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Middle-ear function with tympanic-membrane perforations.
I. Measurements and mechanisms
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Sound transmission through ears with tympanic-membrane~TM! perforations is not well
understood. Here, measurements on human-cadaver ears are reported that describe sound
transmission through the middle ear with experimentally produced perforations, which range from
0.5 to 5.0 mm in diameter. Three response variables were measured with acoustic stimulation at the
TM: stapes velocity, middle-ear cavity sound pressure, and acoustic impedance at the TM. The
stapes-velocity measurements show that perforations cause frequency-dependent losses; at low
frequencies losses are largest and increase as perforation size increases. Measurements of
middle-ear cavity pressure coupled with the stapes-velocity measurements indicate that the
dominant mechanism for loss with TM perforations is reduction in pressure difference across the
TM; changes in TM-to-ossicular coupling generally contribute less than 5 dB to the loss.
Measurements of middle-ear input impedance indicate that for low frequencies, the input impedance
with a perforation approximates the impedance of the middle-ear cavity; as the perforation size
increases, the similarity to the cavity’s impedance extends to higher frequencies. The collection of
results suggests that the effects of perforations can be represented by the path for air-volume flow
from the ear canal to the middle-ear cavity. The quantitative description of perforation-induced
losses may help clinicians determine, in an ear with a perforation, whether poor hearing results only
from the perforation or whether other pathology should be expected. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1394195#

PACS numbers: 43.64.Ha@BLM #

I. INTRODUCTION

Perforations of the tympanic membrane~TM! can result
from trauma, middle-ear disease, or the treatment of middle-
ear disease. Perforations occur as a result of the disease pro-

cess in chronic otitis media, which affects at least 0.5% of
the population~Sadé, 1982!. Additionally, it is estimated that
1.3% of American children have tympanostomy tubes
~Bright et al., 1993!, which are tubes placed in the TM that,
like a perforation, connect the ear canal to the middle-ear
cavity. Although TM perforations occur frequently, their ef-
fects on hearing are uncertain: ‘‘There is no general agree-
ment among clinicians about the magnitude and the configu-
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ration of the hearing loss that is caused by various types of
tympanic-membrane perforations’’~Terkildsen, 1976!. This
paper, along with the theoretical companion paper~Voss
et al., 2001d!, provides controlled measurements together
with a theory for middle-ear function with perforations. Re-
sults from both papers will be important in the future design
of controlled clinical experimental studies.

To determine the effects of perforations, we have made
measurements on human cadaveric temporal-bone prepara-
tions with controlled perforations in otherwise normal ears.
The work reported here is organized both~1! to describe how
perforations alter middle-ear function from normal and~2! to
determine the relative importance of particular mechanisms
that contribute to hearing loss with perforations. The com-
panion paper~Voss et al., 2001d! uses these experimental
results to develop a mathematical model of sound transmis-
sion with perforations.

We present measurements of several acoustic quantities
with perforations. The ratio between the stapes velocity (VS)
and the sound pressure in the ear canal at the TM (PTM) is
our measure of middle-ear sound transmission to the cochlea,
i.e.,

T[
VS

PTM
[ middle-ear transmission. ~1!

Perforations of the TM may change middle-ear sound
transmission through at least three mechanisms.

~1! Perforations may alter the pressure difference across
the TM, which drives the motion of the TM and ossicular
chain, and thereby change ossicular motion~e.g., Mehmke,
1962; McArdle and Tonndorf, 1968; and Kruger and
Tonndorf, 1977, 1978!.

~2! Perforations may alter the coupling between the
pressure difference across the TM and the malleus motion,
thereby changing ossicular motion. Specific suggestions that
fall in this category include~a! decrease in the effective TM
area~e.g., Austin, 1978; Shambaugh, 1967!, ~b! change in
the coupling between TM motion and malleus motion, and
~c! change in tension of the TM that results from disruption
of its fibrous structure~Lim, 1970!.

~3! Perforations may alter the sound pressures that act
directly on the oval and round windows~e.g., Shambaugh,
1967; Hughes and Nodar, 1985, p. 72; Schuknecht, 1993b, p.
196!, thereby changing the pressure difference between the
windows, which is a component of the stimulus to the co-
chlea~Vosset al., 1996!.

Measurements reported here determine the relative im-
portance of mechanisms~1! and ~2! above; we have shown
elsewhere that mechanism~3! is not an important route of
sound transmission with most perforations~Voss 1998, Chap.
3!. To separate the effects of mechanisms~1! and~2!, we use
measurements of stapes velocity (VS), pressure at the TM
(PTM), and middle-ear cavity pressure (Pcav), to define two
ratios,

HDTM[
PTM2Pcav

PTM
[ pressure-difference ratio, ~2!

and

HTOC[
VS

PTM2Pcav
[ TM coupling ratio. ~3!

@The subscript TOC stands for TM–ossicles–cochlea.# HTOC

is a measure of sound transmission through the TM and os-
sicular chain that eliminates the effects of changes in pres-
sure difference across the TM.

The product of the two ratios is middle-ear transmission
T, i.e.,

~4!

Changes in the factors,HDTM and HTOC, provide measures
of the importance of mechanisms~1! and~2! in determining
transmission loss with perforations. As we will see,
perforation-induced changes in transmission~i.e., changes in
VS /PTM! result primarily from one of these mechanisms.

In addition to measurements of the quantities in Eq.~4!,
we also present measurements of the impedance at the TM
(ZTM). These impedance measurements are critical in defin-
ing a model of the middle ear with a perforation~Vosset al.,
2001d!, and they also allow estimation of the effects of per-
forations on the sound pressure generated at the TM by au-
diologic earphones~Vosset al., 2000a, e!.

II. METHODS

A. Temporal bones and their preparation

Acoustic measurements of stapes velocity, middle-ear
cavity pressure, and impedance in the ear canal near the tym-
panic membrane~TM! were made in cadaveric temporal
bones with both normal and perforated TMs. The subjects
were 11 of the ears for which normal results are presented in
Voss et al. ~2000b!, where measurement techniques are de-
scribed in detail. Measurements are reported from 100 to
4000 Hz, as some measurements above 4000 Hz were in the
noise floor.

Measurements were made on fresh temporal bones for
which no evidence of otologic disease was found either in
medical records or in oto-microscopic examination. In each
temporal bone, the ear canal was drilled away to expose the
TM, and a brass ring was cemented to the bony rim around
the TM to allow repeatable coupling to the sound source.
Access to the stapes footplate was obtained by opening the
‘‘facial recess’’ from a posterior-tympanotomy approach
~e.g., Shambaugh and Glasscock, 1980, pp. 704–705!. To
increase visibility of the stapes,~1! the stapedius tendon was
cut with alligator-type surgical scissors,~2! the pyramidal
process was curetted away, and~3! the mastoid segment of
the facial nerve was removed. A 0.25 mm2 piece of reflective
tape, coated with 50mm polystyrene spheres packed side by
side and weighing 0.05 mg, was placed on either the stapes
footplate or the posterior crust of the stapes. Vosset al.
~2000b! and Voss~1998! illustrate the~minimal! effects of
these manipulations on the measured stapes velocity. The
middle-ear cavity pressure was measured adjacent to the
stapes via a probe tube that was cemented to the temporal
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bone and terminated by a calibrated microphone. Measure-
ments were made with the middle-ear cavity closed. Periodi-
cally during the measurement sessions, the bone was sub-
merged in normal saline for several seconds, and the excess
fluid removed with gentle suction.

B. Perforation of the tympanic membrane

In each ear, perforations of different sizes and locations
were made. Typically, increasing-sized circular perforations
were made in the pars tensa in either the posterior-inferior
~PI! or the anterior-inferior~AI ! quadrant. In most cases,
once an entire quadrant was perforated, a kidney-shaped per-
foration that included both inferior quadrants was made so
that most of the inferior half of the TM was removed. A
typical sequence of perforations is illustrated in Fig. 1.

The controlled perforations were made with an oto-
surgical Argon laser~i.e., an HGM, Inc. laser used at a power
level of 1–2 mW and pulse duration of 100 ms!. In order to
measure the perforation sizes, an image of the TM was video
taped as each perforation was made, and a scale was placed
next to the perforation. Later, the video tape was viewed with
a video monitor and the perforation was traced and measured
to obtain its area. We report a diameter calculated from the
area measurement for each perforation. For kidney-shaped
perforations that involve more than one quadrant, we report
the diameter of a circular perforation of the same area.

C. Calculation of pressure at the tympanic membrane

We measured the ear-canal sound pressure about 3 mm
lateral to the TM, as described in detail in Vosset al. ~2000b!
and Voss~1998!. To correct for differences in pressure be-
tween this location and the TM we use a lossless cylindrical-
tube model to represent the residual ear-canal air space~e.g.,
Møller, 1965; Rabinowitz, 1981; Lynchet al., 1994; Huang
et al., 1997!, and we estimate the pressurePTM at the TM as

PTM5
PECZTM

ZTM cos~kl !1 jZ0 sin~kl !
, ~5!

where PEC is the measured pressure at the microphone
probe-tube orifice;ZTM is the measured impedance at the TM
~see Sec. II G!; Z05rc/A is the characteristic impedance of
the tube, andA570 mm2 is the area of the tube which is
defined by the average area of the TM~Wever and Lawrence,
1954, p. 416!; l is the length of the tube and is defined asl
5VEC/A, whereVEC is the ear-canal air volume between the
microphone probe-tube orifice and the TM, which is mea-
sured by filling the residual ear-canal air space with saline
using a calibrated syringe~range 0.03–0.1 cm3!; k

52pf/c, r is the density of air,c is the velocity of sound in
air, andf is frequency.

The ratioPTM /PEC is less than 1 dB in magnitude and
only a few hundredths of a cycle in angle for perforations
that are less than 1 mm in diameter. At the other extreme,
when the TM is entirely removed, the ratioPTM /PEC can
approach62 dB in magnitude and 0.05 cycles in angle for
frequencies above 1000 Hz. Below 1000 Hz, the differences
betweenPEC and PTM are smaller than 1 dB for all TM
conditions.

In this paper, we apply the sound-pressure correction of
Eq. ~5! to convert measurements ofPEC to PTM . However,
as measurements ofZTM were not obtained on one ear~bone
18!, we usePEC for all results on bone 18.

D. Measurement of the stapes velocity

1. Scope

We use our measurements ofT ~i.e., VS /PTM! as a de-
scription of the sound transmission through the middle ear.
Our techniques are described in Vosset al. ~2000b! and Voss
~1998!. Specifics relevant to the measurements with perfora-
tions are presented here.

2. Acoustic stimuli

Unless otherwise noted, the measurements of stapes ve-
locity were made in response to tonal stimuli that were typi-
cally between 90 and 120 dB SPL.@The system behaved
linearly for these levels, as described by Vosset al. ~2000b!.#
For each tone, the two responses, ear-canal pressure and
stapes velocity, were typically the average of 1000 or 2000
41-ms-long responses for a total of 41 or 82 s of averaging.
The measured frequency range was 25 to 10 000 Hz; the
frequency resolution was not identical for all experiments.
Because the experiments on the first three ears had a poor
frequency resolution~only 16 or 25 logarithmically spaced
points!, the reported means include only the experiments on
the final eight ears, which had 68 logarithmically spaced
points.@In all cases, data from the first three ears are consis-
tent with those from the final eight ears.#

3. Removal of data affected by the mechanical
artifact

Our stapes-velocity measurements are affected by a me-
chanical artifact, which appears to result from vibration of
the sound source. This artifact confounds the measurement
of stapes velocity. We measured the artifact as the velocity of
the temporal bone~at the round-window niche! in response
to sound in the ear canal. Specifically, we placed a piece of
reflective tape on the bony round-window niche and mea-
sured the ratio between this temporal-bone velocity and the
ear-canal pressure,Vbone/PTM . With a normal TM,
uVbone/PTMu was usually more than 20 dB smaller than
uVS /PTMu, and therefore the artifact was negligible. How-
ever, as perforations were made, the stapes velocity de-
creased for a constant pressure at the TM, and the mechani-
cal artifact could interfere with measurement of the stapes
velocity. Unless noted, data corresponding to stapes-velocity

FIG. 1. Schematic drawing of the TM and the manubrium of the malleus
that illustrates how perforations of increasing size were made. The diameters
for the illustrated circular perforations are, from left to right, 0.5, 1, 2, and 4
mm.
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magnitudes within 20 dB of the artifact magnitude
uVbone/PTMu are not included. Further details are in Voss
~1998, pp. 34–35, Fig. 1–5!.

The requirement that the stapes-velocity magnitude be at
least 20 dB greater than the artifact’s magnitude has the ef-
fect of eliminating data in which the stapes-velocity magni-
tude is smallest, i.e., at the lowest frequencies with the larg-
est perforations.

4. Definition of transmission loss

To describe sound transmission with perforations, we
compare the transmission measured with an intact TM,Tnorm

@i.e., (VS /PTM!norm#, to the same ratio measured with a per-
forated TM,Tperf. The ratio between the normal and the per-
forated condition serves as our measure of transmission loss

DT[
Tnorm

Tperf [
~VS /PTM!norm

~VS /PTM!perf [ transmission loss. ~6!

E. Pressure-difference ratio, HDTM

1. Calculation of the pressure-difference ratio

We calculate the pressure difference across the TM from
measurements of ear-canal pressure and middle-ear cavity
pressure. The ear-canal pressure,PEC, is generated and mea-
sured with the acoustic assembly described by Vosset al.
~2000b!, and PTM is computed fromPEC via Eq. ~5!. The
middle-ear cavity pressure,Pcav, is measured with a probe-
tube microphone that is placed near the stapes footplate
within the middle-ear cavity. Details of this probe-tube mi-
crophone and its calibration are in Vosset al. ~2000b!. We
computeHDTM , the pressure-difference ratio, as

HDTM[
DPTM

PTM
[

PTM2Pcav

PTM
. ~7!

To describe how perforations affectHDTM , we compute
changes inHDTM for the intact TM relative to the perforated
TM as

DHDTM[
HDTM

norm

HDTM
perf [ change inHDTM . ~8!

2. Limits on the accuracy of pressure-difference
calculations

With the TM perforated, the middle-ear cavity pressure
and the pressure at the TM are nearly equal at low frequen-
cies. Thus, small errors in the relative calibration of the two
microphones that measure these two pressures may introduce
large errors in the computed pressure difference. The calibra-
tion procedure for the microphone that measuresPcav is de-
scribed by Vosset al. ~2000b!. This microphone is calibrated
relative to the microphone that measuresPEC by acoustically
coupling the two microphones together and comparing their
responses to the common stimulus. To estimate the variabil-
ity in the relative calibrations between the two microphones,
we examined repeated relative calibrations over the course of
a single experiment. In general, the ratio between repeated
calibrations during an experiment varied as much as a factor

of 1.1 in magnitude and 0.01 cycles in angle. With such an
error and withPcav equal to PTM , a measurement would
yield

uHDTMu5UPTM21.1PTMej 2p0.01

PTM
U50.12, ~9!

although HDTM would really be zero. Thus, measured
uHDTMu values of less than 0.12 may be highly affected by
calibration errors. Thus, we impose the lower limit of 0.12
on the magnitude of the pressure-difference ratio (uHDTMu)
computed from Eq.~7!, and any calculateduHDTMu that is
below 0.12 is eliminated from the results.

3. Acoustic stimuli for cavity-pressure measurements

The voltages that correspond to the pressuresPEC and
Pcav are measured simultaneously on two channels in re-
sponse to a chirp stimulus. The chirp contains 1024 linearly
spaced frequencies from 24 to 25 000 Hz. The reported re-
sponse is the average of 200 responses~8.2 s of averaging!.

F. TM coupling ratio, HTOC

Perforation-induced changes inHTOC are a measure of
sound transmission through the TM and ossicular chain that
eliminates the effects of changes in pressure differences
across the TM with different perforations.HTOC is calculated
from measurements as

HTOC[
VS /PTM

~PTM2Pcav!/PTM
[

VS /PTM

HDTM
. ~10!

Changes inHTOC are calculated as the ratio of the normal
HTOC

norm to the perforatedHTOC
perf .

DHTOC[
HTOC

norm

HTOC
perf [ change inHTOC. ~11!

To calculateHTOC @Eq. ~10!#, some data manipulation
was required. The measurements ofVS /PTM were made with
a frequency resolution of 68 points from 24 to 10 000 Hz,
whereas the measurements ofHDTM5DPTM /PTM @Eq. ~7!#
were made with a frequency resolution of 1024 points from
24 to 25 000 Hz. Thus, the two kinds of measurements are
not at exactly the same frequencies. We resolved this prob-
lem through interpolation of theHDTM data to the frequen-
cies of theVS /PTM data, where theHDTM data have the
larger frequency resolution of the two measurements. Inter-
polation is done using cubic spline interpolation performed
using the software packageMATLAB ~The Mathworks, Inc.!.
Note that the displayedHTOC’s do not include points where
either ~1! uVS /PTMu is within 20 dB of the mechanical arti-
fact or ~2! uHDTMu,0.12.

G. Measurement of the middle-ear input impedance

Acoustic impedance measurements were made with a
method similar to that used by others~e.g., Rabinowitz,
1981; Allen, 1986; Lynchet al., 1994!, which is thoroughly
discussed elsewhere~Voss, 1998; Vosset al., 2000b!. The
Thévenin equivalent of the sound-delivery system was deter-
mined by pressure measurements in two ‘‘reference loads’’ of
known theoretical impedance. The two theoretical imped-

1435J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 Voss et al.: Sound transmission with perforations



ances were calculated from the equations of Egolf~1977!
and combined with the pressure measurements made in the
two reference loads to calculate the source’s The´venin pres-
sure and impedance equivalentsPTH andZTH . The ear’s im-
pedance was then calculated from a pressure measurement in
response to a chirp stimulus in the ear canal. The impedance
measurements were estimated to be generally accurate to
within about 10% in magnitude~about 1 dB! and 10° in
angle~0.025 cycles!.

Impedances were measured with a different acoustic as-
sembly from that used for the stapes-velocity and the middle-
ear cavity pressure measurements.~The source used for the
stapes-velocity and middle-ear cavity pressure measurements
had a source impedance magnitude that was small compared
to the magnitude of the input impedance of the middle ear;
thus, it could not be used to make accurate impedance mea-
surements.! The impedance-measurement assembly con-
sisted of a Knowles ED-1913 hearing aid receiver as a sound
source~Knowles Electronics, Elk Grove, IL! and a Knowles
EK-3027 microphone~Raviczet al., 1992; Voss, 1998!. ~The
source used to measure impedance in the ear canal was not
useful for the stapes velocity measurements because it could
not generate large enough sound-pressure levels in all situa-
tions.!

The ear’s impedance was measured in the ear canal~1!
with an intact TM, ~2! after each perforation was made
(ZTM

perf), and~3! with the TM removed. The impedance mea-
surement was made at the same ear-canal location as the
ear-canal pressure~Sec. II C!, and we approximate the effect
of the ear-canal air volume on the measured impedances by a
lossless cylindrical-tube model of the residual ear-canal air
space~e.g., Møller, 1965; Rabinowitz, 1981; Lynchet al.,
1994; Huanget al., 1997!, so that the impedance at the TM
(ZTM) is determined from the impedance measured in the ear
canalZEC as

ZTM[Z0

ZEC2 jZ0 tan~kl !

Z02 jZECtan~kl !
, ~12!

where the variables in Eq.~12! are defined in conjunction
with Eq. ~5!.

With an intact TM, the ratiouZEC/ZTMu approaches23
dB with the largest ear-canal volume of 0.1 cm3; in cases
with smaller ear-canal air volumes,uZEC/ZTMu is between 0
and 21 dB. With perforations, the ratiouZEC/ZTMu can ap-
proach 3 dB for frequencies near 2000–4000 Hz.

III. RESULTS

A. Organization

The results are organized into five sections. Each of the
first four sections focuses on one of the four measured ratios
for a series of perforations:~1! middle-ear transmissionT
[VS /PTM ; ~2! the pressure-difference ratioHDTM ; ~3! the
TM coupling ratioHTOC; and ~4! the middle-ear input im-
pedanceZTM . In each section, we show data from a typical
‘‘example’’ ear~bone 24L!. Additionally, we show the means
from eight ears for the quantitiesDT, DHDTM , andDHTOC.
In all cases, results from the example ear are similar to those
from the other ears, which are plotted in the appendices of

Voss~1998!. Measurements were made on eleven ears. How-
ever, measurements on the first three ears had poor frequency
resolution ~only 16 or 25 logarithmically spaced points!
whereas the experiments on the final eight ears had a fre-
quency resolution of 68 logarithmically spaced points. For
this reason, the reported means include only the final eight
experiments. In all cases, data from the first three ears are
consistent with those from the final eight ears.

A basic conclusion supported by the results is that the
effects of perforations on sound transmission result primarily
from perforation-induced changes in the pressure difference
across the TM, with alterations in TM-to-ossicular-coupling
(HTOC) being relatively small. One experiment, reported in
Sec. III F, was designed to determine what modifications in
the TM are required to make major changes in this coupling;
this experiment determined the effects of extensive slits in
the TM onHTOC.

B. Middle-ear transmission T
1. Components of stapes motion

Vosset al. ~2000b! show that the stapes translates in and
out of the oval window with a piston-like motion for fre-
quencies up to at least 2000 Hz when the TM is normal. Voss
et al. ~2000b! argue that to be consistent with translational
motion, the ratio between the velocities measured at two lo-
cations on the stapes has to~1! have a magnitude that is
constant versus frequency, and~2! have an angle that is zero.
To determine whether the stapes motion is piston-like when
the TM is perforated, stapes-velocity measurements at two
stapes locations were made on two ears with perforations
@two of the five ears in Fig. 6 of Vosset al. ~2000b!#. For
each perforation condition, the ratio of the complex veloci-
ties measured at two locations was computed. In Fig. 2, the
magnitudes and angles of the velocity ratios associated with
these two ears are plotted for four perforation sizes. Below
2000 Hz, the magnitudes and angles with the perforations
appear similar to those shown for the normal TM: the mag-
nitudes are nearly constant and the angles are near zero, con-
sistent with a translational motion. Above 2000 Hz, there is
more variability in both the magnitudes and angles, which
might result from a more complicated motion. However,
moderate changes in the preparation between measurements
could produce the differences seen in Bone 29. In neither ear
do the changes have a systematic dependence on perforation
size, which is consistent with another source for the change.
In summary, up to at least 2000 Hz, the stapes appears to
move with a one-dimensional translational motion with both
a normal and a perforated TM.

2. Effects of perforations on transmission

a. Example ear. Measurements of middle-ear transmis-
sion T ~i.e., VS /PTM! from the example ear are shown as a
function of frequency with perforation diameter as a param-
eter in Fig. 3 ~left!. The magnitude and angle ofT have
several features that are consistent across all preparations.
First consider the magnitudeuTu: ~1! As perforation diameter
increases,uTperfu decreases systematically at frequencies be-
low 1000–2000 Hz;~2! at frequencies less than 1000 Hz, for
all perforation diameters,uTperfu increases with increasing
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frequency such that in the 1000 Hz rangeuTperfu approaches
the normal value, and in many casesuTperfu exceedsuTnormu
slightly; and~3! above 1000 Hz, the perforations’ effects are
generally smaller than at frequencies below 1000 Hz.

Next, consider the angle/T. With the TM intact,
/Tnorm is constant at about 0.25 cycles at frequencies up to

at least 500 Hz, and above about 500 Hz,/Tnorm decreases
gradually with increasing frequency. When the TM is perfo-
rated:~1! At low frequencies,/Tperf is roughly constant with
frequency but its low-frequency asymptote appears to be be-
tween 0.25 and 0.75 cycles. Larger perforations result in
larger low-frequency angles; and~2! as frequency increases,

FIG. 2. Magnitude and angle of ratio of stapes veloci-
ties measured at two locations on the stapes.T
[VS /PTM was measured at two locations on the stapes
of bones 28 and 29 with the TM both normal and per-
forated. For both bones, the measurement locations
were the anterior end of the stapes footplate~AF! and
the posterior crus~PC!. Thus, for each TM condition
noted in the legends, ‘‘Magnitude~dB!’’ refers to
20 log10uTPC/TAFu, and ‘‘Angle’’ refers to the difference
/(TPC)2/(TAF). The middle-ear cavities were open
for the measurements on bone 28 and sealed for the
measurements on bone 29. Measurement stimuli were
chirps, and symbols that distinguish between measure-
ments are plotted at every 30th data point.

FIG. 3. Measurements ofT ~left!, HDTM ~center!, andHTOC ~right! from the example ear~Bone 24L!. For each quantity, the magnitude~upper! and angle
~lower! of each measurement are plotted. The legend in the rightmost panel specifies the perforation diameter. The smaller perforations were in the
anterior-inferior~AI ! quadrant, and the largest perforation contained most of the inferior half of the TM. Symbols are plotted at every eighth data point forT
andHTOC and every 25th data point forHDTM . ‘‘Gaps’’ betweenT data points result when measurements at some frequencies are excluded by the mechanical
artifact criterion. The horizontal dashed line inuHDTMu indicates a pressure difference of 0.12, which is the lower limit for the calculateduHDTMu.
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/Tperf decreases and approaches the value for the intact TM
/Tnorm.

b. Means from eight ears.In this section, we compare
the effects of perforations onT for measurements made on
eight ears. In order to compare the effect of the perforation
across different ears that vary in their baseline~i.e., intact
TM! responses, we compare changes from normal in stapes
velocity @i.e., DT of Eq. ~6!#.

A total of 44 perforations were made on the eight ears.
To compare the effects of all 44 perforations, we grouped the
perforations by size. Diameter categories were selected by
grouping the 44 perforations into 5 categories so that~1!
there were approximately the same number in each group
~range 7–11! ~Fig. 4 lower-left!, ~2! the ratio of the
maximum-to-minimum perforation diameter in each group is
similar for all groups~range 1.4–1.7!, and~3! gaps between
groups are similar across all five groups~15%–20%!.

The mean perforation-induced changes from the intact
condition ~i.e., transmission loss! are plotted in Fig. 4~left-
hand side!. The mean changes in transmission,DT, are con-
sistent with the features described above for the measure-
ments from the example ear:~1! DT is frequency dependent

with the largest reductions in magnitude occurring at low
frequencies;~2! at low frequencies,DT increases with per-
foration size;~3! between 1000 and 2000 Hz, there can be
small increases~i.e., 3 dB! in DT with perforations; both the
frequency and the sharpness of this peak increase with
perforation-diameter increases;~4! from about 2000 to 4000
Hz, changes are less than 12 dB and increase with perfora-
tion size; and~5! for the lowest frequencies the mean angle
change approaches20.25 cycles for the smallest perfora-
tions and20.5 cycles for the larger perforations; for the
middle frequencies the angle changes are near zero, and for
the higher frequencies the mean angle changes are between
zero and20.25 cycles.

C. Pressure-difference ratio: HDTM

Measurements of the pressure-difference ratioHDTM

from the example ear are shown as a function of frequency
with perforation diameter as a parameter in Fig. 3~center!.
With the TM intact, the magnitude ranges from about 0.7 to
1 and is nearly independent of frequency; the angle is about
zero. Perforations have their biggest effects onHDTM at fre-

FIG. 4. Mean change~6standard error! in T ~left!, HDTM ~center!, andHTOC with perforation diameter as a parameter; the changes from normal are defined
as the ratio between the normal measurement and the perforated measurement~i.e., norm/perf!, with unorm/perfu plotted in dB with positive down so that these
plots have the format of standard audiograms. Mean magnitudes~upper! were calculated in the logarithmic domain, and mean angles~middle! in the linear
domain. Changes from all perforations are included from the final eight experiments. Each change curve, with diameter as a parameter, includes all
perforations made on the eight ears that fit the diameter category. The lower plots indicate the total number of measurements in each diameter categorythat
are available at each frequency:N is not constant across frequency because points where eitherVS /PTM is within 20 dB of the artifact or whereuHDTM

,0.12u are not included in calculation of the means. Means are only calculated at frequencies where data from more than 50% of the cases in the range
category are above our noise limits. To increase visibility, symbols and standard error bars are indicated at a subset of data points.
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quencies below about 1000 Hz, where many of the effects
are similar to those described previously forT. For example:
~1! the low-frequency magnitudeuHDTMu decreases system-
atically as perforation diameter increases and~2! uHDTMu has
a maximum where the ‘‘perforated’’ measurement exceeds
the normal measurement, and the frequency of this maxi-
mum increases with perforation diameter. At the frequency
of the maximum, the angle/HDTM begins to decrease to-
ward 0 cycles: For the smallest perforation this angle de-
crease is about 0.25 cycles and for the largest perforations
the angle decrease approaches 0.5 cycles. For the larger per-
forations, the combination of the magnitude maximum and
the half-cycle angle change suggests that the perforation in-
troduces a resonance—which might involve the effective
mass of the perforation and the compliance of the middle-ear
cavity ~Vosset al., 2001d!.

Figure 4~center! plots the mean changes from normal in
HDTM @i.e., DHDTM of Eq. ~8!#. Both the magnitude and the
angle of the changes from normal are similar to the measure-
ments ofHDTM ~Fig. 3 center! because with a normal TM
HDTM is nearly one in magnitude and zero in angle.

D. TM coupling ratio: HTOC

The TM coupling ratio is a measure of signal transmis-
sion coupled by the TM and ossicular chain with the effects
of perforations on the pressure difference across the TM re-
moved.HTOC with an intact TM is roughly the same as the
transmissionT with an intact TM ~Fig. 3! becauseuPcavu
,0.3uPTMu. Perforations have only moderate effects on
HTOC ~Fig. 3 right and Fig. 4 right!. With all perforations, the
changes from normal inHTOC are generally less than 5 dB in
magnitude and less than 0.1 cycles in angle for all frequen-
cies. These changes are small compared to the changes inT
andHDTM . Thus, changes in transmissionT appear to result
primarily from changes in the pressure difference across the
TM, with smaller changes in the way the TM couples to the
cochlea. We address this finding further in Sec. III F.@One
limitation on this description results from the lack of mea-
surements of either stapes velocity or pressure difference
across the tympanic membrane at the lowest frequencies for
the larger perforations, as measurements ofVS were limited
at the lowest frequencies by the mechanical artifact and mea-
surements ofDPTM with perforations yielded low-frequency
pressure differences that were too small to measure accu-
rately.#

E. Impedance at the tympanic membrane: ZTM

In Fig. 5, measurements of the acoustic impedance at the
TM @Eq. ~12!# are plotted for our example ear with a normal
(ZTM

norm), perforated (ZTM
perf), and removed TM (Zcav). Below

500 Hz, ZTM is compliance-like for all conditions, i.e., the
slope of the magnitudeuZTMu approximates220 dB/decade,
and the low-frequency angle of/ZTM is near20.20 cycles.

First, consider the perforation’s effect on the impedance
magnitude. At the lower frequencies, a perforation reduces
uZTM

normu by a constant, frequency-independent factor of about
0.3. This reduction is independent of perforation diameter.
Above about 500 Hz,uZTM

perfu shows perforation-diameter de-

pendent variations. First,uZTM
perfu has a well-defined local

minimum that depends on diameter in a systematic way; as
perforation diameter increases, the frequency of the mini-
mum increases, the magnitude at the minimum frequency
decreases, and the sharpness of the minimum increases. Sec-
ond, uZTM

perfu has a well-defined local maximum around 3000
Hz; the frequency of this maximum is not affected by the
perforation diameter and the magnitude of the maximum de-
creases as perforation diameter increases.

Perforations also affect the angle of the impedance. At
low frequencies, the compliant-like angle approximates
20.20 cycles for both the normal and the perforated condi-
tions. As frequency increases, the angle increases to a posi-
tive value between 0 and 0.25 cycles. With the moderate- and
larger-sized perforations, the increase in angle occurs across
the same frequency range as the first local minimum in mag-
nitude described previously. As perforation diameter in-
creases, the transition frequency from compliant-like to re-
sistive and mass-like increases. Around 3000 Hz,
corresponding to the local magnitude maximum described
previously,/ZTM

perf decreases.
The measurements of the impedance with the TM re-

moved~designated asZcav! are included in Fig. 5. Compari-
son of the measurements ofZTM

perf to Zcav indicate that~1! at
the lowest frequenciesZTM

perf'Zcav for all perforation sizes,
and ~2! at higher frequencies, as the perforation diameter
increases,ZTM

perf approachesZcav.
The regular occurrence of a minimum inuZTMu ~Fig. 5!

at a frequency where the angle changes rapidly, suggests a

FIG. 5. Impedances at the TM measured on the example ear~bone 24 Left!
for the normal TM (ZTM

norm), perforated TM (ZTM
perf), and TM removed (Zcav)

conditions. Symbols indicate every 20th data point. Upper: magnitude,
lower: angle.
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perforation-dependent resonance involving the acoustic mass
of the perforation and the acoustic compliance of the middle-
ear cavity. In this case, at the resonant frequency, the pres-
sure difference across the TM should be a maximum@Voss
et al., 2001d, Eq.~3!#. This prediction can be tested by com-
paring the frequencies of the minima ofuZTMu to those of the

maxima ofuHDTMu. Figure 6 shows that these two indepen-
dent sets of measurements fit this prediction.

F. Effects of slit-like perforations

The results presented previously indicate that even large
perforations produce relatively small~i.e., less than 10 dB!
changes in the coupling of pressure difference across the TM
to the ossicles and cochlea~i.e., DHTOC as in Fig. 4, right!.
This result, which simplifies understanding of the effect of
perforations, seems to contradict some conceptions of the
TM-to-ossicular chain coupling mechanisms. For example,
this result indicates that interruption of a sizable fraction of
TM radial fibers ~e.g., as in Fig. 1, right! may have little
effect on TM-coupling function. To demonstrate larger ef-
fects of changes in TM integrity, a structural modification
was designed to disconnect more extensively the TM from
the manubrium~handle! of the malleus, while minimizing
changes in the pressure difference across the TM. In other
words, in contrast to the perforations, this modification might
produce only small changes in the pressure difference across
the TM (HDTM) while dramatically changing the coupling
HTOC.

In one ear, we slit the TM with a myringotomy knife
along the manubrium of the malleus in four stages as sche-
matized in Fig. 7. Each slit completely penetrated the TM, as
it was possible to view the middle-ear cavity through the slit.

FIG. 6. Comparison of frequencies of the first maximum inuHDTMu to fre-
quencies of the first minimum inuZTMu for 53 pairs of measurements with
perforations~in 10 ears!. A symbol is plotted for each perforation including
the condition of TM removed. The dotted line isy5x.

FIG. 7. Change inVS /PTM ~left!, HDTM ~center!, and HTOC with slit configuration the parameter; changes are defined as the ratio between the normal
measurement and the perforated measurement~i.e., norm/perf!, with unorm/perfu plotted in dB with positive down so that these plots have the format of
standard audiograms. The slit configuration is schematized in the center of the figure. Slit 1, indicated by a solid line, was made first along the posterior edge
of the manubrium of the malleus. Slit 1 was about 2 mm long. Next slit 2, also about 2 mm long and indicated by a solid line, was made along the anterior
border of the manubrium. Next, slit 3, indicated by a dashed line, was made to connect slits 1 and 2 around the distal end of the manubrium~umbo!. Finally,
slit 4, with two components, was made so that the combined slit encompassed the perimeter of the manubrium and extended approximately to the lateral
process of the malleus. Symbols are plotted at every eighth data point forVS /PTM andHTOC and every 25th data point forHDTM . ‘‘Gaps’’ betweenVS /PTM

data points result when measurements at some frequencies are excluded as a result of the mechanical artifact; these exclusions generally occur when the
reduction in stapes velocity is large.
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Figure 7 shows changes in measurements made with
four slit conditions. First, consider the single 2 mm slit along
the posterior part of the manubrium~labeled slit 1!. The left
column of Fig. 7 indicates that there was no change inT
from normal with this first slit. This slit certainly penetrated
the TM, but after the slit was made the margins of the slit
were observed under a microscope to be bridged by mois-
ture. Figure 7~center column! shows that slit 1 did not affect
the pressure-difference ratio (HDTM) either. Similar to slit 1,
slit 2 was also self sealing with moisture and the responses
with slit 2 added were similar to those with slit 1 only: nei-
ther T nor HDTM changed much from normal~,2 dB in
magnitude!.

Larger changes inT andHDTM occurred with the addi-
tion of slits 3 and 4, in which the slits were longer and
remained open over their entire length. With the addition of
slit 3, the change inuTu is relatively flat below 1000 Hz at
about 10 dB, and with the addition of slit 4 the change is
between 10 and 25 dB and has some variation with fre-
quency. Examination of the second and third columns of Fig.
7 shows that for the longer third and fourth configurations,
changes inuHDTMu increase to up to 10 dB for frequencies
from 400 to 2000 Hz, and changes inuHTOCu can approach
10–20 dB at some frequencies. Measurements ofT below
400 are not available because of the mechanical artifact, and
it is possible that changes inuHTOCu could greatly exceed 20
dB at these lower frequencies. Even though changes inHTOC

are larger than with our circular perforations, the changes of
only 10–20 dB at higher frequencies in configuration 4 seem
inconsistent with the extensive disruption of the manubri-
um’s attachment to the TM. In summary, this experiment
suggests that major interruption of the TM structure near the
manubrium has only moderate effects~i.e., ,20 dB! on
HTOC for frequencies greater than 400 Hz.

IV. DISCUSSION

A. Comparison to other work

1. Frequency dependence of loss with perforations

Our measurements of perforation-induced changes in
transmission show a clear frequency dependence; Fig. 4
shows that for all perforation sizes, the transmission changes
are greatest at the lowest frequency and decrease toward zero
as frequency increases toward 1000–2000 Hz. There can be
increases~up to 20 dB! in transmission in the 1000–2000 Hz
region. Above 2000 Hz, the losses are typically less than 10
dB. ~We note that our largest perforations covered 50% of
the TM; larger perforations could produce different loss char-
acteristics.!

These results are consistent with the cat cochlear-
potential measurements of McArdle and Tonndorf~1968!
and Kruger and Tonndorf~1977,1978! ~Fig. 8!, and the
umbo-velocity measurements of Bigelowet al. ~1996! in rat,
in all of which perforations in the TM produced their largest
effects at the lowest frequencies. Similarly, the temporal-
bone measurements of Nishiharaet al. ~1993! and the audio-
metric results of both Tavinet al. ~1988! and Rosowskiet al.
~1996! show that tympanostomy tubes in the TM produced
their largest losses at the lowest frequencies. The perforation-

induced loss was most prominent at the lowest frequencies
and the loss decreased with increasing frequency in the au-
diometric data of Ahmad and Ramani~1979! ~Fig. 8!. Our
measurements show increases in sensitivity in the 2000 Hz
region that are not found in the average of the measurements
of Ahmad and Ramani~1979!; this difference may result
from variations in middle-ear cavity volume~Voss et al.,
2001d!. In our population of ears, the volumes were very
similar for all ears and thus the resonant frequency between
the acoustic mass of the perforation and the acoustic compli-
ance of the middle-ear cavity would be similar for perfora-
tions of the same size. In a clinical population, however,
larger variations in middle-ear cavity volume are likely
~Molvaer et al., 1978!, and thus this resonant frequency
where sensitivity is increased, would not be the same across
ears. As a result, averaging audiograms from a clinical popu-
lation would tend to obscure the region of the increased sen-
sitivities.

Our results disagree with results of Be´késy ~1936! in
human, measurements of Payne and Githler~1951! in cat,
and the audiologic data of Austin~1978! ~Fig. 8!. Using a
temporal-bone preparation, Be´késy ~1936! found no differ-
ences in the motion of the malleus with a normal TM and a
0.6-mm-diam perforation for frequencies above 400 Hz, al-
though below 100 Hz he did find a reduction in motion that
increased inversely with frequency. However, if Be´késy’s
perforations were effectively closed by moisture on the TM,
as happened with our slit experiments~Fig. 7!, then his mea-
surements are consistent with our results. Be´késy also inves-
tigated the effect of a ‘‘lens-shaped tear’’ of the TM@‘‘ex-
tending from the end of the manubrium to one edge and
having a width of 2 mm’’# on a living human subject
~Békésy, 1936!. In this case, hearing in the contralateral ear
was compared to hearing in the ear with the perforation, and
Békésy concluded that the perforation ‘‘had no noticeable
effect on thresholds from 50 to 4000 cps@Hz# except to alter
slightly the small deviation in the frequency function.’’As no
further details are given, it is difficult to explain the clear

FIG. 8. Comparison of our mean change in transmission~i.e., ‘‘loss’’! to
measurements of transmission loss from Kruger and Tonndorf~1977! and
Austin ~1978!. Left: Comparison of results of Kruger and Tonndorf~1977!
to our mean transmission change (DT) with perforations of diameterd such
that 1,d<2 mm ~taken from Fig. 4!. The perforation diameter of the
Kruger and Tonndorf~1977! measurements wasd51.6 mm, and their loss
measurements were from cat cochlear potential data. Right: Comparison of
audiologic data from Austin~1978! with perforations that covered about
15% of the TM~about 3.4 mm in diameter! and perforations from Ahmad
and Ramani that covered 10%–20% of the TM. Here, we plot our meanDT
with perforation diametersd such that 3,d<4 mm.
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difference between this observation and our results.
Payne and Githler~1951! measured a reduction in co-

chlear potential that increased with perforation size, and they
found these reductions were nearly frequency independent.
McArdle and Tonndorf~1968! showed that the Payne and
Githler ~1951! results have a serious methodological prob-
lem. In the Payne and Githler study, the middle-ear cavity
was opened to surrounding space. The open cavity caused
the pressure on the middle-ear side of the TM to be smaller
than it would have been with an intact middle-ear cavity,
thus increasing the pressure difference across the TM and
decreasing the effect of the perforation on the pressure dif-
ference across the TM.

Austin ~1978! describes the frequency-dependence of
loss with perforation size as: ‘‘the presence of a perforation
does not significantly affect the frequency response of the
middle ear, since a flat hearing loss was observed for the
three frequencies studied as well as for each size of perfora-
tion’’ ~Austin, 1978, p. 372!. Indeed, the means of audio-
grams at 500, 1000, and 2000 Hz that Austin~1978! presents
do not show appreciable frequency dependence. However,
our measurements with perforation sizes similar to Austin’s
sizes show a clear frequency dependence~Fig. 8, right!. One
hypothesis for the differences between our measurements
and Austin’s audiograms is that errors occur with audiograms
measured in ears with perforations~Voss et al., 2000a, e!.
Because the perforated ear’s impedance may be substantially
lower than a normal ear, audiometric earphones can generate
a lower-than-normal sound-pressure level when they are
coupled to a perforated ear. This lower-than-expected sound-
pressure level results in audiograms that make the hearing
loss at the lower frequencies appear larger than they actually
are. If such an error affects Austin’s audiograms, the ‘‘cor-
rected’’ audiograms would have smaller loss at low frequen-
cies and the difference between Austin’s audiometric results
and our measurements would be even greater than that
shown in Fig. 8~right!. Thus, the possibility that errors oc-
curred in the ear-canal pressures generated during audiom-
etry does not seem to account for the differences between
Austin’s data and ours. We have no explanation for the dif-
ferences.

2. Effect of perforation size on transmission

Many studies of perforations, both animal and clinical
studies, show that loss increases as perforation size increases
~e.g., Anthony and Harrison, 1972; Austin, 1978; Ahmad and
Ramani, 1979; Bigelowet al., 1996!. Our measurements
show that perforation size has a big effect, and that for each
perforation size, the perforation-induced transmission change
can be described efficiently in three frequency regions. First,
for the lowest frequencies, as perforation size increases, the
loss ~i.e., change from normal in transmission! increases
monotonically and the slope of the loss magnitude versus
frequency is about 40 dB per decade. Second, for ‘‘middle-
frequencies,’’ the loss is near zero or slightly negative, and
the frequency of this increased transmission increases with
perforation size. The limits of the ‘‘middle-frequencies’’
range depend on and increase monotonically with perforation
size. Third, for frequencies above 2000 Hz, the larger perfo-

ration sizes show the larger deviations from zero; both the
gains and the losses increase with perforation size and can
approach 10 dB. Thus, strictly speaking, loss increases
monotonically with perforation size only in the low-
frequency region.

3. Effect of perforation location on transmission

The results presented here are from perforations made in
both the anterior-inferior and the posterior-inferior quadrants
of the TM. We analyzed our results to determine if the per-
foration location plays an important role in the perforation-
induced changes in stapes velocity. These comparisons are
presented in detail elsewhere~Voss, 1998; Vosset al.,
2000c!; the main conclusion is that changes in stapes veloc-
ity ~i.e., transmission! do not appear to depend on perforation
location in our temporal-bone preparation, with the kinds of
perforation illustrated in Fig. 1.

This result contradicts the widely held clinical view that
a posterior-inferior perforation results in larger hearing loss
than an anterior-inferior perforation~e.g., Schuknecht,
1993b, p. 196; Glasscock and Shambaugh, 1990, p. 314;
Pickles, 1987, pp. 60–61!. The usual explanation for the lo-
cation dependence is that a posterior perforation is closer to
the round window, and as a result the pressure acting at the
round window ‘‘cancels’’ the cochlear response more than
the round-window pressure associated with perforations at
other locations. Voss~1998, Chap. 3! used measurements of
the oval and round window pressures with perforations at
different locations to show that the perforation location has
no effect on the pressure difference between the oval-
window and the round-window pressures. Thus, our mea-
surements reject both the view that loss depends on perfora-
tion location and the presumed theoretical basis.

Ahmad and Ramani~1979! investigate how the perfora-
tion locations of anterior-inferior versus posterior-inferior af-
fect hearing levels. For their smaller perforations~,10% of
the TM!, they find hearing is independent of perforation lo-
cation. With larger perforations, it appears that hearing levels
are slightly more sensitive~i.e., lower! with anterior perfora-
tions; however, the difference between the locations is only
for the lowest frequencies~,1000 Hz! and the differences
appear small. In fact, it is not clear that there is a statistical
difference between the locations, as no measures of intersub-
ject variation are provided. Ahmad and Ramani~1979! con-
clude: ‘‘It is seen that the difference in hearing losses...be-
tween antero- and postero-inferior perforations, is
appreciable only at the lowest frequencies. At other frequen-
cies it is minimal; indeed, it@effects of location on hearing
losses# is almost negligible for clinical purposes.’’ Thus, this
study of audiograms, for a fairly large sample (N570) of
well-described perforations, provides, at best, weak support
for the common clinical view.

B. Dominant loss mechanism: Change of pressure
difference across the TM

Equation~4! expresses middle-ear sound transmission as
the product of two ratios, representing the effects of~1! the
pressure difference across the TM (HDTM) and ~2! the cou-
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pling of the pressure difference to the motion of the TM,
ossicles, and cochlea (HTOC). Our results show that
perforation-induced changes inHDTM are similar to
perforation-induced changes in stapes velocity~Fig. 4!, while
perforation-induced changes inHTOC are generally smaller
than changes in either stapes velocity orHDTM ~i.e., Fig. 4!.
Thus, we conclude that~1! the dominant mechanism for
changes in sound transmission is a perforation-induced
change in the pressure difference across the TM, and~2!
changes in the mechanical linkage of the TM and ossicles to
the cochlea make secondary contributions to the total trans-
mission changes.

C. Dependence of TM function on its structural
integrity

A main result of this paper is that perforations do not
alter ~much! the coupling of the pressure difference across
the TM to ossicular motion~i.e., HTOC!. Some basic ques-
tions arise concerning the processes involved. For example,
if the TM’s coupling of force to the manubrium occurs at the
umbo and/or along the length of the manubrium~e.g., Dallos,
1973, Fig. 3.4; Wever and Lawrence, 1954, pp. 90–114!,
how can~1! the removal of the TM from around much of the
umbo ~Fig. 1!, and ~2! extensive slits along the margins of
the manubrium~Fig. 7! have only a small effect onHTOC ~for
frequencies above 400 Hz!? Perhaps the coupling between
the peripheral region of the TM through the superior part of
the manubrium is of primary importance. Perhaps fluid fill-
ing a slit couples the TM to the manubrium nearly as well as
the TM itself. In this case the microstructure of the TM
seems unimportant to its function. This idea is consistent
with clinical practice of reconstructing TMs with a variety of
materials as well as the observation that the eardrums of
normal-hearing ears can have tympanosclerotic plaques or be
abnormally thinned as a result of past disease~Hunter, 1993!.
In general, the results of this one experiment suggest that
further experimental investigation is needed to determine the
importance of TM structural and mechanical features for its
function.

D. Clinical application of results

Our results describe hearing loss caused by different
sized perforations in otherwise normal ears. These results
should aid clinicians in determining whether a specific hear-
ing loss results only from a perforation or whether other
middle-ear pathology should be expected. The following fea-
tures are consistent with a hearing loss from a perforation
only: ~1! losses that decrease as frequency increases up to
about 1000 Hz,~2! losses or gains near zero in the 1000–
2000 Hz range, and~3! for frequencies above 2000 Hz,
losses that do not exceed about 10 dB for perforations that
are less than 50% of the TM area. Some of these features
may be difficult to distinguish on standard audiograms taken
at only five or six octavespaced frequencies, but audiometric
results in perforated ears that do not fit this pattern are sug-
gestive of additional pathology.

The result that the dominant mechanism for transmission
loss is a reduction in the pressure difference across the TM

provides experimental support for the well-known clinical
‘‘paper patch test’’ ~Schuknecht, 1993a; Glasscock and
Shambaugh, 1990!.

‘‘A patch of thin paper of appropriate size is
coated on one surface with unguentum and
placed over the perforation. Results of hearing
tests before and after application of the paper
patch provide a prediction of the functional out-
come of surgery’’~Schuknecht, 1993a, p. 5!.

In the ‘‘paper patch test,’’ the patch returns the pressure
difference across the TM to near normal levels. The patch
does not return to normal any of the structural modifications
made to the TM by the perforation~e.g., disruption of fibers
or changes in tension!. Thus, the observation that the ‘‘paper
patch test’’ successfully improves hearing in many cases of
perforated TMs is consistent with the results that show the
pressure difference is the primary mechanism of hearing loss
with perforations.

Even though numerous clinical studies have examined
hearing levels with perforations, a clear picture of middle-ear
function with perforations has not emerged. Instead, it is
commonly observed that similar appearing perforations re-
sult in dramatically different hearing levels. For example,

‘‘In general, the larger the perforation, the greater
the hearing impairment, but this relationship is
not constant and consistent in clinical practice;
seemingly identical perforations in size and loca-
tion produce different degrees of hearing loss.
The reasons for the variations in the hearing ef-
fects of simple perforations are not easily de-
fined’’ ~Glasscock and Shambaugh, 1990, p.
337!.

Some, if not all, of this variability may result from dif-
ferences in middle-ear cavity air volumes. The theoretical
treatment of the results~Vosset al., 2001d! demonstrates that
middle-ear function with perforations depends on the
middle-ear cavity volume. Although Be´késy ~1936! alludes
to the effect of the cavity volume, the relationship between
hearing levels and middle-ear cavity volume has not previ-
ously been described quantitatively. We now have a theoret-
ical structure that describes the interaction between the per-
foration and the cavity volume, and it appears that normal
variations in cavity volume can lead to differences in low-
frequency hearing levels of up to 20 dB in ears with other-
wise similar perforations. Future clinical studies can test for
the importance of middle-ear cavity volume by estimating
this quantity via low-frequency impedance measurements
and/or CT scans.
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