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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-membréfel) 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 expectedRO@L Acoustical Society of
America. [DOI: 10.1121/1.1394195

PACS numbers: 43.64.H8LM ]

I. INTRODUCTION cess in chronic otitis media, which affects at least 0.5% of
the populationSade 1982. Additionally, it is estimated that

Perforations of the tympanic membrafiéM) can result 1 305 of American children have tympanostomy tubes
from trauma, middle-ear disease, or the treatment of middle(Bright et al, 1993, which are tubes placed in the TM that,

ear disease. Perforations occur as a result of the disease pjg-, 5 perforation, connect the ear canal to the middle-ear

cavity. Although TM perforations occur frequently, their ef-
dAuthor to whom correspondence should be addressed. Address for corr

spondence: Smith College, Picker Engineering Program, 51 College LanS?CtS on hearm_g_a_re uncertain: There_ IS no general agree'
Northampton, MA 01063; electronic mail: svoss@email.smith.edu 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 Vg ' '
tympanic-membrane perforationgTerkildsen, 1976 This Hroc= 5 ——p ~=TM coupling ratio. ©)
paper, along with the theoretical companion papéoss ™ T eav
etal, 2001d, provides controlled measurements togethed The subscript TOC stands for TM—ossicles—cochlegoc
with a theory for middle-ear function with perforations. Re- IS @ measure of sound transmission through the TM and os-
sults from both papers will be important in the future designsicular chain that eliminates the effects of changes in pres-
of controlled clinical experimental studies. sure difference across the TM.

To determine the effects of perforations, we have made The product of the two ratios is middle-ear transmission
measurements on human cadaveric temporal-bone preparE-i-e-,

tions with controlled perforations in otherwise normal ears. Vo Pry—Peoy Vg

The work reported here is organized béthto describe how r=g—=— P p (4)
. . . A ™ ™ ™ cav

perforations alter middle-ear function from normal d@gto

determine the relative importance of particular mechanisms Havm Hroc

that contribute to hearing loss with perforations. The com- ) )

panion paper(Voss et al, 2001d uses these experimental Changes in the factor#jny andHroc, provide measures

results to develop a mathematical model of sound transmif the importance of mechanisni¥) and(2) in determining

sion with perforations. transm|§S|on loss with per_foratlons._ As we  will see,
We present measurements of several acoustic quantitig€rforation-induced changes in transmissipe., changes in

with perforations. The ratio between the stapes velodity) ( Vs/Pw) result primarily from one of these mechanisms.

and the sound pressure in the ear canal at the PM,J is In addition to measurements of the quantities in &q,

our measure of middle-ear sound transmission to the cochle/® also present measurements of the impedance at the TM
ie. (Z1m)- These impedance measurements are critical in defin-

ing a model of the middle ear with a perforatifvosset al,,
Vg ) o 20014, and they also allow estimation of the effects of per-
T= Py middle-ear transmission. (1) forations on the sound pressure generated at the TM by au-
diologic earphone$\Vosset al, 2000a, &
Perforations of the TM may change middle-ear sound
transmission through at least three mechanisms.
(1) Perforations may alter the pressure difference acrosd. METHODS
the TM, which drives the motion of the TM and ossicular o' Temporal bones and their preparation
chain, and thereby change ossicular motierg., Mehmke, ] ] )
1962: McArdle and Tonndorf, 1968; and Kruger and Acoustic measurements of stapes velocity, middle-ear
Tonndorf, 1977, 1978 cavity pressure, and impedance in the ear canal near the tym-
(2) Perforations may alter the coupling between thePanic membrangTM) were made in cadaveric temporal
pressure difference across the TM and the malleus motiof®nes with both normal and perforated TMs. The subjects
thereby changing ossicular motion. Specific suggestions th4¥ere 11 of the ears for which normal results are presented in
fall in this category includda) decrease in the effective TM VoSS et al. (2000D, where measurement techniques are de-

area(e.g., Austin, 1978; Shambaugh, 196%) change in scribed in detail. Measurements are reported from 100 to
the coupling between TM motion and malleus motion, and?000 Hz, as some measurements above 4000 Hz were in the

(c) change in tension of the TM that results from disruptionnoise floor.
of its fibrous structurdLim, 1970. Measurements were made on fresh temporal bones for

(3) Perforations may alter the sound pressures that ad/hich no evidence of otologic disease was found either in
directly on the oval and round window.g., Shambaugh, medical records or in oto-m|croscop|_c examination. In each
1967;: Hughes and Nodar, 1985, p. 72; Schuknecht, 1993b, 2mporal bone, the_ ear canal was drilled away to expose the
196), thereby changing the pressure difference between th&M. and a brass ring was cemented to the bony rim around
windows, which is a component of the stimulus to the co-the TM to allow repeatable coupling to the sound source.
chlea(Vosset al, 1996. Accgss to the stapes footplate was obtained by opening the

Measurements reported here determine the relative imfacial recess” from a posterior-tympanotomy approach
portance of mechanismid) and (2) above; we have shown (€-g. Shambaugh and Glasscock, 1980, pp. 704)-7lb
elsewhere that mechanis(8) is not an important route of increase visibility of the stapegl) the stapedius tendon was
sound transmission with most perforatidivess 1998, Chap. cut with alligator-type surgical scissor&) the pyramidal
3). To separate the effects of mechanisitisand(2), we use ~ Process was curetted away, af@) the mastoid segment of
measurements of stapes velocityg], pressure at the TM the facial nerve was removed. A 0.25 mpiece of reflective

(P1v), and middle-ear cavity pressurBd,), to define two tape, coated with 5@m polystyrene spheres packed side by
ratios, side and weighing 0.05 mg, was placed on either the stapes

footplate or the posterior crust of the stapes. Vesal.

Ptm— Peav ) ) (2000hH and Voss(1998 illustrate the(minimal) effects of
— 5. = pressure-difference ratio, (2)  these manipulations on the measured stapes velocity. The
middle-ear cavity pressure was measured adjacent to the
and stapes via a probe tube that was cemented to the temporal

Hymv= Py
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=2mxflc, p is the density of air¢ is the velocity of sound in

s\me"o‘
\/, ot air, andf is frequency.
205t The ratioPry,/Pgc 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,

FIG. 1. Schematic drawing of the TM and the manubrium of the malleusWh(':‘n the TM 'S_entlrEIy_removed’ the ratfry /_PEC can
that illustrates how perforations of increasing size were made. The diamete@Pproach=2 dB in magnitude and 0.05 cycles in angle for
for the illustrated circular perforations are, from left to right, 0.5, 1, 2, and 4frequencies above 1000 Hz. Below 1000 Hz, the differences
mm. betweenPgc and Py, are smaller than 1 dB for all TM

_ . . conditions.
bone and terminated by a calibrated microphone. Measure- |n this paper, we apply the sound-pressure correction of
ments were made with the middle-ear cavity closed. Periodigq. (5) to convert measurements B to Py, . However,

cally during the measurement sessions, the bone was sulls measurements &f-, were not obtained on one edione
merged in normal saline for several seconds, and the excegs), we useP for all results on bone 18.

fluid removed with gentle suction.

) . D. Measurement of the stapes velocity
B. Perforation of the tympanic membrane

) ) ) . 1. Scope
In each ear, perforations of different sizes and locations

were made. Typically, increasing-sized circular perforations e US€ our measurements Bfii.e., Vs/Pry) as a de-
were made in the pars tensa in either the posterior-inferiopCiPtion of the sound transmission through the middle ear.
(PI) or the anterior-inferior(Al) quadrant. In most cases, OUr techniques are described in Vesal. (20000 and Voss
once an entire quadrant was perforated, a kidney-shaped pé}_998. Specifics relevant to the measurements with perfora-
foration that included both inferior quadrants was made sdionS are presented here.

that most of the inferior half of the TM was removed. A

typical sequence of perforations is illustrated in Fig. 1. 2. Acoustic stimuli

The controlled perforations were made with an oto-  ypless otherwise noted, the measurements of stapes ve-
surgical Argon lasefi.e., an HGM, Inc. laser used at a power |ocity were made in response to tonal stimuli that were typi-
level of 1-2 mW and pulse duration of 100 mi order to cally between 90 and 120 dB SP[The system behaved
measure the perforation sizes, an image of the TM was videpnea”y for these levels, as described by Vessl. (20000.]
taped as each perforation was made, and a scale was plagegy each tone, the two responses, ear-canal pressure and
next to the perforation. Later, the video tape was viewed Witrgtapes velocity, were typically the average of 1000 or 2000
a video monitor and the perforation was traced and measure4il_ms_|0ng responses for a total of 41 or 82 s of averaging.
to obtain its area. We report a diameter calculated from thehe measured frequency range was 25 to 10000 Hz; the
area measurement for each perforation. For kidney-shapgtbquency resolution was not identical for all experiments.
perforations that involve more than one quadrant, we repofgecause the experiments on the first three ears had a poor
the diameter of a circular perforation of the same area. frequency resolutiorfonly 16 or 25 logarithmically spaced

pointg, the reported means include only the experiments on
C. Calculation of pressure at the tympanic membrane the final eight ears, which had 68 logarithmically spaced

We measured the ear-canal sound pressure about 3 mpﬁ)ints._[ln all cases, data from t_he first three ears are consis-
lateral to the TM, as described in detail in Vastsal. (2000h  tent with those from the final eight eafs.
and Voss(1998. To correct for differences in pressure be-
tween this location and the TM we use a lossless cylindrical3. Removal of data affected by the mechanical
tube model to represent the residual ear-canal air sfgage ~ @rtifact
Mgiller, 1965; Rabinowitz, 1981; Lyncht al, 1994; Huang Our stapes-velocity measurements are affected by a me-
et al, 1997, and we estimate the pressi?ey atthe TM as  chanical artifact, which appears to result from vibration of
PecZu the sound source. This artifact confou_nds the measurqment
PTM:Z 09K +]ZoSinKD " (5) of stapes velocity. We measured the artifact as the velocity of
™ COY JZosin( the temporal bongat the round-window nichein response
where Pg: is the measured pressure at the microphondo sound in the ear canal. Specifically, we placed a piece of
probe-tube orificeZty is the measured impedance at the TM reflective tape on the bony round-window niche and mea-
(see Sec. Il g Zy=pc/A is the characteristic impedance of sured the ratio between this temporal-bone velocity and the
the tube, andA=70mnt is the area of the tube which is ear-canal pressureVyone/Prv. With a normal TM,
defined by the average area of the TWever and Lawrence, |Vpone/ Ptv| Was usually more than 20 dB smaller than
1954, p. 418 | is the length of the tube and is definedlas |Vs/Pyy|, and therefore the artifact was negligible. How-
=Vec/A, whereVec is the ear-canal air volume between the ever, as perforations were made, the stapes velocity de-
microphone probe-tube orifice and the TM, which is mea-creased for a constant pressure at the TM, and the mechani-
sured by filling the residual ear-canal air space with salinecal artifact could interfere with measurement of the stapes
using a calibrated syringe(range 0.03-0.1 cit k  velocity. Unless noted, data corresponding to stapes-velocity
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magnitudes within 20 dB of the artifact magnitude of 1.1 in magnitude and 0.01 cycles in angle. With such an
[Vpone/ Ptm| are not included. Further details are in Vosserror and withP,, equal to Py, a measurement would
(1998, pp. 34-35, Fig. 145 yield

The requirement that the stapes-velocity magnitude be at
least 20 dB greater than the artifact's magnitude has the ef-  |H, =
fect of eliminating data in which the stapes-velocity magni- Pru
tude is smallest, i.e., at the lowest frequencies with the largalthough H 1y would really be zero. Thus, measured
est perforations. |Hatul 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 ratteiu|)

computed from Eq(7), and any calculatetH y1| that is
To describe sound transmission with perforations, wenelow 0.12 is eliminated from the results.

compare the transmission measured with an intact TM"
[i.e., (Vs/Ptw)™™), to the same ratio measured with a per- o .

! ; . 3. Acoustic stimuli for cavity-pressure measurements
forated TM, TP, The ratio between the normal and the per- P

forated condition serves as our measure of transmission loss 1 n€ voltages that correspond to the pressigs and
P.ay @re measured simultaneously on two channels in re-

. Tnorm_ (VS/PTM)norm_ o sponse to a chirp stimulus. The chirp contains 1024 linearly

= —pef = perf = transmission loss. (6) . i

T (Vs/P1w) spaced frequencies from 24 to 25000 Hz. The reported re
sponse is the average of 200 respor(§2 s of averaging

PTM - 1'1PTM e] 2m0.0

11|=O.12, 9

4. Definition of transmission loss

AT

E. Pressure-difference ratio, Hym F. TM coupling ratio, H
: upli i0, Hroc

1. Calculation of the pressure-difference ratio Perforation-induced Changes H}TOC are a measure of

We calculate the pressure difference across the TM fronsound transmission through the TM and ossicular chain that
measurements of ear-canal pressure and middle-ear cavi@iminates the effects of changes in pressure differences
pressure. The ear-canal pressigg, is generated and mea- aCross the TM with different perforationd.q¢ is calculated
sured with the acoustic assembly described by \eisal. ~ from measurements as
(ZQOOb, and PT.'V' is computed fromPEC via Eq. (5). The Vg/Py Veo/Pry
middle-ear cavity pressur®,.,,, is measured with a probe- Hroc= (Pryy—Po)/P = .
tube microphone that is placed near the stapes footplate ™ T cavit M ATM
within the middle-ear cavity. Details of this probe-tube mi- Changes inHyoc are calculated as the ratio of the normal

(10

crophone and its calibration are in Vossal. (20000. We ~ HI2Z to the perforatedH 3.
computeH ,1y , the pressure-difference ratio, as norm
_ Htoc .
AP7y Prw—Peay AHqoc= qoeT = change inHoc. (11
Hatvm= = . (7) ToC
Prwm Prm

To calculateHtoc [EQ. (10)], some data manipulation
To describe how perforations affeldty ), , we compute  was required. The measurements/gf P+, were made with
changes irH y1 for the intact TM relative to the perforated a frequency resolution of 68 points from 24 to 10000 Hz,

T™M as whereas the measurementstdfry=APy /Pty [EQ. (7)]
norm were made with a frequency resolution of 1024 points from
AHmm= %ME change inH 1y . (8) 24 to 25000 Hz. Thus, the two kinds of measurements are
Him not at exactly the same frequencies. We resolved this prob-
lem through interpolation of thél, ) data to the frequen-
2. Limits on the accuracy of pressure-difference cies of theVg/Pqy data, where theH 1, data have the
calculations larger frequency resolution of the two measurements. Inter-

With the TM perforated, the middle-ear cavity pressurepolation is done using cubic spline interpolation performed
and the pressure at the TM are nearly equal at low frequertsing the software packagesTLAB (The Mathworks, Ing.
cies. Thus, small errors in the relative calibration of the twoNote that the displayetiroc’'s do not include points where
microphones that measure these two pressures may introdugéher (1) [Vs/Py| is within 20 dB of the mechanical arti-
large errors in the computed pressure difference. The calibrdact or (2) [H v/ <0.12.
tion procedure for the microphone that measurgg, is de-
scribed by Vost al. (2000h. This microphone is calibrated
relative to the microphone that measuRgs by acoustically Acoustic impedance measurements were made with a
coupling the two microphones together and comparing theimethod similar to that used by othefs.g., Rabinowitz,
responses to the common stimulus. To estimate the variabilt981; Allen, 1986; Lyncket al, 1994, which is thoroughly
ity in the relative calibrations between the two microphonesdiscussed elsewher@/ss, 1998; Vosst al, 20008. The
we examined repeated relative calibrations over the course dfevenin equivalent of the sound-delivery system was deter-
a single experiment. In general, the ratio between repeatetiined by pressure measurements in two “reference loads” of
calibrations during an experiment varied as much as a factdtnown theoretical impedance. The two theoretical imped-

G. Measurement of the middle-ear input impedance
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ances were calculated from the equations of Egb877 Voss(1999. Measurements were made on eleven ears. How-
and combined with the pressure measurements made in tlever, measurements on the first three ears had poor frequency
two reference loads to calculate the source’sVEmn pres-  resolution (only 16 or 25 logarithmically spaced points
sure and impedance equivale®g, andZy. The ear'sim-  whereas the experiments on the final eight ears had a fre-
pedance was then calculated from a pressure measurementguency resolution of 68 logarithmically spaced points. For
response to a chirp stimulus in the ear canal. The impedandais reason, the reported means include only the final eight
measurements were estimated to be generally accurate éxperiments. In all cases, data from the first three ears are
within about 10% in magnitudéabout 1 dB and 10° in  consistent with those from the final eight ears.
angle(0.025 cycles A basic conclusion supported by the results is that the
Impedances were measured with a different acoustic affects of perforations on sound transmission result primarily
sembly from that used for the stapes-velocity and the middlefrom perforation-induced changes in the pressure difference
ear cavity pressure measuremelifhe source used for the across the TM, with alterations in TM-to-ossicular-coupling
stapes-velocity and middle-ear cavity pressure measuremern(sltoc) being relatively small. One experiment, reported in
had a source impedance magnitude that was small comparé&ac. Il F, was designed to determine what modifications in
to the magnitude of the input impedance of the middle earthe TM are required to make major changes in this coupling;
thus, it could not be used to make accurate impedance methis experiment determined the effects of extensive slits in
surements. The impedance-measurement assembly conthe TM onHqqc.
sisted of a Knowles ED-1913 hearing aid receiver as a sound
source(Knowles Electronics, Elk Grove, JLand a Knowles B. Middle-ear transmission T
EK-3027 microphonéRaviczet al, 1992; Voss, 1998 (The 1. Components of stapes motion
source used to measure impedance in the ear canal was not \psset al. (20000 show that the stapes translates in and
useful for the stapes velocity measurements because it coufflit of the oval window with a piston-like motion for fre-
not generate large enough sound-pressure levels in all situguencies up to at least 2000 Hz when the TM is normal. Voss
tions) et al. (200009 argue that to be consistent with translational
The ear’s impedance was measured in the ear ¢dhal motion, the ratio between the velocities measured at two lo-
with an intact TM, (2) after each perforation was made cations on the stapes has (m) have a magnitude that is
(Z5%), and(3) with the TM removed. The impedance mea- constant versus frequency, afl have an angle that is zero.
surement was made at the same ear-canal location as thg determine whether the stapes motion is piston-like when
ear-canal pressu@ec. 11 Q, and we approximate the effect the TM is perforated, stapes-velocity measurements at two
of the ear-canal air volume on the measured impedances bystapes locations were made on two ears with perforations
lossless cylindrical-tube model of the residual ear-canal aiftwo of the five ears in Fig. 6 of Vosst al. (2000H]. For
space(e.g., Mgller, 1965; Rabinowitz, 1981; Lynat al,  each perforation condition, the ratio of the complex veloci-
1994; Huanget al, 1997, so that the impedance at the TM ties measured at two locations was computed. In Fig. 2, the
(Z7w) is determined from the impedance measured in the eahagnitudes and angles of the velocity ratios associated with
canalZgc as these two ears are plotted for four perforation sizes. Below
Zee—jZotan(kl) 2000 Hz, the magnitudes and angles with the perforations
Zn=Z, - , (12 appear similar to those shown for the normal TM: the mag-
Zy— jZgctan(kl) ;
nitudes are nearly constant and the angles are near zero, con-
where the variables in Eq12) are defined in conjunction sistent with a translational motion. Above 2000 Hz, there is
with Eq. (5). more variability in both the magnitudes and angles, which
With an intact TM, the ratidZgc/Zry| approaches-3  might result from a more complicated motion. However,
dB with the largest ear-canal volume of 0.1 %rn cases moderate changes in the preparation between measurements
with smaller ear-canal air volumelZec/Z1y| is between 0 could produce the differences seen in Bone 29. In neither ear
and —1 dB. With perforations, the ratitZcc/Z1y| can ap- do the changes have a systematic dependence on perforation

proach 3 dB for frequencies near 2000—4000 Hz. size, which is consistent with another source for the change.
In summary, up to at least 2000 Hz, the stapes appears to
Il. RESULTS move with a one-dimensional translational motion with both

a normal and a perforated TM.
A. Organization

The results are organized into five sections. Each of thg‘ Effects of perforations on transmission

first four sections focuses on one of the four measured ratios a. Example ear. Measurements of middle-ear transmis-
for a series of perforationgl) middle-ear transmissio  sionT (i.e., Vg/Py) from the example ear are shown as a
=Vs/Pry; (2) the pressure-difference ratld,ty; (3) the  function of frequency with perforation diameter as a param-
TM coupling ratioHtoc; and (4) the middle-ear input im- eter in Fig. 3(left). The magnitude and angle Gf have
pedanceZy, . In each section, we show data from a typical several features that are consistent across all preparations.
“example” ear (bone 240). Additionally, we show the means First consider the magnitud&|: (1) As perforation diameter
from eight ears for the quantitiesT, AH 1y, andAHoc. increases|TP®"| decreases systematically at frequencies be-
In all cases, results from the example ear are similar to thoskew 1000—2000 Hz(2) at frequencies less than 1000 Hz, for
from the other ears, which are plotted in the appendices odll perforation diameters|TP®"| increases with increasing

1436 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001 Voss et al.: Sound transmission with perforations



Stapes motion: Pure translation?

Bone 28 Bone 29

FIG. 2. Magnitude and angle of ratio of stapes veloci-
ties measured at two locations on the stap@&s.
=Vs/Pqy 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 footplgt&) and

the posterior crugPC). Thus, for each TM condition
noted in the legends, “MagnitudédB)” refers to

20 log, TPYTAF|, and “Angle” refers to the difference
£(TPO— £(TAF). The middle-ear cavities were open
02— _ 02 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.

Magnitude (dB)

TPC / TAF

Angle (cycles)

Frequency (Hz)

frequency such that in the 1000 Hz rand@®"| approaches at least 500 Hz, and above about 500 HZT"™ decreases
the normal value, and in many cad@®®"| exceedqT"°™ gradually with increasing frequency. When the TM is perfo-
slightly; and(3) above 1000 Hz, the perforations’ effects are rated:(1) At low frequencies/ TP®"is roughly constant with
generally smaller than at frequencies below 1000 Hz. frequency but its low-frequency asymptote appears to be be-

Next, consider the anglee T. With the TM intact, tween 0.25 and 0.75 cycles. Larger perforations result in
£ T"™Mis constant at about 0.25 cycles at frequencies up ttarger low-frequency angles; arid) as frequency increases,

Transmission Pressure-difference ratio TM coupling ratio

T=Vs / PTM H v =Py -Peay) / Py Hpge = Vg / APy
(mm-s'l-Pa'l)

(mm—s_l—Pa_l)
0.1
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FIG. 3. Measurements of (left), Hyy (centej, andH+oc (right) from the example eafBone 24L). For each quantity, the magnitudeppe) 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(Al) quadrant, and the largest perforation contained most of the inferior half of the TM. Symbols are plotted at every eighth datalpoint for
andHoc and every 25th data point fét, 1y . “Gaps” betweenT data points result when measurements at some frequencies are excluded by the mechanical
artifact criterion. The horizontal dashed line|id , 7| indicates a pressure difference of 0.12, which is the lower limit for the calculetggy|.
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FIG. 4. Mean changé*standard errgrin T (left), H 1y (centef, andH o with perforation diameter as a parameter; the changes from normal are defined

as the ratio between the normal measurement and the perforated measiiremeitrm/perf, with [norm/perf plotted in dB with positive down so that these

plots have the format of standard audiograms. Mean magnitugg®) were calculated in the logarithmic domain, and mean angfeddle) 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 diaméhet category
are available at each frequendy:is not constant across frequency because points where &ti€ty,, is within 20 dB of the artifact or wherfH sy

<0.17 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.

£ TP decreases and approaches the value for the intact TWith the largest reductions in magnitude occurring at low
/£ Thorm frequenciesy2) at low frequenciesAT increases with per-

b. Means from eight ears.In this section, we compare foration size;(3) between 1000 and 2000 Hz, there can be
the effects of perforations ofi for measurements made on small increaseg.e., 3 dB in AT with perforations; both the
eight ears. In order to compare the effect of the perforatiorirequency and the sharpness of this peak increase with
across different ears that vary in their baseline., intact perforation-diameter increased) from about 2000 to 4000
TM) responses, we compare changes from normal in stapd$z, changes are less than 12 dB and increase with perfora-
velocity [i.e., AT of Eq. (6)]. tion size; and5) for the lowest frequencies the mean angle

A total of 44 perforations were made on the eight earschange approaches0.25 cycles for the smallest perfora-

To compare the effects of all 44 perforations, we grouped th&ons and—0.5 cycles for the larger perforations; for the
perforations by size. Diameter categories were selected bjiddle frequencies the angle changes are near zero, and for
grouping the 44 perforations into 5 categories so fiat the higher frequencies the mean angle changes are between
there were approximately the same number in each grougero and—0.25 cycles.

(range 7-11 (Fig. 4 lower-lef), (2) the ratio of the
maximum-to-minimum perforation diameter in each group is
similar for all groups(range 1.4—1.)f and(3) gaps between
groups are similar across all five grou@i$%—20%. Measurements of the pressure-difference ratigry

The mean perforation-induced changes from the intacfrom the example ear are shown as a function of frequency
condition (i.e., transmission logsare plotted in Fig. 4left- with perforation diameter as a parameter in Fig.c8ntey.
hand sid¢ The mean changes in transmissidr,, are con-  With the TM intact, the magnitude ranges from about 0.7 to
sistent with the features described above for the measurd-and is nearly independent of frequency; the angle is about
ments from the example edit) AT is frequency dependent zero. Perforations have their biggest effectstbqyy, at fre-

C. Pressure-difference ratio:  Hutu
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guencies below about 1000 Hz, where many of the effects 10°
are similar to those described previously TorFor example:

(1) the low-frequency magnitudgH 41y decreases system-
atically as perforation diameter increases &dH 1| 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 H, 1\, begins to decrease to-
ward O 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- _ :@,: g:;:gm Eﬁ::g
troduces a resonance—which might involve the effective 6 —o - d=3.3mm (A-])

Slope=-20 dB/decade

1l 1

Magnitude (N-s-m's)

O d=0.5mm (A-l)
-{F- d=0.8mm (A-l)

Ll

mass of the perforation and the compliance of the middle-ear 10" = =¢-- d=5.0mm (Inferior Half)
0254 — TM removed

cavity (Vosset al,, 20014.

Figure 4(centej plots the mean changes from normal in
Hatm [i-e., AH 1y Of EQ. (8)]. Both the magnitude and the
angle of the changes from normal are similar to the measure-
ments ofH,ry (Fig. 3 center because with a normal TM
H 1w IS nearly one in magnitude and zero in angle.

Angle (cycles)

D. TM coupling ratio:  Hyoc
) o ] ) Frequency (Hz)
The TM coupling ratio is a measure of signal transmis-

sion coupled by the TM and ossicular chain with the effects=IG. 5. Impedances at the TM measured on the exampléeae 24 Left
of perforations on the pressure difference across the TM rgor the normal T €i5"), perforated TM Zi), and TM removedZc)
. . . conditions. Symbols indicate every 20th data point. Upper: magnitude,
moved.Hroc With an intact TM is roughly the same as the | ... angle.
transmissionT with an intact TM (Fig. 3 because P,
<0.3Pqy|. Perforations have only moderate effects on

Hroc (Fig. 3 right and Fig. 4 right With all perforations, the pendent variations. Firs}z2| has a well-defined local

changes from normal iRl tgc are generally lessthan 5dB in "7 that d d d tor i ; r )
magnitude and less than 0.1 cycles in angle for all frequenr—nlnlmum at depends on diameterin a systematic way, as

cies. These changes are small compared to the changes irperforgtion diameter increqses, the frequgr_my of the mini-
andH 1y - Thus, changes in transmissidrappear to result mum increases, the magnitude at the_ minimum frequency
primarily from changes in the pressure difference across thgecreageers, and the sharpness of the minimum increases. Sec-
TM, with smaller changes in the way the TM couples to theOnd |Z] has a well-defined local maximum around 3000

cochlea. We address this finding further in Sec. I[[Gne Hz; the.frquency of this maximum is not aﬁecteq by the
limitation on this description results from the lack of mea- perforation diameter and the magnitude of the maximum de-

surements of either stapes velocity or pressure differencE€aSes as perforation diameter increases.

across the tympanic membrane at the lowest frequencies for P erforations also affect the angle of the impedance. At
the larger perforations, as measurementy gfvere limited 1OW frequencies, the compliant-like angle approximates
at the lowest frequencies by the mechanical artifact and mea- 0-20 cycles for both the normal and the perforated condi-
surements oh P, with perforations yielded low-frequency tions. As frequency increases, the angle increases to a posi-

pressure differences that were too small to measure acc{iye value between 0 and 0.25 cycles. With the moderate- and
rately] 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-
In Fig. 5, measurements of the acoustic impedance at theistive and mass-like increases. Around 3000 Hz,
TM [Eq. (12)] are plotted for our example ear with a normal corresponding to the local magnitude maximum described
(z%rm) ' perforated 2P, and removed TM Z.,). Below  previously, 2 72" decreases.
500 Hz, Zty, is compliance-like for all conditions, i.e., the The measurements of the impedance with the TM re-
slope of the magnitudim‘ approximates-20 dB/decade, moved(designated aZ.,,) are included in Fig. 5. Compari-
and the low-frequency angle af Z), is near—0.20 cycles. son of the measurements @ ‘,f,lrf to Z,y indicate that(1) at
First, consider the perforation’s effect on the impedancehe lowest frequenciezfﬁ,{f%zcav for all perforation sizes,
magnitude. At the lower frequencies, a perforation reduceand (2) at higher frequencies, as the perforation diameter
|Z3%™ by a constant, frequency-independent factor of abouincreasesZi! approached .y, .
0.3. This reduction is independent of perforation diameter.  The regular occurrence of a minimum |iBy| (Fig. 5
Above about 500 Hz|,Z$‘,§,|”] shows perforation-diameter de- at a frequency where the angle changes rapidly, suggests a

E. Impedance at the tympanic membrane:  Zgy
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= O Boue8(N=6) maxima of|H ywv|. Figure 6 shows that these two indepen-
o 0 Boued =) dent sets of measurements fit this prediction

= 5] A Bonel3 (N=4) p .

= V  Boue 19 (N=4)

g o Bone 20 (N=7) F. Effects of slit-like perforations

g 0 The results presented previously indicate that even large
E 1000 perforations produce relatively smdlle., less than 10 dB

3 8- - changes in the coupling of pressure difference across the TM
fas] 74 A A O Bone22L( NY—S) . . . . K
= 6 o ®  Bone2R(N=5) to the ossicles and cochlége., AHoc as in Fig. 4, right
2 54 f EZﬁiiff;i; This result, which simplifies understanding of the effect of
g o X Bone 2R (N=6) perforations, seems to contradict some conceptions of the
% N TOTAL # of POINTS= 53 TM-to-ossicular chain coupling mechanisms. For example,
2 T L B arld z ! this result indicates that interruption of a sizable fraction of
1000 TM radial fibers(e.g., as in Fig. 1, rightmay have little

effect on TM-coupling function. To demonstrate larger ef-
fects of changes in TM integrity, a structural modification
FIG. 6. Comparison of frequencies of the first maximunjhi | to fre- ~ Was designed to disconnect more extensively the TM from
quencies of the first minimum ifZy| for 53 pairs of measurements with the manubrium(handle of the malleus, while minimizing
perforatigr_]s(in 10 ear$. A symbol is plotted_for _each perforation including changes in the pressure difference across the TM. In other
the condition of TM removed. The dotted lineys=x. words, in contrast to the perforations, this modification might
produce only small changes in the pressure difference across
perforation-dependent resonance involving the acoustic maske TM (H,ty) while dramatically changing the coupling
of the perforation and the acoustic compliance of the middleH +oc.
ear cavity. In this case, at the resonant frequency, the pres- In one ear, we slit the TM with a myringotomy knife
sure difference across the TM should be a maxinjdsss  along the manubrium of the malleus in four stages as sche-
et al, 2001d, Eq(3)]. This prediction can be tested by com- matized in Fig. 7. Each slit completely penetrated the TM, as
paring the frequencies of the minima |@y| to those of the it was possible to view the middle-ear cavity through the slit.

Frequency of | Z | minimum (Hz)

Change in Transmission Change in Pressure-difference ratio Change in TM coupling ratio
-10 AT A Hypoe - -10
)
=
Q
°
£
=
&b
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Qe Sit 1
==-0--- Slit 142
L = =/ = Slit 142+3 3
- . === Slit 1+2+3+4 w _
2 - 0.5
S - X
g - ATEnest 0.0
© [ &
2 0.5
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4 68 2
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FIG. 7. Change inWg/Pqy (left), Hymy (centey, and Hyoc with slit configuration the parameter; changes are defined as the ratio between the normal
measurement and the perforated measurertignt norm/perf, with [norm/perf 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 alon@trezigesteri

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 rfianbbyrifnally,

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 poWg fé¥,, andHoc and every 25th data point fot 1y . “Gaps” betweenVg/P1y

data points result when measurements at some frequencies are excluded as a result of the mechanical artifact; these exclusions generallyneccur when t
reduction in stapes velocity is large.
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Figure 7 shows changes in measurements made witt
four slit conditions. First, consider the single 2 mm slit along .
the posterior part of the manubriu@labeled slit 3. The left
column of Fig. 7 indicates that there was no chang€l in

7] This study
4 Mean loss with 1<d<2mm
—

15% TM perforation
Austin (1978)

10-20% TM perforation
Ahmad and Ramani (1979)

10

S|(dBre 1

from normal with this first slit. This slit certainly penetrated
the TM, but after the slit was made the margins of the slit 3
were observed under a microscope to be bridged by mois=
ture. Figure 7(center columpshows that slit 1 did not affect

the pressure-difference ratiéiy) either. Similar to slit 1,

slit 2 was also self sealing with moisture and the responsec
with slit 2 added were similar to those with slit 1 only: nei-
ther T nor H,ty changed much from normdk2 dB in
magnitude.

\ o 3

N

\
Pertorations d=1.6mm
Kruger and Tonndorf (1977)

This study - 30
Mean loss with 3<d<4mm |
e —
2 4 68 2 4 2 4 68 2 4
1000 100 1000
FREQUENCY (Hz)

FIG. 8. Comparison of our mean change in transmissi@n, “loss”) to
measurements of transmission loss from Kruger and Tonnd&@7 and
Austin (1978. Left: Comparison of results of Kruger and Tonnd¢977)

Larger changes i and Hatm occurred with the addi- to our mean transmission changkT) with perforations of diametet such
that 1<d<2 mm (taken from Fig. 4 The perforation diameter of the

tion Qf slits 3 and 4, m, Whl(,:h the slits \,Nere Ionge.r. and Kruger and Tonndorf1977 measurements wab=1.6 mm, and their loss
remained open over their entire length. With the addition Ofmeasurements were from cat cochlear potential data. Right: Comparison of
slit 3, the change inT| is relatively flat below 1000 Hz at audiologic data from Austin1978 with perforations that covered about
about 10 dB. and with the addition of slit 4 the change is15% of the TM(about 3.4 mm in diametgrand perforations from Ahmad

’ - . and Ramani that covered 10%—20% of the TM. Here, we plot our Mdan
between 10 a.”d .25 dB and has some .Varlatlon with fr_eﬁvith perforation diameterd such that 3xd<4 mm.
guency. Examination of the second and third columns of Fig.
7 shows that for the longer third and fourth configurations,
changes inH,tv| increase to up to 10 dB for frequencies
from 400 to 2000 Hz, and changes|ifd{od can approach
10-20 dB at some frequencies. Measurement3 dklow
400 are not available because of the mechanical artifact, al
it is possible that changes jhl 1o could greatly exceed 20

dB at these lower frequencies. Even though changék gt

induced loss was most prominent at the lowest frequencies
and the loss decreased with increasing frequency in the au-
rE‘iometric data of Ahmad and Ramafii979 (Fig. 8). Our
easurements show increases in sensitivity in the 2000 Hz
region that are not found in the average of the measurements

I th ith el forati the oh ?f Ahmad and Raman{1979; this difference may result
are farger tnan with our circular pertorations, the€ changes O,y ariations in middle-ear cavity volum@/oss et al.,

pnly 1(.)_20 dB. at higher frquencigs in (_:onfiguration 4 S€€M0014. In our population of ears, the volumes were very
inconsistent with the extensive disruption of the rT1‘3‘””b”'similar for all ears and thus the resonant frequency between

ums attachment.to _the TM'. In summary, this experimenty, » acoustic mass of the perforation and the acoustic compli-
suggests that major interruption of the TM structure near th%nce of the middle-ear cavity would be similar for perfora-

manubrium has only moderate effedise., <20 dB) on tions of the same size. In a clinical population, however,

Hroc for frequencies greater than 400 Hz. 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 measurements of perforation-induced changes in  Our results disagree with results of lésy (1936 in
transmission show a clear frequency dependence; Fig. luman, measurements of Payne and Gitlil&51) in cat,
shows that for all perforation sizes, the transmission changeand the audiologic data of Austif1978 (Fig. 8). Using a
are greatest at the lowest frequency and decrease toward zesmporal-bone preparation, Basy (1936 found no differ-
as frequency increases toward 1000—2000 Hz. There can lamces in the motion of the malleus with a normal TM and a
increasesup to 20 dB in transmission in the 1000—2000 Hz 0.6-mm-diam perforation for frequencies above 400 Hz, al-
region. Above 2000 Hz, the losses are typically less than 1though below 100 Hz he did find a reduction in motion that
dB. (We note that our largest perforations covered 50% ofncreased inversely with frequency. However, if Kégy's
the TM; larger perforations could produce different loss charperforations were effectively closed by moisture on the TM,
acteristics. as happened with our slit experimelisg. 7), then his mea-

These results are consistent with the cat cochlearsurements are consistent with our resultskdg also inves-
potential measurements of McArdle and Tonnd@tD68  tigated the effect of a “lens-shaped tear” of the TVex-
and Kruger and Tonndorf1977,1978 (Fig. 8, and the tending from the end of the manubrium to one edge and
umbo-velocity measurements of Bigel@awal. (1996 inrat,  having a width of 2 mm’ on a living human subject
in all of which perforations in the TM produced their largest (Bekesy, 1936. In this case, hearing in the contralateral ear
effects at the lowest frequencies. Similarly, the temporalwas compared to hearing in the ear with the perforation, and
bone measurements of Nishihatal. (1993 and the audio- Bekesy concluded that the perforation “had no noticeable
metric results of both Taviet al. (1988 and Rosowsket al.  effect on thresholds from 50 to 4000 dpp$z] except to alter
(1996 show that tympanostomy tubes in the TM producedslightly the small deviation in the frequency function.” As no
their largest losses at the lowest frequencies. The perforatiotitrther details are given, it is difficult to explain the clear

IV. DISCUSSION

A. Comparison to other work

1. Frequency dependence of loss with perforations
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difference between this observation and our results. ration sizes show the larger deviations from zero; both the
Payne and Githlef1951) measured a reduction in co- gains and the losses increase with perforation size and can

chlear potential that increased with perforation size, and thegpproach 10 dB. Thus, strictly speaking, loss increases

found these reductions were nearly frequency independentonotonically with perforation size only in the low-

McArdle and Tonndorf(1968 showed that the Payne and frequency region.

Githler (1951 results have a serious methodological prob-

lem. In the Payne and Githler study, the middle-ear cavity3. Effect of perforation location on transmission

was opened to surrounding space. The open cavity caused The results presented here are from perforations made in

the pressure on the middle-(_aar Sid? of the TM to be Sm"?‘"eﬁoth the anterior-inferior and the posterior-inferior quadrants
than it would have been with an intact middle-ear cavity, ¢ ihe T\, we analyzed our results to determine if the per-

thus increasing the pressure difference across the TM argl i ocation plays an important role in the perforation-

decreasing the effect of the perforation on the pressure d'fl'nduced changes in stapes velocity. These comparisons are
ference across the TM.

. d i he q q 1presented in detail elsewher@/oss, 1998; Vosset al,,
Au_st|n (1978. escribes t“ € frequency-depen ence,OZOOOQ; the main conclusion is that changes in stapes veloc-
loss with perforation size as: “the presence of a perfora‘uor]ty (i.e., transmissiondo not appear to depend on perforation

does not significantly affect the frequency response of th‘i’ocation in our temporal-bone preparation, with the kinds of

middle ear, sir_uce a flat hearing loss was obs_erved for th?erforation illustrated in Fig. 1.

t_hree frequ_enues studied as well as for each size of pe_rfor " This result contradicts the widely held clinical view that
tion” (Austin, 1978, p. 37 Indeed, the means of audio- a posterior-inferior perforation results in larger hearing loss
grams at 500, 1000, gnd 2000 Hz that Ausfi8 78 presents than an anterior-inferior perforatione.g., Schuknecht,

do not show appreciable frequency dependence. Howevejf_,993b' p. 196; Glasscock and Shambaugh, 1990, p. 314;

our measurements with perforation sizes similar to Austin'spi.yjes 1987 pp. 60—61The usual explanation for the lo-
sizes show a clear frequency depende(fiég. 8, righy. One cation dependence is that a posterior perforation is closer to

hypothesis for the differences between our measuremenify 1, nq window, and as a result the pressure acting at the
and Austin’s audiograms is that errors occur with audiograms 4 window “cancels” the cochlear response more than

measured in ears with per’foratlo(l\s!oss etal, 2000a, & . the round-window pressure associated with perforations at
Because the perforated ear’s impedance may be substantia her locations. Vos§1998, Chap. Bused measurements of

lower than a normal ear, audiometric earphones can generajigy a1 and round window pressures with perforations at
a lower-than-normal sound-pressure level when they arQiterant |ocations to show that the perforation location has

coupled to a perforated ear. This lower-than-expected soun io effect on the pressure difference between the oval-

pressure level results in audiograms that make the hearing: 4o\ and the round-window pressures. Thus, our mea-
loss at the lower frequencies appear larger than they aCtuaIQ’urements reject both the view that loss depends on perfora-
are. If such an error affects Austin’s audiograms, the “COtion location and the presumed theoretical basis

rected” audiograms would have smaller loss at low frequen- Ahmad and Ramanil979 investigate how the perfora-
cies and the difference between Austin's audiometric resultg,, |cations of anterior-inferior versus posterior-inferior af-

and our m_easur_ements would be even greater than thf’éct hearing levels. For their smaller perforatiqrsl0% of
shown in Fig. 8(right). Thus, the possibility that errors oc- the TM), they find hearing is independent of perforation lo-

curre(;i in the ear-canal pressurefs gehner:tﬁed du”ngbaUd'orEétion. With larger perforations, it appears that hearing levels
etry does not seem to account for the differences betweep, o slightly more sensitivé.e., lowe) with anterior perfora-

Austin's data and ours. We have no explanation for the dlf'tions; however, the difference between the locations is only

ferences. for the lowest frequencie6<1000 H2 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-
Many studies of perforations, both animal and clinicalject variation are provided. Ahmad and Ramét979 con-
studies, show that loss increases as perforation size increasgede: “It is seen that the difference in hearing losses...be-
(e.g., Anthony and Harrison, 1972; Austin, 1978; Ahmad andween antero- and postero-inferior perforations, is
Ramani, 1979; Bigelowet al, 1996. Our measurements appreciable only at the lowest frequencies. At other frequen-
show that perforation size has a big effect, and that for eachies it is minimal; indeed, ifeffects of location on hearing
perforation size, the perforation-induced transmission changlesse$ is almost negligible for clinical purposes.” Thus, this
can be described efficiently in three frequency regions. Firststudy of audiograms, for a fairly large sampls=70) of
for the lowest frequencies, as perforation size increases, theell-described perforations, provides, at best, weak support
loss (i.e., change from normal in transmissjomcreases for the common clinical view.
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, an
the frequency of this increased transmission increases wit
perforation size. The limits of the “middle-frequencies” Equation(4) expresses middle-ear sound transmission as
range depend on and increase monotonically with perforatiothe product of two ratios, representing the effect§19fthe
size. Third, for frequencies above 2000 Hz, the larger perfopressure difference across the TM {7\) and(2) the cou-

2. Effect of perforation size on transmission

. Dominant loss mechanism: Change of pressure
ifference across the TM
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pling of the pressure difference to the motion of the TM, provides experimental support for the well-known clinical
ossicles, and cochleaHgoc). Our results show that “paper patch test” (Schuknecht, 1993a; Glasscock and
perforation-induced changes M, are similar to Shambaugh, 1990

perforation-induced changes in stapes velodtig. 4), while
perforation-induced changes Mo are generally smaller
than changes in either stapes velocitytbyry (i.e., Fig. 4.
Thus, we conclude thatl) the dominant mechanism for
changes in sound transmission is a perforation-induced
change in the pressure difference across the TM, @d
changes in the mechanical linkage of the TM and ossicles to

the cochlea make secondary contributions to the total trans- [N the “paper patch test,” the patch returns the pressure
mission changes. 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 perforatiae.g., disruption of fibers

or changes in tensignThus, the observation that the “paper

patch test” successfully improves hearing in many cases of
A main result of this paper is that perforations do notperforated TMs is consistent with the results that show the

alter (much the coupling of the pressure difference acrosspressure difference is the primary mechanism of hearing loss

the TM to ossicular motiorti.e., Hyoc). Some basic ques- with perforations.

tions arise Concerning the processes involved. For example, Even though numerous clinical studies have examined

if the TM’s coupling of force to the manubrium occurs at the hearing levels with perforations, a clear picture of middle-ear

umbo and/or along the length of the manubri(erg., Dallos,  function with perforations has not emerged. Instead, it is

1973, Fig. 3.4; Wever and Lawrence, 1954, pp. 903114 commonly observed that similar appearing perforations re-
how can(1) the removal of the TM from around much of the gyit in dramatically different hearing levels. For example,

umbo (Fig. 1), and(2) extensive slits along the margins of
the manubriun{Fig. 7) have only a small effect oH o (for
frequencies above 400 k& 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 co
with clinical practice of reconstructing TMs with a variety of fined” (Glasscock and Shambaugh, 1990, p.
materials as well as the observation that the eardrums of 337

normal-hearing ears can have tympanosclerotic plaques or be Some, if not all, of this variability may result from dif-
abnormally thinned as a result of past dise@$enter, 1993  ferences in middle-ear cavity air volumes. The theoretical
In general, the results of this one experiment suggest thateatment of the resul{®/osset al, 2001d demonstrates that
further experimental investigation is needed to determine theniddle-ear function with perforations depends on the
importance of TM structural and mechanical features for itsmiddle-ear cavity volume. Although Besy (1936 alludes

“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

C. Dependence of TM function on its structural
integrity

“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-

function. to the effect of the cavity volume, the relationship between
hearing levels and middle-ear cavity volume has not previ-
D. Clinical application of results ously been described quantitatively. We now have a theoret-

_ _ ) ical structure that describes the interaction between the per-

Our results describe hearing loss caused by differenforation and the cavity volume, and it appears that normal
sized perforations in otherwise normal ears. These resultgyriations in cavity volume can lead to differences in low-
should aid clinicians in determining whether a specific heargrequency hearing levels of up to 20 dB in ears with other-
ing loss results only from a perforation or whether otheryise similar perforations. Future clinical studies can test for
middle-ear pathology should be expected. The following feayne jmportance of middle-ear cavity volume by estimating

tures are consistent with a hearing loss from a perforatioRnis quantity via low-frequency impedance measurements
only: (1) losses that decrease as frequency increases Up i¥hd/or CT scans.

about 1000 Hz(2) losses or gains near zero in the 1000-

2000 Hz range, and3) for frequencies above 2000 Hz,

losses that do not exceed about 10 dB for perforations that
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