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4.1 Introduction

Reviews such as this one usually begin by stating that the primary function of the
middle ear is to transfer sound from the air in the ear canal to the fluid in the
cochlea. Although the middle ear and its cochlear load do act as an acoustic
transformer to provide pressure gain, the system is far better thought of as a wave
transducer, a device that converts one type of wave at the input into a completely
different type on the output. In the ear canal, sound energy propagates as longitudi-
nal (or compressional) waves; in the cochlea, the functionally important motions—
those responsible for stimulating the hair cells—are not sound waves in the fluid but
transverse, fluid-membrane waves visible in the vibrations of the cochlear partition.
These two different types of waves—compressional sound waves in the ear canal
and fluid-membrane (or “surface”) waves in the cochlea—have very different
properties (e.g., amplitudes, wavelengths, wave speeds, and modes of excitation).
When driven by sound in the ear canal, the middle ear and cochlea convert the
sound into basilar-membrane traveling waves, and vice versa: When driven in
reverse by cochlear traveling waves, the middle ear converts these waves into
sound in the ear canal (e.g., otoacoustic emissions). This chapter outlines a frame-
work for how this conversion occurs in normal ears and then discusses how a range
of middle ear pathologies affect middle ear function. For simplicity, a lumped-
element model for the middle ear is employed, modified as necessary to describe
various pathologies, to understand measurements of middle ear function in both the
normal and the diseased states. The overall goal is to use measurements and models
to determine how structural changes in the middle ear are related to changes in its
transmission via air conduction pathways. For information on the effect of middle
ear pathologies on bone-conduction transmission, see Stenfelt (Chap. 6).

4.2 The Normal Middle Ear

Figure 4.1 shows a conceptual model of the normal middle ear (Peake et al. 1992;
Shera and Zweig 1992). The arrival of a sound pressure wave at the eardrum (Ptyy)
triggers a series of events in the middle ear, which consists of those structures
within and facing onto the tympanic cavity. In brief, the eardrum oscillates, driven
by the pressure difference between the ear canal and tympanic cavity (Pry —
Pcav). Motion of the eardrum both changes the pressure in the cavity and moves
the ossicular chain. Suspended from ligaments and muscles attached to the walls,
the three bones of the ossicular chain span the cavity like an arch and transmit the
motion of the eardrum to the oval window, where the vibration of the stapes sets the
cochlear fluids into motion and generates a pressure difference across the basilar
membrane (Pow — Prw). The pressure difference drives a fluid-membrane wave
that travels along the cochlear partition. Volume displacements of the stapes
footplate are relieved by displacement of the round window. Although coupling
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Fig. 4.1 A conceptual model representing the structure and function of the normal middle ear.
Components of the middle ear are shown in black and the cochlear load is shown in gray. When
driven in the forward direction, the middle ear converts sound pressure at the tympanic membrane
(Ptm) into a fluid-membrane wave in the cochlea driven by the intracochlea pressure difference
between the oval and round windows (Pow — Prw). The eardrum is driven by the pressure
difference across its surface, Ptyy — Pcay, Where Pcay is the pressure in the tympanic cavity.
The cavities, round-window membrane, and cochlear input impedance are represented as one-port
impedances (e.g., lumped elements); the eardrum and ossicular chain as more general two-port
networks. The transformer inserted between the eardrum and ossicular chain represents the
conversion of acoustical to mechanical variables performed by the eardrum (e.g., pressure to
force); the transformer between the ossicular chain and cochlea represents the conversion back to
acoustic variables performed by the stapes footplate (e.g., velocity to volume velocity). Ury
represents the volume velocity of the tympanic membrane and Vy represents the velocity of the
umbo, and Vgt represents the velocity of the stapes and Uqw represents the volume velocity of the
oval window (Adapted from Shera and Zweig 1992, and Peake et al. 1992)

to the cochlea through the ossciular chain is stronger, pressure variations in the
tympanic cavity also affect the motion of both the stapes and the round window.
The middle ear can also be driven “in reverse” by the arrival at the stapes and round
window of waves generated or reflected within the cochlea.

4.2.1 Measures of Normal Middle Ear Function

Because the focus of this chapter is the human middle ear, measurements from live
and cadaveric human preparations are primarily discussed here. Although live
humans provide physiologically ideal preparations, invasive measurements of
pressure and motions are limited and often require substantial interpretation. For
example, it is not always possible to control parameters such as middle ear pressure
or to access measurement locations that would require invasive entry into the
middle ear. Measurements on human cadaveric ears have been made to describe
middle ear function in normal, diseased, and reconstructed states for more than 100
years (e.g., Helmholtz 1868; von Békésy 1960; Voss et al. 2000). Both Rosowski
et al. (1990) and Goode et al. (1993) compared mechanical measurements at the
input of the middle ear (acoustic impedance and umbo velocity) made on human
cadaveric ears and live ears and showed no statistical differences between the two
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groups. More recently, there has been contradictory work regarding whether or not
the output of the middle ear (e.g., stapes motion or cochlear pressure) is comparable
between live and cadaveric ears, raising question about the possibility of mechani-
cal differences between the two preparations (Huber et al. 2001; Ruggero and
Temchin 2003; Chien et al. 2006). However, Chien et al. (2009) showed that the
output of the middle ear is comparable for live and cadaveric ears as long as
the measurements of the stapes motion are made at the same angle. Thus, when
measurements on live human ears are not feasible, it appears that measurements on
cadaveric preparations can provide estimates for human middle ear transmission.

The literature includes many examples of middle ear input measures (umbo
velocity, impedance, reflectance), middle ear output measures (stapes velocity,
intracochlear pressures, audiometry), and combinations of input and output
measures that define transfer functions of middle ear output with respect to
middle ear input. It is widely recognized that substantial variation exists within a
population of normal-hearing ears for any of these measures. Figures 4.2 through
4.4 show representative measurements to demonstrate the general appearance of
some of these measures.

Figure 4.2 plots impedance measurements and the corresponding power reflec-
tance from 12 cadaveric ears made within about 3 mm of the tympanic membrane.
As numerous reports demonstrate (e.g., Onchi 1961; Zwislocki 1962; Voss et al.
2000), the impedance is compliance dominated at frequencies below about
1,000 Hz, with a magnitude that decreases with increasing frequency at about
20 dB/decade and an angle that is approximately flat with frequency and approaches
—0.25 cycles. Above about 1 kHz, the behavior is more complicated, with
contributions from both damping and mass-dominated features, and multiple
local minima and maxima, with details dependent on the individual ear and likely
resulting from both the sound-transmission system of the ear (i.e., tympanic mem-
brane and ossicles) as well as the structure of the middle ear cavities (Stepp and
Voss 2005).

The power reflectance is a measure of the amount of sound power reflected from
the tympanic membrane. It can be calculated from the impedance and an estimate of
the ear-canal cross-sectional area (e.g., Allen 1986; Keefe et al. 1993; Voss et al.
2008). A power reflectance of 1 means that all sound is reflected, and a power
reflectance of zero means that all sound is absorbed by the middle ear and cochlea.
The example plots here are typical of additional measurements in the literature that
show a power reflectance near 1 at the lower, compliance-dominated frequencies; a
lower power reflectance near 1-4 kHz where the middle ear absorbs more power;
and more variability in power reflectance at the higher frequencies. These middle
frequencies (1-4 kHz) where power is most absorbed also correspond to the
frequency region where human hearing is known to be most sensitive. Limited
measurements of reflectance have been reported at higher frequencies up to 15 kHz
(Farmer-Fedor and Rabbitt 2002; Rasetshwane and Neely 2011); the reflectance
generally approaches 1 above about 10 kHz, suggesting that the middle ear limits
the transmission of pressure waves at these higher frequencies. These higher
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frequency measurements also show substantial variability across subjects; this is an
area where more measurements and interpretation are needed.

Figure 4.3 plots the transfer functions of the umbo velocity with respect to the
ear-canal sound pressure (left column), the stapes velocity and the ear-canal sound
pressure (middle column), and the corresponding stapes-to-umbo-velocity ratio
(right column) from a population of cadaveric ears described by Nakajima et al.
(2005a). At the lower frequencies, below 0.8—1 kHz, both velocity transfer-function
magnitudes increase with frequency at about 20 dB per decade, and both transfer
functions have an angle of about 0.25 cycles, consistent with the compliance-
dominated impedance measurements described earlier. As frequency increases,
the behavior of both velocity transfer functions becomes more complicated; gener-
ally the magnitudes exhibit multiple local minima and maxima and the angles
decrease with increasing frequency. The stapes-velocity transfer function’s angle
decreases at a faster rate than the umbo-velocity transfer function’s angle, thus
leading to an increasing difference in these angles with frequency above about
0.8-1 kHz. The divergence of the stapes and umbo velocity angles here could
potentially result from complex three-dimensional motion of the stapes at higher
frequencies, as the stapes angle has more variation than that of the umbo. The right
column of Fig. 4.3 plots the ratio between the stapes and umbo transfer functions
and provides a measure for the velocity gain of the middle ear. At 0.5 kHz, the
magnitude gain for the 25-75% of the data range is from 0.17 to 0.36, indicating
that the magnitude of stapes velocity is about 9—-15 dB smaller than that of the
umbo. At higher frequencies there is more variability in this ratio, but the ratio
generally decreases further with increasing frequency. The angle difference
between the umbo velocity and stapes velocity transfer functions indicates that
the stapes and umbo move “in phase” with one another at the lowest frequencies
(below about 0.5 kHz), where the angle difference is nearly zero. However, as
frequency increases, the angle of the stapes velocity decreases with frequency faster
than the angle of the umbo velocity, resulting in a negative angle difference
between the two. Thus, at frequencies above 0.5 kHz, the angle of the stapes
velocity increasingly lags behind the umbo velocity. In addition, while the vibration
mode of the stapes is predominantly piston-like in the low frequencies, its motion
becomes increasingly complex with higher frequencies (Sim et al. 2010). Although
tilting motions of the stapes do not necessarily lead to bulk movements of cochlear
fluids away from the oval window, such vibration modes may also lead to cochlear
activity (Huber et al. 2008a). In summary, these measurements of umbo and stapes
velocities suggest that the transfer function from the ear canal to the cochlea is both
frequency dependent and ear dependent.

Figure 4.4 shows measurements from Puria et al. (1997), Aibara et al. (2001),
and Nakajima et al. (2009) of the transfer function between the intracochlear
pressure within the scala vestibuli and the ear-canal pressure at the tympanic
membrane. This transfer function is largest in the middle frequencies (1-4 kHz),
where it approaches a gain of about 20-25 dB. This is the same frequency ranges
where the energy reflectance is smallest; thus both measurements are consistent
with the largest stimuli reaching the cochlea for 1-4 kHz stimuli.
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Fig. 4.4 Middle ear pressure Nakajima et al. (2009)
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4.2.2 Function of Individual Parts of the Normal Middle Ear

The measurements presented earlier provide a system-level picture for how sound
is modified and processed by the middle ear. This section describes the motion of
the individual pieces that come together to produce the relatively smooth transfer

functions pictured earlier.

4.2.2.1 Tympanic Membrane

It is at the tympanic membrane (TM) where the initial transformation of sound from
the ear canal to the cochlea takes place. The unique anatomical shape and material
properties of the TM contribute to its motion. Thus the function of the TM relies on
the specific motion of the TM and how that motion transduces sound to the middle
ear ossicles.

To understand human TM motion, various measurements and studies have been
performed. For example, time averaged holograms have been used by Tonndorf and
Khanna (1972) and Lgkbergand et al. (1979) and more recently by Rosowski et al. (2009).
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Speckle holography was used by Wada et al. (2002); scanning laser Doppler vibrometry
(LDV) by Konradsson et al. (1987), Ball et al. (1997), and Decraemer et al. (1999); and
stroboscopic holography by Cheng et al. (2010).

Observations of the spatial patterns of TM motion in response to sound suggest
an increase in the modes of motion of the surface of the TM with frequency, where
the spatial patterns of motion become more complex with higher frequencies, as
would be expected of a circular membrane such as a microphone diaphragm
(Tonndorf and Khanna 1970; Khanna and Tonndorf 1972). Below 1 kHz, the
entire surface of the human and cat TM moves in phase with largest motion in the
posterior aspect (Decraemer et al. 1999; Cheng et al. 2010). As frequency
increases (2—-6 kHz), the motion patterns appear more complicated (Tonndorf
and Khanna 1972; Rosowski et al. 2009). At even higher frequencies (8 kHz and
above), Rosowski et al. (2009) found that the pattern appears more “ordered,”
with noticeable circular and radial patterns of motion. Before 2010, many reports
of the spatial variations in TM motion depended on time-averaged holography,
which is insensitive to the phase of motion, and the complex and ordered motions
were hypothesized to represent different modal patterns where in individual
modal maxima would move out of phase with surrounding maxima. However,
more recent data from high-spatial-density laserdoppler measurements (de La
Rochefoucauld and Olson 2010) and stroboscopic holography (Cheng et al. 2010)
demonstrate that the phase variations seen along the surface of the TM are more
consistent with a traveling wave. de La Rochefoucauld and Olson (2010) noted
motion that appeared to be a combination of “wavy” and “piston-like” motion.
The stroboscopic holographic data have been interpreted as a combination of
both modal motion (standing waves) and traveling waves on the TM surface
(Cheng et al. 2010).

Although various studies have measured TM motion, how this motion
contributes to the transduction of sound to the cochlea, especially at higher
frequencies, is not fully understood. Various theories of how TM motion results
in the transduction of sound have been proposed. Helmholtz (1868) proposed that
the curved shaped of the TM works as a catenary lever, where large displacements
near the annular ring (the outer edge) produce small displacements of the malleus.
Later, von Békésy (1941) proposed that the transformation of TM motion to the
middle ear was dependent on the area ratio between the TM and stapes footplate
and that the curvature of the TM was unimportant. The question of the curvature is
still a point of study. The idea that the magnitude of the motion of the manubrium of
the malleus is much less than the motion of other areas of the TM has
been repeatedly demonstrated with holography (Khanna and Tonndorf 1972;
Cheng et al. 2010) and with laser-Doppler measurements (Goode et al. 1996;
Decraemer et al. 1999).

Although the modal interpretations of TM motion suggest that those TM regions
that move with the manubrium are coupled to it, the presence of traveling waves on
the TM surface (Cheng et al. 2010; de La Rochefoucauld and Olson 2010) have led
to an alternative theory. If surface waves on the TM actually carry sound energy
from the periphery to the center of the TM, it would contribute to a delay in the
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middle ear (Olson 1998; Puria and Allen 1998; Parent and Allen 2010). There does
seem to be a delay between the sound pressure within the ear canal near the TM and
the motion of the stapes or cochlear sound pressure that is characterized by a group
delay of 0.04-0.09 ms (O’Connor and Puria 2008; Nakajima et al. 2009). This
delay, however, is an order of magnitude faster than the estimated 0.3—1.3 ms for
the traveling wave along the human TM measured by the stroboscopic holographic
technique (Chen et al. 2012). Similarly, a long traveling-wave delay of 0.18 ms was
found on the TM of the gerbil versus a middle ear transmission delay of only
0.025-0.03 ms (de La Rochefoucauld and Olson 2010).

The best described theory of TM traveling waves is that of Puria and Allen
(1998), who have proposed that the power of sound in the ear canal is matched to
the outer rim of the TM, and that power collected at the rim is conducted to the
umbo at the center of the TM via waves that travel on the TM surface. O’Connor
and Puria (2008) and Parent and Allen (2007, 2010) further investigated this idea
with a transmission line model that matches the impedance between the ear-canal
air and TM and between the TM and the ossicles. These idealized models lacked
reflections and mode-like standing waves. Measurements show TM surface motions
consistent with a combination of two types of motion: de La Rochefoucauld and
Olson (2010) described both a wavy and piston-like motion with LDV in the gerbil,
and Cheng et al. (2010) described a traveling wave and modal motion with
stroboscopic holography in the human. Estimates of the ratio of the magnitude of
the two components generally find that the modal component is larger. Because the
umbo impedance cannot possibly be matched to the TM impedance perfectly, it is
not surprising that both modes are present. There would have to be some reflections
at the umbo due to the traveling wave. Whether both, or which one of these
components contributes to TM-ossicular sound transduction is still unknown, but
is being addressed using computational model techniques.

There is a long history of the use of finite element models to investigate the
transduction of sound by the TM (Gan et al. 2002; Koike et al. 2002). Recently, Fay
et al. (2006) used a finite-element model to investigate the consequences of the
shape of the TM and known material properties and spatial variations in the
thickness of the TM; their work suggests that the shape and mechanical variations
enable broad impedance matching from the low impedance of the air in the ear
canal to the high mechanical impedance at the ossicles. If the eardrum is shaped too
deep, high-frequency transmission is lost, while if the eardrum is too shallow, low-
frequency transmission is lost. They also predicted that at low frequencies, the
eardrum moves in unison, while at higher frequencies, there are many modes of
motion. Furthermore, they propose that the close frequency spacing of the natural
frequencies of these many modes sum to enable efficient transfer of power with a
smooth frequency response. This suggestion is related but different from the
observations that TM motion patterns appear dominated by low-order modes of
motion. Funnell et al. (1987) also suggested that a spatial integration is likely taking
place over the eardrum, allowing for a relatively smooth frequency response in
transferring sound.
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Additional experiments have been performed to determine how the eardrum’s
ultrastructure of its radial fibers influences sound transmission. Experiments have
demonstrated that for frequencies below 4 kHz, slits in the TM fibers have little
effect on the sound transmission, as patching the TM allows the response to return
nearly to normal (Voss et al. 2001a; O’Connor et al. 2008). However, O’Connor
et al. (2008) also show experiments that are consistent with their conclusion that
“Radial collagen fibers in the tympanic membrane play an important role in the
conduction of sound above 4 kHz.” Thus, understanding the structure—function
relationship of the eardrum is an ongoing area of work. Continued detailed experi-
mental measurements in conjunction with realizable models will aid in determining
how the TM transduces sound to the ossicles, especially at high frequencies, which
is generally unique to mammalian hearing.

4.2.2.2 Malleus and Incus Complex Motion

Two classical hypotheses regarding motion of the malleus—incus complex (MIC)
are: (1) the MIC moves as a rigid body without relative motion between the malleus
and the incus (Wever and Lawrence 1954; von Békésy 1960) and (2) prevalent
motion of the MIC is a hinged rotation about the anterior—posterior axis of the MIC
that passes through the center of gravity of the ossicles (Manley and Johnstone
1974). In measurements on cat and human, motions of the MIC are well adapted to
the classical hypotheses at low frequencies, and motions of the MIC showed more
complicated patterns with change of the rotational axis in all three-dimensional
motion components at high frequencies (Decraemer et al. 1991; Decraemer and
Khanna 1994; Sim et al. 2004). Relative motions between the malleus and the incus
have also been observed (Dahmann 1930; Hiittenbrink 1988; Willi et al. 2002).
Puria and Steele (2010) hypothesize that slippage between the malleus and incus
evolved as part of several mechanisms that allow for more efficient middle ear
function at higher frequencies. A complete description of the actual motion of the
MIC and its corresponding importance for sound transmission to the cochlea is an
active area of research.

4.2.2.3 Stapes Motion

Though it is often assumed that the stapes moves in a piston-like manner, spatial
modes of the stapes vibration have been measured. von Békésy (1960) described
rotational motion around an axis near the posterior edge of the footplate, and Kirikae
(1960) reported hinged rotation around a posterior axis and rotation around the long
axis of the footplate in measurements with a drained cochlea. Recent developments
in measurement techniques and methods have shown that motion of the stapes is
almost piston-like at low frequencies and contains complex spatial modes at high
frequencies (Gyo et al. 1987; Decraemer et al. 2007). In recent studies with human
temporal bones, assuming that anatomical features of the stapes annular ring restrict
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motions of the stapes footplate in the plane of the footplate, piston-like motion and
two rocking-like motions of the stapes (i.e., the two rotational motions along the long
and short axes of the footplate) were considered as primary motion components of
the human stapes (Hato et al. 2003; Sim et al. 2010). However, it has not been proven
that the other components of the stapes motion are insignificant in human middle ear
transmission, and Decraemer et al. (2007) reported non-negligible motions through
the plane of the footplate in the gerbil stapes.

4.3 The Diseased Middle Ear

4.3.1 Overview

The measurements presented earlier focus on transmission through the normal
middle ear. Almost all middle ear models assume that the only mechanism for
transmission to the cochlea is from the ossicular chain being driven by the pressure
difference across the tympanic membrane and the stapes moving in and out of the
oval window; this mode of transmission was termed “ossicular coupling” by Peake
et al. (1992). Peake et al. (1992) also emphasize that when the ear is not normal, a
mode they term “acoustic coupling” can become important. Acoustic coupling
refers to the response of the cochlea to the pressure difference between the
pressures adjacent to the oval and round windows, and its contribution is about
60 dB below ossicular coupling when the ear is normal; thus acoustic coupling is
important in some specific disease states but has a negligible contribution in the
normal ear.

In this section, several middle ear disorders and their effects on middle ear
transmission are described. In some cases, the model of Fig. 4.5 can be adapted to fit
the disorder, allowing model predictions to be compared to available data. In other
cases, no model exists for the specific situation. The specific disorders discussed are
grouped into three categories: (1) primarily affecting the middle ear cavity, (2)
primarily affecting the tympanic membrane, and (3) primarily affecting the
ossicles.

4.3.2 The Middle Ear Cavity

When the ear is normal, the impedance of the middle ear cavity plays a relatively
small role in determining transmission through the middle ear; the volume of the
cavity is large enough to translate into an impedance that is small compared to
the other relevant impedances in the system. In terms of Fig. 4.5, for the normal
ear, the combined impedance of the tympanic membrane, ossicular system, and
cochlea (often termed Zroc) has a much larger magnitude than that of the cavity
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Fig. 4.5 A lumped-element analog model of the middle ear, adapted from Kringlebotn (1988).
The two switches, S1 and S2, are included to model the effect of middle ear pathologies. For the
normal ear, S1 is open and S2 is closed. With the exception of the middle ear cavities, parameter
values are the same as those published by Kringlebotn. For the cavities, two of the values are
derived from more recent measurements of Voss et al. (2000) and Stepp and Voss (2005) and are
Raq = 5 x 10*\/fand M, = 1,000. When the middle ear cavity is open to the environment during
measurements, the impedance that represents the antrum of the middle ear cavity would be set to 0.
When switch S1 is closed to model a perforation, the model values differ from those used by
Kringlebotn (1988); see Voss et al. (2001c) for details

Zcay (e.g., Fig. 2 of Voss et al. 2001c). However, there are several middle ear
disorders for which the middle ear cavity becomes important, resulting from the
relative magnitudes of the abnormal Ztoc and Zcay. At its limit, if |Zcay| > >
|Zroc|, then the pressure driving Zpoc approaches zero because Pty — Pcav
approaches zero, leading to no movement of the tympanic membrane or ossicular
chain. Changes in the relative sizes of |Zcav| and |Zroc| can come about by either
increases in |Zcav| or reductions in |Ztoc|.

|Zcav| is increased when the volume of compressible air in the middle ear cavity
is reduced. Merchant et al. (1997) refer to the condition of the loss of compressible
air within the middle ear cavity as “nonaeration of the middle ear,” and point out
that this is a common condition within both diseased ears and some postsurgical
ears. Diseases such as Eustachian-tube dysfunction can lead to fluid within the
middle ear cavity, which reduces the volume of air by exchanging compressible air
for incompressible fluid. Rosowski and Merchant (1995) calculated that the middle
ear cavity volume should be at least 0.5 cm® in order for the ossicular system to be
within 10 dB of normal transmission.

|Ztocl can be reduced in several ways, including TM perforations, TM atelecta-
sis, and interruption of the ossicular chain. These disorders are discussed in
subsequent sections, and the middle ear cavity can play an important role in
describing transmission within their presence.

The description of middle ear transmission in the presence of middle ear fluid is
complicated because the fluid has at least two fundamental effects: (1) reduction of
the middle ear cavity volume and (2) mass loading on the TM, ossicles, and
windows of the cochlea. Perhaps the most thorough study of transmission through
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the fluid-filled ear is by Ravicz et al. (2004); they used measurements on a cadaveric
preparation of the ear to draw several important conclusions related to middle ear
function with fluid, including: (1) the effects of the viscosity of the fluid are either
nonexistent or so small that they were not measurable; (2) for low frequencies (less
than 0.8 kHz), changes in umbo velocity result from a decrease in the volume of the
middle ear air space and not from mechanical loading of the tympanic membrane;
and (3) for higher frequencies (at and above 2 kHz), the primary mechanism for
reduction in umbo velocity with fluid is the loading of the tympanic membrane and
not the volume of air in the cavity. Gan et al. (2006) also measured the effects of
middle ear fluid on umbo velocity in a cadaveric preparation; they demonstrated
that for cavities filled at about 50% the umbo motion is reduced primarily at
frequencies above about 1 kHz, and as the cavity becomes nearly fully filled the
umbo displacement is reduced across all frequencies. These results are consistent
with the interpretation that the reduction in air volume will affect the lower
frequencies once the air volume is reduced enough. Voss et al. (2012) measured
the effects of middle ear fluid on the power reflectance measured in the ear canals
of cadavers; as in the umbo velocity measurements, large variations occurred that
depended on both the fluid level and the volume of the middle ear cavities.
Collectively, this work shows that middle ear transmission can be substantially
reduced by middle ear fluid, but there is not a simple description or model for how
the change in volume and the loading of fluid on the ossicles affects middle ear
function. At its limit of the cavity being completely filled with fluid, the model of
Fig. 4.5 would predict no transmission to the cochlea because it would be
impossible to move the tympanic membrane and ossicular system within the
incompressible middle ear space (i.e., Prv = Pcay because [Zeav| > > |Zroc)).
Indeed, moving forward, finite-element models such as those proposed by Gan
and Wang (2007) will likely be helpful in further understanding middle ear
function with fluid.

4.3.3 Disorders that Involve the Tympanic Membrane

The tympanic membrane (TM) can be affected by a number of factors, including
perforations, the insertion of tympanostomy tubes, scarring, and TM atelectasis.
Most of these disorders result from chronic middle ear disease, but perforations can
also result from trauma.

4.3.3.1 TM Perforations and Tympanostomy Tubes

Extensive measurements and corresponding models of transmission with TM
perforations have been reported (Voss et al. 2001b, c; Mehta et al. 2006). The
Voss et al. (2001c) model for the ear with a tympanic-membrane perforation is
equivalent to that shown in Fig. 4.5 with switches S1 and S2 closed. This model has a



4 Function and Acoustics of the Middle Ear 81

topology based on the Kringlebotn (1988) model but with an additional component
to represent a TM perforation; a similar model for the effect of a tympanostomy tube
would share the same topology. Briefly, the impedance of the perforation
ZpERFORATION, Which depends on the thickness of the tympanic membrane and the
diameter of the perforation, acts as a shunt for volume velocity to flow directly from
the ear canal to the middle ear cavity. Similarly, the impedance for a tympanostomy
tube would depend on the tube’s length and diameter. Voss et al. (2001b, c)
demonstrated that the major mechanism for changes in transmission with most
perforations (except very large ones) is the loss of pressure difference across the
tympanic membrane that occurs as volume velocity travels through the perforation
and not through the ossicular chain. The physical reduction in the tympanic mem-
brane area or other mechanical changes to the membrane have little effect on the
transmission changes, thus leaving the eardrum portion of this model intact.

Figure 4.6 shows several types of measurements made on an example cadav-
eric ear with perforations introduced. All measurements behave in a systematic
manner as the perforation size increases. The impedance remains compliant
dominated at lower frequencies but with a reduced magnitude. At the lower
frequencies the hole in the TM introduces a shunt path for volume velocity to
flow directly into the middle ear cavity, and it is the compliant middle ear cavity
that dominates the impedance. As frequency increases above about 0.5-1 kHz,
the perforation forms a resonance between the mass of air within the perforation
and the air volume of the middle ear cavities (analogous to a Helmholz resona-
tor), and at frequencies above the resonant frequency, the ear’s response
approaches its normal value. The low-frequency power reflectance is substan-
tially reduced from normal with perforations; this reduction does not mean the
cochlea is absorbing more energy but instead that the middle ear cavity is
absorbing the energy (Voss et al. 2012). Measurements of the stapes velocity
show a systematic low-frequency reduction in magnitude with perforations for
the lower frequencies, a slight increase in magnitude at the resonant frequency,
and they hover around their normal value at higher frequencies. In summary, the
measurements and model are consistent in predicting the following general
behavior with TM perforations:

1. Loss is largest at the lowest frequency and decreases with increasing frequency.

2. Loss increases as perforation size increases.

3. Loss does not depend on perforation location [an assumption of this model
proven experimentally by Voss et al. (2001a)], disproving what had traditionally
been assumed within the clinical literature (e.g., Glasscock and Shambaugh
1990; Schuknecht 1993).

4. The dominant loss mechanism is a reduction in the pressure difference across the
tympanic membrane.

Voss et al. (2001c) derived an equation to estimate hearing loss under certain
conditions as
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xd
LOSS = ZOlog(‘l szD, 4.1)
where perforation diameter (d) is in millimeters and d > 1, frequency (f) is in Hertz
and f < 500 Hz, middle ear cavity volume V is in cubic centimeters, LOSS is in

decibels, and the constant x equals 2.9 x 10° cm® mm ™' s 72,

4.3.3.2 TM Atelectasis

TM atelectasis refers to a condition in which the tympanic membrane is displaced
medially (retracted). The atelectasis may be of varying severity. It is often the
sequella of Eustachian-tube dysfunction producing negative pressure in the middle
ear cavity. TM atelactasis can include physical changes to the TM that can affect its
coupling to the middle ear system, resulting in a wide range of hearing loss.
Merchant et al. (1997) report that hearing loss with atelectasis can range from
0 to 50 dB. Severe TM atelectasis can result in retraction pockets that can be
associated with chronic otitis media, cholesteatoma formation, and erosion of the
ossicles.

4.3.3.3 Tympanosclerosis

Tympanosclerosis is the formation of white plaques due to hyaline deposits. Such
deposits may occur within the TM or in other parts of the middle ear.
Tympanosclerosis limited to the TM (also called myringosclerosis) often occurs
after chronic inflammation or traumatic events such as TM perforation due to
tympanostomy tube placement. This plaque formation can result in a thicker, stiffer
eardrum resulting in an abnormal tympanogram. However, tympanosclerosis of the
TM may not necessarily affect hearing. Rosowski et al. (2012) showed several
examples of abnormal reflectance and umbo-velocity measurements from ears with
tympanosclerosis of the TM, although these ears have normal audiograms. Simi-
larly, experimental application of cartilage on the TM produced significant changes
in TM motion measured by holography (especially > 4 kHz), but surprisingly did
not produce significant changes in transduction of sound measured by stapes motion
for the measured frequencies between 0.5 and 8 kHz (Aarnisalo et al. 2009, 2010).

4.3.4 Disorders that Involve the Ossicles

A range of disease processes can affect the ossicles. Disarticulation of the ossicular
chain (partial or complete) can be caused by various entities: congenital deformity,
as sequelae of chronic otitis media (with or without cholesteatoma), and traumatic
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injuries. Ossicular discontinuity commonly occurs at the level of the distal incus
near the incudo—stapedial joint, but may also affect other parts of the ossicular
chain. Fixation of one or more of the ossicles can result from disease processes such
as otosclerosis, as sequelae of chronic otitis media, and from congenital
abnormalities. Otosclerosis is a disorder affecting remodeling of the human otic
capsule of the temporal bone. Etiology yet remains to be fully explained; however
genetic, viral, inflammatory, autoimmune, environmental, and hormonal factors
have been implicated (Karosi and Sziklai 2010). Most commonly, the stapes
footplate becomes immobilized by otosclerotic bone growth, subsequently reducing
sound transmission.

4.3.4.1 Ossicular Disarticulation

Complete ossicular disarticulation, in the presence of an intact tympanic mem-
brane, leads to a reduction of middle ear transmission on the order of 40-60 dB
depending on frequency (Merchant et al. 1997; Nakajima et al. 2012). Peake et al.
(1992) showed that such a loss in ossicular coupling is consistent with the cochlea
responding only to the pressure difference at its oval and round windows (i.e.,
acoustic coupling). In cadaveric preparations, complete ossicular discontinuity
produced reduction in the differential pressure across the partition at the cochlear
base (the input signal to the cochlea) similar to clinical audiologic findings, as
shown in Fig. 8 of Nakajima et al. (2009). Partial ossicular disarticulation, where
there is an insecure connection, often consisting of fibrous tissue, generally results
in less conductive hearing loss at low frequencies as compared to high frequencies
(Nakajima et al. 2012).

The model in Fig. 4.5 represents the case of incudo—stapedial joint disarticula-
tion when switches S1 and S2 are both open (Voss et al. 2012). Specifically,
incus—stapes disarticulation is modeled by connecting the malleus and incus
directly to the middle ear air space and bypassing the connection to the cochlea
and windows. [In this case, the stapes superstructure remains attached to the
cochlea and so the box labeled ossicular chain represents only the malleus and
incus; it is assumed that the lack of the relatively small stapes mass here has a
negligible effect on the two-port representation of the ossicular chain.] Figure 4.7
shows model predictions and measurements for this disarticulated case. The model
predictions for the impedance have a lower magnitude than the normal ear and a
lower power reflectance (left column); this behavior results because the malleus and
incus are no longer connected to the cochlea but are instead hanging in the middle
ear cavity. The low-frequency reduction in power reflectance might naively suggest
that sound is absorbed and not reflected, but the sound is actually dissipated within
the middle ear cavity and not transferred to the cochlea. Measurements of power
reflectance are consistent with the model prediction (right column of Fig. 4.7).
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Model Measurements
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Fig. 4.7 Impedance magnitudes and angles and power reflectance calculations from the models of
the ears with the disarticulated incudo-stapedial joint and fixated stapes (left column) and
corresponding measurements of power reflectance from a cadaveric ear (right column) (Voss
et al. 2012). Note, measurements are not included for impedances because the measurement was
not taken at the TM

4.3.4.2 Fixation of the Ossicles

Stapes fixation most commonly occurs at the level of the footplate and can be
caused by otosclerosis or as a result of deposition of fibrous tissue or new bone in
cases of chronic otitis media. It is often progressive and can result in conductive
hearing loss up to 60 dB, depending on the extent of fixation (Cherukupally et al.
1998). It has been suggested that Ludwig von Beethoven suffered from otosclerosis
(Shearer 1990), but unfortunately for him it was not until 1956 that Shea developed
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modern stapedectomy surgery with replacement prostheses. Stapedectomy results
in surgical reconstruction of the ossicular chain in otosclerosis that offers excellent
results with correction of the transmission loss in the vast majority (Huber et al.
2012). In stapedectomy (more accurately stapedotomy), a piston prosthesis drives
the oval window through an opening made in the stapes footplate. One end of the
prosthesis is attached to the long process of the incus, while the other end of
the prosthesis acts as a piston driving through the hole in the footplate, allowing
for the piston to produce volume displacement of the cochlear fluid. The properties
of this prosthesis play a major role in the functional outcome, with the most
important factors being the prosthesis diameter (Rosowski and Merchant 1995;
Laske et al. 2011) and fixation characteristics to the incus (Huber et al. 2008b).

Fixation of the malleus head can be caused by formation of fibrous tissue or new
bone due to chronic otitis media or as a result of a congenital anomaly. Such
malleus head fixation can result in a conductive hearing loss of up to 60 dB (Harris
et al. 2002). The malleus can also be “fixed” by increased stiffness of the anterior
malleal ligament (which connects the neck of the malleus near the short process
anteriorly to the bony wall). It was reported that stiffening of the anterior malleal
ligament by hyalinization or calcification results in decreased transduction of sound
to the cochlea (Fisch et al. 2001; Huber et al. 2003). However, it was subsequently
shown in cadaveric preparations that artificially stiffening the anterior malleal
ligament resulted in only insignificant decrease (about 5 dB) of stapes velocity
(Nakajima et al. 2005b; Dai et al. 2007). This suggests that such stiffening is not a
major source of hearing loss. Because the anterior malleal ligament is along the
ossicular axis of rotation for low-frequency stimuli, the stiffening torque at the axis
itself would be expected to be small, and this torque is proportional to the distance
between the stiffening element and the axis of rotation.

Voss et al. (2012) modified the model of Fig. 4.5 (with S1 open and S2 closed) to
represent the case of stapes fixation by increasing the impedance of the annular
ligament through a decrease in the compliance of the annular ligament (C.); as this
impedance goes toward infinity, the volume velocity within the circuit that
represents stapes motion goes toward zero. Because fixation occurs in varying
degrees, Voss et al. (2012) altered this compliance C. instead of simply making it
an open circuit, and here it is reduced by a factor of 0.01. Figure 4.7 shows that model
predictions for the fixed stapes case have a higher impedance magnitude and higher
power reflectance than a normal ear at the lower frequencies (left column). Voss
et al. (2012) also show that as the model’s annular-ligament impedance approaches
infinity, the changes from normal in reflectance reach a limit; the interpretation is
that there are multiple compliances in the middle ear system that affect the imped-
ance and reflectance so that even when the stapes is effectively immobile there is still
movement within the middle ear system. Nakajima et al. (2005a) show that fixation
of the stapes does not result in large decreases in umbo velocity due to the significant
flexibility in the ossicular joints (Fig. 4.3). One shortcoming of current lumped-
element models (Kringlebotn 1988; Voss et al. 2012) is that they do a poor job of
predicting the umbo velocity for the fixed stapes manipulation, possibly due to the
need for better representation of the compliances between the ossicular joints.
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4.4 Summary

This chapter outlines a framework for how sound in the ear canal is converted from
a compressional sound wave to a fluid-membrane wave in the cochlea. In particular,
several types of middle ear measures are discussed (e.g., impedance, ossicular
vibration, cochlear fluid pressure) and shown to be relatively smooth with
frequency. At the same time, complicated and multidimensional motions of the
TM and ossicular subsystems have been measured. It remains an active research
area to understand how these complicated subsystem motions come together to
form the seemingly simple and smooth transfer functions between the cochlea and
ear canal. This chapter also employs a lumped-element model to provide a theoreti-
cal framework for understanding how some middle ear disorders influence middle
ear function for frequencies below about 6 kHz. (e.g., TM perforations, stapes
fixation, and stapes disarticulation); the model is less helpful for the conditions of
middle ear fluid or cholesteatoma.
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