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II. A simple model
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A quantitative model of the human middle ear with a tympanic-membrane~TM! perforation is
developed. The model is constrained by several types of acoustic measurements made on human
cadaver ears, which indicate that perforation-induced changes in transmission result primarily from
changes in driving pressure across the TM and that perforation-induced change in the structure of
the TM and its coupling to the ossicles contributes a substantially smaller component. The model
represents the effect of a perforation on the pressure difference across the TM by inclusion of a path
for sound coupling through the perforation from the ear canal to the middle-ear cavity. The model
implies that hearing loss with perforations depends primarily on three quantities: the perforation
diameter, sound frequency, and the volume of air in the middle-ear cavity. For the conditions that
produce the largest hearing loss~low frequency and large perforation!, the model yields a simple
dependence of loss on frequency, perforation diameter, and middle-ear cavity volume. Predictions
from this model may be useful to clinicians in determining whether, in particular cases, hearing
losses are explainable by the observed perforations or if additional pathology must be involved.
© 2001 Acoustical Society of America.@DOI: 10.1121/1.1394196#

PACS numbers: 43.64.Ha, 43.64.Bt, 43.70.Bk, 43.70.Gr@BLM #

I. INTRODUCTION

Measured effects of tympanic-membrane~TM! perfora-
tions on sound transmission through the middle ear have
been systematically described~Vosset al., 2001d!. The mea-
surements indicate that, for perforations up to half the area of
the TM, the major mechanism for perforation-induced

changes is an altered pressure difference across the TM. In
this paper we develop a measurement-based mathematical
model that describes sound transmission in ears with perfo-
rations. The model assumes that the effect of the perforation
on the pressure difference across the TM can be represented
by inclusion of a path for sound coupling through the perfo-
ration from the ear canal to the middle-ear cavity. The prop-
erties of this path are described by an impedance. The pri-
mary goal of this paper is to test whether this simple model
represents features of the measurements.

a!Author to whom correspondence should be addressed. Address for corre-
spondence: Smith College, Picker Engineering Program, 51 College Lane,
Northampton, MA 01063; electronic mail: svoss@email.smith.edu
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II. MIDDLE-EAR ANALOG CIRCUIT MODEL WITH TM
PERFORATIONS

A. Circuit topology

The equations that govern sound pressures and volume
velocities in acoustic systems are analogous to the equations
that describe voltages and currents in electric circuits. Here,
we use an analog-circuit model~Fig. 1! to represent the
middle ear with a TM perforation. To distinguish them from
measurements, model values are indicated with a circumflex
above the variable. The perforation is represented by a
volume-velocity path of impedanceẐperf from the ear-canal
side of the TM to the middle-ear cavity.Ẑperf depends on the
size of the perforation; when there is no perforation,uẐperfu is
infinite, and the middle-ear cavity impedanceẐcav is in series
with an impedanceẐTOC that represent the effects of the TM,
ossicles, and cochlea~as in, e.g., Onchi, 1961; Møller, 1961;
Zwislocki, 1962; Kringlebotn, 1988; Peakeet al., 1992;
Shera and Zweig, 1992; Whittemoreet al., 1998!.

The impedanceẐTOC is the input impedance of the two-
port network, representing the coupling of sound through the
TM and ossicles, terminated by an impedance that represents
the stapes and cochleaẐSC. Although the two-port network,
and thusẐTOC, could depend on the state of the TM~e.g.,
normal versus perforated! and the perforation characteristics
~e.g., location and size!, our measurements show thatẐTOC is
not much affected by perforations~Voss et al., 2001d, Fig.
4!,1 thus supporting the simplification thatẐTOC is indepen-
dent of perforations. Measurements also support the assump-
tion thatẐperf does not depend on perforation location~Voss,
1998; Vosset al., 2000c!.

One prediction of the circuit topology has been tested. In
the circuit, the magnitude of the impedance at the TM,
uẐTMu, has a minimum at frequencies where the magnitude of
the pressure-difference ratio

uĤDTMu[U~ P̂TM2 P̂cav!

P̂TM
U, ~1!

is a maximum. Specifically, the circuit requires that

ĤDTM5
ẐperfiẐTOC

ẐTM

. ~2!

Equation~3! predicts that local maxima inuHDTMu will occur
at the frequencies of local minima inuZTMu. Figure 6 of the
companion paper~Vosset al., 2001d! shows that our data fit
this prediction over 53 perforation conditions in ten ears.

B. Representation of model components

A model was constructed for each of ten ears from mea-
surements on that ear along with aẐperf ~as a function of
frequency and perforation diameter! based on a theoretical
model supported by independent acoustic measurements.
The ten ears are the ten human-cadaver ears on which im-
pedance measurements were made~Vosset al., 2001d; Voss,
1998!. Superscripts norm and perf designate the normal and
perforated states of the TM, respectively.

In the individual-ear models used in this section, imped-
ance measurements~Voss et al., 2001d! directly determine
each model middle-ear cavity impedance, i.e.,Ẑcav5Zcav is
taken from the measurement of cavity impedance in that ear.
ẐTOC is obtained from measurements ofZcav andZTM

norm. With
a normal TM~i.e., uẐperfu5`!, the model of Fig. 1 requires
that

ẐTOC5ZTM
norm2Zcav. ~3!

Therefore, for each ear’s model, we determineẐTOC[ZTM
norm

2Zcav. Thus,ẐTM[ZTM for each ear.
Measurements ofZTM

norm and Zcav and computations of
ẐTOC are shown for the ten ears in Fig. 2. For most frequen-
cies, uZTM

normu.53uZcavu, and thusẐTOC'ZTM
norm. This use of

measurements to represent components of the model allows
the analysis of the model to test the adequacy of the circuit
topology for representing measurements with perforations.

To specifyẐperf, we represent the perforation as a circu-
lar orifice in a thin plate. No theoretical derivation for the
impedance of a circular orifice with dimensions that corre-
spond to the thickness of the TM of 0.06 mm~Lim, 1995!
and perforations on the order of 0.5–5 mm in diameter has
been agreed upon~e.g., Sivian, 1935; Boltet al., 1949; In-
gård and Labate, 1950; Kuckes and Inga˚rd, 1953; Nolle,
1953; Thurston and Martin, 1953; Stinson and Shaw, 1985!.
However, Stinson and Shaw~1985! report measurements of
the impedance of circular orifices in thin plates that are of
comparable dimensions to our smaller perforations. Further-
more, they show that their measured impedances are in ex-
cellent agreement with expressions suggested by Thurston
~1952!, in which the impedance of a circular orifice is ap-
proximated by the input impedance of a cylindrical tube
~‘‘shorted’’ at its other end! with a length that is extended by
two ‘‘end corrections.’’ Applied to the perforations, the de-
scription is

FIG. 1. Model of the human middle ear with a perforation. Voltages are
analogous to sound pressures; nodes in the circuit are labeled with symbols
for sound pressures, e.g.,P̂cav. Currents are analogous to volume velocities;
arrows on branches are labeled with volume-velocity symbols, e.g.,ÛS . To
distinguish them from measurements, model components are indicated with
a circumflex to distinguish them from measured values. The TM, malleus,
incus two-port network represents tympanic–membrane–ossicular coupling
through the TM to the stapes and cochlea.ẐSC is the net impedance of the
cochlea and the stapes. The input impedanceẐTOC of the two-port network
~terminated byẐSC! is identical for the normal and perforated conditions.
Ẑcav is the impedance of the middle-ear cavity;P̂TM is the sound pressure at
the TM; P̂cav is the sound pressure in the middle-ear cavity;ÛS is the stapes
volume velocity; andẐperf is the impedance of a perforation. The arrow
through Ẑperf indicates thatẐperf depends on perforation size. The input
impedance at the TM isẐTM .
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Ẑperf5
4r2p f ~ t1d!

pd2 f, ~4!

where

f[2 j
J0~kd/2!

J2~kd/2!
~5!

and f is frequency,j 5A21, d is the perforation diameter,r
is the density of air,t50.06 mm is the thickness of the TM
~Lim, 1995!, d58d/3p, k252 j r2p f /m where m is the
coefficient of viscosity of air (m51.8231025 kg s21 m21),
and J0 and J2 are zero- and second-order Bessel functions
~of complex arguments!, respectively.

Figure 3 shows, as a function of frequency, both the
factor f and the impedanceẐperf, with perforation diameter
as the parameter. At the lower frequencies, for the smaller
perforations,f varies substantially with frequency~in mag-
nitude and angle! and the perforation impedanceẐperf has
comparable resistive and mass components. As the perfora-
tion diameter increases,ufu→1 and/f→0.25, and the im-
pedance becomes mass dominated. As frequency increases
above 1000 Hz, for all diameters,ufu→1 and/f→0.25, and
the impedance is mass dominated; for this rangeuẐperfu is
approximately inversely proportional to diameter.

One assumption inherent in our use of this model for
Ẑperf involves the relative velocities of the TM and the air
moving through the perforation. The model is a circular ori-
fice in a stationary baffle, whereas the TM is a membrane
that vibrates. Our measurements, however, indicate that for
perforations that include up to at least 25% of the TM, the
TM velocity is generally at least ten times smaller than the
particle velocity of air flowing through the perforation;2 thus
the model’s assumption that the TM’s velocity is small rela-
tive to the particle velocity of air moving through the perfo-
ration is accurate.

III. COMPARISON OF MODEL PREDICTIONS TO
MEASUREMENTS

A. Organization

In general, the figures in this section compare the model
to the measurements for one ear~Bone 24L! as a typical
example.@Comparisons for all other ears are similar and can
be found in the appendices of Voss~1998!.3#

We start by comparing impedance at the TM with per-
forations~Sec. III B!. Because the model is based on bone-
specific measurements except for the impedance of the per-
foration, similarity between measurements and model

FIG. 2. Impedances from ten temporal-bone preparations as used to specify components in models for each ear. Left: Impedance measured at the normal TM,
ZTM

norm. Middle: Impedance measured with the TM removedZcav. Right: ImpedanceẐTOC calculated from measurements asẐTOC5ZTM
norm2Zcav. Upper panel:

Magnitude. The magnitude means were computed in the logarithmic domain. Lower panel: Angle. The equations at the tops of the three columns indicate how
the measurements are used to determine each model’s components. Symbols indicate every 20th point.
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indicates that~1! the inclusion ofẐperf in the model produces
the measured effects of perforations and~2! the model for
Ẑperf is consistent with the measurements.

Next, in Sec. III C, we compare perforation-induced
changes in~1! stapes velocity and~2! pressure differences
across the TM. In this section, the data that are compared to
the model were not used in any way to define the model
parameters.

B. Impedance at the tympanic membrane

Figure 4 compares model and measurements for one ear
~Bone 24L!. All of the salient features of the measurements
are seen in the model’s behavior:~1! At the lower frequen-
cies, the model and the measurements have similar magni-
tudes and decrease at 20 dB/decade with an angle that is
approximately20.20 cycles,~2! in both model and measure-
ments the angle changes from negative to positive at a
perforation-diameter-dependent frequency that varies from
700 Hz for the smallest perforation to 2000 Hz for the larg-

est; ~3! both model and measurements have a magnitude
minimum whose frequency increases with increasing perfo-
ration diameter, and~4! near 3000 Hz, the model and the
measurements have similar local magnitude maxima which
decreases as perforation diameter increases. The similarity
between the measuredZTM

perf and the modelẐTM
perf shows that

the model forẐperf @i.e., Eq.~4!# provides an accurate repre-
sentation of the perforation’s effects on input impedance for
the entire frequency range and span of perforation diameters.

C. Transmission loss

With values forẐTOC, Ẑperf, andẐcav, we use the model
of Fig. 1 to predict loss in sound transmission caused by
perforations. The model’s perforation-induced change in
transmission~i.e., loss!, DT̂, can be expressed as either~1!
the ratio between the volume velocity through the element
ẐSC with a normal TM and the volume velocity through the
elementẐSC with a perforated TM or~2! the ratio between
the pressure-difference transfer function@i.e., Eq.~2!# across

FIG. 3. Values off @Eq. ~5!# and Ẑperf @Eq. ~4!#. The
parameterd is perforation diameter.

FIG. 4. Comparisons of the measured impedance at the TMZTM
perf to the model prediction of impedance at the TMẐTM

perf for six perforation diameters. Upper
panel: Magnitudes. Lower panel: Angles. Note: The ‘‘normal’’~no perforation! condition is not shown as the model is identical to the measurements by
definition.
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the TM with a normal TM and the pressure-difference trans-
fer function across the TM with a perforated TM: the two are
identical because the only mechanism for perforation-
induced change in the model is via the pressure difference
across the TM,

DT̂[model transmission loss

[
ÛS

norm

ÛS
perf [

ĤDTM
norm

ĤDTM
perf [11

ẐcaviẐTOC

Ẑperf

, ~6!

where the loss magnitude in dB equals 203 log10(uDT̂u). Su-
perimposed plots of the experimentally measured losses@i.e.,
perforation-induced changes in both stapes velocity and the
pressure-difference transfer function~Vosset al., 2001d, Fig.
3 ratio of perforated to normal!# and the model loss@DT̂, Eq.
~6!# for the example ear can be compared in Fig. 5. Differ-
ences between the two measured losses are the measured loss
in HTOC, which is much less than the total loss for many
conditions.

From Fig. 5 it is clear that the characteristics of the
experimental data are present in the model:~1! At the lowest
frequency, the loss magnitudes are greatest and they decrease
with increasing frequency at about 40 dB/decade,~2! the
magnitude of the loss at the lowest frequency increases with
increasing perforation diameter,~3! small increases~negative
loss magnitudes! in transmission occur around 1000 Hz, and
~4! loss magnitudes in the 3000–4000 Hz region increase
with perforation diameter. The lower plots~Fig. 5! show the
angles of the model and measured losses. Again, many fea-
tures of the measurements are seen in the model’s behavior:
~1! For low frequencies, the angle difference is negative~be-
tween20.25 and20.50 cycles! and relatively flat; thus, the
perforations introduces a lag in the transmission.~2! The
low-frequency angle becomes more negative as perforation
diameter increases, and~3! the angle difference increases
toward zero above 1000 Hz and decreases again around 4000
Hz. The model’s prediction of transmission loss is not lim-
ited by the mechanical artifact, soDT̂ can be predicted for

the lowest frequencies. For the larger perforations, the model
predicts loss that exceeds 50 dB at the lower frequencies.

In summary, the model of Fig. 1 represents changes in
sound transmission with perforations quite accurately and
provides predictions beyond the range of the measurements.
The results demonstrate that the model of Fig. 1 is a useful
representation of sound transmission with perforations.

IV. APPLICATIONS OF THE MODEL TO PREDICTION
OF HEARING LOSS

A. Goal

As discussed in the companion paper~Voss et al.,
2001d!, a theory for middle-ear function with perforations
can help physicians~1! determine whether a specific hearing
loss results only from a perforation or whether other middle-
ear pathology should be expected and~2! understand why
similar-appearing perforations often result in different hear-
ing losses. This section describes the model’s prediction for
transmission dependence on frequency, middle-ear cavity
volume, and perforation diameter.

B. Dependence on middle-ear cavity volume

The impedance of the middle-ear cavity is an important
part of the model for the perforated middle ear. A problem in
applying this model of cadaver ears to live ears results from
differences between the middle-ear cavities of cadaver and
live ears. The measurements~Vosset al., 2001d! were made
on ears with middle-ear cavity volumes that were smaller
than normal, because it is not possible to retain the entire
mastoid cavity when the ear is removed from the cadaver.
~The middle-ear cavity volume is the sum of the tympanic-
cavity volume and the mastoid cavity volume. The tympanic-
cavity volume, which is typically about 1 cm3 and shows
little inter-ear variation, is not affected by the removal pro-
cess.! The volume of the middle-ear space inferred from
acoustic measurements in the cadaver ears ranged from 1.5
to 3.5 cm3, whereas volumes in normal ears range from 2 to

FIG. 5. Model and measurements of perforation-induced loss in transmission. The model~solid lines! is from Eq.~6! with the magnitude expressed in dB as
20 log10uDT̂u. Measurements from Vosset al. ~2001d! are changes from normal in both stapes velocityDVS /PTM ~thin dashed lines! and pressure difference
across the TMDHDTM ~thick dashed lines!. Each column corresponds to the indicated perforation diameter. For perforations greater than 1 mm in diameter,
the magnitude of the model simplification given by Eq.~12! is indicated by a dotted line which is hard to see in the larger perforations because it is obscured
by the ‘‘model’’. Upper panel: Magnitudes. Lower panel: Angles.
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22 cm3 ~Molvaeret al., 1978!. To represent the effects of the
smaller-than-normal middle-ear cavity volumes, we intro-
duce a structure-based four-element acoustic model for the
middle-ear cavity in which the mastoid-cavity volume is a
parameter~Voss et al., 2000b!. Ẑcav ~in Fig. 1! is then the
structure-based~SB! cavity impedanceẐcav

SB with a variable
mastoid-cavity volume, i.e.,

Ẑcav[structure-based model[Ẑcav
SB . ~7!

Figure 6 shows how variation in mastoid-cavity volume
affects the model prediction for transmission lossDT̂. For
low frequencies, loss decreases as the mastoid volume in-
creases. Variations of more than 20 dB occur inuDT̂u when
the mastoid-cavity volume is varied across the range of vol-
umes found in normal ears~Molvaeret al., 1978!. Addition-
ally, the frequency where the loss is a minimum~peak in Fig.
6! decreases as volume increases. These model results illus-
trate that identical perforations may not lead to similar hear-
ing loss; the middle-ear cavity’s mastoid volume plays an
important role in determining hearing loss.

C. Low-frequency loss: Dependence on structure

At the lowest frequencies, Eq.~6! for DT̂ can be simpli-
fied to an analytic expression that describes howDT̂ depends
on structure at low frequencies. At frequencies whereuẐcavu
!uẐTOCu ~f ,1000 Hz as in Fig. 2!, Eq. ~6! can be approxi-
mated as

DT̂'11
Ẑcav

Ẑperf

. ~8!

Additionally, at the lowest frequencies,Ẑcav is compliance
dominated so that the structure-based cavity impedanceẐcav

SB

can be approximated as

Ẑcav
SB'

rc2

j 2p f V
, f , f c , ~9!

whereV is the total volume of the middle-ear cavity~the sum
of the mastoid-cavity and tympanic-cavity volumes! and f c

is a frequency limit above whichẐcav
SB cannot be approxi-

mated by a compliance. The frequencyf c depends onV. As
discussed in Vosset al. ~2000b!, the tympanic-cavity volume
does not vary much from about 1 cm3 across all ears, but the
mastoid-cavity volume shows substantial variation~i.e., an

order of magnitude!. Because of the acoustic interaction of
the two volumes~i.e., the tympanic-cavity volume and the
mastoid-cavity volume!, f c decreases asV increases. For
mastoid-cavity volume Va such that Va,2 cm3, f c

'1000 Hz; for Va56 cm3, f c'500 Hz; and for Va

512 cm3, f c'250 Hz. @See Fig. 13 of Vosset al. ~2000b!
for the specific dependence ofẐcav

SB on mastoid-cavity vol-
ume.#

For the larger perforations~i.e., d.1 mm! Ẑperf is mass
dominated~Fig. 3! so that

Ẑperf' j 2p f M̂perf, d.1 mm ~10!

and

M̂perf'
4r

pd2

8d

3p
1.2, ~11!

where the term (t1d) from Eq. ~4! is approximated byd
58d/3p @sinced@t#, and the termf in Eq. ~4! is approxi-
mated by the constant 1.2.@The term f—defined in Eq.
~5!—is frequency dependent. As either perforation diameter
or frequency increases,ufu→1 and/f→0.25 cycles~Fig. 3!.
We have approximatedufu by 1.2, as 1.2 is a middle value of
the total range thatufu covers for the frequencies and perfo-
ration diameters of interest.#

Substitution of Eq.~9! and~10! into Eq. ~8! leads to the
approximation

DT̂'12
ad

f 2V
, f , f c , ~12!

wherea52.33106 cm3/mm s2, diameterd has units mm and
d.1 mm, middle-ear cavity volumeV has units cm3, and
frequencyf has units Hz with Eq.~12! valid for frequencies
whereẐcav is compliance dominated~i.e., f , f c!. The mag-
nitude uDT̂u predicted with the approximation of Eq.~12! is
plotted in Fig. 5 for perforations with diameters greater than
1 mm, and differences between this approximation anduDT̂u
from the complete model of Eq.~6! are minimal. Thus, Eq.
~12! approximatesDT̂ @Eq. ~6!# for frequencies below 500
Hz ~with total cavity volumeV of about 2 cm3! and perfora-
tion diameters greater than 1 mm.

The accuracy of Eq.~12! in predicting the measured loss
can be tested with data reported in the companion paper
~Vosset al., 2001d!. Figure 7 shows results for a frequency
of 680 Hz, which is below thef c51000 Hz appropriate for

FIG. 6. Model calculations forDT̂ with variation of
mastoid-cavity volume~1, 6, and 12 cm3! and perfora-
tion diameter~1, 2, and 4 mm!. The calculations use
Fig. 1 with ẐTOC calculated by Eq.~3! from measure-
ments on ‘‘Bone 24L’’, Ẑperf from Eq. ~4!, and Ẑcav

[Ẑcav
SB with Ẑcav

SB from Voss et al. ~2000a! with the
mastoid-cavity volume having one of three indicated
values. See Vosset al. ~2000b, Fig. 12 and Table I! for
details of the calculation ofẐcav

SB ; all element values
were held constant except for the mastoid-cavity vol-
umeVa . At frequencies above 2000 Hz, the curves for
6 and 12 cm3 are essentially indistinguishable.
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the volumes of the modified cadaver ears~range of 1.3 to 1.7
cm3!. The plot indicates that the approximate expression is
consistent with the large trend in the measurements. The
largest deviations from perfect prediction~the line in Fig. 7!
are about 10 dB and the root-mean square error between
predicted and measured is 5.9 dB. The errors for cases of
small perforation are similar to those with larger perfora-
tions; an explanation for this is that for the frequency illus-
trated~680 Hz! the model for the perforation impedance~see
Fig. 3! roughly satisfies the mass-like assumption of the ap-
proximation for all perforations larger than 0.4 mm in diam-
eter. Figure 7 supports the use of Eq.~12! to estimate trans-
mission loss, although it does not test the dependence of the
loss on middle-ear volume, as the volumes in these ears are
all within 60.2 cm3 of 1.5 cm3.

The approximation@Eq. ~12!# may be useful clinically to
estimate the effects of an existing perforation on hearing
loss. Middle-ear cavity volume could be estimated via low-
frequency impedance measurements, which will also deter-
mine the frequency range in which the approximation is ex-
pected to be accurate. For a particular ear, estimation of
hearing loss caused by the perforation should allow clini-
cians to estimate the loss caused by other pathologies.

D. Future clinical studies of hearing with perforations

The theory presented here, coupled with the companion
paper~Vosset al., 2001d!, provide a basis for future clinical
studies of hearing with perforations. In particular, this work
identifies the middle-ear cavity volume as an important vari-
able in hearing with perforations. In future studies, the
middle-ear cavity volume can be estimated via either low-
frequency impedance measurements or CT scans~or a com-
bination of the two!. Additionally, future studies that rely on
audiometrically measured hearing levels should include mea-
surements of the sound pressure levels generated by the ear-
phone in the ear canal, as recent measurements have shown
that ears with lower-than-normal input impedances can re-

duce the ear-canal sound pressure relative to that produced in
the ear canal of an ear with a normal input impedance~Voss
et al., 2000a,e!.

V. CONCLUSIONS

A simple model for sound transmission with perforations
in the tympanic membrane is tested. The perforation is rep-
resented by an impedance, which depends on frequency and
perforation diameter, and is between the ear canal and the
middle-ear cavity. The model’s predictions for the input im-
pedance of the middle ear and the transmission loss to the
cochlea are similar to measurements of these quantities~Voss
et al., 2001d!. Modification of the model to allow middle-ear
cavity volume to be a parameter predicts that variations in
middle-ear cavity volume can result in variations in hearing
loss of up to 20 dB. Simplification of the model to a
structure-based expression for low frequencies and perfora-
tion diameters greater than 1 mm should be useful to clini-
cians in relating hearing losses with perforation size, fre-
quency, and cavity volume.
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1To see how Vosset al. ~2001d, Fig. 4! support the statement thatẐTOC is
not ~much! affected by perforations, consider the transfer admittance of the
two-port network of Fig. 1:

ĜTOC[
ÛS

P̂TM2 P̂cav

5
âV̂S

P̂TM2 P̂cav

5âĤTOC, ~13!

where the model’s stapes volume velocityÛS is related to the model’s
stapes velocityV̂S via â, which might depend on both frequency and per-
foration characteristics. The companion paper~Voss et al., 2001d! dis-
cusses measurements of the transfer functionHTOC5VS /(PTM2Pcav),
which in the model isĜTOC/â. The measurements show thatHTOC is not a
strong function of TM state. Specifically, measurements ofuHTOCu with
perforations that cover up to 25% of the TM are within 5 dB ofuHTOCu
measured with a normal TM; also, measurements show that changes from
normal in /HTOC are generally less than 0.05 cycles. Measurements also
support the assumption thatâ does not depend strongly on TM state. Spe-
cifically, velocity measurements made at several locations on the stapes’
suprastructure show that character of the stapes motion is not affected by
perforations; the stapes primarily translates in one direction for both normal
and perforated TMs up to at least 2000 Hz~e.g., Vosset al., 2000b, 2001d;
Voss, 1998!. This experimental finding supports the assumption thatâ does
not depend on the state of the TM. In summary, our model assumption that
ẐTOC is independent of the state of the TM is supported through measure-
ments that show~1! HTOC does not depend strongly on perforation state and
~2! the mode of stapes motion is not affected by perforations.

2The two relevant velocities were estimated from measurements:~1! the TM
velocity VTM and~2! the particle velocity of air flowing through the perfo-
ration ~Vperf!;

VTM5
PTM

ZTM ATM
, ~14!

FIG. 7. A scatter plot of the measured perforation-induced transmission loss
from the companion paper~Vosset al., 2001d! vs the model-based approxi-
mation @Eq. ~12!# at 680 Hz. The line indicatesy5x. The plotted points
correspond to all the measurements in which transmission loss at 680 Hz
was accurately determined and the impedance measurements existed. The
data include 26 perforations in 7 ears.
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whereATM570 mm2 is the TM area~Wever and Lawrence, 1954!, and

Vperf5
PTM2Pcav

ZperfAperf
, ~15!

where Aperf is the measured cross-sectional area of the perforation. Esti-
mates of the velocity magnitudesuVTMu anduVperfu from one of our ears are
plotted in Fig. 4–5 of Voss~1998!. We note that for perforation diameters
of 3.3 and 5.0 mm,uVTMu approachesuVperfu for substantial frequency
ranges above 800 Hz; however,uVTMu is generally less thanuVperfu.

3The model description ofẐperf in Voss ~1998! is not identical to that used
here; however, differences between the predictions from the two models are
negligible.
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