al., 2018).2 As was the case for the vesti-
bule sound pressure, the prediction of the target P'gy was cal-
culated by removing the implicit effect of the middle-ear
transformers on the model representation of Pgr,

Py, = PsrAgLg. (13)

A single automated optimization run was used to find
the values of C,.,, L,,,, and R,,, that best fit measurements of
P'st normalized by the sound pressure in the ear canal Py,
(Ravicz and Rosowski, 2013a).

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 Fig. 5.
Our process tries to minimize the number of free parameters
that are subject to optimization by exploring different sec-
tions and elements by optimization while separated from
other parts of the circuit. Figure 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 measure-
ments of the acoustic impedance of the cavities (Rosowski
et al., 2006). (Optimization of nine model parameters.) In
step 1, measurements of the cavity impedance at low and
middle frequencies were used to fix values of the cavity vol-
umes (directly related to C,, and C,) and inertance L, of the
aditus that connects them. In step 2, the circuit structure of
branch a in Fig. 1 with circuit parameters defined by step 1,
and initial parameters for R,, R,, and L, from the Zwislocki
circuit were used as inputs to 200 automated optimization
runs used to fix R,, R;, and L, for later fitting procedures. In
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Constrain 9 of the independent middle-ear cavity parameters
Step 1) Estimate Cp, C¢, and Lq from intact-cavity impedance measurements
Step 2) Define Rg and R¢ by 200 runs of automated optimization; L required
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 defined above and transformer ratios fixed 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 Lyy; and Ly
Step 7) Manual fitting of all defined model parameters using GUI and cost estimate
Step 8) Repeated sensitivity analyses to fine-tune all parameters

Computer-automated optimization of 16 middle-ear and cochlear parame-

FIG. 5.Flow chart of
development.

model

ters; cavity parameters, transformer ratios, and stapes inductance fixed 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
9¢) 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 L,x; and L4, for consistency with anatomic cavity volumes
Step 11) Repeated sensitivity analyses to fine-tune all parameters

Expansion of cochlear network to include L,y and Ry

Step 12) One automated run with all but G, Lrw, Rrws Lc, and R fixed; Lyy+Lc and
Rrw+Rc are constrained by Step 11 Lc and R¢ ,respectively.

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 Fig. 2 (L,;, L,2, R,;, and R,>). The addi-
tional inertances in Fig. 2 (L,,; and L,,;) 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 Zyg, SVTF, and Z 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 Ag and Ly (area and lever ratios) were fixed
at their anatomically defined values. For reasons described
above, the inertance associated with the stapes mass L, was
also fixed at zero. The 14 other elements in branches b
through e of Fig. 1 were adjusted in both steps. In Step 4,
human-defined initial values were used for all varied ele-
ments, and each initial value was individually randomly var-
ied (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
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stapes L,, was fixed at a value derived from its anatomical
mass and the contribution of the two transformers [Eq. (9)].
Additional cavity parameters L,,; and L,,, 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 val-
ues using the GUI to provide visual comparisons of the
model predictions and the measured magnitude and phase of
Zyig, SVTF, and Z¢ 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 Fig. 2, the other 22 elements of Figs. 1 and 2 (including
those added in Step 6), the TM area, and malleus-incus lever
ratio. Step 8 was a complete sensitivity analysis on the indi-
vidual effects of variations in each of the 26 model parame-
ters to fine-tune the manual adjustments of step 7.

In steps 9a—9e, computer-automated objective optimiza-
tion runs were performed. Each substep of step 9 allowed the
optimization process to explore a unique range of initial val-
ues. Sixteen of the circuit parameters (including L,.; and
L, introduced in step 6) were variable, while the 9 middle-
ear cavity parameters, the stapes inertance (Ly,), and the two
transformer ratios (A and Lg) 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™") 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
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step 9d, n=2 (100 runs); in step 9¢, 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 L,..; and L,,,, as the value of
L,,; from step 9 was not anatomically realistic and because of
the interplay between L,.; and L, and their effects on the
middle-ear transfer-function outputs. All other parameters were
fixed by the result of step 9. The modification of L,; and L,»
in step 10 required adjustment of certain parameters; in step
11, L,,; and L,,, 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 (Pg) by adding the inertance L,,, and resistance
R, in series with C,,,. The values of L,,, and R,, were con-
strained along with the values of L. and R. so that the total
cochlear inertance and resistance were unchanged from that
defined in step 11. Specifically, the value of L,,, plus the new
value of L. must equal the value of L. defined in the previous
step. A similar constraint was placed on R,, and R. New
parameter values for L,,, L., R, R. [indirectly by varying
Lratio:L)w/ (LIW+L() and Rratio:Rrw/ (Rrw+R()] and an
updated value of the round-window compliance C,, were
determined—optimization of three model parameters—by a
single computer-automated optimization run (randomization of
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initial values did not produce different results) that fit the
model outputs to the Pgp/Pry measurements of Ravicz and
Rosowski (2013a). All other parameter values were fixed.

lll. 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 Fig. 1) that incorpo-
rate the tympanic and superior cavities (the former with vol-
ume approximately 3 times that of the latter, and both
totaling approximately 2 cm?) were independently analyzed
from the rest of the model (TM, ossicles, and cochlea). Step
1 fixed the model parameters that describe the cavity compli-
ances (C, and C,) and the inertance of the aditus (L,) that
connects them, based on a combination of manual and auto-
mated fittings to measurements of the input impedance of
the cavity, with intact walls, made at frequencies between
0.1 and 2kHz [Fig. 6(a)]. The low-frequency impedance [at
0.2kHz, arrow 1 in Fig. 6(a)] can be attributed to the parallel
compliances of the two air-filled cavities, with the relation-
ship described by the following equation:

1
]C!)C;(l —+ Av) ’
1

o— 9
JoZumEcl—o 2k,

Zmec |f —02kHz ~

C(1+Ay) = (14)

(b)

Lh

FIG. 6. Middle-ear cavity. (a) Impedance of the fitted intact (no holes) middle-ear cavity superimposed on the averaged data of Rosowski er 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 L, 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.
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where Zygc is the impedance of the middle-ear cavity, C, is
the compliance of tympanic cavity, Ay is the compliance
ratio of the superior cavity C, to the tympanic cavity C,
(which equals the ratio of the volumes of the superior and
tympanic cavities), and the angular frequency is w =2nf.
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).

The process of determining the middle-ear cavity
parameter values was repeated with Ay values between 0.2
and 0.4 with Ay =0.35 yielding the lowest cost and best fit.
The inertance L, 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 is zero [at 1.49 kHz, arrow 2
in Fig. 6(a)]. The minimum in magnitude and zero angle of
the impedance are due to the series resonance between L,
and C,, (step 1); at the resonant frequency w,, the imaginary
part of the cavity impedance is zero and L, can be calculated
from C,, and the square of the resonance frequency,

1
w2C,

15)

Imag|Zuecl|y— 40 km, R 0ol =0—L,=

‘7 jw,Cp

As noted by the thin solid line in Fig. 6(a), the cavity
model described by branch a of Fig. 1 explains many of the
features of the cavity impedance measurements made in chin-
chilla [the dashed line in Fig. 6(a)] 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
(~4mm?) TM perforations (Rosowski et al., 2006). An appro-
priately valued inertance (L;) [Fig. 6(b)] associated with such
large perforations (Voss et al., 2001) improved the model fit to
the impedance at higher frequencies [thicker solid line of Fig.
6(a)]. In step 2, the automated optimization process was used
to determine a resistance of the tympanic cavity (R,), resistance
of the aditus (R,), and the inertance L, that best fit the measure-
ment in Fig. 6(a), while C,, C,, and L, were held constant with
the values defined in step 1. The magnitude of L, determined
by the optimization is 3.8e—3kg m~*, and is consistent with a
perforation size of 1.7 mm in radius [Eq. (16); a and / are the
radius and length of the perforation],

2pair0'8

Ly~ p,..l 2
h Pair /(na )+ a

(16)
Equation (16) assumes that the inertance L, 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; the
resistance portion of the radiation impedance is not consid-
ered. While the contribution of L, was important to fit the
cavity model to the cavity impedance measurements of
Rosowski et al. (2006) at the higher frequencies, the mea-
surements used to describe branches b through e of the
model were made with an intact TM, and the perforation
inertance (L;) was not included in our later analyses.
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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 mea-
surements), 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 Fig. 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 (Fig. 2), having
parameter values that depend on the radius of the holes,

airCair
Ry, = Pairleir, (17)
TTY
08 air
Ly = —Pair (18)
r

where R, and L, are the resistance and inertance associated
with the radiation impedance, and r is the radius of the hole.
Middle-ear cavity subscripts / and 2 note the superior cavity
and tympanic cavity, respectively. Radii of 3.9 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.

B. Original automated fitting of 14 middle-ear and
cochlea parameters: Steps 4 and 5

With branch a of Fig. 1 replaced by the circuit of Fig. 2,
and with most elements of that branch fixed by steps 1-3 (at
this point L,.; and L,,, were set to zero), the parameters of
the ossicularly uncoupled TM (branch b), ossicle-coupled
TM and malleus-incus complex (branch ¢), 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 Zyg, SVTF,
and Z, data (Ravicz and Rosowski, 2012, 2013a,b). (The sta-
pes inertance was set to zero and unchanged throughout this
fitting step.)

The initial values for the automated optimizations of
branch b, ¢, and d elements were from an optimized version
of the human middle-ear model of Zwislocki (1962)
(Bowers and Rosowski, 2016). Initial values of the cochlear
resistive and inductive parameters (in branch e) were deter-
mined by manual fitting to the cochlear input impedance
(Z.) data [Fig. 7(d)]. 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 depen-
dence suggests the series combination of a resistance
R.=1.88e6kg s~' m * and inertance L. =1.46e2kg m *,
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
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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 L. The annular liga-
ment (C,;) and round window (C,,) 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 [Fig. 7(d)]. 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 Fig. 7, where the large
deviations between the measured and step 3 model Zyg,
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 L and stapes footplate area were fixed at 2.84 and
0.0198 cmz, respectively (Vrettakos et al., 1988). The effective
TM area was constrained to a pars tensa area of 0.70 cm? (max-
imum; Rosowski, 1994), such that A = 35.3. The transformer
ratios have a large effect on both the element predictions and
the target data [e.g., Egs. (3), (4), and (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 [Zyg: Fig. 7(a)],
the magnitude and phase of the stapes velocity transfer func-
tion [SVTF: Fig. 7(b)], and the magnitude and phase of the
cochlear input impedance [Z.: Fig. 7(d)]. The measured
middle-ear gain [GME: Fig. 7(c)] was used in the manual
fitting procedures, but was excluded from the automatic fit-
ting, as GME is directly related to the combination of Z,
and SVTF. The system functions with the model parameters
produced by step 5 (Fig. 7) were better fits to the target data
than the system functions produced by the model with
human-based elements (step 3 in Fig. 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 2.7kHz seen in the middle-ear dependent
transfer functions [Figs. 7(a), 7(b), and 7(c)]. To address the
first weakness, step 6 partitioned the branch e inertance into
the cochlear inertance L. and the inertance of the stapes L,
where the latter was initially set by the transformer ratios
and a stapes mass of 0.52 mg using Eq. (9).

The 2.7 kHz notch in the measured magnitude and phase
of Zmg, 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 associ-
ated with sound flow out the cavity holes (Fig. 2) that were
introduced to observe and manipulate the middle ear
(Rosowski et al., 2006). While the model used in step 5 con-
tains an anatomically defined radiation inertance, that iner-
tance neither produces the notch seen in the data, nor does it
account for the fraction of air within the cavities that is
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accelerated by sound flow out the cavity hole. This addi-
tional inertance at the two cavity holes was added in step 6
by including non-zero L,.; and L,,, into the cavity model
with holes in the cavity wall (Fig. 2).

After introducing these new elements, the model param-
eters were refined using the GUI to visually fit the model
predictions to data from Zyg, SVTF, Z., and GME simulta-
neously (step 7). All 26 model parameters introduced by this
point (22 circuit-model element values, 2 middle-ear trans-
former ratios, and the 2 radii of the cavity holes that con-
trolled 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 parame-
ters defined in step 7, are illustrated on the left in Fig. 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 correspon-
dence 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.

The transfer functions predicted by the parameter set
defined by step 8 show a clear notch near 2.7kHz in the
magnitude and phase of SVTF, GME, and the phase of
Z\ig, but the notch in Zyg magnitude is less well-defined
[Figs. 7(a)-7(c)].

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 L, were
fixed at the values defined in the previous step, and 16
parameters (including L,.; and L,,,) were variable. In steps
9a-9e, 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 twofold:
(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 randomi-
zation factors), and ii) to search for an equally good, or bet-
ter set of system parameters that could be significantly
different than those determined heretofore (large randomiza-
tion factors). A multiplication factor having a range of 10"
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.
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the transformer ratios.

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 val-
ues. Specifically, step 9 defined inertance L,,,;, 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 L,,; with a radius and length consistent with a
volume of 0.53 cm®. This alteration emphasized the 2.7 kHz
dip in the magnitude of Zyg. 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 (Fig. 8, right).

F. Step 12: Expansion of cochlear network to better
define C,,,

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 C,, whose
value had little influence on any of the transfer functions
used to estimate the model parameter. The lack of a well-
defined C,,, would interfere with the model’s ability to pre-
dict the sound pressure in the scala tympani Py (Fig. 4), a
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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 Pgp 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 Fig. 9.

An additional complication in modeling Py, measure-
ments 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 resis-
tance (L. and R,.), determined by the first 11 steps of our fit-
ting procedure, to describe the inertance and resistance (L,,,
and R,,,) of a small column of perilymph between the Py
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 C,,, and what portions of L. and R, can be
attributed to L,,, and R,,,; values of L,,, and R,,, were deter-
mined indirectly by optimizing the percent of L. and R,
respectively, they were assigned. (Optimization of 3 model
parameters.) L, and R,,, were initialized at 10% of the total
cochlear inertance and resistance. All parameters of the mid-
dle ear, Ly, C,,, and transformer ratios were fixed. A single
automated optimization run with thousands of iterations was
performed, with initial parameter values taken from step 11,

Peter Bowers and John J. Rosowski 1985
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FIG. 9. Fitting the model prediction of Py, normalized by ear canal sound
pressure, based on the parameter set determined from step 12. The data are
from Ravicz and Rosowski (2013a).

and with target data of the measured magnitude and phase of
Py /Prym. Test randomizations of the initial values of the
variable parameters did not alter the stable values that
resulted from the one optimization run. Figure 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 (Fig. 7).

G. Fitness of parameter sets

The total costs associated with the different modeling
steps are listed in Table I, and show a general improvement
of the fit of the model Zy;i, SVTF, and Z, to the target data
(Fig. 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 opti-
mizations of the parameters of Fig. 1 branch b—e, produce a

TABLE L. 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
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TABLE II. Middle-ear cavity network parameter values of step 12 output.
All values are in MKS units. Resistance values have units of kg s~' m™*,
inertances have units of kg m—*, and compliances have units of m* s* kg~'.
SA # is the number assigned to the parameter for the sensitivity analysis.
The paired radiation resistances and inertances R, and L,, are linked in the

SA by the radius of the holes.

Parameter Output of Step 12 SA #
R, 3.83¢e7 1
L, 3.18¢2 2
C, 3.62e—12 3
R, 1.60 e6 4
C, 1.04 e—11 5
R,; 8.23 6 21
L, 7.39¢2 21
R.» 2.69 e7 22
L., 1.33e2 22
L, 2.53¢e2 23
L, 2.59¢2 24

large reduction in cost (steps 4 and 5). Cost in general con-
tinued to decrease as the original model was refined. The
lowest cost was produced by the final manual adjustments
and the introduction of a realistic C,,, by the additional fit-
ting to the data of Fig. 9.

H. Final model parameters

The model parameters that resulted from step 12 are
listed in Table II (middle-ear cavity) and Table III (middle
ear, cochlea, and transformer ratios). Resistance values have
units of kg s ! m_4, inertances have units of kg m_4, and
compliances have units of m* s? kg ~'. The anatomical equiv-
alents of parameters that can be directly related to anatomi-
cal features, such as cavity volumes, introduced hole sizes,
and ossicular mass, are listed in Table IV.

IV. DISCUSSION
A. Degree of fit of the different parameter sets

Outputs from step 3 in Fig. 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 mid-
dle ear.

Outputs of the first automated fitting steps (step 5 in
Fig. 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 |Zygg| maxima at approximately 1.3
and 4.2kHz (a broad peak is predicted), (iii) the model under-
predicts middle-ear transfer function magnitudes at frequencies
below 600 Hz, and (iv) the model does not fit the angle of Z,
well at frequencies above 1 kHz.

The addition of L,,; and L., 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
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TABLE III. Middle-ear and cochlea parameter values of Step 12 output. All
values are in MKS units. Resistance values have units of kg s ™' m™*, iner-
tances have units of kg m~*, and compliances have units of m* s> kg~'. SA
# is the number assigned to the parameter for the sensitivity analysis.

Parameter Output of Step 12 SA#
Ry, 8.34 ¢6 6
Ra> 8.29 e6 5
Car 1.36 e—12 8
Ca 2.05e—12 9
Ly 1.02 e3 10
R, 7.51 e6 11
L, 21.0e3 12
C, 2.07 e—6 13
Ry 3.18 €5 14
Cy 1.70 e—12 15
Ly, 15.0 16
Cu 1.10e—10 17
R. 3.15¢e6 18
L. 2.27 e2 19
Cp 2.89e—9 20
R, 6.24 e4 NA
Ly 68.8 NA
TM area 0.668 cm” 25
Lever 2.83 26
FP Area 0.0198 cm?

stapes mass shifts the high-frequency maximums of [SVTF|
and |GME]| to a lower frequency, however, this is not obvi-
ous in step 8, as the effect of the stapes addition was bal-
anced by a decrease in cochlear inertance L.

As with earlier steps, the model of step 12 underpredicts
the magnitude of SVITF and GME at frequencies below
600 Hz, with the largest discrepancy located about the peaks,
between 200 and 300Hz and at 300 Hz, respectively. The
magnitude of these transfer functions are directly related to
the middle-ear transformer ratios, and the resistive compo-
nent 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 fit-
ting procedure, although the transformer ratios could be
adjusted, it was not possible to improve the fit to the low-

TABLE IV. 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 cm®
Tympanic cavity hole area 0.490 cm?
Superior cavity volume 0.513cm’
Superior cavity hole area 0.150 cm?
Malleus-incus mass 7.56mg
Stapes mass 0.616 mg
Volume of L,.; 0.531cm?
Volume of L, 0.0509 cm’
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frequency magnitudes of SVTF and GME simultaneously.
The final model underpredicts both, as altering the trans-
former 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 R. and L. can be set to produce a
reasonable fit to the magnitude of Z, [as in Fig. 7(d)], but at
the cost of overestimating the angle of Z. above 3kHz. A
reduction in L. can produce a better fit to the Z. angle, but
will lead to a decrease in the fit of the magnitude.

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 C, and
C,, with volumes of 1.47 and 0.513 cm’, respectively, result-
ing in a total middle-ear cavity volume of approximately
1.98 cm®. Average chinchilla middle-ear volumes of (1.2,
1.5,2.0,2.2,2.8) cm? 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 and
0.680cm”. Our fitting results that describe the ratio of the
two cavity volumes Ay as 0.35 and the sum of the volumes
as 2 cm® are roughly consistent with this anatomical observa-
tion Ay =V,/V,=0.6/(2 - 0.6) = 0.42.

From Eq. (8), the inertance of the coupled TM, malleus,
and incus, L, is related to the effective ossicular mass M,
where M, =L,(Ana)* and Ay, is the tympanic-membrane
area. With A7y, =0.60cm” and L,=1.9 x 10°kg m™*, 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 M, is reasonable.

The inertance representing the stapes mass was added to
the circuit in step 6 with a value of 13kg m*, which is
equivalent to a stapes mass of 0.52mg with Lz =2.86 and
Apy=0.70cm?® [Eq. (9)]. This inertance was modified in
step 8 to a value of 17.5kg m* (equivalent to a mass of
0.65mg) and remained fixed in step 9. Because step 11
included adjustments of Ay, Lg, and Ly, the final stapes
mass became 0.62 mg, which is 55% greater than the 0.4 mg
measured by Vrettakos et al. (1988).

The area of the tympanic cavity hole was also modified
during the final manual fitting process (step 11) from
0.190 cm?, based on the measured tympanic cavity hole of a
single representative chinchilla ear, to 0.150 cm®. 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 L. corresponded to a small col-
umn of fluid between the footplate and the cochlear partition,
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FIG. 10. 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
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(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 compari-

son of middle-ear conditions.

and Nedzelnitsky (1980) and Olson (2001) suggest that
some component of L,,, may be attributed to a small column
of RW-entrained fluid positioned between the Pg; measure-
ment site and the RW. Using the model transformer ratio, we
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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).
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After these transformations, the masses associated with the
optimized L, and L,, are 8.11 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, ~2mm? 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 Pg; mea-
surement site and the RW.

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 Fig. 2 with that of Fig. 1 produces such
effect, as observed in Fig. 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 |Zyg| and reduces |[SVTF|
and |GME]| at frequencies below 800Hz, alters the fre-
quency and depth of the mid-frequency notches in Zyy mag-
nitude and phase, and nearly eliminates the mid-frequency
notches observed in SVTF and GME magnitude and phase.

To further compare the cavities contribution to middle-
ear function, we compare the model predictions to measure-
ments of the effect of opening holes in the walls of the chin-
chilla 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 trans-
mission by as much as 20dB at 100 Hz. Figure 11 shows the
effect of opening cavity holes on the magnitude of the model
SVTF along with the SVTF data of Ruggero et al. (1990) and
Ywme (1/Zymg) of Rosowski et al. (2006). (The Y ratio is com-
puted from Yy g measured with middle-ear cavity holes simi-
lar to those in the Ravicz studies, set 2 of Fig. 12 of Rosowski
et al., divided by the mean admittance measured with intact
but vented middle-ear cavities, Fig. 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
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FIG. 11. (Color online) The effect of opening the cavity on middle-ear trans-
mission: the dB difference between the intact and opened cavities in either
[SVTF| or |[Ymg|- The effect in the model is shown as a solid line (step 12),
the effect measured by Rosowski e al. (2006) is dash-dotted line, and the
effect measured by Ruggero er al. (1990) is shown as a dashed line. The
x markers show the frequency resolution in the Ruggero data.

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 fre-
quency of the notch has been demonstrated to depend on the
size of the cavity holes (Rosowski et al., 2006). The Zyg,
SVTF, and GME data and fits in Fig. 10 demonstrate the
model was able to match the magnitude notch and phase
change after the introduction of the additional hole associ-
ated inertances L,,; and L,,, in step 6.

The dependence of the notch on the addition of L,,; and
L,., points out that simply including anatomically correct
cavity hole radiation impedances in the model did not pro-
duce the notch. We associate the necessary inertances L,.;
and L,,, with some fraction of the formerly enclosed air vol-
umes 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 A,, the volume of the accelerated
air columns can be calculated by the following equation:

2
Vlrxl P = (19)

These hypothetical accelerated air volumes after the manual
fitting of step 11 are 0.531 cm? for L,,; and 0.0509 cm® for
L,>. These volumes are about 1/3 of the C, volume and
about a tenth of the C,, volume. Our fitting procedure has not
reduced the compliant air volumes by these fractions.
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D. Possible additional complexity needed to model the
low-frequency cochlea

The lumped-element model of the cochlea used in the fit-
ting procedure is based directly on the simple cochlear model
proposed by Zwislocki (1962) of a series resistance R. and
inertance L.. 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 [Fig. 7(d)]. However, there are cochlear
structures with effects not included in our model that may con-
tribute to the cochlear load on sound transmission, in particu-
lar, 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) attrib-
uted 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 irregulari-
ties were decreased by removal of the cochlear load. It is pos-
sible that the lack of a helicotrema in our model contributes to
the model’s failure to precisely fit both Zyg 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.

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 C,,,
although being important for fitting the model to the normal-
ized 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 dif-
ference between our and the Lemons and Meaud approach is
that they chose significantly different transformer values
(TM to footplate area ratios Az =0.8/0.0198, and malleus-
incus lever ratio Lz =3.7) that they fixed before fitting the
model. While we fixed our model representation of the foot-
plate area to the same value (0.0198 cmz), we initiated
Lr=2.86 and Az, =0.7cm® with different values from the
literature, and we used sensitivity analyses to direct manual
adjustments in Lg and A7y, As noted previously, the cost of
the different model fits was quite sensitive to Lg and A7y,
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 [(Arpm/Arp) X Lg =78.8] and the Lemons and Meaud
models [(Ary/Arp) X Lg =148]. This difference, coupled

1990  J. Acoust. Soc. Am. 145 (4), April 2019

with differences in model structure, make it difficult to com-
pare the element values of the two models.

F. Model limitations and weaknesses
1. Cochlear network

Much of the finer frequency dependence in the experi-
mental Z, data (Ravicz and Rosowski, 2013b) is not cap-
tured 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 complex-
ity in Z. could explain similar differences between the mea-
sured 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 obser-
vations 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 sym-
metry 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.

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 chin-
chilla. 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 fea-
tures 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 fit-
ting that was guided by the quantified total cost of the model
fit to the experimental data, and sensitivity analyses that
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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 func-
tions 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
10kHz 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).
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