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The use of genetically modified mice can accelerate progress in auditory research. However, the
fundamental profile of mouse hearing has not been thoroughly documented. In the current study, we
explored mouse middle ear transmission by measuring sound-evoked vibrations at several key points
along the ossicular chain using a laser-Doppler vibrometer. Observations were made through an opening
in pars flaccida. Simultaneously, the pressure at the tympanic membrane close to the umbo was
monitored using a micro-pressure-sensor. Measurements were performed in C57BL mice, which are
widely used in hearing research. Our results show that the ossicular local transfer function, defined as the
ratio of velocity to the pressure at the tympanic membrane, was like a high-pass filter, almost flat at
frequencies abovew15 kHz, decreasing rapidly at lower frequencies. There was little phase accumulation
along the ossicles. Our results suggested that the mouse ossicles moved almost as a rigid body. Based on
these 1-dimensional measurements, the malleuseincus-complex primarily rotated around the
anatomical axis passing through the gonial termination of the anterior malleus and the short process of
the incus, but secondary motions were also present.

Published by Elsevier B.V.
1. Introduction

The function of the middle ear is to transfer environmental
sound collected by the outer ear to the cochlea via vibration of the
tympanic membrane (TM) and the ossicles. It is known that the
middle ear, including the TM, middle ear air space and ossicles, the
malleus, incus and stapes, varies greatly in form and size among
mammals (Rosowski, 2003). The middle ear morphology relates to
its function. For example, the low frequency hearing in gerbil
benefits from the relatively large bulla (Plassmann and Kadel, 1991)
and the specialized malleuseincus-complex in the cetaceans is
adapted for hearing under water (Fleischer, 1978).

The mouse middle ear falls into the category of ‘microtype’,
following the terminology of Fleischer (1978) (Fig. 1). The specific
features of the mouse ossicular chain are (1) an elongated anterior
processes of the malleus (the gonial) that is fused to the tympanic
ring (arrow in Fig.1B); (2) an orbicular apophysis, a prominentmass
of bone near the base of themanubrium of themalleus (Fig.1A) and
(3) a wide transversal lamina (Fig. 1A and B). The manubrium is
almost parallel to the classical anatomical rotation axis, which is
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defined by the line passing though the anterior process of the
malleus and the short process of the incus (dashed line in Fig. 1A).

In contrast, the gerbil middle ear is more like the ‘freely mobile’
type (Fleischer, 1978)found in chinchilla, guinea pig, cat and human
although the attachment of the malleus to the tympanic ring is
more rigid in gerbil than in human. For the ‘freely mobile’ type of
ossicles, the anterior process of the malleus is relatively short and
the attachment to the tympanic bone is not as solid as in ‘micro-
type’ (arrow in Fig. 1B). The incus is relatively large and the
manubrium is roughly perpendicular to the anatomical axis.

Middle ear transmission has been described as an impedance
matching process, coupling the relative low acoustic impedance in
air to the much higher input impedance of the cochlea. In the
classic view, the impedance matching is achieved by the area ratio
of a large tympanic membrane to a smaller stapes e footplate,
together with the lever ratio between the malleus and incus
rotating about the anatomical axis. Middle ear transmission leads
to a pressure gain, the pressure at the stapes is much higher than
the pressure at the ear canal. This has been shown in cat (Decory
et al., 1990; Nedzelnitsky, 1980), chinchilla (Decory et al., 1990;
Slama et al., 2010), gerbil (Dong and Olson, 2006; Olson, 1998,
2001), guinea pig (Dancer and Franke, 1980; Decory et al., 1990;
Magnan et al., 1997) and human temporal bone (Aibara et al., 2001;
Nakajima et al., 2008; Puria, 2003; Puria et al., 1997). Detailed study
of middle ear transmission suggests that the middle ear vibration is
ng the ossicular chain in commonwild-type laboratory mice, Hearing
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Fig. 1. Ossicular chain of mouse. (A) Diagram of mouse middle ear viewed from the ear canal showing the ossicular chain; (B) viewed from the opposite side (stapes was dis-
articulated). (Drawn by Polina Varavva).
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Fig. 2. Illustration of the experimental approach. After removal of the PF (dashed frame),
the ossicles could be seen from the ear canal opening. The velocity at different spots
(filled dots) along the ossicular chain was measured with a Laser-Doppler vibrometer
(LDV, Polytec). Simultaneously, pressure at the tympanic membrane close to the umbo
(PTM) and at the EC opening (PEC) were measured by a micro-pressure sensor and a B&K
probe tube microphone. Region of the removed PF was illustrated by the dashed-frame.
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not as simple as the classic model suggests, especially at high
frequencies. For example, a complex vibration pattern on the
tympanic membrane (Cheng et al., 2010; Cheng et al., 2011; de La
Rochefoucauld and Olson, 2010; Khanna and Tonndorf, 1972;
Rosowski et al., 2009) and bending along the manubrium in gerbil
(de La Rochefoucauld and Olson, 2010) were in evidence. The
stapes, driven by the motion of the long process of the incus,
produces the acoustic input to the cochlea and was found to be
rotating instead of simply moving as a piston in human temporal
bone (Hato et al., 2003; Heiland et al., 1999); cat (Decraemer et al.,
2003; Decraemer and Khanna, 2003; Guinan and Peake, 1967) and
gerbil (Decraemer et al., 2007; Huber et al., 2008; Ravicz et al.,
2008). Understanding middle ear function is important because it
shapes the sound going into the cochlea as well as the sound
traveling out from the cochlea as otoacoustic emissions (Dalhoff
et al., 2011; Dong et al., 2012; Dong and Olson, 2006; Keefe,
2002; Keefe and Abdala, 2007; Magnan et al., 1997; Puria, 2003;
Voss and Shera, 2004).

Mice have been used in many areas in auditory research and
because of the genetic control possible, accelerate our under-
standingofmanydifferent levels of the auditory system. Past studies
on the mouse middle ear showed its specific morphology and
motion (Fleischer, 1978; Lee et al., 2009; Qin et al., 2010; Rosowski
et al., 2003; Saunders and Summers, 1982). However, sound trans-
mission along themouse ossicular chain is still notwell understood.

In the current study, we describe the local transfer function (LTF)
along the ossiclar chain in commonly used wide type mice. The
complex LTF was calculated by dividing the complex velocity
(measured at several ossicular points with a Laser-Doppler vibr-
ometer) by the complex pressure (measured at the tympanic
membrane close to umbo using a micro-pressure sensor.) The
detailed description of the velocity along the ossicular chain
quantifies middle ear transmission and aids in the exploration of
middle ear pathologies. The present study informs our under-
standing of the excitation to the cochlea and the hearing of mice.

2. Methods

Experiments were performed in C57BL mice that were 5e10
weeks old. The care and use of the animals were approved by the
Institutional Animal Care and Use Committee of Columbia Univer-
sity. The mouse was anesthetized with ketamine (13 mg/kg) and
urethane (2 mg/g). The analgesic buprenorphine (0.1 mg/kg) was
administered every 6 h. At the end of the experiment, the animal
was euthanized with an overdose of anesthetic. During the exper-
iment, animal body temperature was maintained at w37 �C using
a thermostatically controlled heating blanket. A tracheotomy was
Please cite this article in press as: Dong, W., et al., Sound transmission alo
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performed to maintain a patent airway. The left pinna was
removed. The umbo andmanubrium could be accessed through the
tympanic membrane. In order to access the malleus and incus, the
pars flaccida (PF) was removed (de La Rochefoucauld, et al., 2008;
Dong et al., 2012). PF is a nearly transparent membrane with
a shape like a shallow bowl. When the pressure across the PF was
equalized, for examplewhen the bullawas opened or vented, the PF
flattened out and wrinkles developed making it less transparent.
Measurements from the umbo and manubrium were made pre-
and post-removal of the PF to monitor of the effects of opening the
PF on sound transmission. Formeasurements done prior to opening
the PF, the bulla was vented with a tiny hole to avoid static pressure
buildup in the bulla cavity.

Fig. 2 shows the view of the mouse middle ear ossicles through
the opening in PF. Velocities (V) at points (filled dots in Fig. 2) along
the ossicular chain were sequentially measured using a Laser-
Doppler vibrometer (LDV, Polytec, OFV-534, and VD-06 decoder).
The vibrometer’s HeliumeNeon laser was focused on the prepara-
tion with a 5 � Mitutoyo lens with 33.5 mm focusing distance. As
reported by the manufacturer, the focused spot size (1/e2) is 3 mm.
The noise level of the velocitymeasurement depends on the amount
of reflected light and was typically less than 10�4 mm/s at frequen-
cies below 30 kHz and somewhat larger at higher frequencies.

Simultaneously, the pressure at the tympanic membrane (PTM)
was measured at a location close to the umbo using a micro-
ng the ossicular chain in commonwild-type laboratory mice, Hearing
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pressure sensor of outer diameter 125 um, which was constructed
in the lab (e.g., (Dong and Olson, 2009; Olson, 1998)). The sensors
were calibrated in water and air after construction and pre- and
post-experiments. The sound pressure level was set with a Bruel
and Kjaer probe-tube microphone (model 4134) coupled to a Radio
Shack tweeter and positioned at the ear canal opening (PEC). The
transfer function of the probe-tube was accounted for when setting
the sound pressure level (SPL, decibels relative to 20 mPa peak) and
analyzing the data. With 1 s of data acquisition the microphone
noise level (with probe-tube) wasw�10 to 25 dB SPL up to 50 kHz.
The noise level was determined by the average value of the six FFT
points below and above the stimulus frequency.

The ear was acoustically stimulated with pure tones (frequency
swept from 0.5 to 50 kHz in 75 steps) via a single Radio Shack 40e
1377 tweeter. Acoustic stimuli were generated and collected
digitally using a Tucker Davis Technologies (TDT) System III.
Stimulus and acquisition programs were written in Matlab and
the TDT Visual Design Studio. The sampling frequency of the TDT
system was 200 kHz. Data were stored following removal of the
first 4096 points of the response waveform to avoid the transient,
and time-averaging the remaining waveform, typically in 50
time-locked segments. Responses were later analyzed by Fourier
transform in Matlab.

To evaluate the middle ear transmission along the ossicular chain,
the complex LTFwas found by comparing the velocity to the pressure
at the TM. The magnitude of the LTF was defined as: jVj/jPTMj and the
phase was FVeFPTM. The phase group delay was defined as the
negative slope of the radianphase-versus-radian frequency response.

3. Results

The ossicleswere viewed at an angle perpendicular to the stapes’
footplate and our results are of the velocity in this direction. Eight
animals were used and common features of middle ear function
were similar in the in-vivo and post mortem condition, similar to
results in gerbil (de La Rochefoucauld et al., 2010; Dong and Olson,
2009). The ossicular velocity increased linearly with sound pres-
sure level over the stimulus range tested, from 70 to 100 dB SPL.

3.1. Effect of removal of PF

In order to access the malleus, incus and stapes along the
direction perpendicular to the stapes’ footplate the PF had to be
removed. The umbo can be viewed and its velocity measured
without removing the PF (left panel of Fig. 3). To illustrate the effect
of PF removal on sound transmission, Fig. 3 shows the responses of
the umbo before and after removing the PF (in-vivomeasurements).
Fig. 3. Effect of removal of the PF. (A) Velocity of the umbo referenced to the pressure at t
opening; left panel illustrates the recording spot. Solid and dotted lines indicate responses

Please cite this article in press as: Dong, W., et al., Sound transmission alo
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Amplitude and phase of the velocity response were plotted versus
frequency in Fig. 3A and B. In this example the velocity is shown
referenced to the pressure at the EC opening (PEC). Even though the
area of the PF in mouse isw30% of the total area of the TM the only
significant change in umbo motionwas at frequencies below 5 kHz,
similar to previous findings in mice (Saunders and Summers, 1982).
Therefore, opening of the PF caused substantial change of sound
transmission only at low frequencies, similar to the change in
gerbils (de La Rochefoucauld et al., 2008; Dong et al., 2012).

3.2. Middle ear transmission along the ossicular chain

Middle ear transmission was characterized by the LTF, V/PTM, at
spots along the ossicular chain (Fig. 2). The pattern was consistent
among animals, and pre- and post mortem. Below we show data
from an in-vivo experiment, M133, to illustrate the major points.
The velocities of the umbo and spots along the manubrium were
measured from a slightly different angle (w30�) from the direction
perpendicular to the stapes footplate. Measurements at the same
location on the posterior arm of the malleus at the two angles were
very similar. We include the umbo and manubrium responses in
this report without accounting for the angle of approach, although
with a more direct angle the motions along the manubrium and
umbo would likely be larger. The result from the umbo is plotted as
a gray dashed line in all the figures.

3.2.1. Along the manubrium, from umbo to the lateral process of the
malleus

Fig. 4 shows three LTFs, magnitude (Fig. 4A) and phase (Fig. 4B),
at the umbo (gray dashed), the midmanubrium (gray solid) and the
lateral process of the malleus (black solid, LPM, which we use to
identify the location where the manubrium meets the malleus
body) (locations are illustrated in the left panel of Fig. 4). These
measurements were made from the same viewing angle. The umbo
moved themost (Fig. 4A). The amplitude of the LTF decreased as the
measurement spot moved away from the umbo toward the body of
the malleus, especially at frequencies above 10 kHz. The two points
on the manubrium moved in phase (gray in Fig. 4B). However
a clear phase accumulation was seen between those points and the
LPM (black solid in Fig. 4B).

3.2.2. Along the anterior arm of the malleus
Along the anterior arm of the malleus, the LTF magnitude

decreased at all frequencies as the measurement location moved
toward the anatomical rotation axis (Fig. 5A). The entire anterior
arm seemed to move as a rigid body, as most of the spots were in
phase (Fig. 5B). The amplitude of the LTF was smallest at the spot
he ear canal opening; (B) Phase of the umbo velocity referenced to pressure at the EC
with PF intact and removed. (Expt. M129.)

ng the ossicular chain in commonwild-type laboratory mice, Hearing
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closest to the anatomical rotation axis (magenta in Fig. 5A) and the
phase at that location was off slightly from the other locations
(magenta in Fig. 5B).

3.2.3. Along the posterior arm of the malleus and on the transversal
lamina

Along the posterior arm of the malleus, the amplitude of the LTF
decreased as the measurement point moved toward the anatomical
rotation axis (Fig. 6A). The two most dorsal points, located close to
the malleuseincus-joint, moved the least (cyan and magenta in
Fig. 6A, the two curves nearly overlie). The spot on the transversal
lamina showed similar amplitude and phase as the posterior spot
on the posterior arm of the malleus, suggesting that the traversal
lamina moved together with the posterior arm of the malleus
(blackdotted and green solid in Fig. 6A). Most of the points on the
posterior arm of the malleus and transversal lamina moved in-
phase except the two most dorsal points, which moved anti-
phase with the others (cyan and magenta in Fig. 6B). This
suggests that the malleus rotates along the anatomical axis defined
by the anterior of the malleus and short process of incus (dashed
line in Fig. 6 drawing), and that the twomost dorsal points were on
the opposite side of the rotation axis compared to the other points.
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3.2.4. Along the incus and on the stapes
Along the incus, the decrease of the LTF magnitude from the

long process of the incus to the anatomical rotation axis was seen
again (in order of blue, green and red in Fig. 7A). Most of the points
along the incus moved in-phase and the most dorsal spot close to
the malleuseincus-joint showed some phase difference compared
to others (red in Fig. 7B). All these observations reinforce the idea
that the rotation motion is primarily along the classic anatomical
rotation axis (dashed line in illustration panel). In addition, the
magnitude and phase of stapes’ LTF were similar to those of the
long process of the incus (dotted and blue solid in Fig. 7A and B).
Thus along the direction perpendicular to the stapes’ footplate, the
stapes followed the motion of the long process of the incus.

3.2.5. Lever ratio
In the classic ossicular theory the ossicles rotate along the

anatomical rotation axis (shown in the dashed lines in the top
panels in Fig. 8). Part of the middle ear pressure gain is contrib-
uted by the lever ratio of the length of the long process of the
incus to the length of the long process of the malleus (thin lines in
the top panels in Fig. 8). (In ‘freely mobile’ ossicular chains, for
example, the gerbil, the manubrium is nearly perpendicular to the
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anatomical rotation axis and the full lever ratio is found as
distance of LPI from the anatomical rotation axis/distance of umbo
from the anatomical rotation axis but in the ‘microtype’ middle
ear the manubrium is almost parallel to the anatomical axis, and
thus we do not include the manubrium in the lever-ratio
comparison.). In the bottom panel of Fig. 8, the velocity ratio
LPI/LPM is plotted, with individual cases as thin dotted lines and
the average of five animals as a solid line. For comparison, gerbil
LPI/LPM findings are included (gray dashed line) (de La
Rochefoucauld et al., 2010). In the literature, the lengths of the
ossicles were measured (Rosowski et al., 1999) and the ratio LPI/
LPM was calculated as w0.7 in gerbil and 0.5 in mouse (Saunders
and Summers, 1982). The velocity ratio calculated from the
velocity measurements agreed with the anatomical values at
frequencies below 30 kHz in gerbil and mouse and departed at
higher frequencies where the lever ratio was w0.9 in mouse
and w0.2 in gerbil. The frequency dependence suggests the onset
of relatively complex motion and indeed it is known that
above w10 kHz the gerbil stapes moves in three dimensions e

rocking in addition to the plunging motion (Decraemer et al.,
2007; Huber et al., 2008; Ravicz et al., 2008).
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3.2.6. Summary of middle ear transmission along the ossicular
chain

Fig. 9 summarizes the transmission at key spots along the
ossicular chain indicated in the left panel. Besides the LPM (black),
the amplitudeversus frequencyof the LTFat theumbo (gray dashed),
posterior arm of malleus (green), incus (red) and stapes (cyan) were
similar to each other (Fig. 9A). All showed a high-pass filter shape
with a steep increase at frequencies beloww15 kHz,w10 dB/octave,
and stayed almost flat up to 60 kHz. The amplitude of the LTF of the
LPMwas different from others in that it decreasedwith frequency at
frequencies above 30 kHz. Thephase of LTFof theumbo accumulated
smoothly with frequency (gray dashed in Fig. 9B). There was more
phase accumulation at the LPM and a gradual increase in phase
accumulation as the measurement location proceeded to the incus
and stapes. If we characterize the phase-versus-frequency as phase
group delay (negative slopes of dotted thin lines in Fig. 9B), at
frequencies between 20 and 55 kHz, the phase group delays were
w9 ms at the umbo (gray dashed) and w19 ms at the stapes (cyan
solid). Thus, the phase group delay that accumulated along the
ossicular chain, between the umbo and the stapes, was w10 ms.
However, above w20 kHz the phase differences between the LPM,
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the posterior armof themalleus, the incus and the stapesweremore
like simple phase shifts than delays (for illustration, the LPM phase
was shifted downwards 0.3 cycles as the dash-dotted line in Fig. 9B).
Considering the umbo (gray dashed), LPM (black) and posterior
malleus (green) measurement locations, above w35 kHz the umbo
and posterior locations are close to a half cycle out of phase and the
central LPM location has the smallest magnitude, suggesting
a motion along a secondary rotation axis defined by the massive
orbicular apophysis and the anterior process of the malleus, as
suggested by Fleischer (1978). We will discuss this further below.
3.3. Correlation of middle ear transmission and hearing threshold

A comparison of hearing threshold and middle ear transmission
for mouse is in Fig. 10, which plots the magnitude of the stapes LTF
measured through the open ear canal (gray solid) along with the
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compound action potential (CAP) thresholds measured in our lab
(black solid). In addition, auditory brainstem responses (ABR) of
C57BL and 129 � C57 Hybrids (Ouagazzal et al., 2006) are shown in
blackdotted and dashed lines. All responses were plotted as
a function of frequency using log scales and were moved vertically
at 10 kHz to facilitate comparison.

It is striking to see the degree of agreement between the stapes
LTF and CAP and ABR thresholds at frequencies below 10 kHz,
which suggests that the middle ear sets the low frequency hearing
threshold. At frequencies above 20 kHz, the CAP and ABR thresh-
olds depart from the stapes LTF. The CAP threshold curves were
averaged data of many animals measured in our lab and some of
them showed high frequency hearing loss due to acoustic trauma
caused by the invasive approach. In addition, the C57BL mouse is
reported to have age-related cochlear hearing loss (Johnson et al.,
1997) and indeed we see the CAP thresholds became much less
sensitive at frequencies above 30 kHz. High frequency hearing loss
was also apparent in ABR recordings from the same strain (redrawn
from Ouagazzal et al. (2006)). The ABR recording of hybrids
(129� C56) showed better high frequency hearing, but a departure
between the stapes’ velocity and ABR is still obvious, suggesting
that even in these hybrid mice the high frequency hearing limit is
not determined by stapes excitation. However, high frequency
measurements are tricky in that the result is sensitive to where and
how the sound calibration is done (this can be appreciated by
comparing the umbo velocity in Figs. 1 and 2 in this paper.) Such
complications are also apparent in measurements in gerbil, for
example Fig. 12 in (Ravicz et al., 2008) and Fig. 9 in (de La
Rochefoucauld et al., 2010) compare gerbil stapes velocities from
different labs and show departures at high frequencies. To
summarize, while the high frequency threshold is influenced by
several physiological and experimental factors in addition to
middle ear transmission, the robust relationship between middle
ear transmission and the low frequency hearing threshold is
beyond doubt.
4. Discussion

To characterize middle ear transmission in mouse, the velocity
was mapped along the ossicular chain and simultaneously the
pressure at the TM was measured. In order to access the ossicular
chain through the ear canal, the PF was removed. The removal of
the PF did not affect the LTF above w5 kHz (Fig. 3). Therefore, even
though the mouse PF is relatively large it has little role in sound
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transmission, and middle ear excitation is essentially unaffected by
this large opening (Saunders and Summers, 1982; Teoh et al., 1997).

The frequency-dependent ossicular vibration is determined by
the anatomical and physical properties of the middle ear system.
For the ‘freely mobile’ type of middle ear, the ossicles primarily
rotate about the anatomical axis at low frequencies (low-frequency
mode). At high frequencies, the vibration of the ossicles has been
shown to be relatively complicated, with flexing at the malleus-
incus joint and along the manubrium. A twisting of the malleuse
incus joint in cat and human was described as a gear mechanism
recently (Puria and Steele, 2010). Another type of bi-model motion
was recently demonstrated in the Cape goldenmole, whose middle
ear has similarities to the ‘microtype’ ear (Willi et al., 2006).

Based on the anatomy Fleischer (1978) hypothesized that there
were two vibration modes for the ‘microtype’ middle ear. One
mode is the low-frequency mode in which the ossicles rotate
around the anatomical axis. The other mode is the high-frequency
mode in which the ossicles rotate about an axis perpendicular to
the anatomical axis, and passing through the massive orbicular
apophysis (see illustration in Fig. 9). Related to this hypothesis, an
analysis of distribution of the ossicular mass and rotational inertia
of the two types of middle ear system showed that the anatomical
axis and the minimum inertia axis were the same in the ‘freely
mobile’ system but different in the ‘microtype’ ear (Lavender et al.,
2011). A previous study on the motion of the mouse ossicles
confirmed the low-frequencymode, and observed amotion pattern
that suggested a transition to the second “minimum-inertia” mode
above 10 kHz, but concluded that motions around the anatomical
axis provided the main functional motions throughout the 35 kHz
range of their measurements (Saunders and Summers, 1982).

When referenced to sound pressure close to the ear canal with
a probe tube system, the ossicular velocity we observed was similar
to what has been reported in the literature (Doan et al., 1996; Qin
et al., 2010; Rosowski et al., 2003; Saunders and Summers, 1982)
in that it increased quickly from low frequency to w 20 kHz and
then decreased (refer to Fig. 3, where the velocity was normalized
to PEC).However, when the velocity was normalized to the TM
pressure close to the umbo with a micro-pressure sensor, the LTFs
were simply those of a high-pass filter in that they increased
quickly to w15 kHz, then stayed w flat up to 60 kHz, the high
frequency limit of our measurements (Figs. 4e7).

The phase versus frequency curves showed little phase accu-
mulation from the LPM to the stapes (Fig. 9B), indicating that there
was little slippage at the malleuseincus-joint or the incudo-
stapedial joint. Therefore, the malleus and incus plus stapes could
be considered basically as a rigid body moving in 3-d, although
a small degree of slippage or flexing cannot be ruled out. The
additional phase accumulation of the LPM to the umbo (Fig. 3B)
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suggested that flexing occurred where the manubrium met the
body of the malleus, but such phase shifts could also occur due to
a combination of rigid body motions. The group delay between the
umbo and stapes was w10 ms, which was similar to that in gerbil,
although in gerbil the delay accumulates along the entire chain (de
La Rochefoucauld et al., 2010).

The results showed that the amplitude of the LTF decreased
from ventral to dorsal locations, and the most dorsal spots close to
the anatomical rotation axis moved the least, with some phase
differences compared to more ventral locations. Spots on the
malleus close to the malleuseincus-joint showed w180� phase
shift (Figs. 3e7), an observation consistent with these locations
being on the far side of the rotation axis. At frequencies below
30 kHz, the lever ratio LPI/LPM approximately agreed with the
anatomically predicted values (Fig. 8). These basic observations
support the notion that to a first approximation themalleuseincus-
complex can be modeled as a rigid body that rotates along the axis
going through the tethers of anterior malleus and the short process
of the incus, the classic anatomical rotation axis.

However, not all aspects of the motion were consistent with
rotation along the anatomical axis. Above w30 kHz, the umbo
motion was almost 180� out of phase with the malleus, and the
LPM, which is very close to the massive orbicular apophysis, moved
less than the anterior spot on the posterior arm of malleus (Fig. 9).
The motion above w30 kHz might be best described as a summa-
tion of rotations about two axes, with the second axis through the
center of mass of the malleuseincus complex, a motion that would
minimize the moment of inertia and thus the rotational inertial
(Fleischer, 1978; Lavender et al., 2011). In our results this second
axis seemed to alignwith the anterior extension of the malleus, and
the orbicular apophysis (dashed line in left panel in Fig. 9).
5. Conclusion

In the “textbook” description of middle ear function, the TM
moves as a piston and the ossicles move as a rigid body that rotates
around the anatomical axis, with manubrium, LPM and LPI all in
correct formation to leverage TM motion to a relatively smaller
stapes motion, in order to drive the cochlea. Modern observations,
showing the TMmoving in a complex wavy pattern and the ossicles
moving inways beyond the classic rotation and flexing at the joints,
have shown that this textbook description is only a rough
approximation of the reality. The distributedmotion in both the TM
and ossicles can be understood as resulting from the need to reduce
effective mass, in order to have a system that can operate to high
frequencies (Fay et al., 2006; Puria and Allen,1998; Puria and Steele,
2010). In the ‘microtype’ ear of the mouse, even the basic anatomy
argues against the textbook description, with the manubrium
heading off at an angle almost parallel to the anatomical axis, and
a seemingly unnecessary mass added to the manubrium – the odd
globe of bone termed the orbicular apophysis. Fleischer (1978)
proposed that this massive globe worked as a sort of vibration-
isolation unit, allowing other components to move while it stayed
relatively stationary e and thus establishing a second rotation axis.
Such a role was supported in our measurements above 30 kHz,
where the nearby LPM moved less than the more posterior
manubrium, and less than even the stapes above 50 kHz.While this
stationary-mass effect was significant above 30 kHz, the classic
anatomical axis remained the primary rotation axis, and the
primary mode of motion, throughout the entire frequency range.
Thus the ‘microtype’ system seems to have solved the ossicular
mass problem via complex motion of a nearly rigid body, as
opposed to the flexible redistribution of mass observed in the
ossicles of more ‘freely mobile’ middle ears.
ng the ossicular chain in commonwild-type laboratory mice, Hearing
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