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Reported here is a technique for measuring forward and reverse middle-ear transmission that
exploits distortion-product otoacoustic emissigBs?OAES to drive the middle ear “in reverse”
without opening the inner ear. The technique allows measurement of DPOAESs, middle-ear input
impedance, and forward and reverse middle-ear transfer functions in the same animal.
Intermodulation distortion in the cochlea generates a DPOAE at frequeineyf2 measurable in

both ear-canal pressure and the velocity of the stapes. The forward transfer function is computed
from stapes velocities and corresponding ear-canal pressures measured at the two primary
frequencies; the reverse transfer function is computed from velocity and pressure measurements at
the DPOAE frequency. Middle-ear input impedance is computed from ear-canal pressure
measurements and the measuredvenén equivalent of the sound-delivery system. The technique
was applied to measure middle-ear characteristics in anesthetized cats with widely opened
middle-ear cavitieq0.2—10 kHz. Stapes velocity was measured at the incudo-stapedial joint.
Results on five animals are reported and compared with a published middle-ear model. The
measured forward transfer functions and input impedances generally agree with previous
measurements, and all measurements agree qualitatively with model predictions. The reverse
transfer function is shown to depend on the acoustic load in the ear canal, and the measurements are
used to compute the round-trip middle-ear gain and delay. Finally, the measurements are used to
estimate the parameters of a two-port transfer-matrix description of the cat middle e2004©
Acoustical Society of AmericaDOI: 10.1121/1.1785832

PACS numbers: 43.64.Bt, 43.64.Jb, 43.64[MéPS Pages: 2187-2198

I. INTRODUCTION transfer functions of the middle ear are not sufficient to com-
pletely describe the middle ear’s function, as these transfer
The middle ear’s primary function of coupling acoustic functions depend on terminating impedances., cochlear
signals from the ear canal to the cochlea has been well regmpedance and ear-canal impedance directed outward from
ognized for over 100 yearsreviewed in Merchant and the ear canal Instead of describing the middle ear’s function
Rosowski, 2008 With the discovery of otoacoustic emis- through specific transfer functions, the middle ear can be
sions (OAEs) the recognized role of the middle ear ex- regarded as a black box whose input—output relations can be
panded: not only does the middle ear couple external soundgescribed without reference to its specific components or to
to the cochlea, but it also couples sounds generated withifis termination(Shera and Zweig, 1991, 1992b; Puria, 2003,
the cochlea back to the ear canal. Describing the transmi$004. Mathematically, these input—output relations can be
sion characteristics of the middle ear in both the forward an@jescribed using a two-port model characterized byxe 2
the reverse directions is critical for many purposes, includingransfer matrix'sometimes called anABCD matrix” after
understanding the middle-ear’s effects on OAEs and undeiits four matrix elements, which are traditionally denoted
standing middle-ear function in both normal and diseaseq/é B)]. If the load impedances are known, measurement of
ears in order to develop better therapeutic and diagnostig, independent, complex functions of frequency com-
approaches for pathological middle ears. ~_pletely determines the values of the four matrix elements. In
Recent work has focused on middie-ear transmission iRy actice, at least one of these four measurements must be
both the forward and the reverse directidiesy., Puria and  gptained while driving the middle ear “in reversé’e., from
Rosowski, 1996; Magnarmet al, 1997, 1999; Avanet al, within the inner ear
2000; Puria, 2003, 2004However, quantitative descriptions Despite its considerable importance both for testing
(measurement or modelof both forward- and reverse- mqgels of middle-ear mechanics and for understanding the
effects of middle-ear transmission on OAEs, a complete two-
dElectronic mail: svoss@email.smith.edu port characterization of the input—output relations of the
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surements of reverse transmission it is crucial that the domi-
nant sources of energy &f, measured in the ear canal lie on
the cochlear side of the middle gae., within the cochlea or
annular ligament

B. Definitions of transfer functions

_
The forward stapes-velocity transfer functiohg(f), is
a measure of the transmission from the ear canal through the

—
FIG. 1. Schematic diagram illustrating the idea behind the method. Primarmlddle ear to the stapes. s is defined as the ratio of stapes

stimulus tonegat frequencie$, andf,) drive the middle ear in the forward elocity (VS) to the ear-canal pressure at the tympanic mem-

direction while the distortion-produdat frequencyf,) drives the middle brane Pry) when the middle ear is driven from the ear
ear “in reverse.” Forward and reverse middle-ear transfer functions can beanal(i.e., at frequencie$; andf,):
computed from measurements of ear-canal pressefg)(and stapes ve-

locity (Vg).

?s(f)E

, fe{fy,fao}. 1
PTM(f) { 1 2} ( )
E\‘A/hen the middle ear is driven in the forward direction, we
radopt the convention that a positive displacement moves the
s?tapes into the cochlea.

middle ear has so far only been obtained in human tempor
bones(Puria, 2003. Much of the technical difficulty in ob-
taining this characterization comes from the need to measu
the cochlear responge.g., stapes velocity or intracochlear .
pressurgwhile driving the middle ear in reverse.g., with a The reverse stapes-velocity transfer functiofig(f),
hydrophone in the vestibuleFor example, inserting trans- measures the transmission from the stapes back through the
ducers into the inner ear can introduce tiny air bubbles iNtQiddle ear to the ear canéfs is defined as the ratio 6¥7y

the scalae that, unless carefully controlled for, significantlyto V< when the middle ear is driven from within the cochlea
alter the measured respong@ariaet al, 1997. As a step (i.e.sat the frequencyyy):

towards obtaining a two-port characterization of a living
middle ear, we have developed a method for measuring for- Prm(fap)
Vs(fap)

ward and reverse middle-ear transmission that exploits
In this case, a positive displacement moves the stapes out of

distortion-product otoacoustic emissiofi3POAES to drive
the middle ear in reverse without opening the inner ear. Th?he cochlea, The left- and rightward pointing arrows atop the

technique allows for the measurement of DPOAEs, middle- _ —
ear input impedance, and forward and reverse middle-edfansfer functionsT s and T s indicate both the forward and
stapes-velocity transfer functions in the same animal. Théeverse directions and the assumed polarity of positive dis-
ability to measure all of these quantities in the same prepaPlacements.

ration allows for experimentally based estimates of the transg
fer matrix that are not compromised by interanimal varia-
tions in the measurements. A preliminary account of this ~Measurements were made on one ear in each of five

work has been presented elsewh@ress and Shera, 20p2 anesthetized cats. Treatment of animal subjects accorded
with protocols approved by the animal care committee at the

1. METHODS Massachusetts Eye and Ear Infirmary.

Young cats weighing between 2.15 and 2.50 kg were
anesthetized with intraperitoneal injections of D{@b mg/

The idea behind the measurement is illustrated in Fig. 1kg). Booster doses of Diall0% of the initial dosg were
When the cochlea is stimulated by primary tones at frequengiven throughout the experiments, as indicated by either a
ciesf, andf, (with f,>f;), intermodulation distortion in withdrawal response to a toe pinch or an increase of 20% in
the cochlea generates energy at the combination-tone fréweart rate. Cats were also connected to a saline drip in order
quencyf 4,=2f, —f, that propagates back along the cochlearto keep them hydrated for the duration of the experiment. All
partition. When it reaches the base of the cochlea, some aheasurements were performed in a humidified sound-proof
this energy vibrates the stapes and is subsequently transmhbeoth maintained at approximately 38 °C.
ted through the middle ear to the ear canal, where it can be The pinna and most of the cartilaginous ear canal were
measured as a DPOAE. Energy at the three frequerfigies removed to allow the sound source to be placed close to the
f,, andfg, is therefore measurable in both the stapes veloctympanic membrane. The ventral and lateral walls of the
ity and the ear-canal pressure; in effect, the primary tonebulla and most of the bony septum were removed so that the
drive the middle ear in the forward direction while the middle ear was opened widely. As illustrated in Fig. 2, access
distortion-product drives the middle ear “in reverse.” Simul- to the stapes was obtained by drilling the bone lateral to the
taneous measurements of forward transmis&bh, andf,) superior-posterior quadrant of the tympanic membrane
and reverse transmissidat f4;) can therefore be performed (Tonndorf and Tabor, 1962As described by Tonndorf and
by extracting the appropriate frequency components from th&abor (1962:
measured ear-canal pressure and stapes velocity using Fou- “[The hole’d location corresponds to McEwen’s tri-
rier analysis. Note that for the method to yield reliable mea- angle in man: posterior to the rim of the eardrum, in-

?s( fap)= 2

Animal preparation

A. Overview of the method
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E. Measurement of stapes velocity

After exposing the stapes via McEwen’s triangle, we
placed a small reflective foil on the long process of the incus,
at the incudo-stapedial joirisee Fig. 2. The velocity of this
foil was measured with a laser vibrometg@rolytex OFV-
501). Guinan and Peak€&l967) have shown that no signifi-
cant slippage occurs between the incus and the stapes at the
incudo-stapedial joinf{i.e., the joint is effectively rigid in
cab; this assumption is consistent with the more recent work
of Decraemer and colleagug®ecraemer, 2004a)b We
therefore refer to the measured velocity as the stapes veloc-
ity, V5. The Doppler-shifted reflected signal was detected
and decoded by the vibrometer to produce an output voltage
proportional to stapes velocitgetailed in Vost al.,, 2000.

The vibrometer output voltage was amplified by a factor of

10.

e e o e e o s o The laser vibrometer system measures velociy in the

Tonndorf and Tabor, 1962The white rectangle labeled “Foil” indicates the direction of the laser beam. Here, the laser beam was focused

location of the reflective tape used during velocity measurements to refleadn the incudo-stapedial joint, and the angle between the laser

the laser beam. beam and the pistonlike stapes motion was judged visually to

be close to zero. Any small nonzero angle would have neg-

ferior to the inferior temporal line and anterior-superior ligible effects on the results reported here. For example, if
to the mastoid ridge. This perforation opens directlythe angle had been 20°, the measurements reported here
over the incudo-stapedial joint, giving good access towould systematically underestimate the true velocity by only
the anterior two-thirds of the footplate and to the ante-0.5 dB (i.e., 20logq cos(2Gr/180)]).
rior crus. ...(Care must be taken not to cut into the We assume that the mass of the f@.05 mg had a
underlying soft tissues as bleeding from the mastoidnegligible effect on the motion of the ossicular system since
vessels is very annoying. the mass of the foil was substantially smaller than the mass

To determine the effects of drilling on cochlear sensitiv-of the stape$0.530+0.05 mg and the incug4.313+0.328
ity we measured ear-canal DPOAEs both before and aftemg) (Lynch, 198). Additional support for this assumption
drilling McEwen’s triangle in three of the five ears. Since comes from control measurements reported by (G898,
differences between pre- and postdrilling emissions differedrigs. 1-4 where stapes velocity measurements are shown to
by less than 5 dB at most frequencies, we conclude that thiee similar when measured using either a single oibss
drilling had little effect on the emissions generated by the0.05 mg or with three foils(0.15 mg. Thus, these measure-
cochlea. While changes in emissions before and after drillingnents are consistent with the assumption that the foil has
have no effect on our measured transfer functions, it wasttle effect on the mechanics of the middle-ear system.
important to determine that after drilling the cochlea was still
generating a substantial and robust distortion product.

Stapes
crus

Stapes
footplate

D. Stimulus generation and response measurement F. Noise floor for stapes-velocity measurements

Ear-canal pressure®fc) were generated and measured We obtained estimates of the noise floor for the velocity
with calibrated transducers positioned within 2—3 mm of themeasurements bfl) measuring the velocity of the skull in
tympanic membrane and controlled by a computer runningesponse to the ear-canal stimulus and®rmeasuring the
LabVIEW (detailed in Shera and Guinan, 1999he ear- stapes velocity in the absence of the stimulus. Both methods
phones were twa-in. Larson-Davis microphones used as produced similar estimates of the noise floor. One measured
sound sources; the microphone was an EtyenER-10C.  noise floor for the stapes-velocity magnitude is plotted as
The stimulus was either a broadband chiuged to measure circles in the top-center plot of Fig. 4. Here, and in all ex-
impedancgor two pure tones at primary frequenciesand  periments, the measured noise floor has been filtered with a
f, (used to measure forward and reverse transfer fungtionsmedian filter in order to smooth the noise floor across the
To reduce the possibility of distortion in the earphone sysimeasured frequency range. The effect of the median filter on
tem, each of the two primary tones was produced by its owrthe noise floor is illustrated by the line labeled “filtered noise
earphone. The primary-tone frequency rdtdf, and level floor.” The magnitude of the stapes velocity at the distortion-
differencel; — L, were chosen with the goal of maximizing product frequency|¥/s(fq,)|) was substantially smaller than
the magnitude of the resulting distortion produti{f, was that at the primary frequencie$My(f,)| and|Vg(f,)|) and
fixed at the value 1.2 and;—L, was typically 5to 10 dB ~ was often corrupted by noise. In our plots of the reverse
Response magnitudes and angles were obtained from thensfer function(Fig. 5, we do not plot data points for
4096-point discrete Fourier transform of the time-domain avwhich the noise floor was within 10 dB of the measured
erage ofN responses (64N=<1024) sampled at 44.04 kHz. stapes velocity. The noise floor limited the measurement of
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the reverse transfer function at the lower frequencies. Meadligible. Two theoretical sources for higher-order modes exist:
surements of the forward transfer function were always moré¢l) complex wave motion on the tympanic membrane that

than 10 dB above the noise floor. produces evanescent pressure modes in the ear canal near the
tympanic membrane an¢?) evanescent modes near the
G. Source of intermodulation distortion probe microphone that result from the stimulus pressure gen-

The method described here assumes that the dominaﬁf:ggt?bnL;SIEgnErc;zhgér]])e?retlclazlllfsa_n1d4énaerailé;eEz?zsgzgg-ex_
sources of intermodulation distortion originate on the co-P By Pp- 9

chlear side of the middle edr.e., within the cochlea and/or cent pressure modes generated by the t)_/m_panic membrane
the annular ligameit Although it is well documented that are insignificant for a probe tube placed within a few mm of

the cochlea produces intermodulation distortion, there ithe tympanic membrane at frequencies up to 22.4 kHz. Al-

little experimental evidence about the magnitude of middleihoth evanescent modes produced by the earphone presum-

ear intermodulation distortion, although the documented Iin-ably contribute to the total pressure recorded by the micro-

earity of middle-ear mechanics at the driving frequency Sug_phone, our ability to accurately measure the impedance of

gests that it is small. Here we assume that middle—eatreSt cavities using the Thenin equivalents of our sound
intermodulation distortibn atf—f, is small compared to source suggests that the total contribution of these modes is
that generated within the cochleazor annular ligament. small at frequencies below 10 kHz. Although our transducer

: ssembly had a short probe-tube extengieri mm), the
Postmortem measurements made in one of our prepare\elfvork of Huang et al. (2000a,b suggests that a longer

tions support this assumption for frequencies above 2 kHZ‘a)robe-tube extension” is needed above about 2 kHz to

Specifically, at ear-canal sound pressure levels of 85 and 80. . oo
. . . eliminate evanescent-wave contributions from the pressure
dB SPL forf, andf,, respectively, ear-canal distortion prod-

ucts measukk 2 h postmortem decreased by 15 to 30 qgSource. However, an important difference between our work

between 0.7 and 7 kHz. The stapes velocity gtdecreased and thg work of Huangt al. (ZQOOa,b Is that we work in
domestic cat near the tympanic membrane where the cross-

by the same factor for frequencies above 2 kHz; for many . . . N
measurements above 2 kHz the decrease was equivalent ol %cuonal dimensions of th? ear canal are significantly
reduction to the level of the noise floor. For measurement maller than the range of dimensions explored by Huang
between 0.7 and 2 kHz, the results are not so clear cuﬁt al. (2000ab.

Stapes velocity atg, did not always decrease proportionally 3 accounting for the residual ear-canal air space

with the ear-canal pressure ff,. About half of these data )

points were within the noise floor. Further study is clearly ~ The probe microphone that measured the ear-canal

needed to quantify the magnitude and sources of any inte20UNd pressure was positioned about 3 mm from the tym-
modulation distortion originating within the middle ear. panic membrane. We model the residual ear-canal air space

between the probe microphone and the tympanic membrane
as a rigid-walled cylindrical tube with uniform, plane-wave
propagation occurring for frequencies below 10 kHz. In this
The middle-ear input impedancgz(f), was calculated case, the pressure and volume velocity at the probe micro-
from the ear-canal pressurePgc) and the Theenin-  phone @gc,Ugo) are related to their counterparts at the

equivalent impedanceZg,) and pressureRy,) of the trans-  tympanic membraneRyy ,Uy) by the transfer matrix
ducer(e.g., Allen, 1986; Keefet al, 1992; Voss and Allen, ) o
( coshikl) Zosmmkl)) ( Pru

1994; Neely and Gorga, 1998ressure measurements made _
in six cylindrical tubes provided six complex equations for 1/Zgsinh(ikl)  cosKikl) |\ Um
whereZy=pc/A is the characteristic impedance of the tube,

the two unknown Theenin equivalents,Z, and Pqp,.
Acoustic estimates of the tube lengths were obtained b¥ is the length of the cylindrical air-filled tubé is the cross-
sectional area of the tubk=2=f/c is the wavenumbey is

H. Impedance measurements

Pec

Uec ' @

minimizing the error function in the overdetermined system
of SIX equations(Allen, 1986; Keefeet al, 1993, and the the density of air¢ is the velocity of sound in air, anfds the
optimized lengths were used to computg, and P1,. Re- : . , ]
. . frequency (e.g., Maller, 1965; Rabinowitz, 1981; Lynch
sults were checked by comparing measured and theoretlcaf . '
. T i o et al, 1994; Huanget al, 1997; Vosset al,, 2000. We as-
impedances in five additional tubes. At frequencies in the ; . . :
. ... . sume that the effective area of the equivalent coupling tube is
range 0.2—10 kHz the measured impedances were within i . _
; . . equal to the area of the source tulradius a=2.8 mm).
dB in magnitude and 0.01 cycles in angle of the corresponds, . .
. S . "~ " Although we did not measure the exact volume or dimen-
ing theoretical impedances, except at maxima and minima in. : . :
. . . sions of the air space in our cats, the equivalent volume was
the impedance, where the estimates depend heavily on the ST . :
. . . ... _measured by Lynckt al. (1994 in six animals prepared in a
precise length of the tube; at these frequencies the differ-. . . X
. . similar manner to ours. Their volumetric measurements
ences approached 5 dB in magnitude and 0.05 cycles in df 5 n . h I )
angle! range rom.6 to 75 mrp we approximate the volume in
’ our preparations by their mean value of 68.5 framnd the
distance from the probe microphone to the tympanic mem-
brane byl = 68.5/ra?=2.74 mm, a value consistent with our
Our description of the measuremenis., impedance estimate of 3 mm.
and forward and reverse transmissi@ssumes plane-wave In the forward direction, application of E¢3) is con-
propagation and that any higher-order spatial modes are negistent with the findings of Lynclet al. (1994, who found

I. Effect of higher-order modes

2190 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004 S. E. Voss and C. A. Shera: Forward and reverse middle-ear functions



only small differences betweef: andZy, at frequencies Mments reported herd,; andL, are within 1.5 dB of their
below about 6 kHz but larger differenences at higher fre-expected values. When changes in either the impedance
quencies, where the impedance ratio was approximately 3 d@agnitude or the low-frequency stapes-velocity magnitude
in magnitude and up to 0.20 cycles in angle. In contrastoccurred, measurements were aborted and attempts to return
application of Eq.(3) results in ratiosPy/Pgc that are the system to its original response were made via moistening
nearly 1 at all frequencies up to 10 kHz; across all ears anthe middle ear and tympanic membrane with saline. If these
in narrow bands the magnitude of the pressure ratio rangeaitempts failed, measurements were ceased. Although the
from 0.85 to 1.20, but at most frequencies it is within 0.95 tomeasurements shown in Fig. 4 at several stimulus levels
1.02 (i.e., a variation of less than 0.5 ¢BThe angle differ- were made over a 4-h period when the preparation was
ence is generally within 0.02 cycles of zero. stable, the results presented here are generally the measure-
In the reverse direction, the ear-canal air space also inhents made at the beginning of the measurement session on
fluences our measurements and model. In this case, the lo&&ch ear.
on the ear-canal air space is the Varin impedance of the
source,Zq,. Thus, the total load at the tympanic membranelll. RESULTS
in the reverse direction is the ear-canal air space terminated

) . ) We measured DPOAEs, middle-ear input impedance,
by Z¢,,. We define this load a8sgc= Py /Uty - Consistent P P

ith the find L the f d direction. in th i and forward and reverse stapes-velocity transfer functions in
Wi € Tindings In the forward direction, In € reverse di- o0 of five ears. Figure 3 illustrates the calculation of for-

rectionZq andZ.SR.Cd'ﬁer by substantial amounts whiRec . ward and reverse transfer functions. The transfer functions
and Pq, are similar. In the reverse direction, the ratio —

p
ZerelZ1n has a magnitude near one and an angle near zerd stf) and T «(f) (right pane] were computed from ear-
for frequencies below 1 kHz, but the magnitude varies by &irum pressure®ry (left pane) and stapes velocitie¥s
factor of 1.5-3 at most frequencies between 1 and 10 kHiCenter panélmeasured simultaneously in response to pri-
with corresponding angle variations between 0.1 and 0.28'ary tones at frequenciég andf,. Results are plotted for
cycles. The ratioPy,/Pec in the reverse direction is be- frequencies in the range 0.2—-10 kHz. Measurements of the

tween 0.9 and 1.1 in magnitude and within 0.025 cycles oforward and reverse transmission are plotted for all frequen-
zero in angle. cies that they were measured at within the 0.2—10 kHz range;

All data presented here u&,, andZy obtained from in some cases the measurements only cover part of the fre-
measurements d?cc and Zgc using Eq.(3). quency range.
A. Linearity of forward and reverse transmission

K. Stability of the preparation Consistent with previous findingse.g., Wever and
) o » Lawrence, 1954; Guinan and Peake, 1967; Buunen and

We observed substantial variation in the stability of OUry/jaming, 1981; Vos®t al, 1996, forward middle-ear trans-
preparations. In all cases, preparations were sensitive ihssjon appears to be linear. In our results, stapes velocities
drying-out effects(e.g., Vosset al, 2000; although we hu- 4. andf, grow linearly with ear-canal sound pressure over
midified the warm chamber air, exposing the middle-ear sysg,q range of stimulus levels uséD—100 dB SP). Figure 4
tem apparently caused the ossicular system to dry out anghoys that reverse transmission also appears linear. The left-
stiffen over time. This effect was manifest as an increase ifand column plots the ear-canal DPOAPRs,(f4,) mea-
the ear’s impedance and a decrease in the low-frequency,req at several different primary levels. The middle column
magnitude of the stapes velocity. In some, but not all cases,|qts the corresponding distortion-product components of the

th_ese e_ffects were reversed by moistening_ the middle €&fiapes velocityVg(fq). The right-hand column plots the
with saline. In several of the experiments, middle-ear bleed-

. .H .
ing ultimately led to problems with the stability of the prepa- reverse middle-ear transfer functiohg(fqy), defined as the

ration; in some of these cases the bleeding was controlled fdAtio Prm IVs. Although bOthF.’TM(fdp) andV(fy,) depend
several hours through periodic gentle suction and bone Wa)p'onlmearly on the pnmgry stimulus levelk{ andL,), the

but a large blood clot would ultimately form over the stapes,reverse transfer functio () appears approximately inde-
making further measurements impossible. Further confoundPendent ofVs, consistent with linear behavior. Note, how-
ing the problem was the fact that a single measurement se€Ver, that in the reverse direction the range of stapes veloci-
sion that swept a wide frequency range typically took severalies explored(15 dB) is considerably smaller than in the
hours, since a large number of averages were needed to rgrward direction(60 dB). The range we were able to ex-
duce the noise floor. Changes in middle-ear impedance wef@ore is bounded from below by the measurement noise floor
readily observable when the computer-controlled voltage t@nd from above by the magnitude of the distortion generated
the earphone no longer produced the expected sound predithin the cochlea.

sure levels(The expected sound pressure was based upon an

in-the-ear calibration performed periodically during the ex-B. Forward and reverse transfer functions

periments; changes in ear-canal impedance resulted in - -
changes in this calibration and thus in the ear-canal pressure Figure 5 shows our measurementsf(f) and T g(f)
produced. We used deviations in the ear-canal sound levelon five ears. The figure also compares our results with the
L, andL, from their expected values as an indication thatmeasurements of Guinan and Pe&k@67 and with the pre-
the impedance of the system had changed. In all measurélictions of the middle-ear model of Puria and All€rD98.
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s i 1 [ ';‘;3’:;:’;2 functions, T g and T 5. Note that the
2 : "‘-.,“_. | - B £ forward transfer functions computed
3 1 - = L from measurements &t andf, super-
% i B \\A - impose. Measurements are from cat
e i ’ 0 - 58.
< gl ol I
o [ S e B i B
IIIIII 1 1 IIIIIII 'I-IIIII 1 1 IIlIIII -1 'I—IIIII 1 1 IIIIIII

The five forward transfer functiongs(f) share some local magnitude maximum within an octave of the minimum.
features(Fig. 5, lefy. Transmission magnitudes increase with The angles have a local maximum that corresponds with the
frequency at low frequencies, reach a maximum between fapid increase in the magnitude that occurs between the mag-
and 2 kHz, and generally decrease at higher frequencies. Aditude minimum and maximum. Similar features are also
ditionally, all angles decrease as frequency increases. Theredicted by the model of Puria and All¢h998 when the
data are similar to corresponding measurements of Guinagar canal is terminated &g (Sec. I1J.
and Peaké&1967, which were made using stroboscopic illu-
mination, and to the model of Puria angAIIéIQQ&

The five reverse transfer function$ ¢(f) also share
some featuregFig. 5, righ). Reverse transmission has a Figure 6 shows that the impedances at the eardrum
magnitude minimum between 1 and 3 kHz, followed by aZmv(f) on all five ears share many features. These include a

C. Impedance measurements

Ear-Canal Distortion Product Stapes-Velocity Distortion Product Reverse Transfer Function
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= 6 LA i 2 product component of the stapes ve-
4 Y 1y E locity, V(fqp). Right: The reverse
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made with no stimulus. Primary levels
are indicated byL, and L,, corre-
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@ 15 respectively. All measurements are
2 from cat 58, which was the only
3 10 preparation stable enough to permit a
o 05 series of measurements at several
2 stimulus levels.
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Forward Transfer ~Reverse Transfer employed in our study: According to Lyng al. (1994, Fig.

= i Funetions Functions “Fo™* 17), low-frequency impedance magnitudes decrease with
< . & body mass. The Puria and Alléh998 model and measure-
2, 1, £ ments are closer to our measurements: Both their model and
E 04 o @ data have low-frequency magnitudes that are similar to ours
g F ; e @ and both have angles that are not mass dominated but instead
2 4 Cat 58] " % noodle about zero.
c L7 e Cat 59 ~
=4 = » = Cat 61 N 3
= | |=- ]
1 IV. DISCUSSION
0.25 > A. Towards a two-port description of the middle ear
0005 The linearity of middle-ear mechanics below the
-0-25:<f acoustic-reflex thresholde.g., Guinan and Peake, 1967;
050 & Nedzelnitsky, 1980; Cooper and Rhode, 1p88plies that
_0'75\' the middle ear can be completely characterized in terms of its

1 10 response to pure tones. Since the cochlear contents appear
Frequency (kHz) essentially incompressible at audio frequencissset al,
FIG. 5. Magnitudequppe) and angleglower) of the simultaneous mea- 1996; Shera .a.nd Zwel.g’ 19923116 comp!ex pressures and

= e o volume velocities on either side of the middle ear are related
surements ofT g(f) (left) and T ¢(f) (right) in five ears. The gray shaded “ s .
region indicates the range of the forward transfer function measured bypy a “transfer matrix, TME(f) (Shera and Zweig, 1992b
Guinan and Peak&l967) on 4 ears. Transfer functions computed using the The 2x2 matrix Tye(f) relates the input and output of the
model of Puria and Aller{1998 are shown for comparison. middle ear. The two input variables are the pressure at the

tympanic membraneRt,) and the volume velocity at the

stiffness-dominated behavior below 1 kHize., an imped- tympanic membranel{ry), and the two output variables are
ance magnitude that decreases at about 6 dB per octave atit¢ pressure across the cochlear partitiBg)(and the vol-
an angle of roughly-0.25 cyclesand a mixed impedance at ume velocity of the staped)s). The matrixTyg(f) is de-
higher frequencies. Our impedance measurements are similifed by the equation
to those of Puria and Allei1998 and Lynchet al. (1994, Pc
except that on average our low-frequency magnitudes are a U )
few dB lower than the Lynclet al. (1994 measurements. S
These differences may reflect the relatively small animalgvith the four complex matrix elements ®f,e(f) denoted by
(2B). The matrix elements of () have simple interpre-
tations obtained by considering specific loading conditions
(Shera and Zweig, 1992blf the stapes is immobilized so
that Us=0, then A=Pqy/Pc and C=Uqy/Pc. In other
words, A~ is the “infinite-load” forward pressure transfer
ratio andC ! is the “infinite-load” forward transfer imped-
ance. IfP-=0 (e.g., if the cochlear fluids are drainethen
B=Pry/UsandD=Uy/Us. In other wordsB~? is the
i “no-load” forward transfer admittance anid ! is the “no-
—= —— load” forward velocity transfer ratio.
......... Cat 59 = Lynchetal. The matrixTye(f) provides a meaningful description of

-« = Cat 61 memn Puria and Allen

- the middle ear whenever the four variables defining the
nchetal. transformation constitute the effective input and output of the
s system. So long as the input and output are effectively one-
dimensional, the vibration of the eardrum and ossicles can be
- 0.00 arbitrarily complicated, involving complex motions in all
o three spatial dimension@.g., Decraemeet al, 199]). On
-0.25 [ -= -0.25 the input side, the pressure in the cat ear canal a few milli-
: ] ® i6° meters from the eardrum is approximately uniform in any
Frequency (kHz) Frequency (kHz) cross section at frequencies less than roughly 20 (kifach,
_ _ _ 1981; Rosowsket al, 1988. On the output side, measure-
FIG. 6. Magnitudesuppe) and angledlower of the middie-ear imped-  ants near the oval window in the basal turn are consistent
ance,Zy(f). Left: The impedances measured on the five ears discussem w . e -
here. Shown for comparison are those reported by Lyethl. (1994  With the longfwavelen_gth approximation, indicating that
(lightly shaded region enclosed by the dashed )iresd Puria and Allen  the pressure is essentially uniform across the stapes foot-
(1998 (three individuals in gray Right: The mean and standard deviation plate, at least for frequencies much less than the local char-

for the impedances measured hedark shaded regionMagnitude means - o warigtic frequency(Nedzelnitsky, 1980 In addition, the
and standard deviations were computed on a log scale. The solid gray liné

showsZy,, computed using the Puria and Alléh998 model. The range of r_nOtion_ of the s_tapes is largely one-dimensiolaiston-
values measured by Lyne al.(1994) is enclosed by the dashed gray lines. like” ) in cat (Guinan and Peake, 1967; Decraemer, 2004b
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FIG. 7. Magnitudeguppe) and angleglower) of the matrix element#, B, C, andD computed Eq. (A4)] using our data and Lyncét al’s (1982 model
of Z.. Matrix elements computed from the Puria and All@d998 model are shown for comparison.

allowing us to estimate stapes volume velocity as the producindZ.. Nevertheless, we can use our measurements to es-

of measured stapes velocity and the area of the footplate. timate all four matrix elements 6f e by (1) applying the
Although the matrixT ye(f) characterizes the transmis- principle of reciprocity to obtain the additional constraint

sion properties of the middle ear in a manner independent fetT,,.=1 (e.g., Shera and Zweig, 1994nd(2) using val-

any sources or loads presented to it, experimental determinges ofZ. measured in other preparatiofesg., Lynchet al.,

tion of the elements offye(f) requires knowledge and/or 1982. Assuming that the middle ear is indeed a reciprocal

manipulation of the loads at both ends of the middle-eaimechanical system, this procedure should yield accurate es-

system. The two loads in our preparation &rethe combi-  timates ofT . at frequencies where the matrix elements are

nation of the Theenin imDEdance of the transducer insertednot especia”y sensitive to the value D& Expressions for

in the ear canal and the air space between the transducer

the tympanic membran&sgc, and (2) the cochlear input

impedanceZc . AlthoughZsgcis known(Sec. Il ), Z¢ can- Figure 7 shows our estimates of the matrix elements of

not be measured directly without inserting pressure transducl: (f) obtained in this way. For simplicity, we approximate
ers into the cochlear vestibule, a procedure that can introduqie""E Y- PUCtL, bp

bubbles or other artifacts that modify the effective value of ynch etal:s (1982 measurements oZ¢ by their circuit

Z. one seeks to measure. Fortunately, the valig.ofan be model, which pr0\_/|des a good description of Fhelr averaged
. . : L data. The Appendix demonstrates that the estimatésaofd
determined without direct measurement if its value can b

manipulated in some wafe.g., if the impedance can be re- © [Eq. (A4)] do not depend on the assumed valu&ef The
duced effectively to zero by draining the cochlear flyidst measurements and the Puria and Alld898 model show

every frequency five independent, complex measurementssImllar pattern_s for both the magnitude and angleAoat
ost frequencies. The model and measurement€ afre

are then needed to determine the four matrix elements orP

Tue and the value o (five equations determine five un- similar in their order of magnitude and overall form, but
there are no clear similarities in the finer details.

knownsg. At least one of these measurements must be ob- The estimates foB andD [Eq. (A4)] assume the Lynch

tained while driving the middle ear “in reversdi.e., from .
within the inner ear Perhaps the five most convenient mea-&t al. (192_32_form for the gochlear impedanag. . To assess
the sensitivity of our estimates & and D to the assumed

surements arél) the middle-ear input impedancé?) the .

) . value ofZ., we calculatedB andD for all preparations and
forward an rever t -velocity transfer functions; C: . .
orward and(3) reverse stapes-velocity transfer functio S'from the model (Puria and Allen, 1998using a range of

(4) the “no-load” (or “short-circuit”) middle-ear input im- 1 .
pedance; an¢b) the “no-load” forward stapes transfer func- values forZ.. Lynch et al. (1982 demonstrate interanimal
' variations in measured impedance magnitude that span a

tion. The “no-load” conditions refer to measurements maderange of roughly 20 dBfrom about|Zd/3 to 3Zd|). The

with the cochlear fluids draineg.g., Allen, 1985 effects onB andD of similar variations ifZ| are shown for

cat 58 and for the model by the shaded regions in Fig\&

did not vary the phase af; Lynch et al's model Z¢ is
The measurements presented higee, forward and re- essentially resistive over the frequency region explored

verse transmission and ear-canal impedamevide only  here) The effects in other preparations were similar to those

three of the five measuremehtsecessary to determifiye in cat 58. At most frequencies the parametBrand D de-

and : By - <
fie four matrix elementsA®) in terms ofZry, Ts, Ts.
Zsre, andZc can be found in the Appendix.

B. Estimates of the matrix elements
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FIG. 8. Sensitivity of the calculations for the matrix elemeBtdeft) andD Cat 58\
(right) to the value of the cochlear impedance magnitliti¢. The shaded

regions enclose the maximum and minimum of the range of magnitape

and angle(bottonm) values forB andD calculated whenZ| was varied up

and down by a factor of 3 about its base magnitude. Variations are plotted
from measurements on cat %$8haded dark gray between black lihesd

from the Puria and Alleri1998 model(shaded between gray lines

Source in ear canal
Puria and Allen

Magnitude (Pa s /mm)
N

Open canal

rived from the measurements appear more sensitive to indi- 2 By A

vidual variations among ear$ig. 7) than to the imposed 0.1 T Ly oy s aaal
variations in|Zg (Fig. 8. Thus, at most frequencies, our 1 10
estimates oB and D appear not to depend substantially on Frequency (kHz)

our choice ofZ.. The measurement-based estimatesHor fG. 9 U Maanitud el ¢ imoed that determine th
P - . 9. Upper: Magnitudes of relevant impedances that determine the
are generaIIy similar to th_e results fror_n the model, Whlle thereverse-transfer function with both the source in the ear canal and the ear
measurement'ba_sed eSI|mate§ for differ systematically  canal open to the environmersge is the THerenin source equivalent of
from the model in both magnitude and angle. The modelthe earphone and the ear-canal air spaggp is the radiation impedance
based parameters appear more sensitive than tHeem the cat ear canal measured by Rosoveskl. (1988; andZyy is the

measurement-based parameters to imposed variations riﬁio A/C calculated from the measurements and the_ model. Lowe_r: Mag-
nitude of the reverse transfer function as measured with the source in the ear

4
|ZC|' canal, as predicted from the model with the source in the ear canal, and as
predicted for the ear canal open to the environment from both cat 58 data

.. and the model.
C. Reverse transmission and the ear-canal load

impedance . e _ .
this condition is almost never satisfied for representative val-

Just as forward middle-ear transmission depends on thges ofZx, . The upper panel ploiZ7s,,| estimated from the
cochlear input impedance, reverse transmission depends @ata and also from the Puria and Allét998 model. Also
the impedance that loads the ear caeay., Matthews, 1983; plotted are two different values of the reverse ear-canal load
Rosowskiet al, 1984; Zwicker, 1990; Puria and Rosowski, impedanceZgey: (1) the ear-canal air space and the ¥he
1996; Puria, 2008 The two-port description of the middle enin source impedance of the acoustic transducer used here

ear makes this dependence explicit: (Zsrd and (2) the radiation impedance of a cat's ear mea-
. AZrey sured at the tympanic membrangg{p) (Rosowskiet al,
T ST AT Gz (5)  1988. With the exception of a narrow frequency interval
REV

near 3.5 kHz|Z7,| is always comparable to or greater than
whereZgey is the reverse impedance at the tympanic mem{Zgg,|. Indeed, when the ear canal is open to the environ-
brane directed into the ear canal towards the outer ear, andent the opposite limiti.e., |Z7,|>|Zgey|) pertains at fre-
Agis the area of the stapes footpldtequation(5) is derived  quencies less than about 1.5 kHz. Consequently, the reverse
in the Appendix as Eq/A3).] Equation(5) implies that?s transfer functior_l is aIways_ strongly deper_1dent on the ear-
is approximately independent of the reverse ear-canal impedanal load. We illustrate this dependence in the lower panel
anceZgey only if |Z7y|<|Zgevl, wherez7,,=A/C. (Note  of Fig. 9, which plotg T 4 for both terminating impedances.
that |A/C| is the value ofZy,, when the cochlear load is The transfer-function magnitudes are similar in the two cases
infinite; e.g., when the stapes is fixgdrigure 9 shows that at frequencies above 2 kHavhere |Zggd and |Zgap| are
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Bk 20 dB below that of the velocity gailG,|. The mean group
delays ofG,, andGp provide two different measures of the
round-trip delay through the middle ear. Fitting a straight

) line to the phase dat@om 1 to 5.5 kHz yields mean round-
5 trip delays of 1164 and 1626 us, respectively, where the
2 uncertainties are approximate 95% confidence intervals. In
4 each case, the linear fits account for approximately 80% of
2 80 r—cass the total variance of the data. The mean round-trip group
......... Cat 59 .. . .
0l |=+=Gater : delays found here are similar to those predicted by the Puria
05 |7 Gaiss  los and Allen(1998 model of 1254 and 1456 us for G,, and
— Gp, respectively(again computed from 1 to 5.5 k%

V. SUMMARY

Angle (cycles)
o
o

W\

""'\.
L[]

3 We have demonstrated a technique for measuring
(f 1 4okt middle-ear impedance and forward/reverse middle-ear trans-
1 35 7 9 135 79 mission in the same cat eawith widely opened middle-ear
Frequency (kHz) Frequency (kHz) cavities. The method uses DPOAEs as an intracochlear
FIG. 10. Left: Magnitudguppey and angle(lower) of G,,, the round-trip Sounq sourcg to drive the middle ear *in reverse” without
middle-ear velocity gain. A linear fit to all angle datato 5.5 kHa has a ~ OPening the inner ear. The measured forward transfer func-
slope corresponding to a delay of 148. Right: Magnitudetop) and angle ~ tions and input impedances generally agree with previous
(bottom) of Gp, the round-trip middle-ear pressure gain. A linear fit to all measurements, and the measured forward and reverse trans-
angle datal to 5.5 kH3 has a slope corresponding to a delay of 3682 far fynctions and the input impedances agree qualitatively
with model predictions. In addition, we have developed a
similar) but differ substantially at lower frequenciéshere  measurement-based framework for determining the equiva-

|Zsrd and|Zgap| diverge from one anothkr lent two-port network(i.e., transfer orABCD matrix) that
o _ characterizes the transmission properties of the cat middle
D. Round-trip middle-ear gain ear. Using this framework we have estimated the matrix el-

The product of the forward and reverse middle-ear pres€ments by combining the measurements presented here with
sure transfer functions provides a measure of the totgpublished measurements of the cochlear input impedance.
middle-ear gain for otoacoustic emissions reemitted at the
stimulus frequency(e.g., SFOAEs and TEOAEsIn these ~ACKNOWLEDGMENTS

cases, a signal in the ear canal travels through the middle ear Thjs work was supported by Grant No. RO1 DC03687
(with.a ga?n and phase shift described by the forwa'rd transfefrom the NIDCD. We gratefully acknowledge the help of

function), is regmltted by the cochlea, and travels' in reversq eslie Liberman, who assisted with animal care and prepa-
through the middle ear back to the ear cafuscribed by  ration, and thank Willem F. Decraemer, John J. Rosowski,
the reverse transfer functipnThus, the product of the for-  ang William T. Peake for useful discussions. We thank Sunil
ward and reverse middle-ear pressure transfer functions deyia for sharing his computer code to compute the re-
scribes the middle ear’s influence on these emissions mea&ponses of his model. William T. Peake, Douglas H. Keefe,
sured in the ear canal. Puria003 names this product the and an anonymous reviewer provided helpful comments on

“round-trip pressure gain.” the manuscript.
Here we defin&,, as the product of forward and reverse
stapes velocity transfer functions: APPENDIX: SOLVING FOR THE MATRIX ELEMENTS
Gy=ToHT«(). 6 OF Twe
The round-trip pressure gaip, can be written in terms of In this Appendix we derive equations that express the
G, ad four matrix elements of g in terms of the middle-ear input
\% .
R impedance Zg,) and the forward and reverse stapes-
— —
Gp= E P_EC _ Zc Gy @ velocity transfer functions T g and T g). We assume that
Peclomard \ PClieversd  Zme the middle ear is a reciprocal mechanical system Tggt

herez - is the | . d f1h hi ) =1) and that both the Tivenin-equivalent impedance of the
whereZc is the input impedance of the cochi@eere written measurement transducer, including the residual ear-canal

with an arrow to emphasize that the system is driven in th%pace Z<rd, and the cochlear input impedancgd are
forward direction and Zyg=Pc/Ug is the reverse middle- | nqwn. RO

ear (or cochlear outpytimpedance measured looking out  \e hegin by expressing the three measured quantities in

from the cochlea toward the ear canal. , terms of the matrix elements dfye=(g53) defined by Eq.
Figure 10 plotsGy and Gp for our five preparations (4):

along with those calculated from the model. The magnitude

of the velocity gain G,/| waxes and wanes betweerl5 and _AZct+B AL

5 dB, and the magnitude of the pressure d&n| is about ™™Cz.+D’ (A)
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