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In order to better understand the mechanics of tympanic membFahetransduction at frequencies

above a few kHz, the middle-e@vIE) impedance measured near the tympanic membrane is studied
for three anesthetized cat ears after widely opening the ME ca/MEE). Three conditions were
measured: intact ossicles, drained cochlea, and disarticulated stapes. When the cochlear load is
removed from the ME by disarticulating the stapes, the impedance magnitude varies by about
+25dB in the 5- to 30-kHz range, with peaks and valleys at intervals~6fkHz. These
measurements suggest middle-ear standing waves. It is argued that these standing waves reside in
the TM. In contrast, the magnitude of the impedance for the intact case varies by lesslibali,
indicating that for this case the standing waves are damped by the cochlear load. Since the
measurements were made within 2 mm of the TM, standing waves in the ear canal can be ruled out
at these frequencies. Although the ME cavities were widely opened, reflections from the ME cavity
walls or surrounding structures could conceivably result in standing waves. However, this
possibility is ruled out by model predictions showing that such large standing waves in the ME
cavity space would also be present in the intact case, in disagreement with the observation that
standing waves are damped by cochlear loading. As a first-order approximation, the standing waves
are modeled by representing the TM as a lossless transmission line with a frequency-independent
delay of 36 us. The delay was estimated by converting the impedance data to reflectance and
analyzing the reflectance group delay. In the model the ossicles are represented as lumped-parameter
elements. In contrast to previous models, the distributed and lumped parameter model of the ME is
consistent with the measured impedance for all three conditions in the 200-Hz to 30-kHz region.
Also in contrast with previous models, the ear-canal impedance is not mass dominated for
frequencies above a few kHz. Finally, the present model is shown to be consistent, at high
frequencies, with widely accepted transfer functions betwgerthe stapes displacement and
ear-canal pressuréi) the vestibule pressure and ear-canal pressurejiianthe umbo velocity and
ear-canal volume velocity. An improved understanding of TM mechanics is important to improve
hearing aid transducer design, ear-plug design, as well as otoacoustic emissions resedi@®38 ©
Acoustical Society of AmericBS0001-496€28)02812-4

PACS numbers: 43.64.Bt, 43.64.Ha, 43.64.BbM]

INTRODUCTION increases above a few kHz. The basic question asked by this
paper is:How does the TM couple sound into the cochlea

The tympanic membran@ M) transduces the ear-canal above a few kHz?

sound pressure into a mechanical motion of the ossicles. The  Figure 1 shows the ME input impedanZe{ w) mea-

goal of the research reported in this paper is to improve ousured close to the TM with middle-ear cavitiddECs) wide

understanding of the function of the TM and other middle-open, for three different conditiongl) intact middle and

ear (ME) structures. Consider the following1) In theory, inner ear(Il) drained cochlea, andil) disarticulated stapes.

mass inertia of the ossicles should result in an increase ifh the disarticulated stapes and drained-cochlea cases, the

ME input impedance as frequency increaé®saw and Stin-  jmpedance magnitude periodically increases and decreases

son, 1981, and(2) surface displacement patterns of the catpy as much as+25 dB [Fig. 1(C) and (E)], indicative of

TM suggest that above a few kHz the TM surface has modeg,w-loss standing waves. In the intact case these standing

(i.e., standing wave)s(Kha_nna and Tonndorf, 1972in both  \aves are damped by the cochliiig. 1(A)]. The figure

of these cases the coupling of the ear-canal sound pressuredgos that the standing waves are significantly damped in all

the ossicles will effectively decrease as stimulus frequencynee ears measured. These results suggest that the ME sup-

ports the propagation of low-loss traveling waves, and that

dElectronic mail: purial@leland.Stanford.edu the damping of these waves is provided by cochlear loading.
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FIG. 1. The middle-ea(ME) input impedance was measured by placing a calibrated sound-delivery tube and microphone assembly within 2 mm of the TM
surface with the bulla wall wide open and the bony septum removed. Measurements in three cat ears, from 0.2 to 30 kHz, are shown. Impedance measurements
of Z;, Z4., andZys were made in the following ordefl) intact: ossicles and cochlea in their normal statg ,((Il) drained cochlea: scala-vestibule and
scala-tympani perilymph removed (), and(lll) disarticulated stapes: cut stapes away from incus at the incudo-stapediaFZjgjntTthe top panel$A,C,E)

show impedance magnitudes, normalized by the characteristic impedance of the transducer sound-deliZgpy 408eo0hms (dyne-s/cth. The bottom
panels(B,D,F) show phase angles of the impedance in#a@.g., =0.5 radfr==*=90°). In all figures, the line types of the unlabeled panels are identical to

the line types of the labeled panédksg., the solid line corresponds to ear 2 in panels B and A

Thus a primary problem posed in this paper is how do wegFunnellet al, 1987. In the present work we explore a more
understand these measurements? The answer will lead toparsimonious solution by using a distributed paraméter,
better understanding of the TM with respect to high-transmission lingmodel.
frequency ME sound transmission. Two likely hypotheses for the measurements shown in
To study the question of ME sound transmission, MEFig. 1 are presently exploredt) standing waves in the tym-
input impedance was transformed to reflectance magnitudganic membrane, of2) standing waves in the open MEC
and reflectance group delay. For the disarticulated stapes asgace. Mathematical models constrained by measurements
drained cochlea cases, the mean group delay is approxare used to explore both hypotheses. We conclude that the
mately 100us in the 3—20-kHz frequency region. A delay of MEC model is inconsistent with measurements, and thus can
100 us corresponds to the round-trip delay in a 1.7-cm-longbe ruled out.
air-filled tube. Given that measurements were made within It follows that the physical mechanism for the observed
approximately 0.2 cm of the surface of the TM, standing100-us delay is TM transverse wave propagation. We show
waves in the ear canal can be ruled out for frequencies belo) to a first-order approximation the TM can be modeled as
30 kHz. It is unlikely that there are standing wavé®., a transmission line with a frequency-independent delay, and
large delays in the ossicles. Thus a secondary question(ii) the TM model, along with a lumped—parameter represen-
posed in this paper idHow can we account for the large tation of the ossicles, is consistent with both the ME input
delays measured in the middle eaBnce the cochlea is impedance data shown in Fig. 1, as well as with numerous
removed by disarticulating the stapes, these 480delays physiological measurements of the cat ME reported in the
cannot originate from the inner ear. literature. Model calculations, valid to at least 25 kHz, are
Attempts to understand the data of the type shown irfor a single set of parameters. A preliminary version of this
Fig. 1 with standard lumped parameter model representatiorgaper was previously presenté@uria and Allen, 1996
for the TM (Zwislocki, 1962; Mdler, 1965; Matthews, 1983
have been successful for frequencies below 6—8 kHz, but fajl METHODS
at the higher frequencig®uria, 1991h Existing ME mod-
els (Flanagan, 1962; Zwislocki, 1962, 1963; Peake an
Guinan, 1967; Nuttall, 1974; Shaw and Stinson, 1981; Krin-  Methods of animal preparations have been previously
glebotn, 1988; Shera and Zweig, 1991; Goadal., 19949 describedAllen, 1983. Briefly, the bulla cavity was widely
are also limited at frequencies above approximately 8 kHopened and the bony septum that separates the bulla cavity
(Rabbitt and Holmes, 1986, 19B8Finite-element models from the tympanic cavity removetFig. 2). The ear canal
have been previously proposed to circumvent this problemvas surgically removed and a calibrated receiver and probe-

dA. Preparation
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Incudo-Mealleolar  Incus Ligament the effect of these evanescent modes on the ear-canal pres-
Annular sure is insignificant(Lynch, 1981, pp. 146-148; Stinson,

igament Cochlea 199 4)

Round Ear-canal pressure measurements were made for fre-

e quencies up to 38kHz with a frequency resolution of 65.1
Hz and 512 frequency pointshe response at 0 Hz was not
measureflusing the SYSid™Puria and Allen, 1992; Puria
et al, 1993 measurement and analysis systSiYSid Labs,
Berkeley, CA. A 1024-point buffer with a chirp stimulus
sampled at a rate of 1bs was used. As described elsewhere
(Allen, 1983, cochlear microphonic measurements were
also made on these ears using tones.

The four-load impedance measurement technique was

Malleus Ligament

Ear canal
Tympanic Membrane
(Eardrum)
Bulla Cavity

Incudo-Stapsdl Stapes (opened) used. This method was developed by Alig®86, and has
" tympenic  Sepesfoopls | SENE been previously describddllen, 1986; Puria, 1991b; Keefe
Cavity et al, 1992; Voss and Allen, 1994 Briefly, the Theenin

FIG. 2. Simplified cat ME anatomy. The bulla cavity was widely opened source 'mpedanCZO(w) and SQUVCG preSSUIREO(w? of the

and the septum removedashed ling The ear-canal impedance was mea- Sound delivery system are estimated by measuring the probe
sured by placing a calibrated microphone and sound delivery system in thmicrophone pressure responses to four known acoustic
ear canal close to the TM. The impedance was measured for the intaghaqsl The ME acoustic impedance may then be calculated
ossicles, after draining the cochlea and after disrupting the ossicular chain. - .

by cutting the incudo-stapedial joint. The malleus and incus are attached talreCtly from measured ear-canal pressure and the/ditia
the walls of MEC space by the malleus and incus ligaments. source paramete®,(w) andPy(w). Throughout this paper

all Thevenin and ME input impedance measurements have

tube microphone assembly was put in place near the bonk}een normalized by the charactenstm. impedaritg
end of the ear cangthe microphone probe tube was typi- ~ PaCa/A;=400 (cgs-ohms of the sound delivery tubésee
cally less than 2 mm from the surface of TM Table ).

Following the ear preparation, the ME input impedance
and cochlear microphoni€CM) were measured. The acous-
tic impedance calibration of the sound delivery system hag |mpedance minimum-phase test
been previously describgdee Sec. | B The sound delivery ) ) i
system was always calibrated at the start of each impedance Mpedance measurement techniques require thav-The
measurement session. If either the CM or the ME impedancghin (or Norton equivalent parameters for the source do not
showed any indication of a bulla resonance, the bulla wa§hange from the time of calibration to the time of measure-
opened more widely and the impedance remeasured unff'€nts. Megsurement errors otherwise oceur. The source
there were no indications of a ME cavity resonance. Onc&haracteristics will change, for example, if the temperature
the experimental series of cochlear and ME modification§hanges- A procedure to check for possible inconsistencies in

was started, no further modifications to the MECs werdMPpedance measurements, by checking the ratio of the-The
made. enin source pressure to the ear-canal pressd(e)

=Py(w)/P.{w) for minimum-phase behavior, was outline
by Voss and Allerf1994, Eqs(15—(17)]. H(w) for the data
B. Measurements reported here was checked for their minimum-phase prop-

The definition of impedance is based on the assumptlor?rty' Itwas found thqﬂ(w) had an all pass delay of 246,
. ._.and thus was not minimum phase. This all-pass delay corre-

that the ear-canal pressure, in the measurement plane, is in- .
sponds to less thah of a Nyquist sample at the 15s Ny-

dependent of spatial location; in other words, higher-order . .
i . uist rate, and this delay error can be accounted for by the
spatial modes are assumed to be negligible. Complex wavg:

. I ifference in temperature of the sound delivery system at the
motions on the TM result in higher-order evanescent mode Lo
. ; . Ime of calibration(room temperatupeand temperature of
near the eardrum which complicate measurements of imped- ) .

: . he sound delivery system at measurement {iamémal body
ance. Theoretical arguments suggest that for dlstanc%s

. N emperaturg All the data shown here have been corrected by
greater than 0.15 cm, and for frequencies below 25-30 kHZSubtracting a delay of 2—&s such that the pressure ratio
H(w) is minimum phase for frequencies below about 25

TABLE I. Constants presently assumed and shown below are valid fo'kHZ This guarantees that the ear-canal impedance is mini-
27+10 °C: p, is the mass density of aic, is the speed of sound in aif,

is the area of the sound delivery tube, ahg=p,c, /A, is the characteristic mum phase.
impedance of the sound delivery tube.
Pa 1.177x 1078 glen?
Ca 3.472x10* cm/s D. Middle-ear modifications
A 0.102 cm . . . .
Zo 400 dyn-s/crh The ME input impedance was measured in approxi-

mately 27 animals, but the complete set of measurements,
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(h the intact ear-Z;(w), IMPEDANCE REFLECTANCE

10 5 ] i
. . 3 1
(I perilymph removed—"drained cochlea” _ A, Eari,e % "' ;fE K :),f‘»
FERE eae” o e D i
N S ’ @
ZdC(w)’ and - : ‘\ ," vt E2 Ear 1~ After \
T . . . 01 i c Smoothing Ear1
(nry ‘‘disarticulated stapes—Zy{ w) by cutting 4A : 0.1
. . .. —_ 0.2 1 10 30 0.2 1 10 30
at the incudo-stapedial joint, g 050fB 1 .
. . o & . e b 4 i
was obtained on 3 eaféwo animal3, reported heré. = gzc St 3, \\ ™
Al of these measurements are with the MEC wide open, & ) R T WY
as described in Sec. | A. The cochlea was drained by remov-g .o.504..-~s==' Ay n-»:mz b LR
ing the round-window membrane, and wicking out the % LR M BB VA SR T AL X S IR B IOV
scala-tympani perilymph. The basilar membrane was next Frequency (kHz)

removed, allowing the scala-vestibule perilymph to drain via o o _
the wick. The disarticulated stapes case was measured aft#élp. 3. Disarticulated stapes for ear (R) Normalized impedance magni-

. . L . . . tude, and(B) phase in radt. (C) Reflectance magnitude before and after
cutting at the incudo-stapedial joint. Several intermediate im- (B p © g

smoothing.(D) Reflectance group delay before and after smoothing the
pedance measurements were made, but are not reported heffectance phase and then using E4.to calculate the group delay. For
(Allen, 1986. All surgical modifications and measurements both magnitude and phase, recursive-exponential smoothing filters were
were performed by the second author, following the techsed(see text

nigue and guidance of J. Tonnddifonndorf and Pastaci,

1986. than average data, we have used ear 1 as a prototypical ex-
ample for modeling purposésThe best middle ears, defined

as having the smoothest impedance frequency responses, the
widest frequency bandwidth, and the largest cochlear micro-
A. Impedance phonic to drum pressure ratios over frequency, correspond to

§Iean transparent ear drums.

Il. FROM IMPEDANCE TO REFLECTANCE

Normalized impedance measurements from ears 1—
shown in Fig. 1, have a similar pattern for any given condi-
tion. For frequencies below about 800 Hz the impedance i8. Reflectance
stiffness dominated for all three cases, and the magnitude is

larger for the drained cochlgpanel(C)] than for the disar- by the characteristic impedance of the transducer sound-

ticulated stapes cagpanel(E)]. This difference in stiffness : . ; . .
represents the additional stiffness of the annular Iigamenqehvery tube Zo), is defined andw). This normalized

Note also that the phase for the disarticulated case is morlénpedance may be expressed in terms of the pressure refiec-

bimodal (i.e., reactive than that of the drained case due to tance(Puria and Allen, 1989; Puria, 1991a, b; Keefeal,

. . 1992, 1993; Voss and Allen, 1994
the removal of annular ligament damping.
The drained cochleppanels(C) and(D)] and disarticu-

The ME impedance measured near the TM, normalized

lated stape$panels(E) and(F)] cases clearly show standing R(w)= M (1)
waves(i.e., high-Q low-loss modesFor example, panglC) Zndw)+1

near 6 kHz shows a local maximum in the impedance magwhere

nitude while the phase data in pariBl) shows a correspond-

ing phase shift fromt+0.5 to —0.5 radfr. Given the=25 dB _

variations in impedance magnitudthe peaks and valleys Rlw)=5- @
we may conclude that the ME damping is quite small. Since i .

the stapes, annular ligament, and cochlea are not present for =|R(w)|el“R«), (3

the disarticulated case, it is clear that these structures are nm Eq. (2) the pressure reflectance is defined as the transfer

responsible for the standing waves. What is surprising aboyj,, tion between the retrogradie (o) and incident®, ()
these figures, besides the low damping of the isolated ME, 'Sressure waves. In Eq3) the reflectance is expressed in

the large ME delays that must be present to produce thesﬁolar coordinates in terms of a magnitutRl and phase
standing waves with such low resonant frequencies. angle/ R

Panelg(A) and(B) show that the cochlear load dampens The group delay of the reflectance
the standing waves because of the energy absorbed by the
cochlea(Mdller, 1965; Lynch, 1981; Tonndorf and Pastaci, 9/ R(w)
1986. This is consistent with how we might imagine the ME T(w)=——F7—— (4)
and cochlea might function to have a reasonable efficiency. I

Since the magnitudes of the ME impedances for thds a measure of the delay between the retrograde pressure
three ears have multiple maxima and minima that are notvave P_(w) and the incident pressure wa¥e () (Puria
exactly at the same frequency, there is no simple way to shifand Allen, 1989; Puria, 1991a, b; Voss and Allen, 1994
the impedances so that all the maxima and minima arether words, group delay is a measure of the latency of the
aligned. Averaging these data would smear these peaks ameflected sound relative to the incident sound; this interpre-
valleys, which would result in a loss of data features. Rathetation is restricted to frequency regions where the derivative
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1 s group delay shows greatly increased variabiliiyashed
'g i lines).
B
= o1
[ od 3 T°=40/|1:, \\ .
> Ko=Kn + Ko . 1. Smoothing of reflectance data
8 o0.01 >
3 17,20, T, To better analyze the trends in the reflectance group de-
[ — =Ky S . .
20.001 4 o T ook > lay, thg phase of t.he .reflectance was f|r§t smoothed using
= A .. recursive-exponential filtefShera and Zweig, 1993, Appen-
o y f A dix). These filters avoid prolonged ringing in the frequency
o L % domain while minimizing splatter in the time domdikqua-
BN ES S g 1. tion (4) was then used to compute the group delay. The re-
3 . T i s , :
3 U\ flectance magnitude was also smoothed with the same
8- NP recursive-exponential filters. It is evident from the group de-
T 3 2"\% .......... = lay after smoothingFig. 3(D), solid ling] that there are sys-
P W tematic variations in the delay. These variations are related
'g> 5 B to the variability in reflectance magnitude above 3 kHz
< B which is likely due to radiation from the back side of the TM
6 LA AL LR AR AL T (see the Appendjx Below approximately 2 kHz, the delay
0.1 10 80 estimates have a small variance. Group delay for the drained
102 c inner-ear and intact cases will be discussed after the full ME
o i model is presented.
N o M“e"“/%a. / S(
‘~~-_~_/( s . A SIMPLE MIDDLE-EAR MODEL: A PRELUDE
10™ N '"“\‘r.{ : : N
2. Ty=40 us, / § o In this section we present a greatly simplified ME
10? ozt X o model, shown in the insert of Fig.(4). With this lossless
C ——r I and massless model, consisting of a TM as a transmission
0.1 line with delay T, terminated by stiffnes&,, we can ac-

1 10
Frequency (kHz) count for much of the observed ear-canal reflectance group

FIG. 4. Three examples of a simple middle-ear model consisting of a lossdelay 7(w) for the modified ME conditions for a wide range
less transmission line having a frequency-independent dejayerminated  of frequencies. We then proceed to show how the ME im-

by a stiffnessK,, as defined in the insert. This model illustrates the point pedance is related to the group delay using En)sand (4),

that the frequency location of the maxima and minitpales and zergsof . . _
the impedance depends mainly on the group delay of the reflectance. Tr%long with the lossless assumptlbh(w)| =1

three examples ardg1) Ty;=0 (e.g., no transmission lineK,=K,,=1.1
X 10 (dyn/cn?), (2) To=40 us, Ko=K,,, and (3) T;=40 us, Ko=K,,
+Kimj=3.81x 10" (dyn/cnt). (A) The group delay of the reflectance for It is widely accepted that the ear-canal impedance is
the three casedB) The phase of the reflectance is computed from the gtiffness dominated below a few kHDnNchi, 1961; Zwis-
integral of the group delajEq. (10)]. (C) TheO’s indicate location of zeros locki, 1962: Mdler, 1965. By substitutin ’the siiffness-
while X’s indicate location of poles of the impedance. The frequency of the ’ ! o : y_ ; g -
zeros is when the reflectance phase is at odd multiples,aivhile the ~ dominated TM impedanc&,/j» into Eq. (1), and using
frequency of the poles is at even multiples f As the amount of delay  the definition of r(w) given by Eq.(4), Voss and Allen
increases, the accumulated reflectance phase increases and the POIe'Zﬁ“[@94) found a formula for the reflectance group delay. In
frequency spacings of the impedance decrease. . . L . . )
duency spacing P their formulation, a transmission line representing the ear
canal is terminated by a compliance representing the TM

. . : stiffnessK,,,. Generalizing the Voss and Alléd994) model
of |R(w)| with respect to frequency is smaRapoulis, 1962, to include the proposed TM delay, we model the ear canal

fh 1,[3.5' Given tthe l?bovle ;"z\'\; p?mt, r.e flictanieés at measui%nd TM as a uniform tube, having a characteristic impedance
at 1s conceptually refated to transient evoked oloacous 'ﬁot and an effective acoustic deldl,, terminated by an

emissions. In the present case the reflectance is derived frog?fective stiffnesK, [as shown in Fig. @) inserd.
measurements using chirps, rather than clicks.

In Fig. 3, panelgA) and(B) show the impedance for the _
disarticulated stapes case of ear 1, pdfglshows the cor- R(w)= 1-jor, o j02Tg
responding reflectance magnitude, while paiglshows the 1+jwr '
reflectance group delayashed lines The reflectance mag-
nitude|R(w)| [Fig. 3(C)] is typically greater than 0.4 for alll
frequencies measured and is greater than 0.8 for frequencies 7c=Zot/Ko- (6)
below 8 kHz. The group-delay data for the disarticulatedthe group delay(w) for the model represented by B&) is
stapes casFig. 3(D)] decreases from about 0.5 to 0.1 ms as(voss and Allen, 1994
frequency increases from 0.2 to 3 kHz. At frequencies above
3 kHz the group delay on the average stays near 0.1 ms. H(w)=2Ty+ 27¢ 5. )
Although there are trends for frequencies above 3 kHz, the 1+ (w7e)

A. Modeling the group delay 7 (w)

The reflectance for this simplified model is

®

where

3467 J. Acoust. Soc. Am., Vol. 104, No. 6, December 1998 S. Puria and J. B. Allen: Tympanic membrane acoustic delay 3467



Equation(7) predicts a high-frequency round trip delay of membrane. It follows that the velocity of wave propagation
T(w—)=2T,, and a low-frequency round trip delay of must be slower than the speed of sound in air, by an amount
7(w—0)=2Ty+27,. Thus the total delay consists of the that is~3.6 (radius of 0.36 ch

sum of a low-frequency delay belofy, and a fixed wide-

band delay, where

fe=12m7;. (8)

B. Examples of the simple model

In this section we illustrate how the frequency spacing
From this definition and Eq.7) we find of the polegmaximg and zerogminima) of the ME imped-
_ ance of the delay and stiffness model depends on the reflec-

7 (2mfe)=2ToF 7c. © tance delay and terminating stiffness. Three examples are

From Fig. 3D) we see a delay which is qualitatively given: (1) a pure stiffness(2) a short piece of transmission
similar to the prediction of Eq(7). At high frequencies the line terminated with a stiffness, an@) same as case 2 but
terminating compliance has an impedance that is muchvith increased stiffness. This last case corresponds to
smaller than the characteristic impedance of the transmissidtblocked incus.” Finally the impedance is computed from
line, and the termination reflects all the energy above thathe group delay using the reflectance formula @gwith no
frequency with the round trip line delay ofT3. At low  lossedi.e.,|R|=1). In these three examples the group delay
frequencies, defined ds<f., the transmission line has an 7(w) is the only model parametéas dictated byl andKy).
effective acoustic length that is longer thaim2due to the The delay and phase are calculated from model equéfion
terminating compliancéVoss and Allen, 1994 while the loss is set to zero.

Equations(7)—(9) are important because they separate
the delay of the transmission lirig, from the delay due to 1. Group delay

the terminating stiffnes&,. If the TM operates as a delay The group delay of the simple modfig. 4(A) inserd

line, then its delay appears as an extension of the canal de'@bnsisting of a lossless transmission line with defgyand a
line, rather than as part of the stiffness of the ossicles. Thu&rminating impedance determined by stifinégsis shown
this model allows us to address one of the basic issues of tr]ﬁ Fig. 4A), for three different conditions. In the three ex-
physical properties of the tympanic membrafe:the TM  mpjes the group delay of the reflectance is given by(Eqg.

best modeled as a combination of a few stiffness, mass, a’We use Lynch’s parameters fér, andK, and TM delay
imj

damping elements, or as a transmission line~ estimated in the previous section.

For example 1 the stiffness isKg=K,=1.1
X 1P (dyn/cn?) andT,=0 (e.g., no transmission lineUs-
ing Eq. (6) we find thatr, is 365 us. Thus, as shown in Fig.
An approximation to the TM delay may be obtained 4(A), the reflectance delay asymptotically approaches #30
using previously established ossicle stiffness values, thas frequency decreases. According to EB).the cutoff fre-
group delay shown in Fig.(B®), and the equations for the quencyf. is approximately 435 Hz. Abové., the delay
simple ME modelFig. 4(A) inserf outlined above. decreases by a factor of 4 for each octave increase in fre-
Below about 1 kHz the ossicle impedance is dominatedjuency.
by the ligament stiffness, and the element impedances are For example 2, we add a transmission line with delay
approximately known. Based on an extensive series of caf,=40 us to the stiffnesK,=K,,. According to Eq.(7),
middle-ear impedance measurements, Lynd®81, pp. when a transmission line is terminated with stiffnd§g,
226-23) estimated the malleus-ligament stiffndsg, (1.1  one simply adds the delay of the transmission line to the
X10° dyn/cn?) and the IM joint stiffness Kiy; (37  delay due to the stiffness alone to obtain the total delay. This

1. An estimate of the TM delay

X 10° dyn/cnr). is graphically illustrated in Fig. @®). The group delay for
For the disarticulated stapes case, the stiffness of thexample 2 is always greater than for example 1.
malleus is dominated by the anchoring ligamelits=K, . If we assume that the malleus mass and all middle-ear

Using K,,=1.1x 10° (dyn/cn?), we find 7.=365us from losses are negligible, then example 2 approximates the dis-
Eq. (6), andf.=437 Hz from Eq.(8). Using this cutoff fre- articulated stapes case. This is apparent from the compari-
guency, the delayr(f.) for the disarticulated stapes case sons of the group delays shown in FiggDBand 4A).

[Fig. 3D)] is 0.45 ms. From Eq9) we estimate the TM and In example 3, the incudo-malleolar joint stiffneks;,
ear-canal delayl, to be 42.5us. =3.7x 10 (dyn/cn?) is added to the malleus stiffneésg.,

For the measurements shown in Fig. 1, the ear-candl,=Ky+K,) terminating theT ;=40 us transmission line.
space is estimated to be approximately 1.5 mm, correspondexample 3 is similar to example 2 except that the incudo-
ing to an ear-canal propagation delay of 48 Subtracting malleolar joint stiffness is added to the malleus stiffness.
this delay from the combined ear-canal and TM-delay estiThus stiffnesd{, is more than an order of magnitude greater
mate requires that the TM delay 838 us. The distance for example 3 than for example 2. This example corresponds
corresponding to this delay for sound propagation in air igo the incus blocked at the IS joint. For this caseis ap-

1.3 cm, which is significantly larger than the physical dimen-proximately 10.5us[Eqg. (6)]. At low frequencies we expect
sions of the tympanic membrane. Thus, the above theoreticéthe delayr (0)=2T,+ 27, to be 101us. At high frequencies
considerations, combined with previous middle-ear measurghe reflectance delayshould decrease tol3=80 s with a
ments, suggest that there is significant delay in the tympanicutoff frequencyf, of 15 kHz.
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2. From reflectance back to impedance approach with three significant exceptions. We represent the

The reflectance group delay determines the reflectanc@®asured delayFig. 3D)] first as delay in the TM, and
phase, which in turn determines the location of the poles an§econd as delay in the middle-ear cavity. Third, we define
zeros of the impedance. The magnitude of the reflectance, g€ cochlear impedance in nonparametric termsZgs).
the other hand, determines the bandwidths of the poles ant’® rémaining elements are described as lumped-parameter
zeros. This follows from two formulas: the integral of Eq. €l€ments.

(4),

A. Description of the models

LR(w)=~ fo (w)do (10 The motions of the middle ear can be described by the
general model of Fig. ®\) consisting of three basic compo-
for ©>0, and nents:(1) the residual ear-canal space between the tip of the
1+|R(w)|el“R@ probe-tube microphone and the tympanic membré2jethe
Zpdw)= 1-|R(w)| @K@ (1) radiation impedance due to the residual ME cavify{ ),

and(3) the ossicular chain impedanZg ) due to the TM,

which follows from Eqgs.(1) and(3). The group delay may the ossicles and cochlea. In FigAj the MEC and the os-
be transformed into a reflectance phase angle by using Egicular chain impedances appear in series. This assumption
(10). As frequency increases, the phase angle incre@es has been previously shown to be valid for a wide range of
suming a positive group delgyandR(w) rotates about the frequenciegLynch, 1981(Chap. I); Puria, 1991kpp. 133—
origin in the complex plane. WheR is close to*1, the 135)].
impedanceZ,,, shows poles, defined as the set of complex  Figure 5B) shows the detailed electrical circuit repre-
frequenciess,= o, +jw, where R(s,)=1, and zeros, de- sentation for the tympanic membrane, ossicles, and the
fined byR(s,)=—1. middle-ear cavity. In Fig. 8) the TM and the MEC, en-

Since the magnitude of the reflectance is close to one foglosed by the dashed box, represent delay in the TM and the
conditions when the cochlear load is removed from theradiation load impedance of the open MEC. Thus the circuit
middle ear, to a first-order approximation, we can model thesf Fig. 5B) allows us to test the TM-delay hypothesis. To
impedance over a wide range of frequencies given only theest the MEC-delay hypothesis, the components in the

group delay data. dashed box of Fig. @) are replaced by the components in
In example 1 there is no added delay; thus the reflecthe dashed box shown of Fig(®).
tance angle asymptotically approachesas frequency in- In Fig. 5, currents and voltages of the acousto-

creases(e.g., ZR(w)|, _.—m) and asymptotically ap- mechanical system correspond respectively to either volume
proaches 0 as frequency decreages., 2 R(w)|, .0—0).  velocities and pressures, or “particle” velocities and forces.
Thus there is a zero in the impedancesas:c and a pole in

the impedance a® —0. Note that by simply adding delay 1. The ear canal

(example 2, multiple maxima and minima are introduced in  The ear canal is represented by a lossy cylindrical tube
the impedance magnitude above 1 kHz. Example 1 thug e., an acoustic transmission linef length L. and diam-
demonstrates that, when there is insufficient delay, the refleeterD,.. The ear canal and the open ME cavity are separated
tance phase anglgEq. (10)] rotates about the origin so py the TM and thus they must have the same volume veloc-
slowly that the poles and zeros of H41) occur with a much  jty U,.., resulting in a series configuration for the two im-

wider frequency spacing. When there is defag in the case pedancesi.e., Zo.+ Zmed that terminate the ear-canal space.
in examples 2 and)3the poles and zeros in the ME imped-

ance occur due to standing waves in the transmission line. |

this simple model there are no losgesy.,|R|=1) and thus 2. middle-ear cavity radiation impedance

the poles and zeros have infinig¥s. More realistically|R| For the TM-delay hypothesis the ME cavity impedance
<1, and, correspondingly, the bandwidth increases and th8meciS represented by a radiation load impedance
Q'’s having finite values. joM, xR,

In summary, addition of group delay to the reflectance is Zmec=ﬂ. (12
the key to a model that works over a wide frequency range, (RytjoMy)
as shown by our three simple examples. In Eq.(12) M, is the mass of the radiation load aRg is the

effective damping due to loss of energy through the widely

IV. THE MIDDLE-EAR MODEL opened ME cavity. Equation(12) represents the functional

_ _ L form for either a plane piston in an infinite baffle or of a
Up to this point we have explored the possibility that plane piston at the end of a long tubBeranek, 1954, pp.

there is delay in the tympanic membrane. In this section W8 24125, Our case seems to lie somewhere between these
formulate a more complex model that allows us to investi-yyg extremes.

gate the possibility that the measured ear-canal reflectance
delay is in the residual postsurgical, widely opened ME cav- )
ity. 3. Tympanic membrane model
Middle-ear models are commonly defined in terms of  The ligaments of the malleus and the attachment of the
lumped-parametgiparametri¢ models. We shall follow this  anterior process of the malleus to the tympanic bone helps to
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FIG. 5. Three middle-ear model circuit representatidAs. The ear-canal impedan@g, is the sum of the impedance of the middle-ear caity,. and the
impedance of the ossicular chay., which is a function of the properties of the tympanic membr@né), ossicles, and the cochlea. Panels B and C show

two different models proposed for the TM and ME@®) The tympanic membrane is represented by a nondispersive lossless transmission line. This
transmission line has a frequency-independent d&lgyfrom the tympanic ring to the umbo and characteristic impedahge The space between the
measurement plane and the TM is represented by a cylindrical tube with digbyetard lengthL ... The radiation impedance of the open middle-ear cavity

is represented by the parallel combinationRyfandM,;. The rotational mass of the malleus is representehywhile malleus and incus ligamen(sig.

2) are represented by stiffness,,. See the text for a description of the other circuit elements. The three different measurement conditions of Fig. 1 are
modeled by appropriate setting of switctggs andSs: when both switches are open, the circuit represents the intact measurement condition. WitlSgwitch
closed andsys open, the circuit represents the drained cochlea measurement condition. With Syyittdsed the circuit represents the disarticulated stapes
measurement condition. The third swit8}} corresponds to the blocked incus case, which is discussed in thé@g¥&n alternative representation for the

TM and MEC is shown. The MEC-delay model is obtained by replacing the contents of the dashed box of panel B with the contents of the dashed box shown
in panel C. In this model the delay is in the MEC rather than in the TM. The MEC is represented as a cylindrical tube with Jgrastid D ... terminated

by a radiation impedance. The TM is represented by a piston having stiffpgss1d masM,,. The parameters for both models are listed in the Appendix.

maintain the conic shape of the TM. Bssy (1960, p. 195  The pressure in front of the TM under the condition that the

has argued that the human eardrum resembles a stiffen®dEC is short circuitedR;=0 or M;=0) is defined a®,.

cone rather than a stretched membrane. The tympanic membrane matrix eleme#§,,, Bim, Cim.
The ossicular chain and TM components of the imped-andDy,,) in Eq. (13) are due to the product of two matrices:

ance is defined a&,;. In the model of Fig. BB) the TM is

represented as a lossless transmission line having a matched

characteristic impedancg,,, and a frequency-independent | Am(®) Bm(w)

delay Ty, between the input at the tympanic ring and the| C, (w) Dyy(w)

output at the umbdi.e., the tip of the manubriumIn this 1

representation, a small segment of the TM transmission line X[Atm 0 } (14)

corresponds to an annulus of the TM. The TM model shown 0  Aml

in Fig. 5(B) can be succinctly represented in terms of a two-

port matrix as follows:

cos(wTyy) jZot SIN (0Tyy)
iZot sin (0T cos(wTyy)

The diagonal matrix on the right-hand side represents the
TM as a transformer, with turns ratiy,,,. In Eq. (14) 0Ty,

Am  Bm|[F, is often written a! in transmission line terminology, wh
_ (13) s often written akl in transmission line terminology, where

Pm
{ Cim Dim/LVul’ k is the wave numberdf/c) andl is the length of the line.

Uim

3470 J. Acoust. Soc. Am., Vol. 104, No. 6, December 1998 S. Puria and J. B. Allen: Tympanic membrane acoustic delay 3470



TABLE Il. Physical dimensions assumed for the cat middle ear. by the error minimization procedure. The dimensionsLfgr
andD .. were based on the approximate location of the trans-

Description Symbol Value Units C : . ;
ducer in relation to the eardrum and ear-canal dimensions.
Length of ear canal Lec 0.15 cm Average values for dimensiors,,, andN, were taken from
Diameter of ear canal Dec 0.36 em the literature(Wever and Lawrence, 1954
Area of TM Am 0.41 cnt
Area of stapes footplate A 0.0126 cm
Ossicular lever ratio N 2 (dimensionless

1. The matched-impedance condition

Ossicle mass can limit the high-frequency behavior of
the middle eaShaw and Stinson, 1981lf, however, each

In Fig. 5(B), the impedance of the malleus is representednass element is followed by an appropriate compliance, such
by Zy(w)=Rnp+Ky/jo+joMy,. StiffnessK,, and damp- that a section of “matched” transmission line is formed by
ing Ry, are due to the ligaments of the malleus and incus. the two elements, then ossicle mass does not limit the fre-

The transformer with turns rati, represents the lever quency response. Such a properly matched system will attain
ratio between the malleus and incus. The shunt impedance wide frequency response at the price of acoustic delay.
Zimi(0) =Rimj+ Kiy;/jo represents the slippage at the IM This is a necessary and favorable trade. In Fig)5two of
joint. The incus is represented by the méds. The shunt the series massémductors have corresponding shunt stiff-
impedanceZg(w) = Risj+ Ksj/j o represents the slippage at nesseqcapacitory since the malleus madd ,, may be as-
the incudo-stapedial joint. The transformer with turns ratiosociated with joint stiffnesk;y;, and the incus madd; may
Arp converts the stapes velocity into the footplate volumebe associated with joint stiffness;. Thus the ossicles may
velocity. The stapes is represented by midss The annular  be viewed as a lumped-parameter transmission [lang.,
ligament which holds the stapes in the oval window is rep-Giacoletto(1977), Chap. §. In addition to providing a means
resented by a parametric viscoelastic spridg({w)=R,  for achieving higher-frequency response, the number of un-

4. Ossicular chain impedance

+Kaljw. known parameters may be reduced by one if we assume that
the IM joint stiffnessK;y,; and the malleus mas®!, are
5. Cochlear load related by theitocal characteristic impedancén summary,

The “load” on the stapes is the cochlea, consisting Ofthe basic equation for the characteristic impedance of a

the cochlear input impedan@(w) in series with the round lumped-parameter mechanical transmission line is

window impedance& (). Our 1991 model results for the Z,= MK, (15)
cochlear input impedance with tapered scalae area cochlea )
and viscous perilymptPuria and Allen, 1991, Fig. 18vere where M and K correspond to the elements of the series

used as a cochlear load, since the actual load for the anima§ass and shunt stifiness. Solving férin Eq. (15) we get
used in this study is unknown. K=Z/M, which we call thematched-impedance condition

To calculate the IM joint stiffness, we assume that the local
characteristic impedance at the malleuZjgA2,N2, which
. ) ] is the characteristic impedance of the ear canal transformed
In Fig. 5(C) the delay in the MEC is represented by a g the IM joint.
The TM is represented by a piston with stiffnésg, and  joint stiffnessk;,; is therefore
. . imj
massMy,,. The value ofK,,, is chosen such that it has the 2 22
same impedance at low frequencies as the TM-delay model | _ (ZoAimNir) 16
(Kin=Zot/ Tym) . For the MEC-delay model, the widely open fmTm MmNE '
ME cavity is represented by a tube of lendth..and diam- - .
eter D, terminated in a radiation load impedance of theyvhere the quantity in the parentheses is the local character-

same form as Eq12) but with different parameter values. istic impedance at the malleus. The. denominator is the
malleus mass transferred to the other side of the transformer,

with N, representing the lever ratio. We define the constant
a;m as an impedance mismatch parameter betw@ijm
For the disarticulated stapes case, the TM-delay modednd the local characteristic impedance. Based on direct ob-
of Fig. 5B) requires specification of 13 parameters, whileservations of the cat IM joint slippag&uinan and Peake,
the MEC-delay model of Fig. (&) requires specification of 1967, we have set,,=3. While the total number of pa-
14 parameters. Since we do not knaapriori any of the rameters for the IM joint is two, the number of search pa-
specific parameters for the ME impedance shown in Fig. 1rameters is one because of the estimate;gf.
our approach is to draw average parameter values from the How does the matched impedance constrain help? If the
literature as a starting point and then use an optimizatiomssicles were not matched, energy would be less effectively
procedure that varies many of the parameter values, minieoupled to the cochlea, and the coupling would depend on
mizing the errofEqg. (A3)] between the model and the ear- frequency. Since wideband frequency measures of the co-
canal impedance measurements of Fig. 1. chlea(such as the cochlear microphonic, middle-ear pressure
The four parameters shown in Table Il were not adjustedyain, and threshold of hearipndo not vary significantly with

6. Middle ear cavity delay model

B. Parameter selection and reduction
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FIG. 6. Two model calculations are shown for the disarticulated stapes cas€&|G. 7. Measuremeni&ar 1) and model calculation for the drained cochlea
along with the measured data for eaf1). The TM-delay model, an¢?) the case. The complexity of this case increased from the disarticulated stapes
MEC-delay model.(A) Ear-canal impedance magnitudd) Impedance case by the addition of the incudo—stapedial joint, the footplate area trans-
phase angle(C) Reflectance magnitudéD) The reflectance group delay former, the annular ligament, and the stapes mass. These elements have an
7(w). effect on the impedance and reflectance mostly at frequencies below 4-5

kHz. Above 4-5 kHz, the drained cochlea and the disarticulated stapes

impedances and reflectances are approximately the same for both model
frequency above a few kHz, we believe that the middle eatalculations(See Fig. 6 for a description of pangls.

effectively couples ear-canal energy to the cochlea, justifying

our assumption thad;y,= 5. related variations seem to be due to the acoustical properties

of the middle ear. By removing the radiation loZd in the

model, we determined thaty( ) is a monotonically de-

creasing smooth functiorsuggesting that the small oscilla-
Because the stapes and cochlea have been removed, tiths above 6 kHz may be due to the radiation load imped-

disarticulated stapes case has the fewest number of paramnce Z, causing a small impedance miss-matgiee also

eters of the three conditions shown in Fig. 1. Fitting the TMFig. A1).

and ossicle model requires the estimation of eight unknown  Figure 6 shows that, for the entire range of frequencies

parameters: the radiation lo&#), the TM delayT,, (1), the  tested bothmodels are in agreement with measurements. We

malleus stiffnesK,,, massM ,, and dampindRp,, (3), the IM conclude that on the restricted evidence of impedance or re-

joint dampingR;y,; (1), and the incus maddl; (1). flectance, the delay can be either in the tympanic membrane
An automatic search procedure was used that minimizegr in the middle-ear cavity.

the erroffsee Eq(A3)] between the measured impedance log

magnitude and phase angle and model impedance log magyr Drained cochlea

nitude and phase angle. Starting from an initial estimate, the . .

algorithm minimizes the error while searching a constrained " 90ing from the disarticulated stapes case to the

parameter spacéypically within 0.005 to 200 times the d_rglned cochl_ea case, mode_l cqmplexﬂy increases by the ad-

starting values using a quasi-Newton algorithm. Several dition of the incudo-stapedial joint, stapes mads, and

random perturbations by 25% of the initial parameters lead@nnular ligament impedance. Four additional values for pa-
to the same solution. rametersR;s;, Ky, Ry, and Mg are required for this case.

Using this search procedure, the tympanic membrangheoretmal considerations suggest that the input impedance

delay model parameters were estimated for all three earS! the drained cochled is negligibl€ in comparison with
The final parameters for ear 1 are listed in Table Al of thedamping of the annular ligameR, [Puria and Allen, 1991,
Appendix. Parameters for the other two ears typically dif-Eq. (6a)].

fered from model parameters for ear 1 by less than a factor of AS in the IM joint case, we apply the matched-
2. The TM delay in the other two ears was found to peimpedance condition to the incudo-stapedial joint, treating
approximately 34us for ear 2 and 4Jus for ear 3. Rather the joint stiffnesK;s; and the incus madd; as a segment of
than list the parameters for the other two ears, we show th@ parametric matched transmission line. The equation for the
sensitivity of the TM-delay model to changes in model pa-impedance-matched joint stiffness in terms of the mass and

C. Disarticulated stapes

rameters in Fig. Al of the Appendix. the local characteristic impedance is
The model and measured impedances for ear 1 for the (ZoA2 le)z
disarticulated stapes case are shown in Fig)6éand (B), K= — (17)

while the reflectance magnitude and group delay are shown M
in Fig. 6(C) and (D). Both the TM-delay and MEC-delay where the quantity in the parentheses is the local character-
models account for the highQ-standing waves. istic impedance at the incus.

Although the measured group delay at frequencies above The four additional parameters were obtained by manu-
3 kHz has a mean value of approximately 106, there is ally adjusting them to obtain agreement between model and
tendency for the delay of ear 1 to “oscillate” in frequency. measured impedance magnitudes and phases, and are listed
The TM-delay model shows a similar oscillation. These cor-in Table Al. During this adjustment the parameters found for
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IMPEDANCE REFLECTANCE Slippage: malleus-incus, incus-stapes Stapes Displacement
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FIG. 8. Measurementgear ) and model calculations for the intact case. FIG. 9. Comparison of model calculations to measured data of the motions
The complexity of this case is increased from that of the drained cochleaf the ossicles. Magnitudéd) and phase angléB) of the slippage at the
case by the addition of the cochlear load. The input impedance of a taperé@icudo-malleolar joiNtDnus/ D maieus @Nd slippage at the incudo-stapedial
cochlea with viscous perilymph was used as the cochlear (Bada and  joint Dguped Dincus: Magnitude(C) and phase angléD) of the ratio of the
Allen, 199). (Note the change in scales [&| and|R| from previous fig-  stapes displacement in cm per dynfc(@4 dB SPL. The stapes volume-
ures) velocity Ug(w) of the model was divided byw and the footplate aredy,

to obtain the stapes displacemé&ny,. Measurements by Guinan and Peake

the disarticulated stapes casere held fixedThe estimated (1967 in four cat ears are shown as different symbols.

parameters for the stapes and annular ligament were found to
be within a factor of 2 of those obtained experimentally byto the drained cochlea and the disarticulated stapes cases
Lynchet al, (1982. The average footplate arég, is known  (Figs. 7 and & However, for the MEC-delay model, the
from anatomical measuremeritsynch et al,, 1982. impedance magnitude varies by as muchtd$ dB, indicat-
Model and measured impedances for ear 1, for théng standing waves that are much larger than in the TM-
drained cochlea case, are shown in Figh)7and(B) and the delay model. We conclude that the TM-delay model is con-
reflectance magnitude and group delay are shown in Fig$i$tent with measurements, while the MEC—delay model is
7(C) and (D). As may be seen from the measurements andnconsistent. Thushe middle-ear cavity delay hypothesis is
model calculations, adding the stapes and the annular ligduled out
ment stiffness has a significant effect below 5 kHz.
As in the disarticulated stapes case, Fig. 7 shows thay. FURTHER TESTS OF THE TM-DELAY MODEL
both model results are consistent with measurements for a ) ] ]
wide range of frequenciesVe conclude that, if one is given AN important test of any good model is that it can pre-
only impedance (or reflectance) measurements of the disafliCt measurements not explicitly used in its formulation. In
ticulated stapes case or the drained cochlea case, it is imthiS Sectiongeneralizability of the middle-ear model with
possible to determine the source of the dele shall next T'_V' delay is Ve“fled l_oy comparing our model calc_ulauons
show, however, that, once a cochlear load is attadiieel with known physiological measurements from the literature.

“intact ear” cas8, the two hypothesis may be distinguished. W€ compare model results for the following middle-ear
measurements from the literatur@) incudo-malleolar and

incudo-stapedial joint slippagé€?) the stapes displacement
_ _ _ to ear-canal pressure ratio, af@) the middle-ear pressure
In going from the drained cochlea to the intact ear, thegain. These measurements were not used in the model for-

model complexity increases by the addition of the cochleapyjation, with the exception of the IM joint slippage data.
load impedanceZ(w) on the middle ear. As previously

mentioned, our 1991 model of the cochlear input impedancei. Ossicular motion
with tapered scalae area cochlea and viscous perilytiRph
ria and Allen, 1991, Fig. )8 was used as the model cochlear
load. The ratio of the incus to malleus displacement
The parameters for both ME models were held fixed,(Dn./D g Solid line) from the model is shown in Fig(A)
and no new parameters were required for this calculationand(B) along with data points measured by Guinan and Peak
The model and measured impedance magnitude and pha€Ed67). Measurements and model magnitudes agree, while
for the intact case of ear 1 is shown in FigA8 and(B), = phase angles disagree by more than 0.5adove 10 kHz.
while the reflectance magnitude and group delay is shown itn Eq. (16) the IM joint stiffness, and thus the impedance of
Fig. 8C) and (D). With the cochlear load the impedance the IM joint, is directly proportional tay;,. Although not
magnitude for ear 1 varies by aboti6 dB. Consistent with  shown, decreasing;,, has the effect of increasing the joint
previous result§Mdller, 1965; Lynch, 1981; Allen, 1986 slippage. As is apparent from Fig(BH, decreasing the IM
Fig. 8 shows that the cochlear load has a dramatic effect ojpint impedance will result in an increase in the current
the middle-ear impedandand thus its reflectange through the IM joint shunt branch and thus a decrease in
For the TM-delay model, the standing waves in the im-V,,., corresponding to increased slippage. Changes,itby
pedance magnitude are significantly reduced, in compariso80% have a large effect on the IM slippage.

E. Intact ear

1. Slippage of the ossicles
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malleus stiffnes¥,, (see Fig. A} and the stiffness of the

40 M= 4\ annular ligamenK . Increases irK, or K, result in a de-
& T™ Delay | REL S crease in stapes displacement, and this results in an increase
%20 Mode! W\ ," in ear-canal impedance for frequencies below 1 kHz.
3 - Lynch et al. (1994 established a correlation between
% J/i/ E?w’,,lec body weight and eardrum compliance. One possible reason
= ol for the higher stapes displacement is that our anirffts 1)
0_8 l had systematically lower stiffness than the Guinan and Peak
s A A animals(Fig. 9).
9 0.03 0.1 1 10 30 At high frequencies the phase shift in the stapes dis-
°g : . 5 placement re the ear-canal pressififég. 9D)] is much
o L e R T greater than the phase shift in the IM jo[iig. AB)]. Thus
e . /u"“% . the model IM joint does not account for most of the stapes
o % 0 e nl displacement to ear-canal pressure phase shift. In the TM-
g4 "~--f‘ e delay model a portion of this phase is due to delay in the
2 \" tympanic membrane.
£ 2 *, \
3 . — ] ' i B. ME pressure gain and round window cochlear
ATERT, R ATy 2 Taeey 2 microphonic
Frequency (kHz)

The middle-ear pressure gaiis defined as the ratio of
FIG. 10. Compared here are the middle-ear pressure gain of Nedzelnitsk€ vestibule pressure near the footplate to the ear—.ca'nal pres-
and Deory, the ratio of the round window cochlear microphof@M) to  sure near the tympanic membraRg(w)/Ped w). This im-

the ear-canal pressur{j for ear 1, and model calculations of the middle- portant ratio is related to the behavioral thresh@Riria

ear pressure gain. Two measurements of the middle-ear pressure gain wi ; :
middle-ear cavities wide open are showf) Nedzelnitsky’s(1980 mea- g{ al, 1997) and the cochlear mlcrophon(tCM) response

surement is the median and range of six cats, @décory’s (1989, Fig.  (Dallos, 1970; _Ned_zelnit5ky' 19_80; _A”en’ 1983
105 measurement is from one ear. Also shown is the CM data chosen from  As shown in Fig. 10 there is mixed agreement between
the linear regime of the CMi.e., just before it started to saturp@nd its the calculated middle-ear pressure gain and the measured
magnitude scalédto agree with the pressure gain at 1 kHa allow com- . . . _
parison with the calculated middle-ear pressure gain. Panel A shows thgressure gain. In 1980 Nedzelmts,@g' 13 report_ed mea
magnitude in dB[20 log,(|X/P.J), whereX is eitherP, or CM] of the ~ Surements of the ME pressure gain in six cats with open ME
transfer function and panel B shows the phase angle inrralife “ideal  cavity. In Fig. 10 these calculated and measured pressure
mechanical transformer model” is a zero-delay model that proposes that th@ains are shown along with the measurements of cat middle-
product Au,/Ag) XNy is the pressure gailNtg (Wever and Lawrence, ; B ; _
1950. For the catNg~39 dB as shown by the straight line in panel A. ear pres§ure gain from erY ,(1989’ Figs. 104-105also
for the wide open bulla conditioriAlthough not shown here,
) ) ) Decory also measured the pressure gain with an open bulla
~ Our model calculations of the ratio of the incus to stapesayity but intact septum, and found the pressure to be lower
displacemenDi,c/Ds;, as shown in Fig. @) and(B), SUg-  than the mean of the removed septum by 3—6) dExcory’s
gest that there is no significant slippage between these tw@,easured pressure gain is greater than Nedzelnitsky's by

ossicles even at the highest frequencies. This result is corz_12 4B while the phase angles are in reasonable agree-
sistent with measurements of amplitude and phase betwegRant.

the incus and stapes displacement by Guinan and Peake The middie-ear pressure gain was not measured for the
(1967, pp. 1248-1249Changes irK; by a factor ofs105  ears used in the present study. However, the ratio of the
do not have a significant effect on the IS slippage becaus,eound window cochlear microphoﬁic(CM) to ear-canal
the stiffness of the IS joint is large. In order for there to bepressure was measured, and is labeled “Ear 1-€M/in
significant slippage in the IS joinky; would need to be  Fjg 10, |t has been argué®allos, 1970; Allen, 1988 and
lower by a factor of 10 or more. is now widely accepted, that the CM is proportional to the
pressure drop across the cochlear partition becaasdhe

CM is proportional to basilar membrane displaceméhbt,

An important measure of middle-ear transmission is thebasilar membrane displacement is stiffness dominated for
ratio of the stapes displacement to the ear-canal pressurequencies less than the characteristic frequency corre-
The model computation of the stapes displacenientms  sponding to the place of measurement, &)dcharacteristic
per unit of pressure at 1 dyn/éni74 dB SPL is shown in  frequencies near the round window are greater than 30 kHz.
Fig. 9C) and (D). For comparison, the stapes displacement  There is close agreement between the model calculations
per unit ear-canal pressure data published by Guinan arahd both the pressure gain and the CM data in the 0.03-8-
Peak(1967) are also shown. kHz frequency rangéFig. 10. Above 8 kHz, there are sys-

Below 500 Hz the model stapes displacement magnitudéematic differences in slopes of the magnitude of the round
is greater than the measured values. For example, at 100 heindow CM and measured pressure gain and middle-ear
the model results are greater by a factor of 2. At low fre-model pressure gain. Above about 4 kHz the model slope is
guencies, the stapes displacement is dominated by tHess than the CM slope by about 4 dB/oct.

2. Stapes displacement
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VI. DISCUSSION would be absorbed by the drum, and transferred to the co-
chlea. This could only happen if the TM had the same im-
_ _ pedance as air, which it does not.

The goal of the present work is to understand middle-ear  However, if at each point the stiffness were controlled,
mechanisms for frequencies above a few kHz. A reflectancg,, example, by the TM curvature, then the annulus having
group delay of approximately 100s has been found in the e |argest radius from the umbo would have the lowest stiff-
disarticulated stapes and drained cochlea cases for frequefags, since its curvature there is smallest. If this stiffness
cies above 2 kHEFigs. 6D) and 1D)]. Two hypotheses for yere controlled in the proper way, the impedance of this
the measured delay were testét): the delay is in the .tyr.n- outer annulus could have an impedance that is close to that
hanic .membraneéTl\_/I-deIay mode), and(2) the delay is in of air. The wave speed on the TM would necessarily be
the middle-ear cavity spad@EC-delay model As shown lower, by the ratio of the density of air to the density of the

in Fig. 5, we have assumed a series model for the ossicula]r : N
: : . M. This would mean that the impinging plane wave would
chain and the middle-ear cavity spagnch, 1981, Chap. be absorbed in this portion of the TM with nearly zero re-

Il; Puria, 1991b, pp. 133-135We have quantitatively ana- flection, and would be transformed into a transverse, slowly

lyzed the two models, moving wave on the surface of the TM.

Quantitative model calculations suggest that the two The resulting wave would then propagate into the umbo
models arenot distinguishable if one includes only the im- . g wa . propag .
gion along the radial axis. Due to the increasing TM cur-

pedance for the disarticulated stapes and drained cochld§ ) : :
cases(Figs. 6 and 7. However, the two models are easily vature with rgdlus, the Iocql impedance of the transverse
distinguished when the intact case is included, as seen in Fi/2V€ would increase. !n this mode_l of the T,M’,the main
8(A) and (B). The cochlear load significantly reduces the!mpedance .transformatlon of the .mlddle ear is in the T™M
magnitude of the standing waves for the TM-delay model buftSelf, resulting from the propagation of the wave, and the
not for the MEC-delay modelAll of the arguments above gradient of the ear-drum stiffnesshis view of the acoustic

A. Testing the two hypotheses

refute the middle-ear cavity delay hypothesis. surface wave on the eardrum is analogous to an acoustic
horn having a radially dependent characteristic impedance.
1. The MEC-delay model That portion of the ear-canal plane wave, incident on the

h he delav is in th iddl . h umbo and manubrium, would be reflected, as this more cen-
When the delay is in the middle-ear cavities, the reSOtral portion of the TM (unlike the annulus bounding the

nMaEéeds ::ome f(rjorln ttrr]]e 3tand|_ng wgves n tf:e ME”C In trr‘]eI'M’s circumferencg would not match the impedance of air.
-delay model, the drum impedance 1S typically muc Thus the reflectance, as measured in the ear canal, would

smaller than the MEC impedance, namplid <|Zed. For .depend on the percentage of the TM that is unmatched in

the intact case, the experimental TM impedance is approxi- = .. T :
e specific acoustic impedance. This would set a low bound on
mately matched to the ear-canal characteristic impedanc

This is inconsistent with the MEC-delay model because the(?he magf"‘“de of t.he reflectance..
In this tympanic membrane with waves, the mass of the

I MEC i d i ies \digh. In all th e .
arge Impedance appears in series wgh. In all three does not limit the performance of the system at high

cases the impedance of the middle-ear cavity dominates ies. The local TM . led by the local TM
frequencies above 4-5 kHz and consequently changes in t grauencies. The loca mass IS cancelé y the loca
stiffness, forming a transmission line with delayhus the

ossicular chain impedandee., due to draining the cochlea =7 X o

or disarticulating the stapesio not have a significant effect distributed design trades mass for delay, giving the transfer

on the ear-canal impedance at those frequencies. function a much wider bandwidth than attainable with a
lumped parameter modéé.g., the two-piston model of the
TM of Shaw or the one-piston TM model of Zwislogki

2. The TM-delay model Specifically, we represent the TM by a lossless transmis-

When the delay is in the tympanic membrane, standing'on line, with a frequency independent delay of approxi-
waves in the TM surface give rise to resonant modes. In thi§'ately 36us (for ear 1. This representation allows for the
model the relative magnitude . (due to the open POssibility of standing waves on the tympanic membrine.
middle-ear cavity is small in comparison t&,.. Thus the Representing the TM as a lossless frequency-independent de-
ear-canal impedancg,. is dominated byZ,.. The TM-delay  lay, as in Eq.(13), is only a first-order approximation, and

model is sensitive to changes in the load to the ossicula®ne thatis shown to be reasonable to fairly high frequencies.
chain, unlike the MEC-delay model. Recent measurements between 2 and 46 kHz provide further

evidence that there is frequency-independent delay in the
middle-ear system. Olsqii998 has shown that the phase of
B. Transmission line representation of the tympanic the gerbil middle-ear pressure gain is approximately linear
membrane with a corresponding delay of approximately 2§. Future
Once sound is collected by the external ear, it propameasurements of the TM transmission magkx). (14)] will
gates into the ear canal where all higher-order modes belowe the definitive tests of the model presented here.
the ear-canal cutoff frequency are exponentially damped. In summary, the mechanics of the auditory periphery
Thus below approximately 25 kHz acoustic signals have &onsists of a cascade of transmission lines. These are the
plane wave mode of propagation. Ideally, when this planeconcha, the ear canal, the tympanic membrane, the ossicles,
wave reaches the tympanic membrane 100% of the energgnd the organ of Corti.
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1. Tympanic membrane wave speed velocity and umbo velocity. For a pistofridged plate
For a TM area of 0.41 ch(Wever and Lawrence, 1954, Model of the TM, the magnitude of - to Ay ratio is by

p. 416 the radius is approximately 0.361 cm, and the Corre_defini_tion unity .and deviations from _unity indicate the degree

sponding wave speed, for a 35.& delay, is approximately t© which a particular TM model deviates from a plate model.

10.1x 16° cm/s. Such a wave speed on the TM is slower, by N our two-port formulation for the TM mod¢Egs.(13)

a factor of 3.4, than the speed of sound in air. and (14)] A is Am/cos@Tyn) and Ay is Ay COS@Tim).
In our formulation for the TMEq. (13)], a small section  Thus the ratio of the areas is simply

of the TM corresponds to an annulus on the TM which hasa  A_ 1

local wave velocity approximated to be same regardless of A_v: m- (18

the radial position. A refinement to this idea could be a

model where the local wave velocity depends of the radiallhis equation states that in the present model the ratio of the
position along the TM; however, the motivation for such aareas clearly does not behave like a piston and, furthermore,
model remains unclear. the area ratio is a periodic function of frequency. The first
peak in the area ratio occurs wheT .= 7/2, or at a fre-
quency of (&) 1. For a TM delay of 35.7us this corre-
o . sponds to a frequency of 7 kHz, and thus the maxima and
We have analyzed the transmission line representatiopinima in Eq. (18 occur at multiples of 7 kHz. Further

for the TM from an input-output point of view. AnOther neaqrements of the transmission matrix elemigas(14)]
approach is to analyze tlepatial response of the TM trans- are needed to verify Eq18).

mission line.

Given a unit ear-canal pressure, the ear-canal impedan(];_r)e Previous tvmpanic membrane models
is the reciprocal of the volume velocity. Cancellations of the ™ ymp
volume velocities across the TM surface, due to portions ofl. Lumped parameter representations
the TM moving with different phases, would result in a rela- Matthews (1983 represented the cat TM with a one-
tively small ear-canal volume velocity, and thus a relativelydegree of freedom model, consisting of a series resistor,
large middle-ear impedance magnitude. Conversely, whemass, and stiffness. He showed that the model input imped-
the entire TM surface moves in phase, the ear-canal volumgnce diverges from the measured data for frequencies above
velocity is relatively large, corresponding to a small middle-3_4 kHz. The problem is that the model impedance is mass
ear impedance magnitude. dominated above 4 kHz, whereas the measurements are ap-

Time-averaged holographic methods show that for freproximately resistive. As discussed by Matthe{@883, the
quencies above 3 kHz and levels greater than 90 dB SPL, thgjjure is primarily due to an inadequate representation of the
surface of the “tympanic membrane vibrations break up intotympanic membrane.
sections,” suggesting that the TM is not a stiff plékhanna A natural extension of the one—degree of freedom TM
and Tonndorf, 1972 These measurements are consistenpiston model is the two—degrees of freedom model. We have
with our conclusions that there are standing waves on thgreviously attempted to model the data of Fig. 1 with such a
TM. Thus, the Khanna and Tonndaf972 observation is  model (Puria, 1991b; Puria and Allen, 1994owever, that
consistent with our model that acoustic waves travel on th@node| proved unsatisfactory because the parameters de-
tympanic membrane. pended on the measurement condition, which is nonphysical.

It would be instructive to measure the tympanic mem-  Another two-degrees of freedom model is the “two-
brane surface displacement patterns before and after remopiston model” for the human TMShaw, 1977; Shaw and
ing the cochlear load from the middle ears of the same anistinson, 1981, 1983; Goodet al, 1994. The two-piston
mals. Our model prediCtion is that the magnitude of themode| has been tested On|y for frequencies up to approxi-
standing waves observed on the tympanic membrane surfaggately 8 kHz(Shaw and Stinson, 1981To evaluate delays
should increase significantly after draining the cochlea, ofy the most recent incarnation of the two-piston model we

2. Standing waves on the tympanic membrane

after cutting the incudo-stapedial joint. have calculated the reflectance group delay in the Goode
et al. (1994 model. Above 5 kHz the group delay is less
C. Two-port matrix representation than 30us in contrast to the approximately 1@ measured

The most important difference between the current” thet catfea|t(rl]:|gh3). Thus thde two-p;ston moielr:/wth ?ﬁ

model and previous models is the representation of the tymr_ame ers tor the human ear does not appear 1o have Ihe re-
panic membrane. Comparisons among various models fqured delays for high frequencies and it therefore seems
the TM can be facilitated by analyzing them in terms of amconsistent with the cat middle-ear measurements. We feel

two-port transmission matrix representation. Such a charaé-he two-piston model needs further study.

terization is interesting because two of the elements of the

transmission matrix have a specific physical interpretation irf- Finite-element models

terms of aredShera and Zweig, 1991The reciprocal of the Most finite-element models of the middle ear have only
matrix elementA.,(w) in Eq. (13) is the effective area been tested at low frequenci€sunnell and Laszlo, 1978;
Ar(w) corresponding to the ratio of the ear-canal pressuré-unnell, 1983; Wadat al, 1992. Very interesting is the
and umbo force. Matrix elemefl;,(w) is the effective area work of Funnellet al. (1987 in which the magnitude of the
Ay(w) corresponding to the ratio of the ear-canal volumeumbo displacement, and points anterior and posterior, were
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reported for frequencies up to 20 kHz. Their model calcula-eeds to be fairly large in comparison with measured mass of
tions suggest that not all parts of the TM move with the samehe ossicles. It is perhaps for these reasons that estimates of
amplitude. However, the overall behavior of the TM is notthe malleus mass in previous middle-ear modPBlsake and
evident from the calculations reported. It would be instruc-Guinan, 1967; Matthews, 1983; Puria, 199hlave been ap-
tive to recompute the input impedance for the finite-elemenproximately an order of magnitude gredtéhan the mass
models for the conditions of Figs. 6 and 7. Wadgal. estimated by the model with TM delgffable Al). Thus in
(1992 have made such calculations, but only for frequencieshe model of Fig. 8), mass has been traded for delay re-
below 2 kHz. Other important measures, such as the middlesulting in a middle-ear input impedance which is, consistent
ear pressure gain, should also be calculated by loading theith experiments, not mass dominated at high frequencies
finite-element model with a cochlear load. One undesirabl¢Fig. 8 A) and (B)].

aspect of finite-element models is the large number of pa-

rameters that need to be estimated. The present finding of

TM-delay imposes important model constraints and thus in-

corporating TM delay can help to greatly reduce the numbef- Pressure reflectance to power

of parameters in the finite-element models. Transforming the impedance to the reflectance domain
allows for a much simpler description of a distributed sys-
tem; the relative power transfer from a source to a load is
equal to 1-|R|? (Carlin and Giordano, 1964; Siebert, 1970;
We next ask: Are the parameters for the mass of thePuria, 1991b; Voss and Allen, 1994while the poles and
ossicles used in the model reasonable? We chose these vakros are described by the phaseRofEq. (11)].
ues by a global parameter search under the constraint that the For the disarticulated stapes case almost all the energy is
ossicles form a matched segment of discrete transmissioturned; the reflectance magnitude is between 0.8 and 1.0
line. Lynch (1981, p. 236 measured the malleus mass to befor frequencies below 8 kHz. This means that the drum and
11.134-0.627 mg, while the incus mass was 4.313ossicles are largely reactive, with a relative power absorption
*0.328 mg. The malleus mass used in TM-delay modelshat is on the average less thar 0.9~0.20, or 20%. The
may be estimated from TM is loaded by the stiffness of the malleus ligament and the

E. Mass of the ossicles

MY 2 stiffness of the incudo-malleolar joint. Losses seen in these
M= ”‘2 , (19 measurements are probably due to damping in the ligaments
L and, at higher frequencies, to losses in the radiation load
where MY is the measured mass of the malleusis the impedance.
radius of gyration, and.,, is the length of the malleus. The For the drained cochlea,10.& or 36% of the power is

numerator in Eq(19) corresponds to the moment of inertia @bsorbed in the mid-frequency range. This implies that, to a
of the malleus. If one uses Lynchid981, pp. 231-233 first-order approximation, 36%20%=16% of the energy
estimate of 0.15 cm fo, 0.4 cm forL,, (Wever and May be absorbed by the annular ligament in this frequency
Lawrence, 1954 and M,,=0.37 mg (Table Al), then the range.

model MY is 2.6 mg, which is a factor of 4.2 smaller than ~ For the intact case, and in the 1-6-kHz region, the pres-
Lynch’s average malleus mass. This factor m|ght be acsure reflectance is less than 0.2. This means tha022
counted for by the smaller size animals used in the presert 0.96 is the fraction of the power absorbed. We conclude
study in comparison to those of Lynel al. (1994. Another  that more than 96%36%~60% of the power is absorbed by
explanation might be differences in the radius of gyrationthe cochlea.

between Lynch’'s measurements and those in the present
study.

Lumped-parameter models typically have mass elemen
values that are significantly greater than measured values.
Examples 1 and 2 in Fig.(€) indicate that at low frequen- In Fig. 10 the middle-ear pressure gain from the model
cies the lumped-parameter model is indistinguishable fronis compared to measurements of the middle-ear pressure gain
models that have added delésince they are both stiffness and of the round-window CM to ear-canal pressure ratio
dominateg. The higher frequency resonances are apparertCM/P.J. For frequencies below approximately 8 kHz, the
due to the added deld¥ig. 4C), examples 2 and|3The  middle-ear pressure gain in the model is similar to the mea-
resonances appear as a quasi-periodic series of mass asuted pressure gain, and has similar frequency dependence to
stiffness dominated regions. In the past, modelers have us&M/P... However, the model gain is typically higher than
inductors and capacitors to represent mass and stiffness reeth measurements for frequencies above 8 kHz. Possible
gions(e.g., Matthews, 1983; Kringlebotn, 1988; Puria, 1991;reasons includg1l) nonpistonlike stapes motion @2) inad-

Puria and Allen, 1994 For instance, in Fig. €) example 2, equate representation of the cochlear load.

the impedance is masslike in the 2- to 6-kHz region. To  Dallos (1974 has noted that the magnitude of the CM
account for this masslike impedance one could add a maggansfer function, recorded with differential electrodes, and
term toK,, to obtain a reasonable fit for frequencies below 6the magnitude of the scala-vestibule presgitedzelnitsky,
kHz. However, this would result in a model that works only 1974, are in good agreement for the 20-Hz to 2-kHz range.
for frequencies below 6 kHz. In addition, this mass termOur observations extend in frequency Dallos’ observation.

. Middle-ear pressure gain
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3 Vil. SUMMARY
A
&l > .. The present study reveals the presence of tympanic
E - N membrane acoustic delay in physiological measurements of
% ,_ynchgia,. the cat middle ear. The simplified TM-delay model presented
3, Al (1994) here allows us to address one of the basic issues of the physi-
28 odel cal properties of the ear drunts the tympanic membrane
- 1A acting as a combination of stiffness and mass terms (lumped-
6 element system), or does it act as a transmission line (dis-
20 2 4 6 8 tributed system)®e conclude that to a first-order approxi-
T o4 mation the tympa_lnic _mem_brane may t_)e represented as
E 7 '."-‘-‘| 5 Pt 1:tm/+Tec P lossless transmission Ilne with frequency-independent delay.
;e? : I"\us:' ¥ * ) R P Our mod_el of a tympanic m_embrane delay st_r_ucture, and the
3 0014 k] LOoET N a_ssumptlon of a mz_atched |m_pedance condition f(_)r the os-
v 6 TM Delay [, sicles, allows effective coupling of sound to the inner ear
4 Model Lyneh et al over a much higher frequency range than would be otherwise
1B A (159 possible.
0.001 '(l')"—' : : : Ei; The.tympa_mic membrane d.elay model is used ?n a com-
Frequency (kHz) prehensive middle-ear mod¢Fig. 5(B)] that describes a
wide range of measurements, namely:
FIG. 11. Umbo-velocity to ear-canal volume—velocity rag(w)/Ue{ w) —middle-ear impedance and reflectance for the disar-
in the “TM-delay model” is compared witml’k1 the reciprocal of the ki- ticulated stapes, drained cochlea, intact ossicles and
nematic area reported by Lyncét al. (1994. (A) The magnitude of
V,/Ug. The reciprocal of the area of the TM is labelég,!. (B) The COChIea’_ .
group delay calculated from the phaseVgf/U... The sum of the delay in —stapes displacement to ear-canal pressure ratio,
the TM transmission lind,, and the delay in the residual ear-canal space —middle-ear pressure transfer function,
Tec is labeledTy,+ Te.. For both the model calculations and the data, nega- —umbo velocity to ear-canal volume—velocity ratio.
tive group delays have been omitted from the plot. —incudo-malleolar joint inppage, and

—incudo-stapedial joint slippage.

All the model calculations to 25 kHz use a single set of
parameters. Above a few kHz, measurements and model cal-
Another test of the tympanic membrane acoustic delay.y|ations critically depend on our hypothesis that tympanic
hypothesis is the umbo velocity, to the ear-canal volume- memprane acoustic delay is large in comparison with delay
velocity U ratio (V,/Ug), which can be expressed as the jn other middle-ear structures.
product of two measurable functiond) the umbo velocity
to ear-canal pressure ratio, af®) the middle-ear input im-  ACKNOWLEDGMENTS
pedanceZ... Namely
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which has dimensions of an inverse area (émand is the
reciprocal of the effective area of the tympanic membrandABLE Al. Estimated parameters for the cat middle-ear model of Fig).5

A The form of the first seven function&,, to Z,,) is Z=R+K/jo+joM.
(e.9., Wever and Lawrence, 1954, Chap. 6,7llbtp 1983, The units for mechanical impedances, denoted by supersamiptiti col-

pp. 25-30. umn 2, areR (dyne-s/cn, K (dyn/cm), andM (g). The units for acoustical
The two measurement¥,/P.. andZ,) have not been impedances, denoted by superscript’‘in column 2, are:R (dyne-s/crf),
made in the same animals with the middle-ear cavities widé (dyn/cn?), andM (g/cnf). The radiation load impedance of the vented

open. However, the product of the two measurements wag'ddle-ear cavity is given by Ed12).

reported by Lynchet al. (1994. In the Lynchet al. termi- Description Symbol R K M
nology, V,/Ug is the reciprocal of the kinematic areaAl/ — —
of the tympanic membrane. For a piston model of the tym- Malleus Zm 4 L1510 37x10

. —1 . -1 . IM joint Zini 1 3.3X 10 0
panic membrand\, - is A, . Figure 11 show%/,/U for Incus om 0 0 1.1¢ 104
the TM-delay model and &, from measurements. Not sur- '
prisingly, there are differences in the model and measure-!S joint Z;sj 10 6.6<10° 0
ments in the 2—5-kHz region due to closed middle-ear cavity AThular figament - Z, 1X10°  53<10° 0

Stapes Z3 0 0 3.3

for the measurements. However, the measured group delayy - ... -8 0 1.2 10° 0
of 1/Ay and model group delay &f,/U . are consistent with o "
our TM delay hypothesis. Measurements\gf/U .. from the Radiation load a 160 5.6x10°°
same animals, with open MECs and at higher frequencies, gargrum delay ~ T,,=35.72us
are needed.
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teacher and colleague. Many of our experimental techniquesiade for the intact case by loading the drained cochlea
regarding the modifications to the ear were developed undanodel with a cochlear loa@Puria and Allen, 1991 In all

his guidance. Support for author SP came in part from Grantases, once each parameter was established, it was not al-
Nos. F32 DC00073, R03 DC02677, PO1 DC00119, and R2%wed to change for the next more complex case. The param-
DC03085 of the National Institute on Deafness & Othereters used in this model are shown in Table Al.
Communication Disorders of the National Institutes of

Health.

B. Sensitivity analysis of the TM-delay model
APPENDIX: MODEL PARAMETERS AND SENSITIVITY The sensitivity of the tympanic membrane delay model
ANALYSIS to parameter changes was estimated by computing the ear-

canal impedance and reflectance before and again after in-
creasing and decreasing each parameter by a factor of 3.
The middle-ear parameters for the tympanic membran€alculations for six of the eight parameters used in the mini-
delay model of Fig. 8) were first estimated for the simplest mization procedure, for the disarticulated stapes case, are
case of the disarticulated stapes. An automatic search algghown in Fig. Al. The incus massV() has a sensitivity
rithm was used to estimate the parameters from the measursimilar to that ofM,,, while Z is insensitive to changes in
impedanceZ 4 for this case. Additional parameters were thenR;;,, and thus are not shown.
estimated for the case of the drained cochlea, while holding To quantify the effect of changes in model parameters
the established parameters fixed. Finally, calculations weraie estimate the rms error in both the log magnitude and

A. Tympanic membrane delay model parameters

Ang {Zds} GD {Rds}
1

FIG. Al. Sensitivity of the tympanic
membrane delay modétlisarticulated
stapes cageto a parameter increase
and decrease by a factor of 3. In all
plots, the solid line indicates the
model calculated with parameters
from Table Al. Model computations
with the increased parameter are plot-
ted with a dash—dot ling——-— ),
while calculations with the decreased
parameter are plotted with a dashed
line (——-). The first and second col-
umns show the normalized impedance
magnitude and anglérad/m), while
the third and fourth columns show the
(dimensionlessreflectance magnitude
and group delayms). The frequency
range is from 300 Hz to 30 kHz. The
parameter varied for a given row is in-
dicated on the left side of the row. For
example, in row 1 the tympanic mem-
brane delayT, is varied. The total er-
ror in the impedance magnitude and
phase[Eq. (A3)], due a variation in
parameter, is indicated in each plot of
column one(labeled|Zyd). The num-
ber on the upper-left side indicates the
error due to an increase in the respec-
tive parameter, while the number on
the lower-right side indicates the error
due to a decrease in the respective pa-
rameter.

02

03 1 10 30 03 1 10 30 “03 1 10 30 03 1 10 30
increase {(__.__.__),orDecrease (__ __ _) Frequency (kHZ)
parameter by a factor of 3.
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TABLE All. Parameters estimated for the middle-ear cavity delay model Al resulted in a significant change in ear-canal impedance.
[Fig. 5B) and(C)]. The form of the functions is described in Table Al. ParameteR,,, required a much a significantly larger pertur-

Description Symbol R K M bation. . . .
Another important parameter is the length of the middle-
:\:Aa'_'?uf ;E 5X110_M é;ﬁg 3-2>(<)10_5 ear cavityL .. because the delay in the middle-ear cavity is
InCLOSm o 0 "o 3.1¢10°2 a function of this length. Herk .. was estimated to be 1.4
Radiation load z'ﬁ 90.4 6.4% 10°3 cm by the search procedure. Although the dimensions of the
Middle-ear cavity Lmec=1.4cm tympanic cavity and the bulla cavity are irregular, this length
Dmec=0.35cm estimate is consistent with reported dimensions of the cat

middle ear cavities(Huang et al, 1997. Based on this
length, and volumetric measurements of middle-ear space of
phase of the impedance as a function of model parameterthe cat(Huanget al, 1997, the effective diameter the cat
The rms error in the log impedance magnitude domain is middle-ear cavityD . should be approximately 0.9 cm. A
diameter of 0.35 cm, found by the minimization procedure,
is much smaller than the expected value.

1 M = 2
en= N Z:l {100 10g1¢| Zgd @i)| — 10010 Zad @) |1}°.

(A1) The four-load calibration method requires that the impedances of the four
. . . loads be different at all frequencies by carefully choosing the lengths of the
The rms error in the phase of the impedance is four calibration cavitiegAllen, 1986; Voss and Allen, 1994The lengths
N; of the cavities used for the measurements reported here were such that the
1 — 2 impedances of the four cavities were very close to each other in the 15—
€p= \/N_ E [£Zgdwi) = L Zgd @) ], (A2) 16-kHz frequency region. As a result calibration errors are larger in that
fi=1 frequency region.
2Ear 1, ear 2, and ear 3 here correspond to C82-L, C88-L, and C88-R,
respectively.

where the impedance angle is in degrees.

The total error in the impedance domain is SMeasurements on ear 1 were previously repotfdén, 1986. We choose
—e t (A3) this ear based on several criteria, designed to select the pristine ear. The
€77 8pTEm- best predictor we have found of the undamaged ear is a visually transparent

In the above equatior,s is the model impedance with nor- ,I™ (Stinson and Khanna, 194 .
q s P “The tenth-order filter coefficients were truncated to a length of 65 in the

mal parameterg¢Table Al) and Z4 is for the model imped-  time domain.
ance with modified parameters. The factor of 100 in (Eq_) ®Although not shown here, a few impedance measurements made after re-
introduces a weighting factor that gives approximately equalm;’;'l‘gctg‘ﬁey confirm that the functional form of E(12) is approxi-
WelghtS to the magthde and phase of the error |n(EG). 6\Nhenydrained, air replaces the perilymph of the inner ear. The character-
The error functiore, was evaluated on a log-frequency axis. istic impedance of the cochlea at the stapes is
The minimization procedure used to estimate the middle-ear
model parameters depended on the error function describegcD= [4poKo
by Eq. (A3). S’

In Fig. Al, &, due to an increase in the parameter is given the assump_tion_ that visct_)us and thernjgll effects are insig_nificant
indicated in the upper left corner, Whi]ael due to a decrease when the cochlea is air filled. Using,=1.18x 102 g/cn? for the density

in th is indi din the | h £ th of air, Kj=1.7x10° dyn/cnf for the BM stiffness at the base, arg}
In the parameter Is Indicated In the lower right corner of t e:0.02 ¢ for the area at the base of the cochlea, we Ob%JgF«Z

first column. For reference, jZq{=1 and£ Z4=0, thene, X 10% dyn-s/cni. Lynch et al’s (1982 experimental averaged value for

is just a little more than 100. Figure Al shows that the TM- R, is 2x 10°; an order of magnitude greater thap . Thus the impedance
delay model is most sensitive to the TM-del@y, and the  of the air filled cochlea represents an insignificant load to the stapes in the
malleus masdv,,. This is primarily because both,, and drained cochlea cag®uria and Allen, 1991, Eq63)].

M.. have a broadband effect on the ear-canal impedancéThe CM sensitivity at 1 kHz is about 1 mv/Rallen, 1983. The CM
m tagnitude was multiplied by 86 and then converted to dB.

whereas the Oth?r parameters have their QreateSt eﬁeqt eltr%%islocki (1962, p. 151y postulated that at high frequencies the motion of

at low frequencies Ry, ,Kn,My), or at high frequencies the TM could perhaps be represented by a transmission line.

(er)_ %The acoustic mass of the malleus in three previous models of the cat middle
For the drained cochlea case, the sensitivity of the modef?" are: 0.04 glcfn(Matthews, 1988 0.022 glcrfl (Peake and Guinan,

. L. . 1967, and 0.013 g/cth(Puria, 1991h The mechanical mass of malleus
to changes LY andRa‘ is similar to changes K andRm' transformed to the ear canal side of the TM, where it can be measured, is

respecuvely. referred to as the acoustic mass. The relationship between acoustical mass
and mechanical mass iMT=AZ M2 . For a TM area of 0.41 ch(Table
Al) the mechanical mass for the three models is 6.7, 3.7, and 2.2 mg,
C. Middle-ear cavity model parameters respectively.
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