Gerbil middle-ear sound transmission from 100 Hz to 60 kHz®

Michael E. Ravicz”

Eaton-Peabody Laboratory, Massachusetts Eye and Ear Infirmary, 243 Charles Street, Boston,
Massachusetts 02114 and Research Laboratory of Electronics, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, Massachusetts 02139

Nigel P. Cooper
School of Life Sciences, Keele University, Keele, Staffordshire ST5 5BG, United Kingdom

John J. Rosowski

Eaton-Peabody Laboratory, Massachusetts Eye and Ear Infirmary, 243 Charles Street, Boston,
Massachusetts 02114, Department of Otology and Laryngology, Harvard Medical School,

Boston, Massachusetts 02115; and Harvard-MIT Division of Health Science and Technology,
Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, Massachusetts 02139

(Received 25 February 2008; revised 25 April 2008; accepted 25 April 2008)

Middle-ear sound transmission was evaluated as the middle-ear transfer admittance Hyy (the ratio
of stapes velocity to ear-canal sound pressure near the umbo) in gerbils during closed-field sound
stimulation at frequencies from 0.1 to 60 kHz, a range that spans the gerbil’s audiometric range.
Similar measurements were performed in two laboratories. The Hyyy magnitude (a) increased with
frequency below 1 kHz, (b) remained approximately constant with frequency from 5 to 35 kHz, and
(c) decreased substantially from 35 to 50 kHz. The Hy;y phase increased linearly with frequency
from 5 to 35 kHz, consistent with a 20-29 us delay, and flattened at higher frequencies.
Measurements from different directions showed that stapes motion is predominantly pistonlike
except in a narrow frequency band around 10 kHz. Cochlear input impedance was estimated from
Hy;y and previously-measured cochlear sound pressure. Results do not support the idea that the
middle ear is a lossless matched transmission line. Results support the ideas that (1) middle-ear
transmission is consistent with a mechanical transmission line or multiresonant network between 5
and 35 kHz and decreases at higher frequencies, (2) stapes motion is pistonlike over most of the
gerbil auditory range, and (3) middle-ear transmission properties are a determinant of the

audiogram. © 2008 Acoustical Society of America. [DOI: 10.1121/1.2932061]

PACS number(s): 43.64.Ha, 43.64.Kc, 43.64.Yp, 43.64.Tk [BLM]

I. INTRODUCTION

This paper continues an inquiry into high-frequency
sound transmission through the external and middle ear
(ME) of the Mongolian gerbil Meriones unguiculatus that
began with a study of the distribution of ear canal (EC)
sound pressure (Ravicz et al., 2007). In that study, we estab-
lished that sound pressure could be measured in the EC over
the tympanic membrane (TM) near the umbo over a broad
frequency range and that sound pressure at that point pro-
vided an adequate characterization of ME input up to
60 kHz. In this paper, we use similar EC sound measure-
ments to characterize the ME input and measurements of
stapes velocity to characterize the ME output. The transfer
function computed as the ratio of these two variables de-
scribes sound transmission through the ME over a frequency
range that spans the range of gerbil hearing.

The nature of high-frequency ME sound transmission
has recently been a matter of considerable debate. Though
simple models suggest that ME sound transmission should

“Portions of this work were presented by Olson and Cooper (2000) and
Ravicz and Rosowski (2004).

Y Author to whom correspondence should be addressed. Electronic mail:
mike_ravicz@meei.harvard.edu

J. Acoust. Soc. Am. 124 (1), July 2008

0001-4966/2008/124(1)/363/18/$23.00

Pages: 363-380

be bandpass in nature and limited at high frequencies by the
mass of the ossicles and the cochlear fluids (see, e.g., Zwis-
locki, 1962; Hemild et al., 1995), most data suggest that
sound transmission is broadband (see, e.g., Johnstone and
Sellick, 1972; Ruggero and Temchin, 2002). A pertinent
question is whether sound transmission is maintained at high
levels at high sound frequencies, as in lossless transmission
through a matched transmission line (Puria and Allen, 1998;
Ruggero and Temchin, 2002), or decreases at some high-
frequency limit. Published data in gerbil do not resolve this
debate: Some measurements of the stapes velocity (normal-
ized by EC sound pressure) show a bandpass characteristic
(Rosowski et al., 1999), while others show scala vestibuli
sound pressure or stapes velocity (normalized as above) that
remains roughly constant to the highest frequency of mea-
surement (e.g., Olson, 1998; Overstreet and Ruggero, 2002).

A complication in nearly all of these previous studies of
ME sound transmission is adequate characterization of the
ME input, sound pressure stimulus in the EC, at high fre-
quencies (Rosowski et al. 1999; Overstreet and Ruggero,
2002; Dong and Olson, 2006). The similarity between the
wavelength N of sound in air at high frequencies and the
dimensions of the gerbil EC and TM (\/10 is less than the
length of even a surgically shortened EC (~4 mm) above
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8 kHz) suggests that the sound pressure produced by stimuli
at higher frequencies will vary substantially along the EC
and, to a lesser extent, over the surface of the TM (Ravicz
et al., 2007). In the earlier study, we explored possible causes
of error in estimating ME input (Ravicz er al., 2007) and
concluded that sound pressure measurements made within
1 mm of the umbo were a good estimate of the sound pres-
sure at the TM over the umbo and therefore of ME input at
frequencies up to at least 60 kHz. In this study, we use such
sound pressure measurements as the normalization for stapes
velocity to evaluate ME sound transmission.

Another complication in using stapes velocity to evalu-
ate ME sound transmission is that the ME output, stapes
velocity, has components in all three dimensions, especially
at high frequencies (Decraemer et al., 2000; Decraemer
et al., 2006b, 2007). Though evidence suggests that stapes
motion in the piston direction is the effective stimulus to the
cochlea (Decraemer et al., 2006a, 2007) and therefore the
effective ME output, the three dimensionality of stapes mo-
tion means that the velocity of a single point may not be a
good descriptor of stapes piston motion. In this study, we
compute the motion of a measured point on the stapes pos-
terior crus in three dimensions and estimate the accuracy of
this motion in describing piston stapes motion.

Determining ME sound transmission helps address an-
other question: whether the frequency range of hearing is
determined primarily by cochlear limitations or whether ME
limitations could also play a role. Several investigators (e.g.,
Khanna and Tonndorf, 1969; Khanna and Sherrick, 1981;
Rosowski et al., 1986, 1988; Rosowski, 1991a, 1991b) have
postulated that cochlear sensitivity is approximately constant
across frequency and that the audiogram is determined by the
sound transmission properties of the ME. Other investigators
(e.g., Overstreet and Ruggero, 2002; Ruggero and Temchin,
2002) have pointed out that the frequency sensitivity of the
ensemble of cochlear sensory cells spans only the auditory
range and claim that (1) efficient ME sound transmission
spans a wider frequency range than cochlear sensitivity and
hence (2) the audiogram is determined only by cochlear sen-
sitivity. A weakness of all previous studies is that the highest
frequency examined is still within the gerbil auditory range.

In this paper, we evaluate ME transmission by a transfer
function between stapes velocity and EC sound pressure
from 100 to 60 kHz. This frequency range spans the gerbil’s
range of hearing.1 We define the ME transfer admittance
Hyy(f) as the ratio of the stapes velocity spectrum V()
(the ME output) to the spectrum of sound pressure Py(f)
near the umbo (the ME input) by

Hyiy(f) = Vs(/)/Py(f). (1)

where Vg(f), Py(f), and Hyy(f) are functions of frequency
f.2 Stapes velocity is described by the velocity of a point on
the stapes posterior crus measured in a direction as close to
the piston direction as practicable. (Henceforth, velocities,
sound pressures, and admittances will be understood to be
functions of f unless otherwise noted.)

We present measurements from two laboratories in
which somewhat different techniques were used: the Eaton-
Peabody Laboratory at MEEI (Ravicz and Rosowski) and an
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auditory physiology laboratory at the University of Bristol
(where Cooper was at the time). We show that the ME trans-
fer admittance has features of a simple resonant system at
low frequencies, is representative of a multiresonant network
or a transmission line below about 35 kHz, and decreases
rapidly with frequency above that, consistent with a multi-
resonant network. These results confirm and extend conclu-
sions of other recent studies of stapes motion and ME trans-
mission (Decraemer et al., 2007; de la Rochfoucauld et al.,
2008). We present evidence that errors in specifying cochlear
input from single-point stapes velocity measurements versus
whole-stapes measurements are small below 50 kHz. We
compute cochlear input impedance from Hyy and previous
measurements of scala vestibuli sound pressure measured in
a similar fashion (Olson, 2001) and show that cochlear input,
as evaluated by Vg or by cochlear sound power transmission,
is a fairly good predictor of the entire gerbil audiogram.

Il. METHODS
A. Animal preparation

The preparation and use of the experimental animals
were approved by the Institutional Animal Care and Use
Committees at MEEI and Bristol as applicable and have been
described in detail previously (Ravicz er al., 2007). Briefly,
19 young adult Mongolian gerbils (13 at MEEI, the same as
those used in the 2007 study; 6 at Bristol) were anesthetized,
the pinna flange and cartilaginous EC were removed, and the
soft tissue was removed from the surface of the skull around
the opening of the bony EC and for some distance posteri-
orly. One or more holes were made in the exposed wall of
the auditory bulla to preclude a buildup of static pressure
within the ME air spaces and to provide visual access to the
stapes. A coupling tube was cemented around the bony EC
opening with dental cement or cyanoacrylate glue to permit a
high-frequency sound source to be coupled and recoupled
reliably to the ear.

B. Experimental methods

The experiments were conducted in a sound-isolation
booth. Heart rate was monitored throughout the experiment,
and body temperature was maintained at (37 + 1) °C with a
heating pad. Anesthesia boosters at half the initial surgical
dose were provided as necessary to suppress the pedal with-
drawal reflex. The animal’s head was clamped securely in a
custom holder. At Bristol, the animal and holder were
mounted in nested goniometers such that the axis of the outer
goniometer was parallel to the interaural axis (transverse),
the axis of the inner goniometer was approximately anterior-
posterior (longitudinal), and the intersection of the goniom-
eter axes was at the stapes of the measured ear (cf., Decrae-
mer et al., 1994, 2007). At the conclusion of the live
experiment, the animal was euthanized with a fatal dose of
anesthesia.

1. Stapes velocity

To assess stapes velocity, a small target comprising four
to six retroreflective balls was placed on the posterior crus of
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FIG. 1. View of the left side of a gerbil head showing the locations of
measurement access holes and the view of the stapes through the posterior
hole used for most stapes velocity measurements. The skin and soft tissue
were removed from the superior and lateral aspects of the auditory bulla. A
brass sound coupler was cemented about the opening of the bony ear canal
(EC). A hole was made in the bulla wall posterior to the bony EC (“‘posterior
hole”). A retroreflective target (gray square) was placed on the stapes pos-
terior crus (PC). The view of the stapes was limited by the tympanic annulus
(TA), the horizontal semicircular canal (HSC), and the stapedial artery (SA).
At MEEI, stapes velocity was measured from a direction as close to the
piston direction (dot-dashed line) as possible. The angle 6 between the mea-
surement direction (the baseline direction, thick gray line) and the piston
direction (labeled 6p) was 27°-37°. (Note that angles are foreshortened in
this view and appear larger or smaller than they actually were.) At Bristol,
this hole was larger, and 6 between this baseline measurement direction and
the piston direction (labeled ) was approximately 47°. Another hole (“su-
perior hole”) was made in the bulla superior to the posterior hole to vent the
ME and (in some bones) to provide an alternate view of the posterior crus
target for stapes velocity measurements: 6 for this measurement direction
(solid and dashed gray line, labeled 65) was 61°—65°.

the stapes, and the velocity Vg of this stapes target in re-
sponse to chirp or tone sound stimuli presented in the EC
was measured with a laser-Doppler vibrometer [MEEIL: OPV
501/2600, Polytec PI, Waldbronn, Germany; Bristol: custom
(Cooper, 1999)]. Both velocity magnitude |Vg| and phase
£ Vg relative to the stimulus were measured. Visual access to
the stapes was through the small hole(s) in the bulla wall
posterior to the EC opening (Fig. 1; see also Rosowski et al.,
1999). At MEEI, most measurements were made through an
~2 mm diameter hole located approximately in the same
horizontal plane as the EC opening—the “posterior hole”
(Fig. 1). The vibrometer laser beam (thick gray line in Fig. 1)
was oriented in a direction as close to the direction of pis-
tonlike stapes motion (dot-dashed line) as permitted by the
edge of the hole and the anatomical structures within the
ME: the angle 6 between this “baseline” measurement direc-
tion and the piston direction (6p in Fig. 1) was 27°-37°. At
Bristol, the access hole was larger (4—5 mm diameter), and
the vibrometer laser was oriented in a baseline direction
somewhat further from the direction of pistonlike stapes mo-
tion than the MEEI measurements: 6=47° (65 in Fig. 1).
Each vibrometer measured velocity only in the direction of
its line of sight.
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To estimate Vg in three-dimensional (3D) space, addi-
tional velocity measurements were made as the direction of
the line of sight was changed. At MEEI, Vg was also mea-
sured in three ears in another direction through a second
similar-size hole superior to the original hole (the “superior
hole”), 6y in Fig. 1. Components of stapes motion could then
be computed within a plane defined by the two measurement
directions (see the Appendix). At Bristol, Vg was also mea-
sured in three ears from a range of directions permitted by
the edges of the wider access hole. Velocities measured from
five to six different directions were used to compute compo-
nents of stapes motion in three dimensions (as in Decraemer
et al., 1994, 2007; see the Appendix).

The measurement directions were determined differently
at MEEI and Bristol, with differing degrees of precision. At
MEEI, directions were estimated postmortem by separating
the head from the body and orienting it so the stapes foot-
plate was nearly horizontal. An operating microscope was
oriented along each measurement direction (as determined
by the hole and anatomical limits described above), and the
angles from the measurement direction to the horizontal
plane and the plane defined by the stapes crura were mea-
sured with a protractor. Repeatability was within 5°. At Bris-
tol, the goniometers enabled the measurement direction to be
changed in 0.1° increments. Determination of the orientation
of the stapes relative to the measurement direction was esti-
mated visually and so was less precise (*£20°) than at
MEEL

2. Ear-canal sound pressure

EC sound pressure Py was measured simultaneous to
stapes target velocity: Both magnitude |Pgc| and phase
£/ Ppc relative to the stimulus were measured. At MEEI Py
was measured at various locations within the bony EC rem-
nant with a custom probe tube microphone (based on a
Larson—Davis 2520 1/4—in. condenser microphone, Provo,
UT—see Ravicz et al., 2007; 1.27 mm outer diameter) that
was advanced ~0.5—1 mm down the bony EC toward the
TM along an approximately longitudinal trajectory [see Rav-
icz et al., 2007, Fig. 2(b)]. In the last four ears measured at
MEE]I, EC sound pressure was also measured over the TM at
a point near the umbo Py (Ravicz et al., 2007). At Bristol,
P was measured with a probe tube microphone (based on a
Briiel+Kjer 4134 1/4-in. condenser microphone, Denmark)
near the border of pars tensa and pars flaccida, within 1 mm
of the EC remnant opening and 2.5—-3 mm from the umbo.

3. Stimulus generation and response measurement

Computer-controlled experimental systems at MEEI and
Bristol were used for stimulus generation and measurement
of sound pressure and velocity responses. The system used at
MEEI is described in Ravicz et al. (2007). Stimuli were
broadband chirps 0.05-99 kHz, and vibrometer and micro-
phone responses were digitized at 225 kHz. Some stimuli
were deemphasized by 20 dB below 5 kHz to allow higher
stimulus levels to be used to deliver more high-frequency
sound energy into the EC. Broadband sound levels (summed
across frequency) were 90-95 dB sound pressure level
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FIG. 2. (a) Transfer admittance Hyy=Vg/Pgc with the probe tube at vari-
ous locations along an approximately longitudinal trajectory. Legend indi-
cates the approximate distance from the probe tube tip to a point on the TM
over the umbo. Top: magnitude; bottom: phase. (b) Vg with the probe tube
at the various locations. The relative invariance of Vg with probe tube lo-
cation below 58 kHz shows that variations in Hyyy with probe tube location
are due primarily to variations in Pgc among those locations. Also shown is
a typical Vg measurement noise floor (gray dots). Top: magnitude; bottom:
phase relative to £ Vg with the probe tube approximately 3.0 mm from the
umbo.

(SPL). The system used at Bristol is described in Cooper and
Rhode (1992) and comprised a Tucker-Davis Technologies
(Alachua, FL) System II digital to analog converter and at-
tenuators and a fast (I MHz) Analogic (Peabody, MA) ana-
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log to digital converter to digitize vibrometer and micro-
phone responses. The system presented tones in the EC at
80 dB SPL with a logarithmic frequency spacing of eight
points per octave.

C. Computation of transfer admittance from stapes
velocity and ear canal sound pressure

Because the transfer admittance used to describe ME
function and facilitate comparisons among ears in this study
and to other studies depends on both stapes velocity and EC
sound pressure, the accuracy of EC sound pressure measure-
ment is important. We have shown in a previous paper that,
even with the EC shortened by removing the cartilaginous
EC (leaving only the bony EC), EC sound pressure Py var-
ies substantially between the opening of the bony EC and the
TM over the umbo at frequencies above 30 kHz (Ravicz
et al., 2007).

The effect of this variation in Py on the transfer admit-
tance is shown for one ear (0402R) in Fig. 2(a). The curves
show Hy;y computed from Vg and Pgc measured with the
probe tube at various positions between the EC entrance and
the umbo. Though there are small variations in Hygy between
probe tube positions at sound frequencies less than 30 kHz,
above that frequency, |Hyy| varies by a factor of 3 or more
depending on the probe tube position. A plot of the stapes
velocity (not normalized by Pgc) measured with the probe
tube at these various positions [Fig. 2(b)] demonstrates that
Vg is nearly invariant with probe tube position below
58 kHz; hence, the Hyyy variations below 58 kHz in Fig.
2(a) are almost entirely attributable to variations in Pgc.
Consequently, we will use Py for Hy;y computations in those
ears in which Py measurements are available. The technique
for computing Hyqy in other ears is described below.

Figure 2(b) also shows that there are variations in Vg
with probe tube position at higher frequencies. Below
58 kHz, Vg varied by less than a factor of 1.2 when the
probe tube position was varied. Above 58 kHz Vg varied
substantially (| V| decreased by a factor of 3, £ Vg decreased
by almost 0.5 cycles) when the probe tube approached to
within 0.5 mm of the umbo, which suggests that the presence
of the probe tube affected the sound field at the umbo at
higher flrequencies.3 To minimize the effects of the probe
tube on Hy;y computations, we use Vg measured with the
probe tube near the EC entrance, where there was minimal
effect on V.

Both Vg and Py were measured at frequencies up to
99 kHz at MEEI, but sound pressure measurements were
valid only up to 82 kHz, and sound pressure variations in the
microphone calibration setup limited accurate Pgc measure-
ments to 60 kHz and below (Ravicz et al., 2007; see Sec. I).
For these reasons and because of the probe-tube-induced
variation in Vg near 60 kHz described above, we limit our
presentation of Vg, Pgc, and Hyy to frequencies below
60 kHz.

In the four later MEEI ears (including the one shown in
Fig. 2), measurements of EC sound pressure within 0.5 mm
of the umbo (and throughout the EC) were available, and
Hyy in those ears was computed from Vg normalized by Py
as described above. In the nine early MEEI ears and the six
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FIG. 3. Ratios of sound pressure near the umbo Py to sound pressure in the
bony EC Pgc at various distances from the umbo. Each curve is the mean
(in dB) of measurements in four ears. Top: magnitude ratio in dB; bottom:
phase difference. At the bottom of each panel is the s.d. (right-hand vertical
scale). Vg/Pgc in the other 15 ears (see Figs. 5 and 6) was corrected by the
mean Py/Pgc curve corresponding to the Prc measurement location in that
ear.

Bristol ears, the only Pgc data available were measured
closer to the bony EC canal entrance, 2—3 mm from the
umbo. For these 15 ears, we correct Hy;y computed from Vg
and Py in each ear by an appropriate sound pressure trans-
formation Py/Pgc between the umbo and the Py measure-
ment location, computed from measurements in the four later
MEEI ears mentioned above.

Figure 3 shows the mean Py/Pg ratio for the four later
MEEI ears at three EC locations that span the range of Pgc
measurement locations in the other ears: approximately
3.0 mm from the umbo, near the bony EC entrance; and
approximately 2.5 and 2.0 mm from the umbo. Py/Pgc at
each of these three locations was remarkably similar among
ears [as revealed by the small standard deviations (s.d.)—
right axis], consistent with previous acoustical measurements
in gerbil (see, for example, Ravicz et al., 1992, 1996; Teoh
et al., 1997). The variance in [Py/Pg| at each location was
due primarily to broadband differences—the overall fre-
quency dependence and the frequencies of magnitude peaks
and notches varied little among ears. The magnitude ratio
was signiﬁcantly4 greater than O dB between 30 and
45-55 kHz (depending on location) and differed signifi-
cantly between the three locations from 28 to 35 kHz and
from 48 to 52 kHz. (|Py/Pgc| was also significantly less
than 0 dB from 8 to 17 kHz at all three locations, perhaps
due to effects of the opening in the EC wall). The phase
difference decreased to —0.5 cycles between 30 and 50 kHz
(depending on location) and differed significantly between
the three locations over this frequency range. In the
30-55 kHz range where |Py/Pgc| was significantly different
from unity, differences in Py/Pgc between locations were
greater than the Py/Pgc differences between ears.

For each of the other ears, the particular Py/Pgc for the
correction was chosen as the curve for which the frequency
of the |Py/Pgc| peak (35, 44, or 47-51 kHz) was closest to
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the frequency of the first |Pgc| minimum in that ear
(29-50 kHz). Except for a minor mismatch near the fre-
quency of the first |Pgc| minimum, Hyy in the other ears
was quite similar to Hypy in the four later ears.

lll. RESULTS

In this paper, we present results from independent ex-
periments in two laboratories. The results from the two labo-
ratories (MEEI and Bristol) have complementary strengths
and considerable similarities. Stapes velocity was measured
to higher frequencies at MEEI than at Bristol. At MEEI, Vg
and Py were measured with a broadband chirp stimulus; at
Bristol, pure-tone stimuli were used. The baseline measure-
ment direction for Vg at MEEI was generally closer to the
direction of piston stapes motion than that at Bristol, and Pg¢
was measured closer to the umbo at MEEI than at Bristol.
For investigations of the 3D motion of the stapes posterior
crus, Vg was measured from five or six directions at Bristol
but at most two directions at MEEIL.

The Hygy data shown in Figs. 4—7 were computed from
Vg measured in the baseline direction normalized by sound
pressure near the umbo Py (directly or indirectly) as de-
scribed in Sec. II C. As such, they show Hyy in an “experi-
mental” reference frame (along the line of sight of the laser
vibrometer) rather than in a direction defined by the stapes
orientation (an “intrinsic” reference frame; Decraemer et al.,
2007). Later (in Sec. IV A), we will discuss the extent to
which Hy;y estimates the ME transfer admittance in the pis-
ton direction in the intrinsic reference frame.

A. Middle-ear transfer admittance at MEEI

The stapes velocity transfer function Hygy is shown for
four ears in Fig. 4: against a logarithmic frequency scale (to
show low-frequency data more clearly) in panel (a) and
against a linear frequency scale (to show high-frequency data
more clearly) in panel (b). The Hyy curve for each ear is the
logarithmic mean’ of several Vg measurements normalized
by Py. Hyy is shown for frequencies at which |Vg| was
above the measurement noise and motion artifact estimated
from measurements of the sound-induced motion of the bone
of the cochlear promontory [see Fig. 2(b)].° The s.d. of mea-
surements in each ear is plotted against the right-hand axis:
as a magnitude ratio and as a phase addend. Both Vg and Py
were linear with stimulus level over at least a 40 dB range in
these ears and those shown in Fig. 5.

In all ears, Hy;y shows a magnitude slope with fre-
quency (d|Hyy|/df) of ~+1 (on a log-log scale) and phase
angle near +0.25 cycles at frequencies below 0.5-1 kHz,
consistent with a compliance-dominated admittance [Fig.
4(a)]. The value of this compliance varies considerably (a
factor of 10) among ears. The magnitude of Hyy in all ears
has a peak in the 0.5-2 kHz range and £ Hy;y crosses zero
at about the same frequency, consistent with a ME reso-
nance. The relatively flat [Hyy| peak and shallow ZHpypy
slope indicate that the resonance is highly damped. Above
the resonance, |Hyyy| decreases sharply to a notch near
3 kHz, and there is a positive ZHyy ripple at the notch
frequency. This |Hyy| notch and 2 Hypy ripple pair is con-
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FIG. 4. Mean Hy;y=Vg/Py in four ears at MEEI in which Py was mea-
sured, shown in the experimental reference frame of the vibrometer. Each
curve is the logarithmic mean of 11-22 Vg measurements normalized by Py.
Top: magnitude; bottom: phase. At the bottom of each panel is the s.d.
(right-hand vertical scale). The |Hyy| dip and ZHyy ripple near 3—4 kHz
are due to a resonance between the compliance of the air in the bulla and the
mass of the bulla hole. (a) Logarithmic frequency scale; (b) linear frequency
scale. The thin dashed line in panel (a) shows a log-log slope of +1. The thin
dashed line in panel (b) indicates the phase slope corresponding to a 20-us
delay.

sistent with a resonance between the compliance of the air in
the ME and the mass of the air in the bulla hole (see, e.g.,
Ravicz et al., 1992; also Sec. III C below). Above the notch
frequency, |[Hypy| increases to a peak near 10 kHz (ear 0401L
has a second peak at a slightly higher frequency), and £ Hyy
has a small ripple at the frequency of the peak.
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FIG. 5. Mean Hy;y=Vg/Py in nine ears at MEEI in which Pg¢ was mea-
sured 2—3 mm from the umbo (black lines), corrected by a Py/Pgc curve
from Fig. 3. Each curve is the logarithmic mean of two to six measurements.
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frequency scale; (b) linear frequency scale. The thin dashed line in panel (b)
indicates the phase slope corresponding to a 25-us delay.
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At frequencies above the peak(s), |Hyy| is approxi-
mately constant with frequency (*a factor of 2) up to
30-35 kHz. £ZHy;y continues to accumulate approximately
linearly with frequency above the ripple [Fig. 4(b)], consis-
tent with a delay. Below 35 kHz, the slope of ZHy;y with
frequency (dZ Hypy/df) suggests a delay of 20 us. At higher
frequencies, |[Hypy| decreases sharply, and the rate of Z Hypy
accumulation slows. Between about 40 and 60 kHz,
d/ Hyy/df suggests a group delay of zero.
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In addition to the four ears shown in Fig. 4, Hy;y was
computed from Vg/Pgc in nine earlier MEEI ears and cor-
rected by an appropriate mean Py/Pgc as described in Sec.
II C. Logarithmic means of multiple estimates of Hy;y (com-
puted from two to six Vg and Pgc measurement pairs) in
each of these nine ears are shown as black lines in Fig. 5;
Hyy in the four ears in Fig. 4 is shown by gray lines. Hypy
in the earlier ears shows nearly all of the same features as
Hyy in the later ears. In all ears at low frequencies
d|Hyy|/df is near +1 and Z Hyy is near +0.25 cycles; there
is a broad |Hypy| peak near 1-1.5 kHz (except in ear 0301L)
and a shallow ZHyy zero crossing at the same frequency;
there is a |Hypy| notch and ZHy,y ripple near 3 kHz, and
there is a |Hypy| peak and /Hygy ripple near 10 kHz.” At
higher frequencies, up to 30-35 kHz, |Hyy| is approxi-
mately constant (+a factor of 2 as above) in all ears (except
0309L, dashed line), and £ Hy;y accumulates with frequency
with a slope that implies a delay of about 25 us. At still
higher frequencies, above 35 kHz, |Hyy| decreases sharply
and / Hy;y flattens. (The magnitude and phase ripples near
35-40 kHz may be artifacts of the Py/Pgc correction; see
Sec. 11 C.) Except for the outliers above, |Hyyy| and ZHyy
have the same spectral shape among ears, and Hy;y in these
earlier ears generally falls within the range of the Hy;y mea-
sured in the four ears of Fig. 4.

B. Middle-ear transfer admittance at Bristol

At Bristol, stapes velocity was measured on the posterior
crus and P was measured near the EC entrance in a man-
ner similar to that described above for measurements in the
earlier nine ears at MEEIL Figure 6 shows the logarithmic
mean of Hyy in six ears, computed from Vg and Pgc mea-
surements and the Py/Pgc correction for a probe tube loca-
tion 2.5-3 mm from the umbo as described above and in
Sec. I C. The mean Hyy (black line) is plotted against a
logarithmic frequency scale in panel (a) and against a linear
frequency scale in panel (b); the s.d. is shown at representa-
tive points by error bars. These data are compared to the
mean Hyy = s.d. in all MEEI ears (gray line and shading).

There is a marked similarity among the mean Hy;y mea-
sured at Bristol and MEEI: Both show a |[Hyy| slope of
approximately +1 and ZHyy near +0.25 cycles below
1 kHz [Fig. 6(a)], a broad |Hy;y| peak near 1-1.5 kHz, a
|Hypy| notch and 2 Hy;y ripple near 3—5 kHz, a [Hyy| peak
and ZHyy ripple near 10 kHz, approximately constant
|Hypy| and linearly accumulating 2 Hyy up to 30 kHz [Fig.
6(b)], and a fairly sharp rolloff in [Hyy| and a flattening of
£ Hyy above 35 kHz. There were some minor differences,
but these differences were not statistically significant except
in narrow frequency ranges: £ Hyy between 1 and 2 kHz,
due to ZHyy>0.25 cycles in two Bristol ears; |Hyy| be-
tween 2 and 4 kHz, around the |Hyy| dip due to the bulla
hole resonance in MEEI measurements described above;
/ Hyy around 5 kHz from a local ZHyy dip probably due
to a bulla hole resonance in Bristol measurements; and
/Hyy between 15 and 30 kHz, due to more delay in the
Bristol ears (29 us) than the MEEI ears (20-25 us). The
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results from the two laboratories are sufficiently similar that
conclusions about stapes motion from results in one labora-
tory should apply to all measurements.

C. Effect of middle-ear air spaces on middle-ear
transfer admittance

The Hy;y measurements shown in Figs. 4—6 include two
assumptions (one stated explicitly, one implied) about the
effect of opening the ME on Hyy: (1) the dip in [Hygy| near
3-5 kHz was due to a resonance between the compliance of
the ME air space and the mass of the air in the bulla hole,
and (2) the open ME had no other effect on Hyy. We tested
these assumptions in three ears by measuring Vg and Pgc
while the posterior hole was sealed with a small transparent
window (piece of polycarbonate cover slip) and the ME was
vented with a long thin polyethylene tube in the superior
bulla hole (Ravicz et al., 1992; see Fig. 1). Only a few mea-
surements could be taken, as the window quickly became
fogged with condensation. Consistent effects were seen in
two ears: the |Hypy| notch and ZHy,y ripple at 3—4 kHz
disappeared when the posterior hole was sealed, but the
|[Hypy| notch and 2 Hygy ripple at ~10 kHz remained. The
change was in stapes velocity; Pgc did not vary. This result
verifies that the [Hyy| dips and 2 Hygy ripples near 3 kHz in
the MEEI data set were produced by the bulla opening and
that the open bulla holes did not affect Hy;y at higher fre-
quencies. Differences between Bristol and MEEI data in the
2-6 kHz range can be explained by the difference in the size
of the bulla hole in the two preparations: The smaller acous-
tic mass associated with the larger bulla hole used in Bristol
measurements would be expected to resonate with the ME
air space compliance at a higher frequency (Ravicz et al.,
1992).

D. Effect of removing inner-ear load on middle-ear
transfer admittance

The extent to which cochlear load influences Hyyy was
examined by measuring Vg and Pgc in three ears after the
cochlear load was irreversibly removed by puncturing the
round window and suctioning the cochlear fluids. Results
from a representative ear are shown in Fig. 7; results from
the other two ears were similar. Removing the cochlear load
had several effects on Hy;y that were consistent among the
three ears: (1) The |Hyy| peak near 1 kHz was much greater
(by a factor of 3-5) and sharper. |[Hyy| was elevated over the
intact case between 800 Hz and 10 kHz. The sharper [Hyy]
peak was accompanied by an abrupt £ Hy;y transition from
about +0.2 to —0.2 cycles at the frequency of the |[Hyyl
peak. This peak was unrelated to the [Hygy| notch and 2 Hygy
peak near 3 kHz associated with the bulla hole. (2) Another
comparable-size |Hyyy| peak and smaller / Hy;y transition
were observed at 15-20 kHz. (3) In two of the three ears, a
third |Hypy| peak and Z Hy;y transition were observed at a
frequency approximately twice the frequency of the second
|[Hyy| peak. These |[Hyy| peaks and Z Hypy transitions are
consistent with removal of damping from a multiresonant
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intact (solid line), with the round window punctured and open (dashed line),
and with the inner ear drained (dot-dashed gray line). Results in two other
MEETI ears were similar. Top: magnitude; bottom: phase.

network. These results show that the cochlear load is a sig-
nificant influence on Hyy at frequencies up to at least
40 kHz.

The observations of increased |Hyy| excursion and less-
damped Hy;y behavior after draining the cochlear fluids are
consistent with measurements of cochlear input impedance
in cat and human with the inner ear open (Lynch er al., 1982;
Merchant et al., 1996) and ME input admittance or imped-
ance in cat with the inner-ear lymphs drained (Lynch, 1981;
Allen, 1986). The similarity of these observations to the ac-
centuation of multiple admittance maxima and minima seen
in cat (Puria and Allen, 1998) suggests that the gerbil ME
also can be described as a multiresonant network or distrib-
uted system at frequencies up to 40 kHz.

E. Stapes velocity measured from other directions

The unidirectional stapes velocity measurements used in
the computed Hyry shown in Figs. 4—7 describe the motion
of the stapes target only along the line of measurement. Ad-
ditional measurements are needed to determine stapes mo-
tion in the piston direction. Besides the baseline Vg measure-
ments described above, all of which were made from
approximately the same direction (the angle 6 between the
baseline direction and the piston direction was 28°-47°; see
Sec. II B 1), additional measurements were made from dif-
ferent directions for the purpose of describing the motion of
the stapes target in 3D space.

At Bristol, stapes velocity was measured in three ears
from several well-controlled directions within 28° of the
baseline direction. The measurement direction was varied
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from the baseline by rotating the animal with one or both of
the goniometers: Moving the animal approximately about the
longitudinal axis through an angle L from its baseline posi-
tion varied @ substantially, while moving the animal about
the transverse axis through an angle T from its baseline po-
sition had little effect on 6. At MEEI, stapes velocity was
measured in three ears through a superiorly-located bulla
hole (6=61°-65°) in addition to the posterior bulla hole
used for baseline measurements (60=27°-37°; see Sec.
IIB | and Fig. 1).

Figure 8(a) shows the ratio of Vg measured from five
other directions in one ear (ugb15) at Bristol to the mean of
three Vg measurements from the baseline direction. Below
7 kHz, changing the measurement direction through an angle
L caused regular variations in |Vg|: for negative L that de-
creased @ (closer to the piston direction, solid line), |Vg
increased, and for positive L that increased 6 (long-dashed
lines), | V| decreased. These variations were larger than the
range of variation among baseline measurements (about
+10% for |Vg/, shading). Changes through an angle T (dot-
ted lines) had virtually no effect on |Vg/| in this frequency
range. No values of L or T caused any substantive change in
£/ Vg below 7 kHz. These trends were common to variations
in L and T in the two other ears.

Near 10 kHz, both |Vg| and 2 Vy in all three ears varied
with changes in L or 7. The variations in |Vg| with changes
in L described above were larger, and £ Vg varied as well.
Changes in T caused a change in |Vg| just below 10 kHz and
a change in the opposite direction in |Vg| just above. 2 Vg
was also more variable with changes in T just above the
frequency of maximum |Vg| variability. Between 15 and
36 kHz (the highest frequency in this series), changes in [V
were similar to those described above at low frequencies but
smaller, and £ Vg varied very little with changes in L or 7.

Figure 8(b) shows the ratio of stapes velocity measured
through the superior bulla hole to the mean of baseline mea-
surements in each of the three ears at MEEI. Similar to Fig.
8(a), |Vg| measured from a direction further from the piston
direction was smaller than |Vg| measured from a direction
closer to the piston direction (the ratio was <1), and the
difference was greater at low frequencies (below 7—10 kHz)
than at frequencies above 15 kHz (except above 50 kHz).
Both |Vg| and 2 Vg varied with measurement direction near
10 kHz. The variations with direction were larger than those
in Fig. 8(a), perhaps because 6 for superior hole measure-
ments was larger, the angle between measurement directions
was greater (39°-78° at MEEI versus 23°-28° at Bristol), or
the frequency resolution was finer.

The changes in [Vg| and £ Vg as 6 varied are similar to
those seen in human temporal bones but occur at higher fre-
quencies. As in gerbil, increasing # in human caused a mono-
tonic decrease in |Vg| and no change in 2 Vg at low frequen-
cies below a critical frequency, a decrease in |Vg| variation
and increase in £ Vg variation near the critical frequency,
and a smaller dependence of |Vg| on 6 above the critical
frequency (Chien et al., 2006), but the break frequency was
higher in gerbil (~10 kHz) than that in human (~1.5 kHz).
The higher critical frequency in gerbil might be related to the
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FIG. 8. Variations in Vg with measurement direction. (a) Magnitude ratios
(top) and phase differences (bottom) for a typical ear at Bristol as the mea-
surement direction was varied from the baseline direction through gonio-
meter angles L and T about longitudinal and transverse axes, respectively
(see Sec. II B). Effects of various L (which correspond approximately to
changes in the angle 6 between the measurement direction and the piston
direction) are shown as solid and long-dashed lines; effects of various T
(which had little effect on 6) are shown by dotted lines. The range of mea-
surements from the baseline direction is shown by the shading. (b) Ratio of
Vg measured through the superior vs posterior bulla holes in three ears at
MEEIL Top: magnitude ratio; bottom: phase difference.

smaller size of the gerbil TM and ossicular chain, but the
common frequency dependence suggests that similar mecha-
nisms influence stapes motion.

IV. DISCUSSION

A. Estimates of piston stapes motion from
measurements

The ME transfer admittance estimates of Figs. 4—6 were
computed from the motion of the stapes target along the line
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of measurement in the baseline direction (the experimental
reference frame). To relate any single-point stapes motion
measurements (such as ours) to stapes piston motion (the
assumed input to the cochlea; Decraemer et al. 2007), two
fundamental assumptions must be made: (1) the motion in
the baseline measurement direction is proportional to piston
motion and (2) the motion of the posterior crus is represen-
tative of the motion of the stapes footplate; i.e., the stapes
acts as a rigid body without bending. By using measurements
from various directions in addition to the baseline direction
(see Fig. 8), we compute the motion in three dimensions
(Bristol data) and estimate the relative importance of trans-
verse motion components relative to the baseline direction
(MEEI and Bristol data). We use the geometric relationship
between the baseline direction and the direction of stapes
piston motion to express the motion of the stapes target in an

intrinsic (stapes-centered) reference frame, VS VS x1+VS ¥ J

+Vs,zk, by using the transformations described in the Appen-
dix. We use a rigid-body assumption to predict footplate pis-
ton motion from target piston motion, and we show that the
difference between our measured Vg and this footplate mo-
tion is sufficiently small that Hy;y computed from Vg is a
good estimate of the effective cochlear input.

We define the intrinsic coordinate system with its origin
at the center of the stapes footplate; x is defined by the long
footplate axis, z is defined by the short footplate axis, and y
is in the direction of piston motion, orthogonal to the plane
defined by the x and z axes (Decraemer et al., 2007). For
consistency with Decraemer et al. (2007), we define +x as
the posterior direction and +z as the inferior direction; so, for
a right-hand coordinate system, +y is into the cochlea in the
right ear. For ease of comparison of results in the left and
right ears, we use a left-hand coordinate system for left ears,
so +y is into the cochlea in the left ear also. We use stapes
dimensions from Decraemer et al., 2007 (one ear). The target
was located ~0.9 mm from the footplate and ~0.3 mm from
the y axis in the +x direction. Translational velocities are
unchanged by a translation of the reference frame; so (as-
suming that contributions of stapes rotations to y-direction
motion are negligible, see the Appendix), for rigid-body mo-

tion, \Afs‘y at the target is equal to Vsy at the footplate.

The computed 3D motion of the stapes target in one ear
at Bristol in the intrinsic reference frame is shown in Fig. 9
as Lissajous figures of target displacement in time at several
frequencies. The motion is viewed along the three principal
directions: Panels (a) and (c) are side views to compare the
relative amplitude and phase of transverse to piston compo-
nents, and panel (b) is a “top” view looking along the y axis
toward the stapes footplate showing the relative amplitudes
and phases of the two transverse components. The displace-
ment amplitude is multiplied by the stimulus frequency for
easier comparison at different frequencies.8 Several points
are evident: (1) At low frequencies below 9 kHz, stapes mo-
tion is consistent with simple translation in the piston
direction—the deviation of the motion from the y direction is
within the 20° measurement error of the baseline measure-
ment direction in the y-z plane [Fig. 9(a)] and nearly within
the measurement error in the x-y plane [Fig. 9(c)]. Nonpiston
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FIG. 9. (Color online) Reconstructed Lissajous figures of the displacement
of the stapes posterior crus target (normalized by frequency) at several fre-
quencies in three dimensions in an intrinsic reference frame aligned with the
stapes (insets) from one right ear (ubg17) at Bristol; two other ears (one left,
one right) were similar. (a) Looking in the —x direction (approximately
anterior); (b) looking in the +y direction (from the stapes head into the
cochlea); (c) looking in the —z direction (approximately superior).

components are small and in phase with piston motion—the
Lissajous figures resemble straight lines, so quadrature com-
ponents are insignificant—and are largest in the direction of
the long footplate axis [x; Fig. 9(b)]. (2) At 9 and 13 kHz,
transverse components become more significant, and sub-
stantial phase differences occur between the different
components—the Lissajous figures in Figs. 9(a) and (espe-
cially) 9(c) open up into ellipses. (3) At higher frequencies
(18, 26, and 36 kHz), stapes motion is again generally con-
sistent with piston-direction translation, as at low frequen-
cies, but the primary direction of motion (ellipse major axis)
is different than that at low frequencies. Transverse compo-
nents are out of phase with piston motion (ellipses are open)
and are approximately equal [Fig. 9(b)]. Similar results were
obtained from the two other ears.

These results and the results from the two other ears are
presented in a different way in Fig. 10(a): Each curve in Fig.
10(a) is the ratio of stapes target motion in a transverse di-

rection VS!X (black curves) or ‘Als,z (gray curves) to piston
motion Vs,y. Below 9 kHz, transverse components in all ears

were generally between 0.1X and 0.5><|\A75’y| and were
0.5 cycle out of phase with inward stapes motion: Inward
stapes piston motion was accompanied by transverse motion
anteriorly and superiorly. In two of the ears, the magnitude
ratios and phase differences were approximately constant
across frequency; in the third, the ratios and x-direction
phase were more variable. Between 9 and 13 kHz, transverse
components in each ear were larger than those at other fre-
quencies (in one ear, larger than the piston motion), and
phase differences were more variable. At higher frequencies,
the transverse component ratios were similar to their low-
frequency values, though phase differences remained vari-
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FIG. 10. Ratio of transverse to pistonlike stapes motion. (a) ‘A’s,x/ \A/Stv (black
lines and filled symbols) and \A/S,Z/VS.v (gray lines and open symbols) in

three ears at Bristol (in the intrinsic reference frame), where Vs,y is the
motion in the piston direction. (b) Vg/ Vg, in three ears at MEEI, where
Vs,p is the direction in the measurement plane (defined by the two measure-
ment directions) closest to the piston direction and Vg is in the orthogonal

direction. The legend indicates the angle between Vg , and VSJ.. Noisy data
at 3.5-5.5 kHz are omitted. Top: magnitude ratio; bottom: phase difference.

able. Except in a fairly narrow frequency range around
10 kHz, stapes motion is mostly pistonlike in the range
0.1-36 kHz.

Because we measured Vg at only a single point, we can
draw only limited conclusions about the nature of transverse
stapes motion: we cannot distinguish transverse stapes trans-
lation from rocking about a footplate axis, and we cannot
distinguish rotation about the piston axis. It seems reasonable
to assume, based on ME geometry and observations in other
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species (von Békésy, 1960; Guinan and Peake, 1967; Decrae-
mer et al., 2000), that most of the transverse target motion is
due to stapes rocking about the footplate axes.” If we assume
that all transverse motion at the target 0.9 mm from the
stapes footplate is due to rocking, we compute an angular
footplate displacement considerably less than that observed
by Decraemer et al. (2007). In general, the transverse motion
we observed was lower and more uniform among ears than
that observed by Decraecmer ef al. (2007).

A different estimate of transverse stapes target motion in
ears at MEEI is presented in Fig. 10(b): In these experi-
ments, target velocity was measured in only two directions,
so we are limited to computing motion in the plane defined
by the measurement directions. We computed in-plane veloc-
ity components in the direction closest to the piston direc-
tion, Vg p, and transverse to that direction, Vg . Figure 10(b)
shows the relative amplitude and phase of transverse motion
in three left ears. (Data are omitted between 3.5 and 5.5 kHz
where low stimulus levels caused computed Vg to be noisy.)
In all three ears, |Vg,| is lower than |Vg,| (by a factor of
0.05-0.5) below 7-8 kHz and 0.5 cycles out of phase with
inward stapes motion as in Fig. 10(a). |Vg,| peaks near
10—12 kHz, higher than [Vg | in two of the three ears, and
£ Vg accumulates approximately 1 cycle relative to £ Vg .
[The frequency spacing in Figs. 9 and 10(a) is sufficiently
large that a phase cycle could have been missed.] At higher
frequencies, transverse motion is generally lower again and
the phase is near —1.5 cycle, though motion becomes more
complex above 40 kHz. These results are consistent with
Fig. 10(a), and together, these data indicate that gerbil stapes
motion is primarily pistonlike to high frequencies except for
a narrow frequency band near 10 kHz.

It is also interesting to note in Fig. 10(b) that the lowest
transverse components were observed in ear 0307L, in which
the measurement direction was closest to the piston direction
(15°). The highest transverse components were observed in
ear 0309L, which had the lowest |Vg| among the 19 ears
measured (dashed curve in Fig. 5). Perhaps the low |Vg| in
this ear was due to some anomaly in the ossicular chain that
allowed higher transverse motion.

The aspect of 3D stapes motion of most practical interest
to us is the degree to which our measured Vg estimates the

piston stapes velocity Vs,y. Figure 11 compares Vg to \Afs,y in
the three Bristol ears of Fig. 10(a). The difference between
Vg and \Afs,y, denoted as AVg ,=Vg/ VS,),, is mostly in mag-
nitude and relatively small: [AV | is approximately constant
with frequency up to 8—10 kHz at about a factor of 0.5-0.6,
slightly lower than what might be expected from a simple
cosine correction (dividing by the cosine of the angle be-
tween the measurement direction and the y axis, namely, 47°;
dot-dashed line) but within the range expected from the
+20° error in baseline direction (shading). This value of
|AVg | is also consistent with the observation in Fig. 9 that
the primary direction of stapes motion is consistent with pis-
ton motion. [AVg | is more variable between 8 and 13 kHz
and then gradually increases toward 1 as frequency increases
further. Differences in phase are extremely small (generally
<0.02 cycle) except in the 8—13 kHz range; the largest val-
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direction and the y axis. Top: magnitude; bottom: phase.

ues of ZAVg occur in two of the three ears near the fre-
quency of the maximum |AVg |. Results were similar among
the three ears. This result suggests that Vg measured within

47° of the piston direction is a good estimate of Vs’y at
nearly all frequencies from 100 Hz to 36 kHz.
A recent study has shown that scala vestibuli pressure in

gerbil tracks \A/s,y very closely from 0.2 to 50 kHz (de la
Rochefoucauld er al., 2008), even though transverse stapes
velocity can be significant at those frequencies (Decraemer

et al., 2007). This close tracking with \A’s,y is further support
for the idea that transverse components do not affect co-
chlear input and Vg should be an adequate estimate of co-
chlear input. A more cautionary note was sounded by De-
craemer et al. (2006a, Fig. 11), but even they show (from
reconstructions) that (1) the velocity of a point on the ante-
rior aspect of the stapes head along a direction within 20° of
the piston direction differs from piston stapes motion by less
than a factor of 2 in magnitude and ~0.1 cycle at any fre-
quency between 0.1 and 40 kHz and (2) stapes velocity mea-
sured within 40° of the piston direction differs by more than
a factor of 2 in magnitude at only a few frequencies (~3,
7-10, and ~30 kHz) over the same range.10 Because Vg is
not much different from {757‘,, we will continue to use Vg in
subsequent Hyy calculations and comparisons.

B. Comparison of middle-ear transfer admittance to
earlier measurements

Our Hy;y measurements are summarized in Fig. 12. The
thick black line is the mean of the MEEI and Bristol mea-
surements weighted by the number of ears measured at each
laboratory; the shaded area is the s.d. in Hy;y at MEEI from
Fig. 6. The small jump in ZHyy near 47 kHz is due to the
differing delays in the MEEI and Bristol measurements
(20-25 versus 29 us). As mentioned in the previous section,
the |Hypy| shown (computed from Vg) probably underesti-

mates [Hyyy| in the piston direction (computed from \Afs,y) by
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FIG. 12. Comparison of our mean Hy;y (thick black line) +s.d. (shaded
area) to previously published measurements: Rosowski et al. (1999) (loga-
rithmic mean; “Ros. et al.;” dotted); Overstreet and Ruggero (2002) (me-
dian; “O. & R.;” gray line), de la Rochefoucauld et al., 2008 (in piston
direction; linear mean; “de la R. et al.;” dashed), and Decraemer et al.,
(2007) (piston, computed in an intrinsic reference frame; logarithmic mean;
“Decr. et al.;” dot-dashed). Top: magnitude; bottom: phase. (a) Logarithmic
frequency scale; (b) linear frequency scale.

no more than a factor of 2 below 10 kHz, less at higher
frequencies, and £ Hy;y should provide a close estimate of

/ Hyy.
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Figure 12 also includes data from four previous studies
in gerbil: the mean Hy;y in six ears measured by Rosowski
et al. (1999; dotted line), the median Hy;y of eight ears mea-
sured by Overstreet and Ruggero (2002; gray line), the mean

Hyy computed from three ears measured by Decraemer
et al. (2007; dot-dashed line), and the mean [Hyy| in five
ears in the piston direction by de la Rochefoucauld et al.
(2008); magnitude only; dashed line). The data of Decraemer
et al. were computed from whole-stapes rigid-body motion
calculated for the piston direction from measurements in
other directions (as in Figs. 8 and 9); the data of de la Roch-
efoucauld et al. were computed from Vg, measured on the
incus long process above the incudostapedial joint through a
hole in the pars flaccida; and the data from the other studies
were measured on a single point on the stapes posterior crus
from a direction similar to ours.

Our data show similarities to most previous measure-
ments, but the similarities are to different measurements over
different frequency ranges. Our mean Hy;y is similar to that
of Rosowski er al. (1999) below 4 kHz, but at higher fre-
quencies, our |Hyy| remains roughly constant and our
/ Hypy continues to decrease. Our mean £ Hygy has a slope
similar to that of Overstreet and Ruggero (2002) up to
40 kHz, but their ZHy;y is ~0.25 periods lower than ours
and their [Hyy| is considerably higher than ours and those of
other studies. Our [Hygy| shows rough similarities to that of

Decraemer et al. up to 30 kHz, but their LﬁMY accumula-
tion is much greater. Our |Hy;y| is most similar to that of de
la Rochefoucauld er al. (2008) above 5 kHz. (Below 5 kHz,
the open pars flaccida hole in the experiments of de la Roch-
efoucauld ef al. influenced their measured Hypy.) In general,
most studies (including this one) are consistent with the idea
that [Hygy| and phase delay remain roughly constant as fre-
quency increases above 2—3 kHz. This study shows that the
range of roughly constant [Hygy| and phase delay extends up
to about 35 kHz, above which |Hyy| decreases rapidly with
frequency.

C. The middle ear as a mechanical transmission line?

Several investigators have suggested that the ME acts as
a lossless mechanical transmission line matched to its termi-
nating impedance, in that the magnitude of sound transmis-
sion is fairly constant at low and high frequencies but a delay
is introduced (Wilson and Bruns, 1983; Olson, 1998; Puria
and Allen, 1998; Overstreet and Ruggero, 2002). Others
(e.g., Zwislocki, 1962; Hemild et al., 1995) have suggested
that the ME acts as a second- (or higher-) order resonant
system in which high-frequency sound transmission is lim-
ited by the mass of the system, though little evidence has
been offered in support (see Rosowski, 1994; Overstreet and
Ruggero, 2002). A matched lossless transmission line would
produce constant |[Hygy| and a constant delay (constant nega-
tive Z Hyy slope with frequency) at all frequencies, while a
simple second-order resonant system would show stiffness-
domination characteristics (|Hyy| slope=+1 on a log-log
plot, ZHyy=+0.25 cycle) at low frequencies, a resonant
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|[Hyy| peak with a /Hpyy zero crossing, and mass-
domination characteristics  (|Hypy| slope==1, ZHpyy=
—0.25 cycle) at higher frequencies.

Our measurements and most previous measurements of
gerbil ME sound transmission (Fig. 12) suggest that the be-
havior of the gerbil ossicular system cannot be described as
either a matched lossless transmission line or a simple reso-
nant system but includes aspects of both. Our Hyy clearly
shows low-frequency stiffness dominance, a rather broad
resonant [Hyy| peak with Z Hyy zero crossing, and a con-
tinued decrease in |Hyy| and 2 Hypy as frequency increases
to about 3 kHz [as does Hy;y measured by Rosowski er al.
(1999) and, to a lesser extent, Decraemer et al. (2007)], but
our [Hypy| also shows approximately constant |[Hygy| and ap-
proximately linear ZHy;y decrease with frequency from
5 to 35 kHz [as does Hyry measured by Overstreet and Rug-
gero (2002), Decraemer et al. (2007; to 10 kHz only), and de
la Rochefoucauld et al. (2008); |[Hygy| only)] consistent with
a transmission line. This behavior in the 5-35 kHz range is
also consistent with a multiresonant network whose reso-
nances are distributed in frequency (see, e.g., Decraemer
et al., 1990).11 Above 35 kHz, our data show a definite
change in behavior: |[Hyy| decreases sharply [also seen in
some ears by de la Rochefoucauld et al. (2008)] and / Hyy
levels off [as does ZHyy of Overstreet and Ruggero
(2002)], consistent with a multiresonant network but incon-
sistent with a transmission line. These results indicate that
the gerbil ME behaves as a simple resonant system at low
frequencies and as a distributed multiresonant network at
higher frequencies. ME behavior is consistent with a trans-
mission line from 5 to 35 kHz but not at higher frequencies.

D. Estimates of gerbil cochlear input impedance

Our ME transfer admittance data (=Vg/Py) are used
with measurements of the ME-to-scala-vestibuli sound pres-
sure gain Gyp=Pgy/Py (where Pgy is the sound pressure in
scala vestibuli) and the stapes footplate area Ay, to compute
the cochlear acoustic input impedance Z (the ratio of Pgy to
stapes volume velocity Ug=Ag, Vg) by

Pgy  Pgy Gmp

ZC= = = .
Us Ay Vs Ap-Hwy

(2)

We use the mean scala vestibuli sound pressure from Olson
(2001) (Fig. 2, in 14 ears, normalized by Py) rather than
more recent measurements because they were taken in a
similar fashion to our Vg data: closed-field sound stimulus,
with Py measured concurrently very near the umbo. The
mean |Gyp| (Olson, 2001) and Z Gyp =+ 1 s.d. (not presented
in that paper)1 are compared to our mean Hygy in Fig. 13.
There is a marked similarity in the frequency dependence of
Gyp and Hyy below 30 kHz: Both |Gygp| and |Hyyy| are
roughly constant with frequency and £ Gyp and ZHyy are
similar. [A comparable relationship was observed below
30 kHz by de la Rochefoucauld et al. (2008).] Above
30 kHz, |Gyp| increases while |Hyyy| decreases, and Z Gyp
continues to accumulate while 2 Hy;y becomes roughly con-
stant.
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The s.d. of |Gyp| is high, but the spectral shape of |G yp|
is nearly constant among the ears: in all ears, |Gyp| was
roughly constant at frequencies between 1 and 30 kHz but
increased by a factor of 2-3 between about 30 and 50 kHz.
Most of the variance in |Gyp| may be due to frequency-
independent changes in the sensitivity of the fiber-optic pres-
sure sensor used for Gy measurements (Dong and Olson,
2005; de la Rochefoucauld er al., 2008). The fact that most
of the |Gyp| variance is frequency independent allows us to
draw conclusions about the frequency dependence of quan-
tities computed from Gyp.

The cochlear input impedance computed by Eq. (2) from
the mean Gyp and Hyyy in Fig. 13 and Ag,=0.62 mm? (Lay,
1972) is shown in Fig. 14. The magnitude and phase of Z¢
(black line) are consistent with a resistance over most of the
frequency range: |Z¢| is roughly constant with frequency and
£ Zc¢ is approximately zero below 30 kHz. Above 30 kHz
|Z¢| increases, and above 35 kHz, / Z¢ decreases sharply.
Above 43 kHz, £ Zc is less than —0.25 cycle, which results
from the flattening of / Hy;y with frequency (Fig. 13).

There are some similarities among our computed Z¢ and
Z computed for gerbil by de la Rochefoucauld et al., 2008;
dashed line) and by Decraemer et al. (2007; gray lines): Our
|Z¢| is similar to |Z¢| in one of the ears of Decraemer et al.,
and our £Z¢ is similar to £Z¢ in another of the ears of
Decraemer et al. The high-frequency increase in |Z¢| and
decrease in ZZc computed from our Vg measurements are
hinted at by the Z¢ of de la Rochefoucauld et al. but our
higher-frequency data suggest that the |Z¢| increase and
/£ Z¢ decrease continue at frequencies above the limit of the
measurements of de la Rochefoucauld et al. The frequency
dependence of our Zc below 30 kHz is similar to Zc mea-
sured in other species (reviewed by de la Rochefoucauld
et al., 2008).
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ears by de la Rochefoucauld er al., 2008, dashed line).

The s.d. in |Z¢| is rather high (about a factor of 12
across frequency) due mostly to the high variance in |Gyp|.
However, as mentioned above, even though the |Gyp| vari-
ance is high, the spectral dependence of |Gyp| is fairly uni-
form among those ears; so even though the |Z¢| variance is
high, most of the variance can be explained by a frequency-
independent variability in sensitivity.

The decrease in £Z¢c above 35 kHz suggests that the
cochlear input impedance becomes more reactive at high fre-
quencies, i.e., less input power is absorbed by the cochlea
and more is reflected. This increased power reflectance is
consistent with (a) the idea by Lighthill (1981)" that reac-
tance and reflectance increase above the maximum frequency
where a cochlear traveling wave can form and (b) the in-
crease in EC sound power reflectance PR above 50 kHz
observed by Ravicz et al. (2007).

Some features of our computed Zc above 35 kHz are
inconsistent with a driving-point impedance: The decrease in
/ Z¢ associated with the increase in |Z¢| above 35 kHz is
inconsistent with a minimum-phase driving-point imped-
ance, and the continued decrease in £Z¢ to <-0.25 cycle
above 43 kHz implies a negative resistance inconsistent with
a passive system (see, e.g., Oppenheim and Schafer, 1989).
Possible explanations for these inconsistencies include (a) a
significant phase delay in Pgy between the stapes and the
Pgy measurement location such that Gyp/Hyy no longer
describes a driving-point impedance (see de la Rochefou-
cauld et al., 2008 for a detailed discussion of this and other
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possibilities) and (b) a change in the primary mode of stapes
motion that would contribute significant transverse compo-
nents to the measured Vg. Nevertheless, the appearance of
the |Z¢| increase and /Z decrease above 35 kHz in both
our and some previous Z¢ measurements by different meth-
ods suggests that there is in fact an increase in Zc magnitude
and reactance at high frequencies.

The flatness of |Gyp| with frequency has been cited as
an indication that ME sound transmission is constant across
frequency (Overstreet and Ruggero, 2002; Ruggero and
Temchin, 2002). In fact, the flatness could also arise from an
increase in |Z¢| at high frequencies such that a given stapes
velocity produces a higher |[Pgy| or, conversely, a constant
|Grp| results from lower [Hyy|. Our Z¢ computations sug-
gest that the constant |Gyp| is due to an increase in |Z¢| and
is not indicative of constant cochlear input at high frequen-
cies.

E. Contribution of middle-ear transmission to the
limits of the audiometric range

The acoustic power entering the cochlea I for a given
sound pressure at the umbo can be computed from Hyy, Zc,
and the stapes footplate area Ag, by

e = 3|Us’ Re{Zc} = 3| (Hyy - Po)Ag Re{Zch  (3)

(Rosowski et al., 1986). Equation (3) can be rearranged to
yield the umbo sound pressure Py g, necessary to provide a
given constant level of sound power into the cochlea across
frequency. If we assume that the auditory threshold is a co-
chlear isopower curve (as suggested by several authors, e.g.,
Khanna and Tonndorf, 1969; Khanna and Sherrick, 1981;
Rosowski et al., 1986; Rosowski, 1991a, 1991b) or an isove-
locity curve across frequency, Py g, provides an estimate of
the audiogram with closed-field stimulus.

Figure 15 plots the sound pressure at the umbo neces-
sary to provide a baseline level of acoustic input to the co-
chlea. The black curve is Py, that produces a cochlear is-
ovelocity input of 10 nm/s across frequency (which
corresponds to a cochlear volume velocity input of 6
X 107> m?/s), and the gray curve is Py, that produces a
cochlear isopower input of 1.5X 1071% W across frequency.14
These values were chosen to match (by eye) the most sensi-
tive portion of the gerbil free-field audiogram (dashed line
and squares; Ryan, 1976). Because Re{Z¢} is negative at
some frequencies above 43 kHz (Fig. 14), we show Py g, for
constant 1 only at those frequencies where Re{Z} is posi-
tive, and for comparison, we also show Py, for II- com-
puted assuming that Re{Z¢}=|Z¢| (gray dashed line). The
spectral shape of the audiogram is matched remarkably well
from 1 kHz to above 40 kHz by the isopower curve and to
above 50 kHz by the isovelocity curve. At low frequencies
[below 1 kHz, Fig. 15(a)], the isopower curve is a better
audiogram predictor than the isovelocity curve. At interme-
diate frequencies, where Z¢ is constant in magnitude and
resistive, Py ¢, for constant II- and Py g, for constant Vg are
similar. As frequency increases above 50 kHz [Fig. 15(b)],
the isovelocity curve flattens while the audiogram continues
upward. To the extent that Py is a good estimate of the free-
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FIG. 15. Sound pressure at the umbo required to produce a constant level of
cochlear input across frequency. Shown are Py, that produces a constant
stapes velocity of 10 nm/s (equivalent to a constant stapes volume velocity
of 6X 107> m%/s) (black line) and Py, that provides a constant cochlear
sound power input IT of 1.5X 1078 W (solid gray line, only at frequencies
where Re{Z} is positive). Also shown is Py g, for [1-=1.5X107"¥ W com-
puted by assuming that Z¢ is purely resistive (dashed gray line). The mean
gerbil audiogram (Ryan, 1976) is shown by the dotted line and squares.
(a) Logarithmic frequency scale; (b) linear frequency scale.

field sound pressure used to measure the audiogram, the
match between the audiogram and Py g, for constant sound
power (0.2-40 kHz) or Vg input (1-40 kHz) supports the
idea that the audiogram is determined by a constant level of
cochlear input.

The conclusions above, drawn from mean Hy;y and Z¢
data, are of course affected by potential high-frequency er-
rors and the variance in Hy;y and Z¢, but we believe that the
influence of these factors is relatively small. The negative
real part of Z between 43 and 52 kHz (as £ Z¢ cycles; see
Fig. 14) implies that power is injected into the cochlea at
these frequencies from some other source or that there are
errors in Vg measurements in this frequency range. The Py g,
for constant T computed from Re{Zc}=|Z¢| [assuming
/£ Z=0; gray dashed line in Fig. 15(b)] is therefore a lower
bound on Py ,; if Z¢ becomes reactive at high frequencies
(see previous section), Re{Z ¢} <|Z¢|, and the Py 4, for con-
stant cochlear power input is somewhat higher. The variance
in Hyy can be expected to cause about a 6 dB s.d. in II.
Because the variance in Z¢ is due mostly to variance in |Z¢|
and because the |Z¢| variance is primarily a variance in sen-
sitivity (see Sec. IV D above), the variance in cochlear input
power is primarily in the magnitude and not in the frequency
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dependence. Hence, the |Z¢| variance could cause the base-
line power level to be different for different ears, but the
spectral shape would be similar.

As mentioned above, the isopower curve in Fig. 15 re-
lates cochlear input power to sound pressure near the TM;
yet the audiogram was measured in the free field. The only
data of which we are aware that relate gerbil Pg to free-field
sound pressure Pgp are free-field-to-eardrum transfer func-
tions (FETFs) measured from several directions by Maki and
Furukawa (2005, Fig. 2). Below 20 kHz, their FETFs show a
direction-independent EC gain that peaks at about 20 dB
near 8 kHz, but since the TM was stiffened for these mea-
surements (thereby increasing Rgc; see Ravicz et al., 2007),
the EC gain in an unmodified ear is probably less. Above
20 kHz, the situation is more complicated—their EC gain is
direction dependent, their FETFs vary with the measurement
location in the EC, and their innermost measurement location
[“3 mm,” Fig. 2(i)] is still probably several millimeters away
from the TM (based on the gain notch at 30 kHz; see Ravicz
et al., 2007); but, assuming that the highest EC gain among
measurement locations at a given frequency is a good esti-
mate of [Py/Pgg| at that frequency (see Ravicz et al., 2007),
the EC gain is approximately unity from about 20 to 50 kHz,
the highest frequency measured.

Two pieces of evidence suggest that the amount of free-
field sound power entering the ME decreases at high fre-
quencies: (1) The diffuse-field effective area EATY;, which is
a measure of the sound power-collecting ability of the exter-
nal ear and ME (Rosowski et al., 1986, 1988; Rosowski,
1991a, 1991b), is approximately 25 mm? at 12 kHz but is
limited by the ideal EAPF=\2/47 at higher frequencies
(Ravicz et al., 1996). Since EAPY decreases as the square of
frequency as frequency increases, this result suggests that the
cochlear power produced by a constant diffuse-field sound
pressure Ppr decreases more rapidly at high frequencies than
does Il for a constant Py. (2) R increases from about 0.5
near 30 kHz to at least 0.8 above 55 kHz (Ravicz er al.,
2007). Each of these pieces of evidence suggests that the
free-field sound pressure necessary for a constant cochlear
input power is higher at high frequencies than the Py, esti-
mated in Fig. 15.

Figure 15 shows that the high-frequency increase in au-
ditory threshold that forms the upper audiometric limit is
accompanied by a reduction in cochlear input. These results
do not support the idea (Olson, 2001; Overstreet and Rug-
gero, 2002; Ruggero and Temchin, 2002) that ME sound
transmission remains high even at high frequencies where
cochlear response is low. These results support the idea that
the limitations of ME transmission contribute to the limits of
hearing.

V. SUMMARY AND CONCLUSIONS

We were able to measure stapes velocity independently
in two laboratories over a frequency range that spans the
gerbil auditory range, to higher frequencies than previously
published measurements. These velocity measurements,
when combined with reliable measurements of ME input Py
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in the same ears to form the ME transfer admittance Hyy
=Vg/Py, provide a broadband view of ME function.

Stapes motion is consistent with simple translational
motion in the piston direction below 9 kHz, and the piston
component of stapes motion is dominant up to at least
36 kHz except in a narrow range near 10 kHz. Single-point
measurements from a direction within 45° of the piston di-
rection can provide a reasonably good estimate of piston
motion to at least 36 kHz.

The ME exhibits different behaviors over different fre-
quency ranges. Hy;y is compliance-dominated at low fre-
quencies, and the ME behaves as a simple second-order reso-
nant system below about 3 kHz. Above a peak near 10 kHz
up to 30—35 kHz, ME transmission is consistent with a mul-
tiresonant network or a mechanical transmission line: [Hyy|
is approximately constant and dZ Hyy/df is consistent with
a delay of 26-29 us.

At higher frequencies (above 35 kHz), ME transmission
does not remain constant at high frequencies: |Hyyy| de-
creases steeply with frequency and |Hyy| flattens.

The high-frequency decrease in |[Hyy| corresponds to an
increase in cochlear input impedance.

The increase in gerbil auditory threshold at high fre-
quencies coincides with a decrease in |Hyy| and sound
power entering the cochlea. Therefore, reductions in cochlear
input contribute to the rise in auditory thresholds at high
frequencies.

Other peripheral mechanisms, e.g., decreases in
external-ear sound power collection (Ravicz et al. 1996) and
increases in EC power reflectance (Ravicz et al., 2007), may
also contribute to the rise in auditory thresholds at high fre-
quencies.
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APPENDIX: METHOD OF COMPUTING PISTON AND
TRANSVERSE STAPES MOTION FROM
VELOCITY MEASUREMENTS

Estimation of stapes motion in the piston direction and
transverse directions from measurements of stapes posterior
crus target velocity Vg requires three steps: (1) Determine
the velocity of the target in a coordinate system defined by
the measurement setup (an “experimental” reference frame);
(2) transform that velocity into a coordinate system aligned
with the stapes (an “intrinsic” reference frame, see, e.g., De-
craemer et al., 1994, 2007); and (3) estimate the velocity of
the entire stapes from velocity measured at one point (the
target). Different methods of estimation were used at MEEI
and Bristol. In both cases, the origin of the experimental
reference frame was at the posterior crus target, and target
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velocity was measured along the —z' axis. The x' axis was
approximately anterior-posterior, and the y’ axis was ap-
proximately transverse.

At Bristol, Vg was measured repeatedly from a baseline
direction Vg, and also from four to five different directions
relatively similar to the baseline direction. These seven to
eight measurements were used to compute the velocity of the
posterior crus target in directions transverse to the baseline
direction in the experimental reference frame (x',y’,z’)
VS,x' and VS,y’ by

m
VSpc,x’ !
_1J M2
Vs’ = VSpc,y’ = [D] : e (Al)
VSpc,z’ m,

where the elements of D (d,, dy, d;, dsy, ..., dyy, dyy, dy)
describe rotations L and 7 from the baseline direction that
define the directions of the measurements M
={m;,m,, ... ,m,} in the experimental reference plane. A
minimum of three measurements are necessary; for the Bris-
tol experiments, n=7-8 (as mentioned above), and Eq. (A1)
describes an overdetermined system. A singular value de-
composition technique (see, e.g., Decraemer er al., 1994)
was used to minimize errors in solving for Vg s, Vg s, and
VS,z’:

Re{Vg/} =[(D'D)(D” Re{M})]™’ (A2a)

and

Im{Vg/} =[(D'D)(D" Im{M})]™". (A2b)

The velocities computed above in the experimental ref-
erence frame were then converted to velocities in the intrin-
sic reference frame (x,y,z). The origin of the intrinsic refer-
ence frame is at the center of the stapes footplate; the x axis
is the long footplate axis (approximately anterior-posterior),
the y axis is in the piston direction (inward — a left-hand
coordinate system was used for left ears), and the z axis is
the short footplate axis (approximately superior-inferior).
First, rotations were applied about the three experimental
axes: +45° about the +x’ axis, +15° about the +y’ axis (for
right ears; —15° for left ears), and —10° about the +z’ axis, in
that order. These manipulations produced the velocity of the
posterior crus target in the piston direction Vg, and trans-
verse directions Vg, and Vg .

The piston velocity of the posterior crus target was as-
sumed to be indicative of the piston velocity of the stapes
footplate: We assume that the stapes moves as a rigid body
and that the y components of motion at the posterior crus due
to rotations about the x and z axes are negligible. Then the
transformation of target velocity to stapes footplate involves
only a simple translation of the origin from the target to the
center of the stapes footplate. Because translations of the

origin do not affect translational velocities, Vs,y:VS,y.
Estimates of transverse motion were performed at MEEI
in a different way because velocity was measured from only
two directions and there are insufficient data to compute the
components of Vg in all directions. This technique is insen-
sitive to motion out of the plane defined by the two measure-
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ment directions. The two measurements were used to com-
pute the motion of the posterior crus target in the direction in
the plane closest to piston motion and in the perpendicular
direction in the plane. Target velocity was transformed to
stapes footplate velocity as described above.

"The gerbil auditory threshold is 60 dB above its most sensitive value by
60 kHz (see Ryan, 1976).

Note that Hy;y has units of a specific acoustic admittance.

*The reduction in Vg with the probe tube within 0.5 mm of the umbo may
be due to shadowing of the location of effective ME input by the probe
tube: \ at 60 Hz (~6 mm) is only about four times the diameter of the
probe tube, and sound might not diffract completely around the probe tube
tip when the distance between it and the TM is small.

4p(O) <0.05 as evaluated by Student’s 7 test.

The logarithmic mean is frequently used with data that span a wide range.
An advantage is that the variance is symmetric about the mean when
plotted on a logarithmic scale.

“The data sets in panels (A) and (B) are slightly different: the mean Hyyy in
panel (A) includes some measurements in which Vg was above the noise
floor at low frequencies but not high; the mean Hyy in panel (B) includes
some measurements in which Vg was above the noise floor at high fre-
quencies but not low. Factors that influenced Vg signal-to-noise ratio in-
clude the seal around the probe tube in the EC (which affected low-
frequency stimulus levels) and the strength of the laser signal reflected
from the target (which affected noise levels, especially at high frequencies:
lower signal strength produced higher noise).

"Note that this [Hygy| peak is unaffected by the notch in |Py/Pgc| near
10 kHz (Fig. 3).

The product of displacement and frequency is equivalent to velocity. We
chose to describe the figure in terms of displacement to make it easier to
grasp intuitively.

“Forces are exerted on the stapes head by the incus and resisted by the
stapedius muscle and tendon, inertial forces at the stapes center of gravity,
and the annular ligament at the footplate edges. Neglecting reaction forces
from the stapedius muscle and tendon and inertial forces, any forces ap-
plied along a line that does not include both the stapes head and the stapes
centroid (coincident with the center of gravity for a uniform mass distri-
bution), i.e., different from the piston direction, must cause a rocking
moment.

In that study, velocity phase accumulated an extra cycle at the magnitude
notch near 3 kHz.

A transmission line can be modeled as an infinite sum of discrete matched
compliant and inertial elements below its cutoff frequency (a ladder-
network delay line, see e.g., Magnusson et al, 2001). A multiresonant
network with distributed resonant frequencies can therefore be considered
a discretized, truncated, and not-so-well-matched transmission line.

“Data generously provided by Elizabeth Olson.

BAs suggested by Elizabeth Olson.

“This threshold value for Tl is consistent with the estimate of power en-
tering the ME I1;=5 X 10717 W by Ravicz et al. (1992): It is expected that
some power would be lost in the ME and, as mentioned above, our method
of measuring stapes motion might underestimate |Vg| and hence I by
about a factor of 2. This threshold value for Il is also consistent with
estimates for other species (Rosowski et al., 1986).
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