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Reported here is a technique for measuring forward and reverse middle-ear transmission that
exploits distortion-product otoacoustic emissions~DPOAEs! to drive the middle ear ‘‘in reverse’’
without opening the inner ear. The technique allows measurement of DPOAEs, 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 frequency 2f 12 f 2 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 measured The´venin equivalent of the sound-delivery system. The technique
was applied to measure middle-ear characteristics in anesthetized cats with widely opened
middle-ear cavities~0.2–10 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 ear. ©2004
Acoustical Society of America.@DOI: 10.1121/1.1785832#

PACS numbers: 43.64.Bt, 43.64.Jb, 43.64.Ha@WPS# Pages: 2187–2198

I. INTRODUCTION

The middle ear’s primary function of coupling acoustic
signals from the ear canal to the cochlea has been well rec-
ognized for over 100 years~reviewed in Merchant and
Rosowski, 2003!. With the discovery of otoacoustic emis-
sions ~OAEs! the recognized role of the middle ear ex-
panded: not only does the middle ear couple external sounds
to the cochlea, but it also couples sounds generated within
the cochlea back to the ear canal. Describing the transmis-
sion characteristics of the middle ear in both the forward and
the reverse directions is critical for many purposes, including
understanding the middle-ear’s effects on OAEs and under-
standing middle-ear function in both normal and diseased
ears in order to develop better therapeutic and diagnostic
approaches for pathological middle ears.

Recent work has focused on middle-ear transmission in
both the forward and the reverse directions~e.g., Puria and
Rosowski, 1996; Magnanet al., 1997, 1999; Avanet al.,
2000; Puria, 2003, 2004!. However, quantitative descriptions
~measurement or model! of both forward- and reverse-

transfer functions of the middle ear are not sufficient to com-
pletely describe the middle ear’s function, as these transfer
functions depend on terminating impedances~i.e., cochlear
impedance and ear-canal impedance directed outward from
the ear canal!. Instead of describing the middle ear’s function
through specific transfer functions, the middle ear can be
regarded as a black box whose input–output relations can be
described without reference to its specific components or to
its termination~Shera and Zweig, 1991, 1992b; Puria, 2003,
2004!. Mathematically, these input–output relations can be
described using a two-port model characterized by a 232
transfer matrix@sometimes called an ‘‘ABCD matrix’’ after
its four matrix elements, which are traditionally denoted
(C D

A B)]. If the load impedances are known, measurement of
four independent, complex functions of frequency com-
pletely determines the values of the four matrix elements. In
practice, at least one of these four measurements must be
obtained while driving the middle ear ‘‘in reverse’’~i.e., from
within the inner ear!.

Despite its considerable importance both for testing
models of middle-ear mechanics and for understanding the
effects of middle-ear transmission on OAEs, a complete two-
port characterization of the input–output relations of thea!Electronic mail: svoss@email.smith.edu

2187J. Acoust. Soc. Am. 116 (4), Pt. 1, October 2004 0001-4966/2004/116(4)/2187/12/$20.00 © 2004 Acoustical Society of America



middle ear has so far only been obtained in human temporal
bones~Puria, 2003!. Much of the technical difficulty in ob-
taining this characterization comes from the need to measure
the cochlear response~e.g., stapes velocity or intracochlear
pressure! while driving the middle ear in reverse~e.g., with a
hydrophone in the vestibule!. For example, inserting trans-
ducers into the inner ear can introduce tiny air bubbles into
the scalae that, unless carefully controlled for, significantly
alter the measured responses~Puria et al., 1997!. As a step
towards obtaining a two-port characterization of a living
middle ear, we have developed a method for measuring for-
ward and reverse middle-ear transmission that exploits
distortion-product otoacoustic emissions~DPOAEs! to drive
the middle ear in reverse without opening the inner ear. The
technique allows for the measurement of DPOAEs, middle-
ear input impedance, and forward and reverse middle-ear
stapes-velocity transfer functions in the same animal. The
ability to measure all of these quantities in the same prepa-
ration allows for experimentally based estimates of the trans-
fer matrix that are not compromised by interanimal varia-
tions in the measurements. A preliminary account of this
work has been presented elsewhere~Voss and Shera, 2002!.

II. METHODS

A. Overview of the method

The idea behind the measurement is illustrated in Fig. 1.
When the cochlea is stimulated by primary tones at frequen-
cies f 1 and f 2 ~with f 2. f 1), intermodulation distortion in
the cochlea generates energy at the combination-tone fre-
quencyf dp52 f 12 f 2 that propagates back along the cochlear
partition. When it reaches the base of the cochlea, some of
this energy vibrates the stapes and is subsequently transmit-
ted through the middle ear to the ear canal, where it can be
measured as a DPOAE. Energy at the three frequenciesf 1 ,
f 2 , and f dp is therefore measurable in both the stapes veloc-
ity and the ear-canal pressure; in effect, the primary tones
drive the middle ear in the forward direction while the
distortion-product drives the middle ear ‘‘in reverse.’’ Simul-
taneous measurements of forward transmission~at f 1 and f 2)
and reverse transmission~at f dp) can therefore be performed
by extracting the appropriate frequency components from the
measured ear-canal pressure and stapes velocity using Fou-
rier analysis. Note that for the method to yield reliable mea-

surements of reverse transmission it is crucial that the domi-
nant sources of energy atf dp measured in the ear canal lie on
the cochlear side of the middle ear~i.e., within the cochlea or
annular ligament!.

B. Definitions of transfer functions

The forward stapes-velocity transfer function,T
→

S( f ), is
a measure of the transmission from the ear canal through the

middle ear to the stapes.T
→

S is defined as the ratio of stapes
velocity (VS) to the ear-canal pressure at the tympanic mem-
brane (PTM) when the middle ear is driven from the ear
canal~i.e., at frequenciesf 1 and f 2):

T
→

S~ f ![
VS~ f !

PTM~ f !
, f P$ f 1 , f 2%. ~1!

When the middle ear is driven in the forward direction, we
adopt the convention that a positive displacement moves the
stapes into the cochlea.

The reverse stapes-velocity transfer function,T
←

S( f ),
measures the transmission from the stapes back through the

middle ear to the ear canal.T
←

S is defined as the ratio ofPTM

to VS when the middle ear is driven from within the cochlea
~i.e., at the frequencyf dp):

T
←

S~ f dp![
PTM~ f dp!

VS~ f dp!
. ~2!

In this case, a positive displacement moves the stapes out of
the cochlea. The left- and rightward pointing arrows atop the

transfer functionsT
→

S and T
←

S indicate both the forward and
reverse directions and the assumed polarity of positive dis-
placements.

C. Animal preparation

Measurements were made on one ear in each of five
anesthetized cats. Treatment of animal subjects accorded
with protocols approved by the animal care committee at the
Massachusetts Eye and Ear Infirmary.

Young cats weighing between 2.15 and 2.50 kg were
anesthetized with intraperitoneal injections of Dial~75 mg/
kg!. Booster doses of Dial~10% of the initial dose! were
given throughout the experiments, as indicated by either a
withdrawal response to a toe pinch or an increase of 20% in
heart rate. Cats were also connected to a saline drip in order
to keep them hydrated for the duration of the experiment. All
measurements were performed in a humidified sound-proof
booth maintained at approximately 38 °C.

The pinna and most of the cartilaginous ear canal were
removed to allow the sound source to be placed close to the
tympanic membrane. The ventral and lateral walls of the
bulla and most of the bony septum were removed so that the
middle ear was opened widely. As illustrated in Fig. 2, access
to the stapes was obtained by drilling the bone lateral to the
superior-posterior quadrant of the tympanic membrane
~Tonndorf and Tabor, 1962!. As described by Tonndorf and
Tabor ~1962!:

‘‘ @The hole’s# location corresponds to McEwen’s tri-
angle in man: posterior to the rim of the eardrum, in-

FIG. 1. Schematic diagram illustrating the idea behind the method. Primary
stimulus tones~at frequenciesf 1 and f 2) drive the middle ear in the forward
direction while the distortion-product~at frequencyf dp) drives the middle
ear ‘‘in reverse.’’ Forward and reverse middle-ear transfer functions can be
computed from measurements of ear-canal pressure (PTM) and stapes ve-
locity (VS).

2188 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



ferior to the inferior temporal line and anterior-superior
to the mastoid ridge. This perforation opens directly
over the incudo-stapedial joint, giving good access to
the anterior two-thirds of the footplate and to the ante-
rior crus. ... ~Care must be taken not to cut into the
underlying soft tissues as bleeding from the mastoid
vessels is very annoying.!’’

To determine the effects of drilling on cochlear sensitiv-
ity we measured ear-canal DPOAEs both before and after
drilling McEwen’s triangle in three of the five ears. Since
differences between pre- and postdrilling emissions differed
by less than 5 dB at most frequencies, we conclude that the
drilling had little effect on the emissions generated by the
cochlea. While changes in emissions before and after drilling
have no effect on our measured transfer functions, it was
important to determine that after drilling the cochlea was still
generating a substantial and robust distortion product.

D. Stimulus generation and response measurement

Ear-canal pressures (PEC) were generated and measured
with calibrated transducers positioned within 2–3 mm of the
tympanic membrane and controlled by a computer running
LabVIEW ~detailed in Shera and Guinan, 1999!. The ear-
phones were two1

4-in. Larson-Davis microphones used as
sound sources; the microphone was an Etymot̄ic ER-10C.
The stimulus was either a broadband chirp~used to measure
impedance! or two pure tones at primary frequenciesf 1 and
f 2 ~used to measure forward and reverse transfer functions!.
To reduce the possibility of distortion in the earphone sys-
tem, each of the two primary tones was produced by its own
earphone. The primary-tone frequency ratiof 2 / f 1 and level
differenceL12L2 were chosen with the goal of maximizing
the magnitude of the resulting distortion product (f 2 / f 1 was
fixed at the value 1.2 andL12L2 was typically 5 to 10 dB!.
Response magnitudes and angles were obtained from the
4096-point discrete Fourier transform of the time-domain av-
erage ofN responses (64<N<1024) sampled at 44.04 kHz.

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 joint~see Fig. 2!. The velocity of this
foil was measured with a laser vibrometer~Polytex OFV-
501!. Guinan and Peake~1967! have shown that no signifi-
cant slippage occurs between the incus and the stapes at the
incudo-stapedial joint~i.e., the joint is effectively rigid in
cat!; this assumption is consistent with the more recent work
of Decraemer and colleagues~Decraemer, 2004a,b!. We
therefore refer to the measured velocity as the stapes veloc-
ity, VS. The Doppler-shifted reflected signal was detected
and decoded by the vibrometer to produce an output voltage
proportional to stapes velocity~detailed in Vosset al., 2000!.
The vibrometer output voltage was amplified by a factor of
10.

The laser vibrometer system measures velocity in the
direction of the laser beam. Here, the laser beam was focused
on the incudo-stapedial joint, and the angle between the laser
beam and the pistonlike stapes motion was judged visually to
be close to zero. Any small nonzero angle would have neg-
ligible effects on the results reported here. For example, if
the angle had been 20°, the measurements reported here
would systematically underestimate the true velocity by only
0.5 dB ~i.e., 20 log10@cos(20p/180)#).

We assume that the mass of the foil~0.05 mg! had a
negligible effect on the motion of the ossicular system since
the mass of the foil was substantially smaller than the mass
of the stapes~0.53060.05 mg! and the incus~4.31360.328
mg! ~Lynch, 1981!. Additional support for this assumption
comes from control measurements reported by Voss~1998,
Figs. 1–4! where stapes velocity measurements are shown to
be similar when measured using either a single foil~mass
0.05 mg! or with three foils~0.15 mg!. Thus, these measure-
ments are consistent with the assumption that the foil has
little effect on the mechanics of the middle-ear system.

F. Noise floor for stapes-velocity measurements

We obtained estimates of the noise floor for the velocity
measurements by~1! measuring the velocity of the skull in
response to the ear-canal stimulus and/or~2! measuring the
stapes velocity in the absence of the stimulus. Both methods
produced similar estimates of the noise floor. One measured
noise floor for the stapes-velocity magnitude is plotted as
circles in the top-center plot of Fig. 4. Here, and in all ex-
periments, the measured noise floor has been filtered with a
median filter in order to smooth the noise floor across the
measured frequency range. The effect of the median filter on
the noise floor is illustrated by the line labeled ‘‘filtered noise
floor.’’ The magnitude of the stapes velocity at the distortion-
product frequency (uVS( f dp)u) was substantially smaller than
that at the primary frequencies (uVS( f 1)u and uVS( f 2)u) and
was often corrupted by noise. In our plots of the reverse
transfer function~Fig. 5!, we do not plot data points for
which the noise floor was within 10 dB of the measured
stapes velocity. The noise floor limited the measurement of

FIG. 2. Schematic of the view of the stapes after drilling the location in cat
that corresponds to McEwen’s triangle in man~adapted from Fig. 4 of
Tonndorf and Tabor, 1962!. The white rectangle labeled ‘‘Foil’’ indicates the
location of the reflective tape used during velocity measurements to reflect
the laser beam.
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the reverse transfer function at the lower frequencies. Mea-
surements of the forward transfer function were always more
than 10 dB above the noise floor.

G. Source of intermodulation distortion

The method described here assumes that the dominant
sources of intermodulation distortion originate on the co-
chlear side of the middle ear~i.e., within the cochlea and/or
the annular ligament!. Although it is well documented that
the cochlea produces intermodulation distortion, there is
little experimental evidence about the magnitude of middle-
ear intermodulation distortion, although the documented lin-
earity of middle-ear mechanics at the driving frequency sug-
gests that it is small. Here we assume that middle-ear
intermodulation distortion at 2f 12 f 2 is small compared to
that generated within the cochlea or annular ligament.

Postmortem measurements made in one of our prepara-
tions support this assumption for frequencies above 2 kHz.
Specifically, at ear-canal sound pressure levels of 85 and 80
dB SPL for f 1 and f 2 , respectively, ear-canal distortion prod-
ucts measured 2 h postmortem decreased by 15 to 30 dB
between 0.7 and 7 kHz. The stapes velocity atf dp decreased
by the same factor for frequencies above 2 kHz; for many
measurements above 2 kHz the decrease was equivalent to a
reduction to the level of the noise floor. For measurements
between 0.7 and 2 kHz, the results are not so clear cut.
Stapes velocity atf dp did not always decrease proportionally
with the ear-canal pressure atf dp. About half of these data
points were within the noise floor. Further study is clearly
needed to quantify the magnitude and sources of any inter-
modulation distortion originating within the middle ear.

H. Impedance measurements

The middle-ear input impedance,ZEC( f ), was calculated
from the ear-canal pressure (PEC) and the The´venin-
equivalent impedance (ZTh) and pressure (PTh) of the trans-
ducer~e.g., Allen, 1986; Keefeet al., 1992; Voss and Allen,
1994; Neely and Gorga, 1998!. Pressure measurements made
in six cylindrical tubes provided six complex equations for
the two unknown The´venin equivalents,ZTh and PTh .
Acoustic estimates of the tube lengths were obtained by
minimizing the error function in the overdetermined system
of six equations~Allen, 1986; Keefeet al., 1992!, and the
optimized lengths were used to computeZTh and PTh . Re-
sults were checked by comparing measured and theoretical
impedances in five additional tubes. At frequencies in the
range 0.2–10 kHz the measured impedances were within 1
dB in magnitude and 0.01 cycles in angle of the correspond-
ing theoretical impedances, except at maxima and minima in
the impedance, where the estimates depend heavily on the
precise length of the tube; at these frequencies the differ-
ences approached 5 dB in magnitude and 0.05 cycles in
angle.1

I. Effect of higher-order modes

Our description of the measurements~i.e., impedance
and forward and reverse transmission! assumes plane-wave
propagation and that any higher-order spatial modes are neg-

ligible. Two theoretical sources for higher-order modes exist:
~1! complex wave motion on the tympanic membrane that
produces evanescent pressure modes in the ear canal near the
tympanic membrane and~2! evanescent modes near the
probe microphone that result from the stimulus pressure gen-
eration. Using both theoretical and measurement-based ex-
planations, Lynch~1981! ~pp. 146–148! argues that evanes-
cent pressure modes generated by the tympanic membrane
are insignificant for a probe tube placed within a few mm of
the tympanic membrane at frequencies up to 22.4 kHz. Al-
though evanescent modes produced by the earphone presum-
ably contribute to the total pressure recorded by the micro-
phone, our ability to accurately measure the impedance of
test cavities using the The´venin equivalents of our sound
source suggests that the total contribution of these modes is
small at frequencies below 10 kHz. Although our transducer
assembly had a short probe-tube extension~,1 mm!, the
work of Huang et al. ~2000a,b! suggests that a longer
‘‘probe-tube extension’’ is needed above about 2 kHz to
eliminate evanescent-wave contributions from the pressure
source. However, an important difference between our work
and the work of Huanget al. ~2000a,b! is that we work in
domestic cat near the tympanic membrane where the cross-
sectional dimensions of the ear canal are significantly
smaller than the range of dimensions explored by Huang
et al. ~2000a,b!.

J. Accounting for the residual ear-canal air space

The probe microphone that measured the ear-canal
sound pressure was positioned about 3 mm from the tym-
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
case, the pressure and volume velocity at the probe micro-
phone (PEC,UEC) are related to their counterparts at the
tympanic membrane (PTM ,UTM) by the transfer matrix

S PEC

UEC
D5S cosh~ ikl ! Z0 sinh~ ikl !

1/Z0 sinh~ ikl ! cosh~ ikl !
D S PTM

UTM
D , ~3!

whereZ05rc/A is the characteristic impedance of the tube,
l is the length of the cylindrical air-filled tube,A is the cross-
sectional area of the tube,k52p f /c is the wavenumber,r is
the density of air,c is the velocity of sound in air, andf is the
frequency ~e.g., Møller, 1965; Rabinowitz, 1981; Lynch
et al., 1994; Huanget al., 1997; Vosset al., 2000!. We as-
sume that the effective area of the equivalent coupling tube is
equal to the area of the source tube~radius a52.8 mm).
Although we did not measure the exact volume or dimen-
sions of the air space in our cats, the equivalent volume was
measured by Lynchet al. ~1994! in six animals prepared in a
similar manner to ours. Their volumetric measurements
ranged from 62 to 75 mm3; we approximate the volume in
our preparations by their mean value of 68.5 mm3 and the
distancel from the probe microphone to the tympanic mem-
brane byl 568.5/pa252.74 mm, a value consistent with our
estimate of 3 mm.

In the forward direction, application of Eq.~3! is con-
sistent with the findings of Lynchet al. ~1994!, who found
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only small differences betweenZEC and ZTM at frequencies
below about 6 kHz but larger differenences at higher fre-
quencies, where the impedance ratio was approximately 3 dB
in magnitude and up to 0.20 cycles in angle. In contrast,
application of Eq.~3! results in ratiosPTM /PEC that are
nearly 1 at all frequencies up to 10 kHz; across all ears and
in narrow bands the magnitude of the pressure ratio ranges
from 0.85 to 1.20, but at most frequencies it is within 0.95 to
1.02 ~i.e., a variation of less than 0.5 dB!. The angle differ-
ence is generally within 0.02 cycles of zero.

In the reverse direction, the ear-canal air space also in-
fluences our measurements and model. In this case, the load
on the ear-canal air space is the The´venin impedance of the
source,ZTh . Thus, the total load at the tympanic membrane
in the reverse direction is the ear-canal air space terminated
by ZTh . We define this load asZSRC5PTM /UTM . Consistent
with the findings in the forward direction, in the reverse di-
rectionZTh andZSRCdiffer by substantial amounts whilePEC

and PTM are similar. In the reverse direction, the ratio
ZSRC/ZTh has a magnitude near one and an angle near zero
for frequencies below 1 kHz, but the magnitude varies by a
factor of 1.5–3 at most frequencies between 1 and 10 kHz
with corresponding angle variations between 0.1 and 0.25
cycles. The ratioPTM /PEC in the reverse direction is be-
tween 0.9 and 1.1 in magnitude and within 0.025 cycles of
zero in angle.

All data presented here usePTM andZTM obtained from
measurements ofPEC andZEC using Eq.~3!.

K. Stability of the preparation

We observed substantial variation in the stability of our
preparations. In all cases, preparations were sensitive to
drying-out effects~e.g., Vosset al., 2000!; although we hu-
midified the warm chamber air, exposing the middle-ear sys-
tem apparently caused the ossicular system to dry out and
stiffen over time. This effect was manifest as an increase in
the ear’s impedance and a decrease in the low-frequency
magnitude of the stapes velocity. In some, but not all cases,
these effects were reversed by moistening the middle ear
with saline. In several of the experiments, middle-ear bleed-
ing ultimately led to problems with the stability of the prepa-
ration; in some of these cases the bleeding was controlled for
several hours through periodic gentle suction and bone wax,
but a large blood clot would ultimately form over the stapes,
making further measurements impossible. Further confound-
ing the problem was the fact that a single measurement ses-
sion that swept a wide frequency range typically took several
hours, since a large number of averages were needed to re-
duce the noise floor. Changes in middle-ear impedance were
readily observable when the computer-controlled voltage to
the earphone no longer produced the expected sound pres-
sure levels.~The expected sound pressure was based upon an
in-the-ear calibration performed periodically during the ex-
periments; changes in ear-canal impedance resulted in
changes in this calibration and thus in the ear-canal pressure
produced.! We used deviations in the ear-canal sound levels
L1 and L2 from their expected values as an indication that
the impedance of the system had changed. In all measure-

ments reported here,L1 and L2 are within 1.5 dB of their
expected values. When changes in either the impedance
magnitude or the low-frequency stapes-velocity magnitude
occurred, measurements were aborted and attempts to return
the system to its original response were made via moistening
the middle ear and tympanic membrane with saline. If these
attempts failed, measurements were ceased. Although the
measurements shown in Fig. 4 at several stimulus levels
were made over a 4-h period when the preparation was
stable, the results presented here are generally the measure-
ments made at the beginning of the measurement session on
each ear.

III. RESULTS

We measured DPOAEs, middle-ear input impedance,
and forward and reverse stapes-velocity transfer functions in
each of five ears. Figure 3 illustrates the calculation of for-
ward and reverse transfer functions. The transfer functions

T
→

S( f ) and T
←

S( f ) ~right panel! were computed from ear-
drum pressuresPTM ~left panel! and stapes velocitiesVS

~center panel! measured simultaneously in response to pri-
mary tones at frequenciesf 1 and f 2 . Results are plotted for
frequencies in the range 0.2–10 kHz. Measurements of the
forward and reverse transmission are plotted for all frequen-
cies that they were measured at within the 0.2–10 kHz range;
in some cases the measurements only cover part of the fre-
quency range.

A. Linearity of forward and reverse transmission

Consistent with previous findings~e.g., Wever and
Lawrence, 1954; Guinan and Peake, 1967; Buunen and
Vlaming, 1981; Vosset al., 1996!, forward middle-ear trans-
mission appears to be linear. In our results, stapes velocities
at f 1 and f 2 grow linearly with ear-canal sound pressure over
the range of stimulus levels used~40–100 dB SPL!. Figure 4
shows that reverse transmission also appears linear. The left-
hand column plots the ear-canal DPOAEsPTM( f dp) mea-
sured at several different primary levels. The middle column
plots the corresponding distortion-product components of the
stapes velocity,VS( f dp). The right-hand column plots the

reverse middle-ear transfer functionT
←

S( f dp), defined as the
ratio PTM /VS. Although bothPTM( f dp) andVS( f dp) depend
nonlinearly on the primary stimulus levels (L1 andL2), the

reverse transfer functionT
←

S( f ) appears approximately inde-
pendent ofVS, consistent with linear behavior. Note, how-
ever, that in the reverse direction the range of stapes veloci-
ties explored~15 dB! is considerably smaller than in the
forward direction~60 dB!. The range we were able to ex-
plore is bounded from below by the measurement noise floor
and from above by the magnitude of the distortion generated
within the cochlea.

B. Forward and reverse transfer functions

Figure 5 shows our measurements ofT
→

S( f ) and T
←

S( f )
on five ears. The figure also compares our results with the
measurements of Guinan and Peake~1967! and with the pre-
dictions of the middle-ear model of Puria and Allen~1998!.
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The five forward transfer functionsT
→

S( f ) share some
features~Fig. 5, left!. Transmission magnitudes increase with
frequency at low frequencies, reach a maximum between 1
and 2 kHz, and generally decrease at higher frequencies. Ad-
ditionally, all angles decrease as frequency increases. The
data are similar to corresponding measurements of Guinan
and Peake~1967!, which were made using stroboscopic illu-
mination, and to the model of Puria and Allen~1998!.

The five reverse transfer functionsT
←

S( f ) also share
some features~Fig. 5, right!. Reverse transmission has a
magnitude minimum between 1 and 3 kHz, followed by a

local magnitude maximum within an octave of the minimum.
The angles have a local maximum that corresponds with the
rapid increase in the magnitude that occurs between the mag-
nitude minimum and maximum. Similar features are also
predicted by the model of Puria and Allen~1998! when the
ear canal is terminated byZSRC ~Sec. II J!.

C. Impedance measurements

Figure 6 shows that the impedances at the eardrum
ZTM( f ) on all five ears share many features. These include a

FIG. 3. Magnitudes ~upper! and
angles ~lower! of simultaneous mea-
surements of eardrum pressurePTM

~left panel! and stapes velocityVS

~center panel! at the frequenciesf 1 ,
f 2 , and f dp52f 12 f 2 . The right-hand
panel shows the corresponding for-
ward and reverse middle-ear transfer

functions, T
→

S and T
←

S . Note that the
forward transfer functions computed
from measurements atf 1 and f 2 super-
impose. Measurements are from cat
58.

FIG. 4. Left: Measurements of the
2f 12 f 2 component of the eardrum
pressure,PTM( f dp). In all cases,L2

5L125 dB. Center: The distortion-
product component of the stapes ve-
locity, VS( f dp). Right: The reverse

transfer function, T
←

S( f ). The data
points marked ‘‘noise floor’’ on the
magnitude plot of the stapes velocity
result from a velocity measurement
made with no stimulus. Primary levels
are indicated byL1 and L2 , corre-
sponding to the tones atf 1 and f 2 ,
respectively. All measurements are
from cat 58, which was the only
preparation stable enough to permit a
series of measurements at several
stimulus levels.
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stiffness-dominated behavior below 1 kHz~i.e., an imped-
ance magnitude that decreases at about 6 dB per octave and
an angle of roughly20.25 cycles! and a mixed impedance at
higher frequencies. Our impedance measurements are similar
to those of Puria and Allen~1998! and Lynchet al. ~1994!,
except that on average our low-frequency magnitudes are a
few dB lower than the Lynchet al. ~1994! measurements.
These differences may reflect the relatively small animals

employed in our study: According to Lynchet al. ~1994, Fig.
17!, low-frequency impedance magnitudes decrease with
body mass. The Puria and Allen~1998! model and measure-
ments are closer to our measurements: Both their model and
data have low-frequency magnitudes that are similar to ours
and both have angles that are not mass dominated but instead
noodle about zero.

IV. DISCUSSION

A. Towards a two-port description of the middle ear

The linearity of middle-ear mechanics below the
acoustic-reflex threshold~e.g., Guinan and Peake, 1967;
Nedzelnitsky, 1980; Cooper and Rhode, 1992! implies that
the middle ear can be completely characterized in terms of its
response to pure tones. Since the cochlear contents appear
essentially incompressible at audio frequencies~Voss et al.,
1996; Shera and Zweig, 1992a!, the complex pressures and
volume velocities on either side of the middle ear are related
by a ‘‘transfer matrix,’’TME( f ) ~Shera and Zweig, 1992b!.
The 232 matrix TME( f ) relates the input and output of the
middle ear. The two input variables are the pressure at the
tympanic membrane (PTM) and the volume velocity at the
tympanic membrane (UTM), and the two output variables are
the pressure across the cochlear partition (PC) and the vol-
ume velocity of the stapes (US). The matrixTME( f ) is de-
fined by the equation

S PTM

UTM
D5TMES PC

US
D , ~4!

with the four complex matrix elements ofTME( f ) denoted by
(C D

A B). The matrix elements ofTME( f ) have simple interpre-
tations obtained by considering specific loading conditions
~Shera and Zweig, 1992b!. If the stapes is immobilized so
that US50, then A5PTM /PC and C5UTM /PC. In other
words, A21 is the ‘‘infinite-load’’ forward pressure transfer
ratio andC21 is the ‘‘infinite-load’’ forward transfer imped-
ance. IfPC50 ~e.g., if the cochlear fluids are drained!, then
B5PTM /US and D5UTM /US. In other words,B21 is the
‘‘no-load’’ forward transfer admittance andD21 is the ‘‘no-
load’’ forward velocity transfer ratio.

The matrixTME( f ) provides a meaningful description of
the middle ear whenever the four variables defining the
transformation constitute the effective input and output of the
system. So long as the input and output are effectively one-
dimensional, the vibration of the eardrum and ossicles can be
arbitrarily complicated, involving complex motions in all
three spatial dimensions~e.g., Decraemeret al., 1991!. On
the input side, the pressure in the cat ear canal a few milli-
meters from the eardrum is approximately uniform in any
cross section at frequencies less than roughly 20 kHz~Lynch,
1981; Rosowskiet al., 1988!. On the output side, measure-
ments near the oval window in the basal turn are consistent
with the ‘‘long-wavelength approximation,’’ indicating that
the pressure is essentially uniform across the stapes foot-
plate, at least for frequencies much less than the local char-
acteristic frequency~Nedzelnitsky, 1980!. In addition, the
motion of the stapes is largely one-dimensional~‘‘piston-
like’’ ! in cat ~Guinan and Peake, 1967; Decraemer, 2004b!,

FIG. 5. Magnitudes~upper! and angles~lower! of the simultaneous mea-

surements ofT
→

S( f ) ~left! and T
←

S( f ) ~right! in five ears. The gray shaded
region indicates the range of the forward transfer function measured by
Guinan and Peake~1967! on 4 ears. Transfer functions computed using the
model of Puria and Allen~1998! are shown for comparison.

FIG. 6. Magnitudes~upper! and angles~lower! of the middle-ear imped-
ance,ZTM( f ). Left: The impedances measured on the five ears discussed
here. Shown for comparison are those reported by Lynchet al. ~1994!
~lightly shaded region enclosed by the dashed lines! and Puria and Allen
~1998! ~three individuals in gray!. Right: The mean and standard deviation
for the impedances measured here~dark shaded region!. Magnitude means
and standard deviations were computed on a log scale. The solid gray line
showsZTM computed using the Puria and Allen~1998! model. The range of
values measured by Lynchet al. ~1994! is enclosed by the dashed gray lines.
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allowing us to estimate stapes volume velocity as the product
of measured stapes velocity and the area of the footplate.

Although the matrixTME( f ) characterizes the transmis-
sion properties of the middle ear in a manner independent of
any sources or loads presented to it, experimental determina-
tion of the elements ofTME( f ) requires knowledge and/or
manipulation of the loads at both ends of the middle-ear
system. The two loads in our preparation are~1! the combi-
nation of the The´venin impedance of the transducer inserted
in the ear canal and the air space between the transducer and
the tympanic membrane,ZSRC, and ~2! the cochlear input
impedance,ZC. AlthoughZSRC is known~Sec. II J!, ZC can-
not be measured directly without inserting pressure transduc-
ers into the cochlear vestibule, a procedure that can introduce
bubbles or other artifacts that modify the effective value of
ZC one seeks to measure. Fortunately, the value ofZC can be
determined without direct measurement if its value can be
manipulated in some way~e.g., if the impedance can be re-
duced effectively to zero by draining the cochlear fluids!. At
every frequency five independent, complex measurements
are then needed to determine the four matrix elements of
TME and the value ofZC ~five equations determine five un-
knowns!. At least one of these measurements must be ob-
tained while driving the middle ear ‘‘in reverse’’~i.e., from
within the inner ear!. Perhaps the five most convenient mea-
surements are~1! the middle-ear input impedance;~2! the
forward and~3! reverse stapes-velocity transfer functions;
~4! the ‘‘no-load’’ ~or ‘‘short-circuit’’ ! middle-ear input im-
pedance; and~5! the ‘‘no-load’’ forward stapes transfer func-
tion. The ‘‘no-load’’ conditions refer to measurements made
with the cochlear fluids drained~e.g., Allen, 1986!.

B. Estimates of the matrix elements

The measurements presented here~i.e., forward and re-
verse transmission and ear-canal impedance! provide only
three of the five measurements2 necessary to determineTME

and ZC. Nevertheless, we can use our measurements to es-
timate all four matrix elements ofTME by ~1! applying the
principle of reciprocity to obtain the additional constraint
detTME51 ~e.g., Shera and Zweig, 1991! and~2! using val-
ues ofZC measured in other preparations~e.g., Lynchet al.,
1982!. Assuming that the middle ear is indeed a reciprocal
mechanical system, this procedure should yield accurate es-
timates ofTME at frequencies where the matrix elements are
not especially sensitive to the value ofZC. Expressions for

the four matrix elements (C D
A B) in terms ofZTM , T

→
S, T

←
S,

ZSRC, andZC can be found in the Appendix.
Figure 7 shows our estimates of the matrix elements of

TME( f ) obtained in this way. For simplicity, we approximate
Lynch et al.’s ~1982! measurements ofZC by their circuit
model, which provides a good description of their averaged
data. The Appendix demonstrates that the estimates ofA and
C @Eq. ~A4!# do not depend on the assumed value ofZC. The
measurements and the Puria and Allen~1998! model show
similar patterns for both the magnitude and angle ofA at
most frequencies. The model and measurements ofC are
similar in their order of magnitude and overall form, but
there are no clear similarities in the finer details.

The estimates forB andD @Eq. ~A4!# assume the Lynch
et al. ~1982! form for the cochlear impedanceZC. To assess
the sensitivity of our estimates ofB and D to the assumed
value ofZC, we calculatedB andD for all preparations and
from the model3 ~Puria and Allen, 1998! using a range of
values forZC. Lynch et al. ~1982! demonstrate interanimal
variations in measured impedance magnitude that span a
range of roughly 20 dB~from aboutuZCu/3 to 3uZCu). The
effects onB andD of similar variations inuZCu are shown for
cat 58 and for the model by the shaded regions in Fig. 8.~We
did not vary the phase ofZC; Lynch et al.’s model ZC is
essentially resistive over the frequency region explored
here.! The effects in other preparations were similar to those
in cat 58. At most frequencies the parametersB and D de-

FIG. 7. Magnitudes~upper! and angles~lower! of the matrix elementsA, B, C, andD computed@Eq. ~A4!# using our data and Lynchet al.’s ~1982! model
of ZC . Matrix elements computed from the Puria and Allen~1998! model are shown for comparison.
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rived from the measurements appear more sensitive to indi-
vidual variations among ears~Fig. 7! than to the imposed
variations in uZCu ~Fig. 8!. Thus, at most frequencies, our
estimates ofB andD appear not to depend substantially on
our choice ofZC. The measurement-based estimates forB
are generally similar to the results from the model, while the
measurement-based estimates forD differ systematically
from the model in both magnitude and angle. The model-
based parameters appear more sensitive than the
measurement-based parameters to imposed variations in
uZCu.4

C. Reverse transmission and the ear-canal load
impedance

Just as forward middle-ear transmission depends on the
cochlear input impedance, reverse transmission depends on
the impedance that loads the ear canal~e.g., Matthews, 1983;
Rosowskiet al., 1984; Zwicker, 1990; Puria and Rosowski,
1996; Puria, 2003!. The two-port description of the middle
ear makes this dependence explicit:

T
←

S5
ASZREV

A1CZREV
, ~5!

whereZREV is the reverse impedance at the tympanic mem-
brane directed into the ear canal towards the outer ear, and
AS is the area of the stapes footplate.@Equation~5! is derived

in the Appendix as Eq.~A3!.# Equation~5! implies that T
←

S

is approximately independent of the reverse ear-canal imped-
anceZREV only if uZTM

` u!uZREVu, whereZTM
` [A/C. ~Note

that uA/Cu is the value ofZTM when the cochlear load is
infinite; e.g., when the stapes is fixed.! Figure 9 shows that

this condition is almost never satisfied for representative val-
ues ofZREV. The upper panel plotsuZTM

` u estimated from the
data and also from the Puria and Allen~1998! model. Also
plotted are two different values of the reverse ear-canal load
impedanceZREV: ~1! the ear-canal air space and the The´v-
enin source impedance of the acoustic transducer used here
(ZSRC) and ~2! the radiation impedance of a cat’s ear mea-
sured at the tympanic membrane (ZRAD) ~Rosowskiet al.,
1988!. With the exception of a narrow frequency interval
near 3.5 kHz,uZTM

` u is always comparable to or greater than
uZREVu. Indeed, when the ear canal is open to the environ-
ment the opposite limit~i.e., uZTM

` u@uZREVu) pertains at fre-
quencies less than about 1.5 kHz. Consequently, the reverse
transfer function is always strongly dependent on the ear-
canal load. We illustrate this dependence in the lower panel

of Fig. 9, which plotsu T
←

Su for both terminating impedances.
The transfer-function magnitudes are similar in the two cases
at frequencies above 2 kHz~where uZSRCu and uZRADu are

FIG. 8. Sensitivity of the calculations for the matrix elementsB ~left! andD
~right! to the value of the cochlear impedance magnitudeuZCu. The shaded
regions enclose the maximum and minimum of the range of magnitude~top!
and angle~bottom! values forB andD calculated whenuZCu was varied up
and down by a factor of 3 about its base magnitude. Variations are plotted
from measurements on cat 58~shaded dark gray between black lines! and
from the Puria and Allen~1998! model ~shaded between gray lines!.

FIG. 9. Upper: Magnitudes of relevant impedances that determine the
reverse-transfer function with both the source in the ear canal and the ear
canal open to the environment.ZSRC is the Thévenin source equivalent of
the earphone and the ear-canal air space;ZRAD is the radiation impedance
from the cat ear canal measured by Rosowskiet al. ~1988!; andZTM

` is the
ratio A/C calculated from the measurements and the model. Lower: Mag-
nitude of the reverse transfer function as measured with the source in the ear
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.
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similar! but differ substantially at lower frequencies~where
uZSRCu and uZRADu diverge from one another!.

D. Round-trip middle-ear gain

The product of the forward and reverse middle-ear pres-
sure transfer functions provides a measure of the total
middle-ear gain for otoacoustic emissions reemitted at the
stimulus frequency~e.g., SFOAEs and TEOAEs!. In these
cases, a signal in the ear canal travels through the middle ear
~with a gain and phase shift described by the forward transfer
function!, is reemitted by the cochlea, and travels in reverse
through the middle ear back to the ear canal~described by
the reverse transfer function!. Thus, the product of the for-
ward and reverse middle-ear pressure transfer functions de-
scribes the middle ear’s influence on these emissions mea-
sured in the ear canal. Puria~2003! names this product the
‘‘round-trip pressure gain.’’

Here we defineGV as the product of forward and reverse
stapes velocity transfer functions:

GV5TW S~ f !TQ S~ f !. ~6!

The round-trip pressure gain,GP , can be written in terms of
GV as5

GP5S PC

PEC
U
forward

D S PEC

PC
U
reverse

D 5
ZW C

ZQ ME

GV , ~7!

whereZW C is the input impedance of the cochlea~here written
with an arrow to emphasize that the system is driven in the
forward direction! and ZQ ME5PC/US is the reverse middle-
ear ~or cochlear output! impedance measured looking out
from the cochlea toward the ear canal.

Figure 10 plotsGV and GP for our five preparations
along with those calculated from the model. The magnitude
of the velocity gainuGVu waxes and wanes between215 and
5 dB, and the magnitude of the pressure gainuGPu is about

20 dB below that of the velocity gainuGVu. The mean group
delays ofGV andGP provide two different measures of the
round-trip delay through the middle ear. Fitting a straight
line to the phase data~from 1 to 5.5 kHz! yields mean round-
trip delays of 11064 and 16266 ms, respectively, where the
uncertainties are approximate 95% confidence intervals. In
each case, the linear fits account for approximately 80% of
the total variance of the data. The mean round-trip group
delays found here are similar to those predicted by the Puria
and Allen~1998! model of 12564 and 14566 ms for GV and
GP , respectively~again computed from 1 to 5.5 kHz!.6

V. SUMMARY

We have demonstrated a technique for measuring
middle-ear impedance and forward/reverse middle-ear trans-
mission in the same cat ear~with widely opened middle-ear
cavities!. The method uses DPOAEs as an intracochlear
sound source to drive the middle ear ‘‘in reverse’’ without
opening the inner ear. The measured forward transfer func-
tions and input impedances generally agree with previous
measurements, and the measured forward and reverse trans-
fer functions and the input impedances agree qualitatively
with model predictions. In addition, we have developed a
measurement-based framework for determining the equiva-
lent two-port network~i.e., transfer orABCD matrix! that
characterizes the transmission properties of the cat middle
ear. Using this framework we have estimated the matrix el-
ements by combining the measurements presented here with
published measurements of the cochlear input impedance.

ACKNOWLEDGMENTS

This work was supported by Grant No. R01 DC03687
from the NIDCD. We gratefully acknowledge the help of
Leslie Liberman, who assisted with animal care and prepa-
ration, and thank Willem F. Decraemer, John J. Rosowski,
and William T. Peake for useful discussions. We thank Sunil
Puria for sharing his computer code to compute the re-
sponses of his model. William T. Peake, Douglas H. Keefe,
and an anonymous reviewer provided helpful comments on
the manuscript.

APPENDIX: SOLVING FOR THE MATRIX ELEMENTS
OF TME

In this Appendix we derive equations that express the
four matrix elements ofTME in terms of the middle-ear input
impedance (ZTM) and the forward and reverse stapes-

velocity transfer functions (T
→

S and T
←

S). We assume that
the middle ear is a reciprocal mechanical system (detTME

51) and that both the The´venin-equivalent impedance of the
measurement transducer, including the residual ear-canal
space (ZSRC), and the cochlear input impedance (ZC) are
known.

We begin by expressing the three measured quantities in
terms of the matrix elements ofTME[(C D

A B) defined by Eq.
~4!:

ZTM5
AZC1B

CZC1D
; ~A1!

FIG. 10. Left: Magnitude~upper! and angle~lower! of GV , the round-trip
middle-ear velocity gain. A linear fit to all angle data~1 to 5.5 kHz! has a
slope corresponding to a delay of 110ms. Right: Magnitude~top! and angle
~bottom! of GP , the round-trip middle-ear pressure gain. A linear fit to all
angle data~1 to 5.5 kHz! has a slope corresponding to a delay of 162ms.
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T
→

S5
1

AS

1

AZC1B
; ~A2!

and

T
←

S5
AS

A/ZSRC1C
. ~A3!

Note that the area of the stapes footplate,AS51.15
31022 cm2 as reported by Wever and Lawrence~1954!, has
been used to convert stapes volume velocity~used in the
definitions of TME and ZC) to stapes velocity~used in the

definitions of T
→

S and T
←

S). When the middle ear is driven in
reverse we adopt the convention that positive volume veloc-
ity flows into the middle ear at the stapes and out at the
eardrum.@The signs ofUS and UEC are therefore reversed
relative to the convention adopted in Eq.~4!; when the
middle ear is driven in the forward direction, positive vol-
ume velocity flows into the middle ear at the ear drum and
out at the stapes.#

When combined with the constraint of reciprocity
~which requires detTME51), Eqs.~A1!–~A3! provide four
equations that can be solved for the four matrix elements
(C D

A B). The solution is

TME~ f !5S P/Q 1/ T
→

SAS2ZCP/Q

R/Q ~12 T
→

SASZCZTMR/Q!/ T
→

SASZTM

D ,

~A4!

where

Q[
T
←

S

AS
~ZSRC1ZTM!; ~A5!

P[ZTMZSRC~11 T
→

S T
←

S!; ~A6!

and

R[ZSRC2 T
→

S T
←

SZTM . ~A7!

1The optimized lengths of the six closed brass cylindrical tubes used to
determine the The´venin equivalent were 17.64, 23.45, 28.21, 37.52, 46.48,
and 64.08 mm, and the lengths of the five additional tubes used to check the
Thévenin equivalent were 20.25, 26.37, 33.97, 40.47, and 53.64 mm. The
lengths on these five additional tubes were determined using the same
procedures used to determineZTh . The radii of all tubes werer
52.8 mm.

2We made no measurements in the drained-cochlea condition because by the
end of each experiment reported here substantial blood clots had formed
around the incudo-stapedial joint. Future attempts at measurements with a
drained cochlea should be made within a few hours of the start of the
experiment, rather than 12–24 h after the start.

3The model of Puria and Allen~1998! uses the theoreticalZC estimated by
Puria and Allen ~1991! rather than the measurements of Lynchet al.
~1982!.

4When the Lynchet al. ~1982! measurement-basedZC is used with the Puria
and Allen ~1998! model, variations inB andD are somewhat smaller than
with the model-basedZC from Puria and Allen~1991!.

5Puria ~2003! defines the round-trip pressure gain in terms of the pressure
PV measured in the vestibule rather than the pressurePC measured across
the cochlear partition. Since the pressure in the vestibule is much larger
than the pressure in the scala tympani~Nedzelnitsky, 1980!, the difference
between these two pressures is minor.

6In gerbil Olson~1998! reports a forward delay of about 25ms.
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