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ABSTRACT

In a healthy cochlea stimulated with two tones f; and
>, combination tones are generated by the cochlea's
active process and its associated nonlinearity. These
distortion tones travel “in reverse” through the middle
ear. They can be detected with a sensitive microphone in
the ear canal (EC) and are known as distortion product
otoacoustic emissions. Comparisons of ossicular velocity
and EC pressure responses at distortion product fre-
quencies allowed us to evaluate the middle ear transmis-
sion in the reverse direction along the ossicular chain. In
the current study, the gerbil ear was stimulated with two
equal-intensity tones with fixed f/f; ratio of 1.05 or 1.25.
The middle ear ossicles were accessed through an
opening of the pars flaccida, and their motion was
measured in the direction in line with the stapes piston-
like motion using a laser interferometer. When referenc-
ing the ossicular motion to EC pressure, an additional
amplitude loss was found in reverse transmission com-
pared to the gain in forward transmission, similar to
previous findings relating intracochlear and EC pres-
sure. In contrast, sound transmission along the ossicular
chain was quite similar in forward and reverse directions.
The difference in middle ear transmission in forward
and reverse directions is most likely due to the different
load impedances—the cochlea in forward transmission
and the EC in reverse transmission.
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INTRODUCTION AND BACKGROUND

Since Kemp's (1978) discovery of otoacoustic emis-
sions (OAEs), OAEs have been used for probing the
active process of the cochlea. The middle ear is
responsible for transmitting sound in and out of the
cochlea, thus it shapes the OAE as well as the
primaries. Consequently, it is important to understand
how the middle ear transmits sound reversely, from
the cochlea to the ear canal (EC). In forward sound
transmission, the external and middle ear convey
environmental sound to the inner ear, the cochlea.
The middle ear plays the role of an impedance
matcher, coupling the relatively low acoustic imped-
ance of the EC to the much higher input impedance
of the cochlea. Sound pressure drives the tympanic
membrane (TM), which induces vibration along the
ossicular chain, composed of the malleus, incus, and
stapes. The stapes vibration produces an intracochlear
pressure that is larger than the input pressure at the
TM, which is characterized as “middle-ear pressure
gain.” This pressure gain through the middle ear has
been studied in cat (Decory et al. 1990; Nedzelnitsky
1980), chinchilla (Decory et al. 1990; Slama et al.
2010), gerbil (de La Rochefoucauld et al. 2008; 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; Nakejima et al. 2008; Puria 2003a; Puria et al.
1997). In addition to the pressure gain, the more
recent studies also document a delay associated with
the transmission between the EC and cochlea.

The effect of the middle ear on OAEs has been
explored in live humans with EC pressure measure-
ments (Keefe 2002; Keefe and Abdala 2007). In
animals and human temporal bones, intracochlear
pressure near the stapes can be measured, thus



forward and reverse transmission can be evaluated
directly. For example, using two-tone distortion prod-
ucts (DPs) as the intracochlear sound source and
simultaneously measuring responses in the EC and at
the stapes, reverse transmission through the middle
ear has been explored in cat (Voss and Shera 2004),
gerbil (Dong and Olson 2006), and guinea pig
(Magnan et al. 1997). In a study with human temporal
bones (Puria 2003a), an intracochlear sound source
was used to drive the middle ear reversely, and
forward and reverse transmission were quantified. All
of these studies showed gain and delay in forward
transmission (from the EC to the stapes or scala
vestibuli (SV) close to the stapes) and loss and delay
in backward transmission (from the stapes or SV to
the EC). In related work, Dalhoff et al. (2011)
compared DPs on the umbo and EC for diagnosis of
hearing problems. Our previous results comparing
forward and reverse transmission in gerbil provided
background to the present study, with an example
shown in Figure 1. The forward transfer function
(FTF), defined as Psy/ Py at the primary frequencies,
had a relatively flat amplitude ratio across frequencies
corresponding to a gain of ~25 dB (red and green in
Fig. 1A). The phase difference between Psyand Py, (red
and green in Fig. 1B) varied nearly linearly with
frequency indicating a constant delay that was estimated
as ~32 ps by visually fitting a straight line (dotted in
Fig. 1B) to the phase versus frequency curve. The
reverse transfer function (RTF), defined as Prc/Psy at
DP frequencies (blue and cyan in Fig. 1A), approxi-
mately followed the trend of the FTF from 8 to 22 kHz
but with a RTF loss that was 10 to 20 dB larger than the
FTF gain. Thus, the RTF was not a simple inverse of the
FTF because in that case, when plotted in decibels, FTF
and —RTF would overlie each other. The reverse delay,
estimated from the phase versus frequency curve (blue
and cyan in Fig. 1B), was ~38 s, slightly longer than the
FTF delay.
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FIG. 1. Previous measurements of middle ear forward (FTF) and
reverse transfer function (RTF) evaluated via simultaneous measure-
ments of Prc and Psy close to the stapes (adapted from Dong and
Olson 2006, Fig. 5). A FTF, defined as Ps\/Pgc at primary frequencies,
and RTF, defined as Pc/Psy at DP frequencies. B Psy phase
referenced to Pgc. Red, green, cyan, and blue represent components
of fy, f,, 2fi—f,, and 2f,—f;, respectively. (L;=L,=90 dB SPL, £/f;=
1.25, wgb7. The bulla was open, and the sound was delivered in a
closed-field configuration).
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In the current study, we take a more detailed look
to determine the basis for the difference between
forward and reverse transmission. One strong possi-
bility is that the TM does not work as well as a sound
source as it does as a sound collector (Puria et al.
1993, 2003a, b). Another possible contributor to the
difference is that the ossicles do not move in an
efficient manner in reverse transmission: The cochle-
ar load is much larger than the EC load, and the
stapes is constrained in the annular ligament, thus in
reverse transmission, the ossicles might move in a
looser and less effective manner than in forward
transmission.

The gerbil ear was stimulated with two equal-
intensity tones with fixed f/fi ratio over a wide
frequency range. A family of stimulus parameter-
dependent DPs is generated in healthy gerbil cochle-
ae (e.g., Dong and Olson 2005). The intracochlear DP
pressure drives the stapes and produces vibrations
along the ossicular chain, which drive TM motion,
producing distortion product otoacoustic emissions
(DPOAES) in the EC. Simultaneous EC pressure and
velocity measurements were made on ossicles along
an axis nearly in line with the stapes piston-like
motion direction through an opening of pars flaccida
(PF). The primary objective of the study was to
compare forward (at primary frequencies) and re-
verse transmission (at DP frequencies) along the
ossicular chain in order to see if forward/reverse
differences in ossicular motion were contributing to
our previous results, in which there was extra pressure
loss in the RTF compared to the FTF.

EXPERIMENTAL DESIGN AND METHODS

Experiments were performed in deeply anesthetized
young adult female gerbils 40—60 g in mass. Fourteen
gerbils were used in this study. The care and use of
the animals were approved by the Institutional Animal
Care and Use Committee of Columbia University.
Ketamine (40 mg/kg) was administered first to sedate
the animal. Sodium pentobarbital (initial dose
60 mg/kg, supplemental 10 mg/kg) was used for
maintenance of anesthesia, and the analgesic bupre-
norphine (20 mg/kg) was administered every 6 h. At
the end of the experiment, the animal was sacrificed
with an overdose of sodium pentobarbital. During the
experiment, animal core temperature was maintained
at ~37°C using a thermostatically controlled heating
blanket. A tracheotomy was performed to maintain a
patent airway. The left pinna was removed. The bulla
was vented by a long thin silicone tube (5—-6 cm long
with an inner diameter of 0.28 mm) to avoid static
pressure buildup in the bulla cavity. In this configura-
tion, the bulla was acoustically closed because only
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very low frequencies will equilibrate. A buildup of
static pressure is easy to identify because the PF is
then visibly distorted. In order to access the middle
ear ossicles along the stapes' piston-like motion
direction, the PF was removed in later measurements,
which provides a much larger vent (Fig. 2), and its
effects are described below.

The experimental strategy was to apply two-tone
acoustic stimulation and make simultaneous measure-
ments of EC pressure and ossicular motion. The
primary responses were used to measure forward
transmission and the DPs and DPOAEs to measure
reverse transmission. (Note: we denote by “DP” the
motion at distortion product frequencies measured
on the ossicles and by “DPOAE” the distortion
product otoacoustic emission pressure in the EC.)
Stimulus and acquisition programs were written in
Matlab and the TDT Visual Design Studio. The
sampling frequency of the TDT system was 200 kHz.
Two equal-intensity tones (1-2 s duration) with fixed
f/fi=1.05 or 1.25 were generated by a Tucker Davis
Technology (TDT) system III. Data were stored
following removal of the first 4,096 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. The primary frequen-
cies were swept from 1 to 50 kHz in 500-Hz steps.

A Bruel and Kjaer probe-tube microphone (model
4134) served as the EC pressure monitor. The transfer
function of the probe-tube microphone was
accounted for when setting the sound pressure level
(SPL, decibels relative to 20 pPa peak) and analyzing
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FIG. 2. Experimental access with closed-field sound configuration.
A lllustration of the experimental access with closed-field sound
configuration. Prc was measured at the EC opening entrance with a
Bruel and Kjaer probe-tube microphone, and simultaneously,
velocity was measured along the ossicular chain by a laser
vibrometer. The recorded points are T=lateral process of the malleus

PF opening

the data. With a 1 data acquisition time, the micro-
phone noise level (with probe-tube) was ~5 to 10 dB
SPL up to 30 kHz.

Velocities (V) at points along the ossicular chain
and on the TM were sequentially measured using a
Laser-Doppler vibrometer (LDV, Polytec, OFV-534,
and VD-06 decoder). The vibrometer's Helium—Neon
laser was focused on the preparation with a 10x
Mitutoyo lens with 33.5 mm focusing distance. As
reported by the manufacturer, the focused spot size
(1/€%) is 3 pm. The noise level of the velocity
measurement depends on the amount of reflected
light and was typically less than 10 mm/s at
frequencies below 30 kHz and somewhat larger at
higher frequencies. Reflective glass beads (MO-SCI
Corp, 5-25 um) with a thin coating of gold (50 nm gold
evaporated in the lab) were hand-deposited with a fine
pin on the TM and middle ear ossicles to improve the
optical signal. The beads did not affect the motion of the
ossicular system; motions were similar with and without
the beads. The mass of the bead was at most 4x10 g,
which is much smaller than the mass of any ossicle.

The measuring direction was approximately per-
pendicular to the stapes footplate; this is the direction
of the piston-like motion of the stapes. The velocity of
the manubrium and TM could be measured with an
intact TM; however, measuring responses from the
malleus and incus required removal of the PF.
Therefore, in the early stage of each experiment,
measurements were made from the lateral process of
the malleus (LPM), the manubrium, and the TM
before removing the PF. Then, more measurements
were made along the ossicular chain and on the TM

Speaker —p- 4
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- Microphone

(LPM); location between 2 and 3=neck of malleus (NM); 3=malleus—
incus joint (either on malleus or incus; M! joint); location between 3
and 4=incus; 4=long process of incus (LPl); 5=point on tympanic
membrane (TM). B Brass fixture with glass window that was coupled
to the EC opening during closed-field sound experiments.




with PF removed. The measurement locations are
marked with black dots in Figure 2: LPM, neck of the
malleus (NM), malleus-incus joint (Ml4joint) either
on malleus or incus, incus, long process of incus
(LPI), and TM. The velocity was also measured
somewhat lower on the manubrium (about one third
of the manubrium length down from the LPM) and
umbo in a few cases. From the PF opening indicated
in Figure 2, it is seen that measurements on the LPM,
manubrium, and TM were made at an angle to the
piston-like direction. Because our goal is to compare
forward and reverse transmission, no correction for
the viewing angle was needed or performed.

With equal intensity and f/f; ratio of 1.05, the
DPOAEs 2f,—f; and 2f—f; were similar to each other
in size and extended up to 25 to 30 kHz in a healthy
gerbil ear. With f/f; ratio of 1.25, the 2f,—f DPOAE
was usually larger than with the 1.05 ratio; however,
the frequency range over which it could be detected
was smaller. In order to evaluate middle ear reverse
transmission over a wide frequency range, we used
two fo/fi ratios (1.05 and 1.25) and the highest
possible primary sound pressure level for which there
was no system distortion contamination. Two different
acoustic configurations were used: In 2008, we used
an open-field sound configuration with Walkman
earphone (Sony) coupled to the Bruel and Kjaer
probe-tube microphone, which was positioned ~1-—
2 cm away from the EC opening. In order to produce
a robust DP signal, the primary tones were delivered
at 85-90 dB SPL. In 2009, a brass fixture with glass
window was fashioned to fit over the EC opening so
that we could observe the ossicular motion in a closed-
field sound configuration (Fig. 2). In this case, we
used an electrostatic sound driver. With the brass
fixture, the position of the microphone's probe-tube
was better controlled at ~6—7 mm away from the
LPM, and the primary tones were delivered at 80 dB
SPL. The level of distortion products produced by the
system (mainly the driver) has been discussed previ-
ously (Dong and Olson 2006, 2008). With the 2008
system, system distortion was at least 60 dB smaller
than the 90-dB SPL primaries, and with the 2009
system, the distortion was ~70 dB smaller than the 80-
dB SPL primaries. At these levels, system distortion
was not a concern in the results. System distortion was
also checked with postmortem responses at the end of
each experiment.

The acoustic load at the EC was different in the
open- and closed-cavity configurations. Based on past
work, we expected the differences in results due to
the different loads to be small. For example, in our
own studies, small ripples in the RTF seemed to be
related to the tube connecting the sound source in a
closed configuration (Dong and Olson 2006). With-
nell et al. (1998) compared open- and closed-field
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electrically evoked emissions in guinea pig and found
that the emissions were the same above 5 kHz, and
below 5 kHz, the open-field emissions were smaller.
However, other studies in the literature observed
larger load-dependent effects on emissions (Nakajima
et al. 1994; Puria et al. 1997). Thus, the degree of
load-dependent variation depends on the loads being
compared. In the present study, there were some
differences in the results of the two types of load, but
they did not influence our primary results. The results
presented here are labeled “date—month—year” with
open- and closed-field in 2008 and in 2009, respectively.

Most of the results are comparisons of forward and
reverse transmission functions, which we abbreviated as
FTF and RTF. For example, when considering incus
velocity and EC pressure, the [FTF| is |V pi|/|Pec| at f; or
J2» and the [RTF] is [Pecl/|Vipll at fap. The magnitude
plots compare [FTF| to 1/|RTEF|. If reverse transmission
were a simple inverse of forward transmission, |FTF| and
1/|RTF| would overlie each other in the plot. The FTF
phase in this example is Pg,vara=Pyrpi— Pprc, at f; and
J2» and the RTF phase is Preverse=Ppec—Pyrpr, at fip.
Group delays are calculated as the slope of straight-line
fits of Pgyyara ANd D eyerse Versus frequency. Similar FTF
and RTF functions were defined at the other observa-
tion locations.

RESULTS

In ten of the 14 animals used, the cochleae were
maintained in healthy condition so that DPs and
DPOAE:s could be recorded. Results are presented from
those animals. The results were similar across animals
(three with open-field and seven with closed-field sound
configuration). The 2f—f and 2f—f; DPs are typically
largest and were used in presenting the results. A single
measurement run gives the information needed to find
both forward and reverse transmission between the
given velocity measurement point and the EC pressure;
thus, a time-related change in cochlear condition will
not affect our comparison of forward and reverse
middle ear transmission.

Effect of pars flaccida removal

The LPM is a location on the ossicles that abuts the PF
and thus can be accessed before and after the removal
of the PF (Fig. 2). Therefore, it was used to evaluate
changes due to PF removal. The velocity measure-
ment at the LPM was also repeated after a few hours
to confirm repeatability (not shown). The effects of
PF removal on the amplitude (Fig. 3A) and phase
(Flg 3B) of FTFEC—LPM and RTFEC—LPM were deter-
mined by making velocity measurements from a bead
on the LPM (Fig. 2) before and after opening the PF
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in an individual animal. This control measurement
was made in five experiments in 2009 (experiments:
15 Dec. 2009, 10 Dec. 2009, 9 Dec. 2009, 4 Dec. 2009,
and 2 Dec. 2009) with similar results. The average
variation upon PF removal of FTFgcypy and RTFgc 1 pum
is in panels C and D. The bulla was vented as described
in “Experimental design and methods” section, and the
sound was delivered to the EC in the closed-field
configuration illustrated in Figure 2.

Consistent with previous studies (de La Rochefou-
cauld et al. 2008, 2010; Teoh et al. 1997), in the FTF,
removing the PF caused substantial change only at low
frequencies (red and green curves in Fig. 3A, B).
Changes in RTFgc1py were small in both amplitude
and phase at frequencies above 2 kHz (blue and cyan
in Fig. 3A, B). At frequencies above 4 kHz, the average
amplitude ratio (after/before removal of the PF) was
close to 1 (Fig. 3C), and the maximum average phase
variation was less than 0.1 cycles (Fig. 3D). Thus, we
conclude that at frequencies above 4 kHz, normal
middle ear function in forward and reverse transmis-
sion can be studied with PF removed. Therefore, the
results at frequencies above 4 kHz are emphasized.

Forward and reverse transfer function between ear
canal and lateral process of the malleus

Beyond demonstrating the effects of PF removal,
Figure 3A, B illustrate FTFgcppm and RIFgeppm
between the EC and LPM. Grouped results of the
transfer function between EC and LPM are in
Figure 4A-D, with open- and closed-field results
grouped separately. Average+standard deviations are
plotted along with an individual case (dotted), which

20 30

Frequency (kHz)

helps for understanding the variability. The closed-
and open-field cases show the same trends reported
for the single case shown in Figure 3A, B.
1/RTFgcypm was larger than the FTFgcpy (Fig. 3A).
The FTFgc1pm delay found with a straight line fit to the
phase curve (Fig. 3B) was ~46 us. The acoustic delay
corresponding to the 6-mm distance between the probe-
tube and the TM corresponds to an acoustic delay of
18 ps. Thus, the FTF delay is 46-18=28 ps. The
RTFgc1pm delay was similar but slightly longer (slightly
steeper line) in agreement with the previous results
relating Pgy at the stapes to EC pressure (Fig. 1). At
frequencies below 10 kHz, the RTFgcypm phase curve
sloped up very steeply, much more than the FTFgcypm
phase curve (Fig. 3B). This sudden increase in slope
of the ossicular motion phase was not seen in the
results of Figure 1. Because frequencies less than 7 kHz
are affected by open versus closed bulla (de La
Rochefoucauld et al. 2010) and the bulla was open for
the Figure 1 measurements, this difference might be
due to methodological differences. Except for this
difference, the major forward versus reverse transmis-
sion differences seen from the previous study relating
Psy to EC pressure (Fig. 1) were also present when
relating LPM velocity to EC pressure: 10 to 20 dB more
loss in reverse transmission than gain in forward trans-
mission (Figs. 3A and 4A, C), and a few microseconds
longer delay in reverse transmission (Figs. 3B and 4B, D).

Forward and reverse transfer function between ear
canal and long process of the incus

Stapes velocity (Viapes) s often used as a measure of
the middle ear output to the cochlea (Decraemer et
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FIG. 4. FTFecipm and RTFec pm with open- and closed-field
sound configuration. Amplitude (A, C) and phase (B, D) of FTFgc.
Lpm and RTFec. py with open- and closed-field sound configuration
averaged across two and six animals, respectively. Bold and shaded
indicate average+standard deviation of f; and f, for FTF (red) and
2fi—f, and 2f,—f; for RTF (cyan). Dotted lines represent individual

al. 2007; Ravicz et al. 2008). In a recent study, the LPI
and the head of the stapes moved very similarly in
gerbil in forward sound transmission, indicating that
there was very little slippage at the incudostapedial
joint in the piston-like direction (de La Rochefou-
cauld et al. 2008). In a few cases in the present study,
the velocities of the LPI and the head of the stapes
were measured with two-tone stimulation along the
stapes piston-like direction, and there was little
difference either at primary or DP frequencies. This
suggested that there is also little slippage across this
incudostapedial joint in the reverse direction. There-
fore, Vipr at primary and DP frequencies were
considered as a measure of middle ear input to and
from the cochlea, in order to find FTFgcypr and
RTFgc et

Figure 5 plots the averaged results of FTFrcyp; and
RTFgcppr calculated from the simultaneous measure-
ments of Pgc and Vppy with open- (three animals) and
closed-field sound configurations (five animals), re-
spectively. Examples from individual animals are also
plotted in dotted lines to indicate variability. The
average FIFgcrpr (Vip/Pec at f; and f5) was around
1074 m/s/Pa from 4 to 30 kHz (red in Fig. bA, C).
The shape of 1/RTFgc1pr (average Vipr/Prc at 2fi—f

responses with open (10 Apr. 2008) and closed field (15 Dec. 2009).
Green, red, cyan, and blue stand for f,, f;, 2fi—f,, and 26,-f;. 11/
RTFec.Lpm! was ~10-20 dB larger than IFTFec. pml. The group delay
estimated by fitting a straight line with the phase—frequency curves
showed a slightly longer RTFgc_ ppm delay than FTFec py delay.

and 2f—f;; cyan in Fig. 5A, C) was similar to the
FTFgcppr from 4 to 25 kHz, but it was displaced
upward almost 20 dB, indicating ~20 dB more loss for
reverse transmission than gain for forward transmis-
sion. The phase of the RTFgcpp; was steeper than the
FTFgcypr

These observations are similar to the previous
results when Psy was compared to Pgc, shown in
Figure 1 (Dong and Olson 2006) in that (1) the
magnitude of 1/RTFgcyppr was substantially larger
than FTFpcppr, and (2) the reverse delay was slightly
longer than the forward delay. The similarity in
forward/reverse differences in Psy/Prc and Vipr/ Prc
argues that the basis for the forward/reverse differ-
ence is lateral to the stapes.

Relative motion along the ossicular chain

To explore the motion along the ossicular chain in
more detail, Figure 6 compares forward and reverse
transmission at the LPM and LPI. The velocity ratio
and phase difference of Vi py and Vjp; are presented
in two groups corresponding to open- (Fig. 6A, B) and
closed-field sound configurations (Fig. 6C, D).
Responses of two individual cases are in thin solid
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and thin dashed lines to give an indication of
variability. The average of the two responses is plotted
with thick lines.

The average velocity amplitude ratio shows that
with the view through the open PF, the LPM velocity
was ~2.5—4 times larger than LPI velocity in forward
transmission (red in Fig. 6A, C). This held for both
open and closed configurations. In reverse transmis-
sion, the velocity ratio was similar to forward, except
for a dip to a value of 1-2 between ~11 and 18 kHz
that occurred in both open and closed configurations

(cyan in Fig. 6A, C). The phase differences in forward
transmission were small, less than 0.2 cycles up to
30 kHz, and erratic, but the overall trend indicated
that from LPM to LPI, there was a transmission delay
of ~8 us (Fig. 6B, D). The reverse transmission delay
was similar to the forward delay up to ~14 kHz and
was slightly more erratic above 14 kHz.

To explore the forward:reverse comparison further,
in Figure 7, displacement results are shown from a
single preparation (experiment: 15 Dec. 2009), in
which measurements were made at the four locations
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FIG. 7. Displacement along the ossicular chain. A Recording solid frames show a data set with f; and £,=4.8 and 6 kHz, and the

locations along the ossicular chain. The other panels show displace-
ments along the ossicular chain at six equally spaced instants of time
during the cycle. The displacements at the observation points are
shown as a function of their distance to the Ml joint. Data for the
malleus are shown at the left, data for the incus at the right. The bold

on the malleus and the three locations on the incus
indicated in panel A. The data are plotted at one
frequency in each panel, with approximate distance at
the observation point to the Mljoint on the xaxis.
The point locations were estimated by correlating
photos taken during the experiment to a 3D recon-
structed gerbil middle ear model (Decraemer et al.
2007). The yaxis shows the displacement, positive
towards the viewer (vibrometer). Displacements at six
equally spaced instants of time in the cycle (0, T/6,
2T/6..5T/6 in blue, green, red, cyan, magenta, and
black) are shown, resulting in a stroboscopic anima-
tion of the motion of the observation points. The
starting phase was not set to be the same at the
different frequencies. The bold solid frames show
data that were collected with a single set of two-tone
stimulation with f; and f frequencies of 4.8 and
6 kHz. The bold dashed frames show data collected
from a single set of two-tone stimulation with f; and f
frequencies of 14.4 and 18 kHz. Each of these bold

bold dashed frame show data with f; and f,=14.4 and 18 kHz. To
compare forward and reverse transmission at several frequencies,
DPs and primaries are paired in the frames that partner with the bold
frames. (Experiment: 15 Dec. 2009, L,=1,=80 dB, f,/f;=1.25).

outlined sets illustrates the simultaneous motion of
the ossicles in forward and reverse transmission. Thus,
considering the solid bold set, one can think of these
different motions being superimposed in time—as the
i and f travel inward, the 2fi—f and 2f—f travel
outward simultaneously. The same can be said for the
dashed bold set.

The panels are also presented in pairs of results in
which a primary frequency is matched with a similar
DP frequency. By considering the two panels in a pair,
one can compare forward and reverse transmission at
a given frequency—this comparison is more critical to
the overall topic of this paper, which is to compare
forward and reverse transmission. The frequencies
range was from 3.6 to 21.6 kHz. From this frequency-
by-frequency comparison, there are two main obser-
vations: (1) Motion along the chain at primary and
DP frequencies is very similar in forward and reverse
transmission at five frequencies (3.6, 7.2, 10.8, 18, and
21.6 kHz), but the motions differ at 14.4 kHz. (The
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start phase is generally different in the different
panels, and we are concerned with the overall motion
patterns.) (2) At the lower frequencies of 3.6 and
7.2 kHz, the motion of the point close to the MIjoint
is very small compared to that of the LPM and the
LPI. At 21.6 kHz, this is again observed. At 10.8 and
18 kHz and the forward transmission case at 14.4 kHz,
the motion of the point close to the MI-joint is less
than of the LPM and LPI but not by so much. At
14.4 kHz, the motion in reverse transmission is almost
as large at the MIjoint as at the LPM and LPI, and the
motion looks erratic. From the figure here, except for
14.4 kHz, the motion along the ossicular chain
appears very similar for forward and reverse transmis-
sion at any given frequency. This is consistent with the
grouped results plotted in Figure 6, where except at
frequencies around ~11-18 kHz, forward and reverse
transmission were very similar.

During the experiment, the measurement loca-
tions were chosen for good reflectivity and not for co-
linearity. In order to study the mode of vibration, co-
linearity is of great advantage because it allows one to
decide whether a body behaves rigidly or not. If the

resulting interpolation along co-linear points is a
straight line, then the measured motion is consistent
with rigid body motion. In Figure 8, the results of
Figure 7 were interpolated at co-linear points, using
the Matlab interpolation script TriScatteredInterp.
The interpolated motion was found separately for
the incus and malleus. The real and imaginary part of
the velocity response was interpolated, rather than
amplitude and phase, to avoid phase unwrapping
difficulties.

In Figure 8, the interpolated results are shown at
eight frequencies. For the displacements of forward
transmission (indicated with circles and solid lines),
we used data from the primary frequency f, and for
the displacements of reverse transmission (crosses
and dashed lines), we used data obtained at 2fi—f. In
order to facilitate comparison of forward and reverse
motion, for reverse transmission, we scaled the
displacements of each ossicle by a constant factor
and shifted the displacement of each ossicle by a
constant phase so that the amplitude and phase of the
vibration for the signal going in the reverse direction
would be similar to the vibration signal propagating in
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FIG. 8. Displacement along ossicular chain from LPM to LPI in a
co-linear system. This figure is comparable to the displacement
panels of Figure 7, but now the displacement in forward and reverse
transmission are shown in the same panel. The reverse displace-

ments were scaled and shifted in time (see annotation in each panel).
Different colors indicate different times in a cycle. Solid and dotted
lines represent f; and 2fi—f, in forward and reverse transmission,
respectively.



the forward direction at the LPM for the malleus and
LPI for the incus, respectively. This scale and phase
shift was done separately for the malleus and the
incus. The scale factor and phase shift (in cycle) are
annotated in each panel. Thus, relative timing be-
tween incus and malleus cannot be visualized in this
figure—to give a specific example, the red curve on
the incus occurred at a different time in the cycle
than the red curve on the malleus. The relative timing
can be deduced using the annotated phase shifts or by
consulting Figure 7, where there were no phase shifts
applied.

Considering the motion at a given frequency in a
given panel, it is striking that the mode of vibration of
the malleus and incus is so similar in forward (f;) and
in reverse (2fi—f). Even at 14.4 kHz (Fig. 8F), in
which the agreement is far from exact, the evolution
of the displacement with time in the cycle is still the
same. The similar vibration mode is observed in the
low frequency panels (3.5, 4.8, 6, and 7.2 kHz) and
also at the highest frequency of 21.6 kHz; the malleus
displacement gradually decreases from LPM to MI-
joint (for the malleus interpret MIjoint as “on the
malleus close to the MIjoint”), and the incus dis-
placement increases from the MI-joint (“on the incus
close to the MIjoint”) to the LPI. For both malleus
and incus, the displacements become very small at the
Ml joint. This indicates that the mode of vibration is
mainly a rotation about an axis in the region of the
Ml joint. (Note that with a single observation direc-
tion and collinear observation points, we can only
probe the rotation component about an axis perpen-
dicular to the observation points.) At 10.8 kHz, the
mode has changed somewhat, and at 14.4 kHz, the
mode of vibration cannot be described as a rotation. A
vibration mode similar to that at 14.4 kHz only
occurred at frequencies between 14 and 15 kHz. At
higher frequencies (18 and 21.6 kHz), the mode is
again dominated by rotation.

For the incus, we had only three measured points,
and with just three data points, the interpolated
motion appears rigid by default: the 2D interpolation
is done on the surface defined by the original data
points, and this surface is a plane surface when only
three points are available. On the malleus, four data
points were used for the interpolation, and in this
case, some deviation from straight motion is apparent
in the Figure 8 results, but not much—the motion is
largely consistent with rigid body motion, allowing for
a small experimental error of a few percent. Even at
14.4 kHz, the erratic appearance of the motion is for
the most part due to the wobbling of the anatomical
rotation axis during the cycle. Nevertheless, in our
past work on forward transmission, where observa-
tions at more points on the malleus and the incus (six
or more) were made, the motion of the gerbil malleus
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and incus was quite rigid up to at least 20 kHz, with a
small amount of non-rigidity beyond (Decraemer et
al. 2011). In reverse transmission, the interpolated
motion plots in Figure 8 are somewhat less straight,
likely in part due to a larger experimental uncertainty
given the substantially smaller vibration amplitudes.
Overall, these results point to rigid body behavior, and
we intend to look further into this question in both
forward and reverse transmission in future work.

Along manubrium, from lateral process
of the malleus to close to the umbo

Up to this point, forward and reverse transmission
have been shown to be similar from the LPM to the
LPI, thus the difference in forward and reverse
transmission is predominantly lateral to the LPM—
between the LPM and the EC. This includes the
motion of the manubrium and TM and radiation of
sound out from the manubrium and TM to the EC.
This mechano-acoustical coupling was not explored in
detail in the present study, but in Figure 9, we include
one more data set, in which measurements were made
on the manubrium close to the umbo (~1 mm), as
shown in Figure 9D (experiment: 8 Apr. 2008, open-
field). In Figure 9A, velocity is plotted relative to the
EC pressure, as FTF and 1/RTF. Vipr, Vipm, and Vmbo
are shown with thin, dashed, and thick lines, respec-
tively. Phase referenced to Py is in Figure 9B. Velocity
ratios, plotted with respect to Vpy, are in Figure 9C.

In forward transmission, velocities of the LPM and
the location close to the umbo were similar to each
other and ~2—4 times bigger than Vip; (Fig. 9A, C).
(In a previous study, the center of the umbo moved
~twice as much as the LPM in forward transmission
(de La Rochefoucauld and Olson 2010), and the LPI
and LPM motions were more similar. The difference
in the present study is likely due to the angle of
approach of the current measurements, which was
relatively less perpendicular to the manubrium—in
the previous study, the EC was enlarged for a relatively
perpendicular approach.) In reverse, Vipy/Vipr was
similar to that shown in Figure 6A and was similar to
the ratio in forward transmission. The most interest-
ing finding is that in the reverse but not the forward
direction, the location close to the umbo moved with
a much greater velocity than the LPM from 8 to
16 kHz (Fig. 9A, C), which is a substantial departure
from the forward:reverse similarity along the ossicles
documented up to this point. Vimbe/ Vier at fap
peaked at 10 kHz, where the umbo velocity was ~12
times greater than that of Vi py.

The phase of umbo, LPM, and LPI velocity showed
a systematic accumulation with frequency both in
forward and in reverse transmission.
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DISCUSSION

Previous studies of middle ear transmission based on
measurements of EC and SV pressure showed that
forward and reverse transmission were not inverses of
one another. This is not a surprise, since the terminating
load for forward transmission—the cochlea—is a very
different load than the terminating load for reverse
transmission—the air-filled EC (Ravicz et al. 1992,
1996). In our previous measurements in gerbil, there
was 10-20 dB more loss in reverse transmission than
gain in forward (Fig. 1 and Dong and Olson 2006). The
major objective of the current study was to see whether
differences in forward and reverse ossicular vibration
occurred and if so whether they account for some of the
extra loss in reverse transmission. Forward and reverse
transmission were measured along the ossicular chain
by comparing velocities to EC pressure at primary and
DP frequencies. Ossicular measurements were made
through the opening of the PF so that the measurement
angle was approximately in the direction of stapes
piston-like motion. Based on the results in Figures 3, 4,
and 5, the forward versus reverse differences in global
transmission (EC to SV) reviewed in Figure 1 are also
present—and therefore accounted for—in the local
transmission between EC and LPM and between EC and
LPI. This leads to the hypothesis that along the ossicular
chain, forward and reverse transmission will be similar.
In order to explore this hypothesis, a detailed compar-

0 1 2

ison along the ossicular chain was presented in Figures 6,
7, and 8. We found that the forward and reverse
transmission ratios (LPM to LPI) were similar to within
a few decibels except in the frequency region around
11-18 kHz, where the difference was ~6 dB—with the
reverse LPM:LPI ratio less than the forward (Fig. 6).
Thus, at most frequencies, the ossicular chain is not
responsible for the forward versus reverse transmission
difference between EC and SV pressure, but the
ossicular chain does contribute to the difference at
frequencies around 15 kHz.

In the more detailed look into ossicular motion of
Figure 7, in the 14.4 kHz region, the motion of the
ossicles was more erratic than at other frequencies,
with a relatively large amount of wobble of the MI-
joint. When we interpolated the ossicular chain
motion in a co-linear system (Fig. 8), similarity
between forward and reverse transmission was ob-
served even at 14.4 kHz. The results support the idea
that malleus and incus behave as rigid bodies in the
region that was covered by the observation points, in
both forward and reverse transmission.

Thus, our hypothesis above that motion along the
ossicular chain in the gerbil middle ear—at least the
motion component measured—is the same in forward
and reverse transmission is broadly supported by the
data. This similarity suggests that the motion of the
ossicles is quite constrained by its attachments to the
lateral wall (see Fig. 2B of de La Rochefoucauld et al.



2010) and the annular ligament of the stapes. Close to
the EC, the forward:reverse similarity broke down; the
umbo moved differently in reverse and forward
transmission. The TM has relatively unconstrained
and complex motion, and it is not surprising that the
forward and reverse motions diverge at this point.

Umbo velocity and EC pressure were used to
estimate the FTF and RTF in guinea pig by Dalhoff
etal. (2011), and in general, the RTF was greater than
the FTF, similar to our results. In addition, they
observed a notch in the RTF; while the DPOAE was
relatively smooth with frequency, the umbo velocity
had a deep notch at ~8 kHz. The notch was attributed
to an anti-resonance and analyzed with a lumped-
element model of the middle ear. Our own single-
point velocity measurements on the TM (not shown in
the present paper) similarly showed peaks and valleys
in the frequency response that were not seen in the
DPOAE. Full-field holographic measurements
(Rosowski et al. 2009; Tonndorf and Khanna 1972)
are useful to describe and understand the complex
patterns of TM motion, and such measurements were
recently applied to reverse transmission (Cheng et al.
2011). The holographic measurements showed com-
plex motion patterns in reverse transmission.

The principal finding of the present report is that,
when viewed ~along the stapes piston-like direction,
middle ear transmission along the ossicular chain
from the LPM to the LPI was quite similar in forward
and reverse directions. The 10-20-dB difference
between forward and reverse transmission found
when referencing to EC pressure does not occur
along the ossicles, and therefore must be due to the
differences in load impedances in the forward and
reverse directions.
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