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The impedance of the middle-ear air space was measured on three human cadaver ears with
complete mastoid air-cell systems. Below 500 Hz, the impedance is approximately compliance-like,
and at higher frequencies (500-6000 Hz) the impedance magnitude has several (five to nine)
extrema. Mechanisms for these extrema are identified and described through circuit models of the
middle-ear air space. The measurements demonstrate that the middle-ear air space impedance can
affect the middle-ear impedance at the tympanic membrane by as much as 10 dB at frequencies
greater than 1000 Hz. Thus, variations in the middle-ear air space impedance that result from
variations in anatomy of the middle-ear air space can contribute to inter-ear variations in both
impedance measurements and otoacoustic emissions, when measured at the tympanic membrane. ©

2005 Acoustical Society of America. [DOL: 10.1121/1.1974730]

PACS number(s): 43.64.Bt, 43.64.Ha [WPS]

I. INTRODUCTION

The human middle-ear air space, schematized in Fig. 1
(left), consists of the tympanic cavity, aditus ad antrum, the
antrum of the mastoid, and the mastoid air cells (e.g.,
Donaldson et al., 1992, p. 151). The tympanic cavity houses
the ossicular system and lies between the tympanic mem-
brane and the inner ear. The posterior-superior portion of the
tympanic cavity narrows into the passage called the aditus ad
antrum which extends to the antrum. Attached to the antrum
is a system of mastoid air cells that communicate with one
another and vary in size (Donaldson ef al., 1992). The total
volume of the middle-ear air space is highly variable among
normal-hearing ears. The tympanic cavity has a volume
ranging from 0.5 to 1 em?’ (ie., Gyo et al., 1986; Whittemore
et al., 1998); the mastoid air cell system has a much wider
volume range, reported1 by Molvaer ef al. (1978) to be about
1 to 21 cm? and by Kog ef al. (2003) to be 4 to 14 cm®.

Even though the large range in middle-ear air space vol-
ume is well documented, the acoustical effects of this air
space on sound transmission through the human middle ear
have not been characterized. Mathematical models of the hu-
man middle ear (e.g., Zwislocki, 1962; Kringlebotn, 1988)
include the effects of the middle-ear air space (i.e., middle-
ear cavity), but because the influence of the air space within
these models has a minimal effect on the impedance at the
tympanic membrane, the acoustical effects of the middle-ear
air space have been largely ignored. For example, as stated
by Zwislocki (1962):

“Since the impedance of the middle-ear cavities is

low by comparison to other parts of the middle ear,

its effect on the impedance at the eardrum and on
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the sound transmission to the inner ear is not criti-

cal. As a consequence, the analog [model] may be

regarded as a sufficient approximation.”

The analog circuit model descriptions of the middle-ear
cavity of both Zwislocki (1962) and Kringlebotn (1988) are
based on measurements of the middle-ear air space imped-
ance that were made on one cadaver ear by Onchi (1961).
The only subsequent measurements of middle-ear air space
impedance were made on cadaver ears that lacked a portion
of their mastoid air-cell networks (Voss et al., 2000b). The
goal of this work is to describe the acoustics of the normal
(unaltered) middle-ear air space.

Although the role of the human middle-ear air space has
been largely ignored in normal ears, its acoustical effects are
known to be important in determining middle-ear sound
transmission in several pathological middle-ear conditions.
For example, Merchant and colleagues have demonstrated
that in type IV and type V tympanoplasties, the air space
between the graft shield and the round window (termed the
cavum minor) should be maximized in order to maximize
hearing (Rosowski and Merchant, 1995; Rosowski et al.,
1995; Merchant et al., 1995, 1997, 1998). Voss and col-
leagues have shown that (1) the volume of the middle-ear air
space plays a major role in middle-ear function in ears with
tympanic membrane perforations (or tubes) at frequencies
below about 1000 Hz (Voss, 1998; Voss et al., 2001a, b, c)
and (2) in some pathological ears, the air volume and
anatomy of the middle-ear air space can influence the sound
produced by audiological earphones (Voss et al., 2000a, c).

The work reported here is a step toward a description of
the acoustics of the human middle-ear air space. Specifically,
we report measurements, made on human cadaver ears, of
the impedance of the human middle-ear air space, and we
use these measurements in combination with previous mea-
surements and models to predict how the middle-ear air
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FIG. 1. Left Panel: Schematic of the air spaces of the human middle-ear. The tympanic cavity houses the ossicles and is connected to the mastoid air cells
and antrum by the tube-like aditus ad antrum. Adapted from Onchi (1961). Middle Panel: Schematic of the measurement setup. The tympanic membrane,
malleus, and incus are removed. The sound source and microphone assembly sit in the ear canal with the probe tube of the microphone flush with the entrance
to the tympanic cavity and extended about 3 mm from the sound tube. To measure the antrum pressure, a probe tube connected to a microphone sits in the
antrum. Right Panel: An analog circuit model schematic of the middle-ear air space (e.g., Zwislocki, 1962; Kringlebotn, 1988; Voss et al., 2000b). The circuit
model relates to the ear structure through the location of circuit elements on the structural outline. The voltages are analogous to sound pressures and currents
are analogous to volume velocities. The capacitor in the tympanic cavity represents the volume of air in the tympanic cavity, the resistor and inductor within
the additus ad antrum represent the tube-like passage, and the capacitor in the antrum represents the volume of air in the antrum and mastoid air cells.

space does affect the impedance at the tympanic membrane.
Our results suggest that the middle-ear air space in normal
ears may play a role in some of the variability observed in
ear-canal based acoustical measurements on normal popula-
tions; such variations among normal ears are essential to un-
derstand as otoacoustic emissions and middle-ear power flow
measurements are developed as clinical tools (e.g., Stinson,
1990; Keefe et al., 1993; Voss and Allen, 1994; Keefe and
Levi, 1996; Hunter and Margolis, 1997; Margolis et al.,
1999; Piskorski et al., 1999; Feeney and Keefe, 1999, 2001;
Farmer-Fedor and Rabbitt, 2002; Feeney er al., 2003; Mag-
liulo et al., 2004). A preliminary account of this work has
been presented elsewhere (Stepp and Voss, 2004).

Il. METHODS
A. Cadaver-ear preparation

Comparisons of measurements of acoustic impedance
(Rosowski et al., 1990) and of umbo velocity (Goode et al.,
1993) between populations of cadaver ears and living ears
show no significant differences between the two populations.
This apparent normality of acousto-mechanical properties for
cadaver ears supports our assumption that the middle-ear air
space impedance in the cadaver preparation is equivalent to
that in live human ears.

Four adult human hemi-heads that included the entire
temporal bone, mastoid air space, and external ear were ob-
tained through the nonprofit organization Life Legacy. Speci-
mens were frozen after removal from their donor, shipped on
dry ice, and put in the freezer upon arrival. The first ear was
used to develop the methods, and measurements are reported
on the final three ears, labeled ears 1, 2, and 3 here. We note
that ears 2 and 3 are the right and left ears, respectively, from
the same subject. To prepare the ears for measurement, each
specimen was thawed and reduced to a manageable size by
sawing away bony areas not relevant for the measurements.
The entire mastoid space, including all mastoid air cells, was
left intact. Next, the bony ear canal was drilled away so that
the tympanic ring was fully exposed. Using an otologic-
operating microscope, the tympanic membrane, malleus, and
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incus were removed with forceps, and the stapes was left in
the oval window of the cochlea to prevent leakage of co-
chlear fluid (Fig. 1 middle). In all cases, the ears appeared
normal. At this point in the preparation, the ears were refro-
zen. Several weeks later they were thawed by placing them
in a saline-filled container for several hours and measure-
ments were made after they thawed and the saline was suc-
tioned away.

A cylindrical coupling ring designed to couple the sound
source to the tympanic ring was attached to the tympanic
ring with carboxylate dental cement (ESPE, Durelon, Norris-
town, PA). This coupling ring had an inner diameter of 11
mm, which approximated the size of the tympanic rings in
our specimens. Any irregular spaces between the ring and the
bone were filled with dental cement. When the sound source
was coupled to the tympanic ring via the coupling ring, the
tip of the probe-tube microphone extension (Sec. Il C) was
approximately at the same depth as the tympanic ring (Fig. 1
middle). To ensure that the middle-ear was sealed acousti-
cally, much of the specimen was coated with additional den-
tal cement, and the specimen was also placed in the finger of
a latex glove that provided a tight fit around it. Prior to
making acoustic measurements, suction was applied to both
the tympanic cavity and the antrum (via the aditus ad an-
trum) to remove any fluid (i.e., saline) that had collected in
the middle-ear air space.

In one ear (ear 3), a probe-tube for a microphone (Ety-
motic Research ER-7C) was secured in the antrum in order
to measure the sound pressure at this location. In this case, a
narrow (less than 1 mm in diameter) tube-like hole was
drilled in the roof of the antrum. A flexible probe tube (Ety-
motic Research) was secured with dental cement through this
hole in the antrum. The location was confirmed visually by
looking through the tympanic ring and aditus ad antrum and
observing that the tip of the probe-tube sat within the antrum.

B. Stimulus generation and response

The software package SYSid was used to obtain complex
frequency response measurements. The stimulus was a
broad-band chirp (25 Hz to 25 kHz), and the response mag-
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nitudes and angles were calculated as the 2048-point FFT of
the time-domain average of N responses. Measurements
were sampled at 50 kHz, with N=1000 and an input voltage
of 0.4 V, which was found to be within the linear operation
range for all measurements made.

The acoustic assembly coupled to the tympanic ring was
an ER-10C (Etymotic Research), which contains both a
sound source to transduce the computer-generated voltage
signal to an acoustic signal and a microphone to transduce
the sensed sound to a voltage. The ER-10C was driven by
SYSid, and the microphone’s response was recorded via this
same system. The ER-10C was coupled to either the ear or
the calibration cavities (Sec. II C).

C. Impedance measurements

The acoustic assembly was characterized by its Théve-
nin equivalents, Pty and Zpy, using a method similar to that
of Allen (1986), Voss and Allen (1994), and Neely and
Gorga (1998). The acoustic assembly was coupled to loads
with known acoustic impedance, and microphone responses
to the chirp stimulus were measured for each load. The loads
were cylindrical closed-ended tubes of different lengths, each
with a known theoretical impedance determined by the equa-
tions developed by Keefe (1984). The loads all had an inner
diameter of 11 mm and lengths ranged from 1.14 to 4.41 cm.
The acoustic assembly was coupled to the loads via a cylin-
drical plastic adapter that housed both the sound-delivery
tube and the microphone probe tube of the ER-10C and was
machined to fit snugly into each load while maintaining a
constant inner diameter of 11 mm. The same plastic adapter
fit snugly to the acoustic coupler that was cemented to the
tympanic ring. This coupling arrangement allowed for mea-
surements on ears and cylindrical loads without changing the
relative position of the microphone with respect to the
sound-delivery tube. To minimize the contribution of nonuni-
form waves generated at the earphone tube tip (e.g., Huang
et al., 2000), a small piece of tygon tubing was used to
extend the microphone probe tube beyond the sound-delivery
tube by 3 mm for all measurements (in loads and in ears).

Measurements were made in nine loads (cylindrical
tubes). Four of these responses were used to determine the
Thévenin equivalents, Pty and Zyy. These four responses, in
combination with the theoretical load impedances, provided
an over-specified set of four equations that were solved in
MATLAB by optimizing the lengths of the cavities in order to
minimize the least-squares error between the four equations
and to solve for Py and Zpy (e.g., Allen, 1986; Voss and
Allen, 1994; Neely and Gorga, 1998). Measurements made
on the additional five loads were used as controls; measure-
ments in these five loads were used in combination with the
determined Pyy and Zyy to calculate a measured impedance
for each load, which was compared with the theoretical im-
pedance. The ratio between the measurements and the theory
generally had a magnitude of less than 1 dB and an angle
difference of less than 0.025 cycles; larger differences oc-
curred only at the frequencies where the impedance magni-
tude was a maximum or minimum. These comparisons sug-
gest that the impedance measurements are generally accurate
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FIG. 2. Acoustic impedances of the middle-ear air space Zc,y. Upper
Panel: Impedance magnitudes. Lower Panel: Impedance angles. Left
Panel: Impedances measured on the three ears reported here. Right Panel:
Measurements of middle-ear air space impedance from Onchi (1961) (N
=1) and Voss er al. (2000b). Three representative measurements of 11 total
measurements from Voss et al. (2000b) are shown; all other measurements
exhibit similar features to these three.

to within about 10% in magnitude (about 1 dB) and 10° in
angle (0.025 cycles).

D. Measurement of antrum pressure

Responses to a chirp stimulus delivered to ear 3 were
recorded simultaneously from a probe-tube microphone (ER-
7C) inserted into the antrum and the ER-10C microphone at
the tympanic ring. The antrum microphone (ER-7C) was
calibrated with respect to the ER-10C microphone (micro-
phone at the tympanic ring) via a measurement made with
the two microphones adjacent to each other in a single air-
tight cavity. The voltages from both microphones were mea-
sured simultaneously in response to a chirp stimulus, and the
ratio between the two microphone responses was used to
calibrate the antrum microphone (ER-7C) relative to the
tympanic-ring microphone (ER-10C).

lll. RESULTS
A. Impedance of the middle-ear air space: Zg,y

The acoustic impedances (Zcay) of the middle-ear air
spaces have similar features for all three ears (Fig. 2 left).
Below 500 Hz, all ears are compliance dominated with a
decrease in impedance magnitude of 20 dB per decade and a
near constant angle of about —0.25 cycles. At frequencies
between 500 and 6000 Hz, the magnitudes have five to nine
local extrema associated with steep changes in phase angle.
Two of the three impedances have a mass-dominated region
centered at about 1000 Hz, with a magnitude that increases at
20 dB per decade and an angle that approaches 0.25 cycles.

C. E. Stepp and S. E. Voss: Middle-ear cavity acoustics 863
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FIG. 3. A measurement of Hp, the ratio between the pressure in the antrum,
Pintrums and the pressure at the tympanic ring, Pcay, where Hp
=P sntrUM/ Pcays for ear 3. Also plotted are the model results of Hp from
both Zwislocki (1962) and Kringlebotn (1988).

As frequency increases above 1000 Hz, none of the imped-
ances can be described in terms of simple behavior (i.e.,
compliance, resistance, or mass dominated).

B. The antrum transfer function

In one ear (ear 3), the pressure in the antrum of the
mastoid, Pantrum, and the pressure at the tympanic ring,
Pcpy, were measured simultaneously. The ratio between
these pressures,

Hp= PANTRUM’ (1)

Pcav
is plotted in Fig. 3. At low frequencies, the magnitude of Hp
is nearly one and the angle is nearly zero. Thus, for these low
frequencies, Pantrum =~ Pcav- As frequency increases,
Pantrum and Pcay differ, and |Hp| exhibits several local
extrema.

IV. DISCUSSION
A. Measurements of Zg,y

Previously published measurements of the middle-ear
air space impedance (Zg,y) include one measurement from
Onchi (1961) and eleven measurements from Voss e al.
(2000b). The measurement from Onchi (1961) appears to
have included the entire mastoid space.2 The eleven ears
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used by Voss et al. (2000b) were removed with a circular
saw (Schuknecht, 1968) such that much of the mastoid air-
cell network was left with the cadaver and was not part of the
ear specimen used for measurement; thus, these eleven ears
had smaller-than-normal mastoid volumes and air-cell
networks—we will refer to this condition as “altered mas-
toid.”

The middle-ear air space impedances measured here
(Fig. 2 left) show both similarities and differences to the
other measurements (Fig. 2 right). Many features are consis-
tent among all measurements: (1) low-frequency behavior is
compliance dominated; (2) low-frequency magnitudes are
similar; and (3) above 500 Hz there are extrema in magni-
tude that are associated with steep changes in phase angle.
There are also some differences between the measurements
made with the unaltered mastoid system [i.e., measurements
made here and by Onchi (1961)] as compared to the mea-
surements from Voss et al. (2000b) with altered mastoids.
Above 500 Hz, the measurements with unaltered mastoids
have a mixed impedance, characterized by several (i.e., five
to nine) extrema in magnitude with associated steep changes
in phase angle. In contrast, the measurements with the al-
tered mastoids (Voss et al., 2000b) show fewer extrema in
magnitude; specifically, there are two extrema between 100
and 4000 Hz—one sharp magnitude minimum and one sharp
magnitude maximum, both with associated steep changes in
phase angle.3 Thus, the unaltered and altered mastoid cavity
configurations are not equivalent to one another; in the fol-
lowing, we explore how their differences affect both middle-
ear models and measurements of impedance.

B. Modeling Zc,y

Analog circuit models of the middle-ear air space were
reviewed by Voss et al. (2000b) and are briefly summarized
here. The models of Zwislocki (1962), Kringlebotn (1988),
and Voss er al. (2000b) are designed to represent the
structure/function relationship of the middle-ear air space,
and a summary of these models is shown in the right panel of
Fig. 1.% The models employ a capacitor to represent the com-
pliance of air in the tympanic cavity. This capacitor is in
parallel with a series resistor-inductor-capacitor connection.
The resistor-inductor path represents volume velocity flow
through the tube-like additus ad antrum and the capacitor
represents the compliance of the air in the antrum and mas-
toid air cavities. The models do not include components to
represent the acoustics of the air-cell tracts throughout the
mastoid. With three energy storage elements, this four-
element topology includes two distinct resonances in the im-
pedance of the middle-ear air space: (1) a minimum in im-
pedance magnitude is determined by a series resonance
between the inductor and the capacitor that represents the
antrum air volume, and (2) a maximum in magnitude imped-
ance is determined by a parallel resonance between the in-
ductor and the combination of the two capacitors.5 This gen-
eral four-element model topology has been successfully
applied to represent impedance measurements on both hu-
man cadaver ears with the mastoid air-cell tract mostly re-

C. E. Stepp and S. E. Voss: Middle-ear cavity acoustics



TABLE I. Middle-ear cavity model parameters. Volumes are estimated from the model-compliance values using
the relationship V=pc2C where C is the compliance of air within the volume V, p is the density of air, ¢ is the
speed of sound in air, and f is frequency in Hz. Bone 24L is used as a representative bone (of 11 total) because

it was the one analyzed in detail in Voss ef al. (2000b).

Ear(mks units) R, My C, C,

Ear 1 0.03 X 105\f 1276 2.9% 107! 52% 10712
Stepp and Voss V=4.0 cm? V=0.73 cm?
Ear 2 0.06 X 106\“‘;r 550 42x 107" 8.8 10712
Stepp and Voss V=5.9 cm? V=124 cm?
Ear 3 0.15X 100\f 1857 1.0x 107! 6.7x 10712
Stepp and Voss V=15 cm? V=0.94 cm®
Bone 24L 0.05% 10%f 890 6.3x 1072 6.3%x107"2
Voss et al. V=0.9 cm? V=0.9 cm?
(2000b)

Range (N=11)  0.02X 10°/f=0.08 X 100\f 520-1420 4.2X10712-18.8x 102 2.5x 107> 8.0x 1072
Voss et al. V=0.6 to 2.6 cm’ V=0.4to 1.1 cm?
(2000b)

moved (Voss et al., 2000b) and on cat ears (Huang et al.,
1997), in which two cavities are connected by an additus-like
tube and no mastoid air cells are present.

We fit the four-element model (Fig. 1 right) to the mea-
surements made here using the same procedure outlined by
Voss ef al. (2000b), which is summarized in the Appendix.
Voss et al. (2000b) applied this procedure to each of the 11
bones for which Zq,y with an altered mastoid space was
measured. Here, we apply the same procedure to the 3 ears
for which Z-,y was measured with an unaltered mastoid
space; the specific model elements are listed in Table I along
with the predicted volumes for the tympanic and mastoid air
spaces.6 Figure 4 shows comparisons between the four-
element model and the measured Z-,y from the three ears
here with unaltered mastoids and two ears (B24L and B13)
with altered mastoids from Voss et al. (2000b). Voss et al.
(2000b) describe the model fit to the data for ears with al-
tered mastoids:

In general, below 3000 Hz, the model captures most

salient features of the data. At the lowest frequen-

cies, the model angle is nearly —0.25 while the data
angle is about —0.20 cycles. Across our population

of 11 ears, some of the low-frequency Zq,y angles

are at -0.25cycles while others approach

—0.20 cycles; reasons for the difference are not

clear. Above 3000 Hz, our model and the data di-

verge. The local maximum in the data, near 3000

Hz, is overestimated by the model. Thus, up to 3000

Hz, the model is a reasonable description of the

measured Zcay.

In contrast to the measurements with the altered mastoid, the
four-element model is unable to fit the Z-,y measured on
ears with unaltered mastoids as well as it fits ears with al-
tered mastoids. The three measurements with Zc,y from the
unaltered mastoid state (Fig. 4, ears 1, 2, and 3) show that
the four-element model is able to represent the Z-,y behav-
ior at the lower frequencies (e.g., less than 500 Hz) and is
able to capture the general behavior of the first minimum in
magnitude. However, at frequencies near and above the first
minimum in magnitude, the four-element model is unable to

J. Acoust. Soc. Am., Vol. 118, No. 2, August 2005

capture any of the fine structure of the multiple extrema in
the measured Zcpy-

In summary, the model topology of Fig. 1 (right) de-
scribes the general features of Zq,y for ears with both intact
and altered mastoid cavities, but it does not describe all fea-
tures of the measurements with unaltered mastoids [made
both here and by Onchi (1961)], with the mastoid air-cell
tract intact. The three energy-storage elements in the model
limit the model to two distinct resonances. However, all mea-
surements made with an intact mastoid air-cell system sug-
gest multiple resonances above about 1000 Hz. It appears

Magnitude Angle

B24L (Voss et al. 2000b) f \ s
B13 (Voss et al. 2000b) g

Ear 1 (this work) , § L

B24L (Voss et al. 2000b) Model

OData

L B13 (Voss et al. 2000b)

Ear 1 (this work)

: Talesl 2 Tai's ) :
1000 100
Frequency (Hz)

Frequency (Hz)

FIG. 4. Comparisons of measurements of Zq,y to the four-element model
(Fig. 1 right). Model element values were calculated for each ear via the
process outlined in the Appendix. The measured Zc,y (data) are plotted with
open black circles and the corresponding model fits are plotted with a gray
solid line. The upper two examples are from ears with altered mastoid cavi-
ties (Voss et al., 2000b), and the lower three examples are from the ears
presented here with normal mastoid cavities. To improve visibility, the plots
were shifted on the same graphs and thus the exact values are not labeled.
Left Panel: Magnitudes. Right Panel: Angles.

C. E. Stepp and S. E. Voss: Middle-ear cavity acoustics 865



o
@ M,y M, M
Zeav
Ry R, R,
C 7=
=C, ,’\ (6 =G,
O
o—
(® .
Z
CAV R i

FIG. 5. Analog circuit models that represent features of the middle-ear air
space. All three models (a, b, and ¢) include the four elements (C,, M4, R,q,
and C,) of the model described in Fig. 1 (right). A model for the middle-ear
air space might include all three mechanisms represented here through three
individual topologies. (a) Connections between the tympanic cavity and the
mastoid air-cell system in addition to the aditus ad antrum are represented
by series connections between a mass, a resistor, and a compliance. The
model represents a total of n such connections. (b) The model represents m
tracts within the mastoid air-cell system that originate at the antrum and
terminate with a volume of air. (¢) The model represents a single air-cell
tract that originates at the antrum and progressively narrows. This model
represents the narrowing of a single air-cell tract through connections of p
masses and compliances.

that a more complicated model—possibly such as the “trans-
mission line model” suggested by Onchi (1961)—is needed
if the goal is to represent all extrema in the impedance mag-
nitude of the intact middle-ear air space of the human ear.
A model of the middle-ear air space that accounts for
more features than the simple four-element model accounts
for would be highly individual, as the structure of each indi-
vidual’s mastoid air-cell system is unique (Molvaer et al.,
1978). The measurements here show that such a model
would have several extrema in the impedance magnitude,
and the specific number would depend on the individual ear
(e.g., Fig. 2). Figure 5 schematizes three possible model to-
pologies that relate structure to function of the middle-ear air
space; these models are described to represent possible
structure/function relationships within the middle-ear air
space, but they are not detailed precise models of any par-
ticular middle-ear air space. In fact, a model of a specific
middle-ear air space would most likely be a combination of
all three of these model topologies. All three models of Fig.
5 include the four elements (C,, M4, R,q, and C,) of the
model described in Fig. 1 (right), which has been success-
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fully used to represent the impedance of ears with altered
mastoids. Figure 5(a) represents connections between the
tympanic cavity and the mastoid air-cell system that are in
addition to the aditus ad antrum. Specifically, each series
connection between a mass, resistor, and compliance repre-
sents a “tube-like” connection from the tympanic cavity to a
volume of air within the mastoid air-cell system. The model
represents a total of n such connections.® Figure 5(b) is the
“transmission line model” suggested by Onchi (1961). The
model represents m tracts within the mastoid air-cell system
that originate at the antrum and terminate with a volume of
air; the model does not represent that each air-cell tract gen-
erally gets smaller as it moves away from the antrum. Figure
5(c) represents a single air-cell tract that originates at the
antrum; each mass attached to a compliance represents a
short tube-like structure that terminates with a volume in
which air can compress and expand. Attached to that volume
is an additional short tube-like structure that in turn is termi-
nated with a volume. This model can represent the narrowing
of a single air-cell tract through connections of p masses and
compliances, and the specific values for the masses and com-
pliances depend upon the dimensions of the air-cell tract be-
ing modeled. In summary, a model of the mastoid air-cell
system that represents all extrema in the measured imped-
ance would most likely include a combination of the mecha-
nisms represented by the three models of Fig. 5. We do not
propose that such a model is particularly useful, as we expect
the model would be substantially different for each indi-
vidual ear. However, the topologies in Fig. 5 provide an out-
line for how one might think about the acoustics of the
middle-ear air space and the multiple and variable number of
extrema in the measured impedances.

C. Effect of the middle-ear air space on the
impedance at the tympanic membrane

To date, our knowledge of how the middle-ear air space
impedance affects the impedance of the middle ear at the
tympanic membrane has been based on middle-ear models.
As discussed earlier (Sec. IV B), these models do not repre-
sent all features of the impedance of the middle-ear air space.
Here, we use the measurements of the middle-ear air space
impedance Zq,y to estimate how variations in middle-ear air
space impedance affect the impedance of the ear at the tym-
panic membrane. We assume that

Ztv=Zroc* Zcavs (2)

where Zry; is the impedance at the tympanic membrane,
Ztoc 1s the impedance of the tympanic membrane, os-
sicles, and cochlea, and Zc,y is the impedance of the
middle-ear air space. Equation (2) is equivalent to middle-
ear models in which the middle-ear air space (e.g., cavity)
is represented by Zc,y and is in series with the rest of the
ear, represented as Zroc (e.g., Zwislocki, 1962; Kringle-
botn, 1988; Voss er al., 2001¢). The use of Eq. (2) allows
us to determine how Zyy; is affected by Zc,v; in particular,
estimates of Zpy; from the same ear or model can be made
using a measured or modeled Zyoc with a variety of rep-
resentations of Zg,y so that the effect of Z-,y can be
understood.
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FIG. 6. Model results of the impedance at the tympanic membrane, Zpy;, calculated from Eq. (2), using different values for the impedance of the tympanic
membrane, ossicles, and cochlea, Zroc, and the impedance of the middle-ear air space, Zc,vy. The values of Zpoc were calculated from: Left Panel: the model
of Zwislocki (1962); Middle Panel: the model of Kringlebotn (1988); and Right Panel: the measurements of Voss et al. (2001c). The values of Zq,y used
for each Zpy calculation are indicated in the legends and were either calculated using the relevant model formulation or are measurements from this work (ears
1, 2, and 3) or from Bone 24L of Voss et al. (2001b). Upper: Magnitude of the impedance at the tympanic membrane with the indicated Zroc and Zgyy.
Middle-upper: Magnitude ratio between the calculation with the Zq,y from the ears with unaltered mastoids (ears 1, 2, and 3) and the baseline load
(Zwislocki model, Kringlebotn model, and Bone 24L), where the ratio is plotted in dB where the ratio is computed as 20 1og,o(Zcay/Z2%85i). Middle-lower:
Angle of the impedance at the tympanic membrane with the indicated Zroc and Z,y. Lower: Difference in angle between the calculation with the Zq,y from
the ears with unaltered mastoids (ears 1, 2, and 3) and the baseline load (Zwislocki model, Kringlebotn model, and Bone 24L).

We calculate the impedance at the tympanic membrane
(Zry) from Eq. (2) using a combination of models and mea-
surements of Zrgc and Zc,y. Specifically, we use three dif-
ferent estimates of Zroc: (1) Zpoc from the Zwislocki (1962)
model, (2) Zpoc from the Kringlebotn (1988) model, and (3)
the measurements of Zpoc from Voss et al. (2001¢). In com-
bination with these estimates of Zrqc, we use the middle-ear
air space impedance Z-,y as determined from the Zwislocki
(1962) model, the Kringlebotn (1988) model, the measure-
ments of Voss er al. (2000b), and the measurements of Zqy
presented here. Figure 6 plots the impedance at the tympanic
membrane, Zty;, using these combinations of Ztgc and Zcay-
The middle-ear air space does affect the impedance at the
tympanic membrane. Low-frequency differences between the
results with the model air-space impedance and the measured
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air-space impedance occur because the total volume of the
air space differs between the three measurements and the
target volume of each model. Above 1000 Hz the major re-
sults include: (1) the introduction of multiple maxima and
minima in the impedance at the tympanic membrane when
Zcay comes from the impedance measured on ears with un-
altered mastoid cavities (i.e., ears 1, 2, 3 versus the models or
the altered mastoid cavity of bone 24L), and (2) variations of
more than 10 dB in magnitude and 0.1 cycles in angle from
the impedances predicted by either model. The introduction
of multiple maxima and minima is consistent with many of
the impedance measurements of Voss and Allen (1994, Figs.
6 to 10) in which the advanced impedance (estimate of the
impedance at the tympanic membrane) demonstrates mul-
tiple local maxima and minima, similar to those seen here in
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the model results of Fig. 6. Thus, it appears that variations in
human middle-ear air spaces might influence the impedance
at the tympanic membrane: (1) below 1000 Hz the effect
depends on the total volume of the middle-ear air space and
systematically increases or decreases the total magnitude by
a few dB at all low frequencies, and (2) above 1000 Hz, the
effect is complicated, depends on the specific anatomy of a
particular ear, and can introduce multiple maxima and
minima as a fine structure in the impedance.

D. What does the antrum transfer function Hj tell us?
1. Hp: Models and measurements

Figure 3 compares our measurement of Hp [Eq.(1)] to
the middle-ear circuit models of both Zwislocki (1962) and
Kringlebotn (1988). Both models predict one maximum in
the magnitude of |H | with a decrease in magnitude of 40 dB
per decade at frequencies above the maximum. The measure-
ment, on the other hand, has multiple extrema that are not
represented by these models. The measurement is consistent
with the model topologies of Fig. 5, where multiple extrema
result from additional energy-storage elements in the model.
We are not aware of any other measurements that compare
antrum pressure to other pressures within the middle-ear air
space; thus, our single measurement of Hp provides a test of
the structure-based middle-ear cavity model that suggests
that that mastoid air-cell network is important. This
measurement-based result is new and invites more work.

2. Impedance of the antrum and mastoid air-cell
system

We use our measurement of Hp, the transfer function
between the pressures Pantrum and Pcay, to characterize
the impedance of the antrum and mastoid air-cell system.
Specifically, we propose the model topology of Fig. 7 (up-
per), which differs from the previous models (i.e., Fig. 1
right) in that the antrum and mastoid air-cell system are not
represented by a single capacitor but instead by the imped-
ance Zyastomn- Using the model topology of Fig. 7 (upper),
a measurement-based estimate for Zyagrop can be calcu-
lated as

ZyiasTom = % > (3)

Zeav  Zr

where Hp is the measured transfer function between the pres-
sures Pantrum and Pcay, Zcay 18 the measured impedance
of the middle-ear air space impedance, and Z;=1/jwC, is
the impedance of the tympanic cavity with the compliance
of the tympanic cavity C, determined from the volume of
the tympanic cavity and calculated for volumes of 0.5,
1.0, and 1.5 cm®, which spans the range of tympanic-
cavity volumes reported in the literature (Gyo et al., 1986;
Whittemore et al., 1998) and estimated from model fits
(Table 1).

The measurement-based estimate of Zyusrop (Fig. 7
lower) is not consistent with the previous modeling approach
of representing the antrum and mastoid air-cell system by a
single compliance (Fig. 1 right). At low frequencies
Zyastom 18 compliance dominated, but above about 800 Hz
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FIG. 7. Estimates of the impedance of the antrum and mastoid air-cell
system, Zyiastom- Zmastom 1S calculated using the model topology shown in
the upper panel combined with measurements from ear 3 of the pressure at
the tympanic ring, Pc,y, and within the antrum, P ,ntrum, and the represen-
tation of the tympanic cavity by a compliance C,. The magnitude (middle
panel) and angle (lower panel) of Zyastom is plotted for tympanic cavity
volumes of 0.5, 1.0, and 1.5 cm®.

Zyastomp Would be better represented by a model with mul-
tiple resonances, such as a combination of the possibilities
proposed here in Fig. 5. Above 4000 Hz, our measurement-
based estimate of Zyastop clearly includes errors, as the
angle is less than —0.25 cycles. This error could be due in
part to the fact that as frequency increases, the tympanic
cavity cannot be represented as a pure compliance. In other
words, as the wavelength of sound approaches 10%—-20% of
the dimensions of the tympanic cavity, it is inappropriate to
represent the components as lumped-circuit elements.

E. Clinical implications of results

Many researchers are working to develop noninvasive
ear-canal based acoustical measurements as diagnostic tools
for middle- and inner-ear dysfunction (e.g., impedance and
reflectance measurements, ossicular motion measurements,
otoacoustic emissions). It has been noted that substantial
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FIG. 8. Left Panel: Impedance magnitudes at the
tympanic membrane (|Zpy|) and 10 mm from the
tympanic membrane in the ear canal (|Zgc|). The
|Zpul are reproduced from the right column of Fig.
6 and were calculated from Eq. (2) from the Zyoc of
bone 24L of Voss et al. (2001¢) and the Zc,y from
the same bone, and ears 1, 2, and 3 here. The |Zg|
was calculated for each |Zpy| by modeling the ear

canal as a 10-mm-long air-filled cylindrical tube
with a diameter of 8 mm [e.g., Voss and Shera,
2004, Eq. (3)]. Right Panel: Reflectance magni-
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variability occurs in these measurements in normal-hearing
ears (e.g., Zwislocki and Feldman, 1970; Voss and Allen,
1994; Mgller, 2000). The work presented here demonstrates
that variations in middle-ear air space anatomy contribute to
some of the observed intersubject variability in ear-canal
based acoustic measurements. Figure 6 demonstrates the ef-
fects of variations in middle-ear air space on the impedance
at the tympanic membrane: Above 1000 Hz, there are varia-
tions of up to 10 dB in magnitude and 0.1 cycles in angle.
Ear-canal based impedance measurements are typically
made within the ear canal several millimeters away from the
tympanic membrane and not at the tympanic membrane; in
this case, the air space between the measurement location
and the tympanic membrane contributes substantially to the
impedance measurement. Figure 8 (left) compares the im-
pedance magnitude at the tympanic membrane Zry; to the
impedance magnitude within the ear canal 10 mm from the
tympanic membrane Zgc; variations in middle-ear air space
impedance have nearly indistinguishable effects on the im-
pedance at the location 10 mm from the tympanic mem-
brane. Indeed, impedance measured within the ear canal is
heavily influenced by the impedance location measurement,
and as such, ear-canal impedances are limited in the infor-
mation they provide. As detailed by others, including Stinson
et al. (1982), Stinson (1990), and Voss and Allen (1994), the
transformation of impedance to reflectance provides a mea-
sure of middle-ear response that does not depend on mea-
surement location, assuming acoustic losses in the ear canal
are negligible. Figure 8 (right) demonstrates that the reflec-
tance magnitude, measured at any location within the ear
canal, is sensitive to variations in the impedance of the
middle-ear air space. Thus, as ear-canal middle-ear diagnos-
tic tests are developed and evaluated, intersubject variations
in middle-ear air space anatomy should be recognized as a
source of variability in some ear-canal based measurements.

V. SUMMARY

Measurements of the impedance of the middle-ear air
space from three cadaver ears with intact mastoid air spaces
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show a compliance-dominated impedance for frequencies
lower than about 500 Hz and magnitudes with multiple ex-
trema at higher frequencies. These measurements differ from
previous measurements made on cadaver ears with altered
mastoid spaces; ears with intact mastoid spaces have imped-
ance magnitudes with multiple extrema, while ears with an
enlarged antrum but no mastoid air-cell networks have im-
pedances with fewer and sharper extrema. Previous models
of the impedance of the middle-ear air space are consistent
with the measurements on ears with no mastoid air-cell net-
works; the models represent the antrum and mastoid air cell
system as a single volume of air. These models are able to
capture the gross features of the impedance measurements
presented here (e.g., the first magnitude miminum), but they
fail to represent the multiple extrema in magnitude and cor-
responding transitions in angle. An alternative topology for a
circuit model of the middle-ear air space is suggested as a
guide for describing the acoustics of the middle-ear air space.
However, the model’s complexity and the substantial inter-
ear variability in the anatomy of the middle-ear air space
make a specific model for the middle-ear air space impracti-
cal. In general, the previous models (Zwislocki, 1962; Krin-
glebotn, 1988; Voss er al., 2000b) lose some of the fine struc-
ture in the impedance of the middle-ear air space but they
provide a simple and reasonable approximation of this im-
pedance.

Analysis of the measurements shows that variations in
middle-ear air space impedance do affect the impedance at
the tympanic membrane for frequencies above 1000 Hz. It is
suggested that intersubject variability in ear-canal based
measurements may result partially from variability in
middle-ear air space anatomy.
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APPENDIX: CALCULATION OF MODEL ELEMENTS
FOR THE FOUR-ELEMENT MODEL

We outline the process for determining the values for the
four circuit elements (C,, My, Ry, and C,) of the model
described in Fig. 1 (right). As presented by Voss et al.
(2000b), we assume that at low frequencies, the cavity im-
pedance Zq,y can be approximated as a pure compliance
C.,y Which can be calculated from our measurements and
used to constrain the compliances C; and C, such that

Coy=C,+C,. (A1)
We solve for C,, from our measurements of Zq,y at 244
Hz,

. (A2)

Co(f=244 Hz) = ‘ e —

2mfZcav
The parallel resonance between the mass M,y and the com-
pliances C, and C, leads to a maximum in |Zcay| at the
frequency fax where'®

P LA
"X 0m N M CC,

The series resonance between M,y and C, leads to a mini-
mum in |Zc,y| at the frequency fi;, where

(A3)

1 /1
fmin =5 . (A4)
2T MadCu
Division of Eq. (A3) by Eq. (A4) gives
@ — !’,—
=\1+(C,/C). (AS)
fmin

We can then compute values for C, and C, from Egs. (Al)
and (A5), with Ccavy, fmax and foin determined from the
experimental data. With values for C, and C,, we use the
frequency of the minimum in |Z:,y| and Eq. (A4) to solve
for M. Finally, we use a frequency-dependent resistance
(Beranek 1986, pp. 137-138) that results in the magnitude
of the measured |Zq,y| and the model |Z,y| matching at
the magnitude minimum, i.e., the resonant frequency be-
tween the mass M,y and the compliances C, and C,.

"The measurements of middle-ear volume by Molvaer et al. (1978) include
the tympanic cavity and the mastoid air cell system. We approximate the
measurements of the mastoid air cell system to be approximately one cm?
smaller than the reported measured volume of the entire space.
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The description provided by Onchi (1961) of the cadaver ear reads: “Pure

tones were conducted by a metal tube into the external auditory canal of the
temporal bones removed from fresh cadavers.” Figure 3 of Onchi (1961)
includes a schematic drawing of the antrum and mastoid-cell network
which leads us to assume that the mastoid air cells were part of the ear on
which Onchi (1961) measured Zcyy-

The measurements are noisy above 4000 Hz because the source used to
measure the impedance did not generate sound pressure levels that were
high enough to be sensed adequately by the microphone (Voss et al.,
2000b).

“The Zwislocki (1962) middle-ear air space model includes an additional
resistor in parallel with the capacitor that represents the tympanic cavity
within Fig. 1 (right). The additional resistor has been ignored for the dis-
cussion here, as it controls the sharpness of the resonances and does not add
additional ones. This resistor is further discussed by Voss er al. (2000b).
SThe two resonances are not obvious in the Kringlebotn (1988) model re-
sults (Fig. 2) because the model inductor value appears to be artificially low
(Voss et al., 2000b).
®We note that the two ears from the same cadaver resulted in the mastoid
volumes of 5.9 cm? (ear 2) and 1.5 cm? (ear 3). A possible explanation for
such asymmetry could be the observation that ears affected by secretory
otitis media for substantial periods during the first years of life are smaller
in volume than ventilated ears (Robinson ef al., 1993); perhaps the left ear
of our cadaver donor was afflicted by otitis media during its developmental
years.

"The impedance measurement made by Onchi (1961) on a single cadaver
middle-ear air space was reproduced here as a magnitude and angle (Fig. 2)
from the author’s representation with a real and imaginary part. The origi-
nal plot (Onchi, 1961, Fig. 10) suggests a noncausal response: Near 3000
Hz the real part of the impedance appears to be forced to maintain a posi-
tive value while there is no corresponding abrupt transition in the derivative
of the imaginary part of the impedance at this frequency.
8We are unaware of systematic anatomical examinations to determine if
connections between the tympanic cavity and the mastoid air-cell system in
addition to the aditus ad antrum exist. However, in one set of serial tem-
poral bone sections that we viewed, there appears to be a connection be-
tween the superior-anterior portion of the tympanic cavity and several air
cells.

Volume V is related to compliance C via the equation V=pc?C where p is
the density of air and c¢ is the speed of sound in air.

To simplify our expressions here, we initially ignore the effect of R,q,

which is small as shown by the sharp resonances in the measurements of
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