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Abstract
Methodological differences in sound-induced stapes velocity (Vs) measurements in live and
cadaveric ears were examined using fresh cadaveric temporal bones. On average, differences in
preparation (sectioning the stapedius tendon, removing the facial nerve, and widely opening the
facial recess) had statistically insignificant effects on measured Vs. Differences in the achievable
measurement angle (with respect to the axis of piston-like stapes motion) had a significant effect
on measured Vs below 2 kHz. These results suggest that much if not all of the differences in Vs
measurements between live and cadaveric ears can be explained by the differences in
measurement angle between the two preparations. Measurement angle was found to have minimal
effect on measured Vs above 2 kHz. This demonstrates that the commonly used method of
estimating stapes translational velocity by dividing the measured velocity by the cosine of the
measurement angle is not valid above 2 kHz.
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Introduction
Fresh cadaveric temporal bones have been used extensively as a model for studying human
middle-ear mechanics. In support of this use, measures of middle-ear input, e.g., umbo
velocity and middle-ear input immittance, have been found by several groups to be
statistically similar between live and cadaveric ears [Rosowski et al., 1990, 2004; Goode et
al., 1993, 1996]. However, in the single extant study of middle-ear output in 7 live human
patients [Huber et al., 2001], the mean sound-induced stapes velocity (Vs) magnitude was
significantly lower below ~2 kHz, by a factor of 2–3 (~5–10 dB), compared to Vs
measurements in cadaveric ears by the same author (fig. 1). The significance of this finding
and its implications for the use of cadaveric temporal bones to study middle-ear mechanics
have been a topic of recent debate [Ruggero and Temchin, 2003; Rosowski et al., 2004]. It
has been suggested that the differences between live and cadaveric Vs measurements might
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be explained by post-mortem changes, such as loss of middle-ear muscle tone, or by
alterations in cochlear input impedance [Rosowski et al., 2004]. Another possible
explanation for the difference between Vs measured in live and cadaveric ears is the
methodological differences between the two preparations.

The method of dissection used to view the middle ear for Vs measurements differs between
live and cadaveric ears. In live ears, the stapedius tendon and the facial nerve are preserved;
therefore, the opening of the facial recess is kept small to avoid violating these structures.
Consequently, the view of the stapes and the directions from which Vs can be measured are
limited. In cadaveric temporal bones (1) the stapedius tendon is removed to expose the
posterior crus of the stapes, and (2) the mastoid segment of the facial nerve is removed and
the facial recess is widely enlarged to provide better visualization of the stapes. This larger
opening of the facial recess in the experimental preparation of cadaveric temporal bones not
only allows for greater exposure of the stapes but also enables Vs to be measured from a
direction much closer to the axis of piston-like stapes motion, whereas such a direction of
measurement is not possible with the smaller opening of the facial recess in live ears.

In the present study, the methodological differences in measurements of Vs between live
and cadaveric ears were examined by using fresh cadaveric temporal bones to mimic the
preparation methods used in live and cadaveric ears.

Methods
Temporal Bone Preparation

Twelve fresh cadaveric temporal bones obtained from donors with ages of 46–83 years were
used. All donors had no evidence of otologic disease, and the specimens were removed
within 24 h after death. The temporal bones were removed from the cranium with a circular
saw following the procedures described by Schuknecht [1968], and were stored in normal
saline at 5°C between measurements.

Measurement Setup
Sound-induced complex Vs (magnitude and phase) was measured using a laser-Doppler
vibrometer (Model No. HLV-1000; Polytec Inc., Tustin, Calif., USA). A small reflective
tape (with dimensions of ~0.25 by 0.25 mm) was usually placed on the posterior crus of the
stapes during Vs measurements to increase the signal strength of the reflected laser light. In
cases where the natural reflection on the stapes was strong enough, the Vs measurements
were made directly without a reflective tape. A logarithmic chirp stimulus (containing
harmonic frequency components of 48 Hz to 12.5 kHz with a frequency−1/2 pre-emphasis)
was presented to an earphone (Model No. ER-4 or ER-6, Etymotic Research, Inc., Elk
Grove Village, Ill., USA) coupled to the residual ear canal using a standard otologic
speculum. Ear-canal sound pressure (Pec) was measured with a probe tube microphone
(Model No. ER-7A, Ety-motic Research), with the probe tip placed within 5 mm of the
center of the tympanic membrane. All Vs measurements presented in this paper are
normalized by Pec.

The Vs and Pec measurements were gathered using SysId software (SysId Industries,
Richmond, Calif., USA). Post-measurement analysis of the Vs and Pec data (including
magnitude and phase) was done using MATLAB software (The MathWorks, Inc., Natick,
Mass., USA).

Measurement Conditions
Measurements of Vs were made in 3 stages:
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1. ‘Surgical’ approach (fig. 2a). A posterior tympanotomy was performed to expose
the stapes with preservation of the stapedius tendon and the mastoid segment of the
facial nerve. Baseline measurements of Vs were made. This approach simulates
measurements of Vs in live ears.

2. Modifications of ‘surgical’ approach to convert to the ‘experimental’ approach.
After the ‘surgical’ preparation and baseline Vs measurements, the stapedius
tendon was cut using either Bellucci micro-scissors or an argon laser (Model No.
E-005, HGM Medical Laser Systems, Inc., Salt Lake City, Utah., USA). The Vs
was re-measured from the same direction as in section 1 above to assess the effect
of cutting the stapedius tendon. The facial recess was widely opened by removing
the mastoid segment of the facial nerve. Any mucosal folds encountered during the
dissection were carefully removed with micro-scissors or argon laser. The Vs was
measured again to assess the effect of removing the facial nerve, widely opening
the facial recess, and removing the mucosal folds.

3. ‘Experimental’ approach with ‘experimental’ angle (fig. 2b). The measurement
angle was varied between the steepest angle permitted by the ‘surgical’ approach
(‘surgical’ angle: 40–60° with respect to the axis of piston-like stapes motion) and
the steepest angle permitted by the ‘experimental’ approach (‘experimental’ angle:
25–45° with respect to the axis of piston-like stapes motion). Vs was measured to
assess the effect of changing measurement angles.

The measurement angles were assessed by first orienting the temporal bone specimen so that
the stapes footplate was in the horizontal plane. The angles relative to the horizontal plane
were then measured using a protractor. In this paper, measurement angles are expressed
relative to the axis of piston-like stapes motion, which is assumed to be perpendicular to the
plane of the stapes footplate. Thus, there were two independent sources of error in angle
estimation: (1) the alignment of the footplate with the horizontal plane, and (2) the
estimation of angle from the horizontal plane. We estimated the errors in these procedures
by comparing angle measurements made independently by two observers (W.C. and
M.E.R.). Differences in angle estimation from the horizontal plane between the two
observers were generally less the 5°; however, differences in aligning the footplate
horizontal could be as large as 10°. The accuracy of our angle estimates is discussed in more
detail in the Results section.

The posterior crus of the stapes was chosen as the location for velocity measurement
because we could consistently visualize the posterior crus in both the ‘surgical’ and the
‘experimental’ approaches. The full extent of the stapes footplate was rarely seen in the
‘surgical’ approach due to the small facial recess opening, and thus the footplate was not
chosen as the location for velocity measurements. All Vs measurements in the present study
were repeated at least once to verify the stability and reliability of the experimental findings.
The test-retest repeatability was within 1 dB in magnitude. Also, measurements of the effect
of varying experimental angle generally consisted of two series in which angle was varied
from large to small and then back again. Differences in the repeated velocity measurements
at various angle locations were generally smaller than 1 dB. (Examples of such repetitions
are illustrated in the results.)

The mastoid cavity was left open to the atmosphere during all measurements. The temporal
bones were periodically moistened by soaking in normal saline to minimize the effects of
drying [Merchant et al., 1996; Nakajima et al., 2005]. To confirm the integrity of the inner
ear in these cadaveric temporal bones (i.e., that the inner ear was completely fluid filled),
sound-induced round window velocity (Vrw) was also measured. Only temporal bones
exhibiting a half-cycle phase difference between Vrw and Vs below ~1 kHz were used
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[Mehta et al., 2003]. Estimates of measurement noise and artifact were also determined
[Ravicz et al., 2004]. Data contaminated by noise and artifact were omitted. The high-
frequency limit of each measurement was set at the frequency where the distance between
the probe tip and the tympanic membrane was greater than 0.1 times the wavelength.

Results
Vs Measured Using ‘Surgical’ and ‘Experimental’ Approaches

Vs was measured using the ‘surgical’ approach (‘surgical’ Vs) in 12 cadaveric temporal
bones (fig. 3). The individual measurements, the mean, and the 95% confidence interval (CI)
around the mean are shown. The frequency response of the mean ‘surgical’ Vs had a
magnitude that increased with frequency at frequencies below 1 kHz and decreased at a
lesser rate at higher frequencies. There was a 0.2-period phase lead at low frequencies which
gradually decreased to 0 by ~800 Hz. The phase reached −0.5 periods above 2 kHz.

Vs was measured using the ‘experimental’ approach with the ‘experimental’ angle
(‘experimental’ Vs) in the same 12 bones (fig. 4). The individual measurements, the mean,
and the 95% CI around the mean are shown. The mean ‘experimental’ Vs had a frequency
response much like the mean ‘surgical’ Vs, but its magnitude was higher below 4 kHz. This
difference was statistically significant up to ~2 kHz since the mean ‘surgical’ Vs fell outside
of the 95% CI of the ‘experimental’ Vs in this frequency range. The phase of the
‘experimental’ Vs was very similar to the phase of the ‘surgical’ Vs, with an initial 0.2-
period phase lead which gradually became a phase lag above 800 Hz.

The change in measured Vs (ΔVs) between the ‘experimental’ Vs and the ‘surgical’ Vs in
each of the 12 bones above is shown in figure 5 (in dB). Changing the measurement
approach from the ‘surgical’ approach to the ‘experimental’ approach with the
‘experimental’ angle caused on average a 2- to 5-dB increase in the magnitude of measured
Vs below 2 kHz. This mean increase was statistically significant (p < 0.05). The change in
phase with changing the measurement approach was not statistically significant.

Effects of Preparation Differences on the Measured Vs between the ‘Surgical’ and the
‘Experimental’ Approaches

Cutting the Stapedius Tendon—The first step in progressing from the ‘surgical’ to the
‘experimental’ approach was to cut the stapedius tendon. Figure 6 shows the ΔVs in 9 bones
produced by cutting the stapedius tendon (while maintaining the ‘surgical’ angle), along
with the mean change and 95% CI around the mean. Cutting the stapedius tendon had
generally small effects on the magnitude (± 2 dB) and phase (−0.1−0.05 periods) of Vs,
with a mean difference that was not significantly different from 0.

Removing the Facial Nerve and Opening the Facial Recess—The second step in
progressing from the ‘surgical’ to the ‘experimental’ approach was to remove the mastoid
segment of the facial nerve and widely enlarge the facial recess. Figure 7 shows the ΔVs in
10 bones produced by removing the mastoid segment of the facial nerve and widely opening
the facial recess (while keeping the measurement angle the same as that allowed by the
‘surgical’ approach). The mean change and 95% CI around the mean are also shown.
Opening the facial recess and removing the mastoid segment of facial nerve had a variable
effect (± 6 dB) on the Vs magnitude, with a mean difference that was not statistically
different from 0 below 2 kHz. The variability in data may arise from the fact that some of
the temporal bone preparations required removal of mucosal folds, while others did not.
Removing mucosal folds may have allowed the ossicular chain to move more freely, causing
an increase in Vs; or the process of removing mucosal folds may have loosened the ossicular
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joints, causing a decrease in Vs. The phase change associated with removing the facial nerve
and widely opening the facial recess was small (−0.05−0.05 periods), and the mean change
was not statistically significant.

Effects of Changing the Measurement Angle
After the facial recess was widely opened, the measurement angle was decreased to the
smallest allowed by the facial recess opening, and the effect of changing measurement angle
was examined. Figure 8 shows the ΔVs produced by decreasing the measurement angle in
temporal bones from the ‘surgical’ angle of 40–60° to the ‘experimental’ angle of 25–45°.
Data are shown for 12 bones, along with the mean and 95% CI. On average, decreasing the
measurement angle from the ‘surgical’ angle to the ‘experimental’ angle caused a
statistically significant 3–3.5 dB increase in the measured Vs up to about 2 kHz. At higher
frequencies ΔVs diminished to 0 to −1 dB and was statistically insignificant. The phase
change associated with changing the measurement angle was small (−0.1−0.1 periods), and
the mean phase change was not statistically significant below ~3.5 kHz.

Figure 9 shows the effect of changing measurement angle on measured Vs in 2 bones that
had been prepared by the ‘experimental’ approach. These figures show the ΔVs relative to
the Vs measured with the ‘surgical’ angle (the ‘surgical’ angle was the smallest angle
available with the ‘surgical’ approach) when the measurement angle was gradually changed
from large to small with respect to the axis of piston-like stapes motion. In both figures, at
lower frequencies (below 2–2.5 kHz), the smaller the measurement angle, the higher the
measured Vs, as might be expected if stapes motion is piston-like. In one bone, a reduction
in Vs magnitude of ~8 dB was observed by varying the nominal measurement angle from 30
to 70° (fig. 9a), while in another bone, a reduction in Vs magnitude of ~9 dB was observed
by varying the measurement angle from 38 to 70° (fig. 9b). The change in measured Vs
shown in figure 9a correlated closely with the cosine of the measurement angle, whereas the
change in measured Vs shown in figure 9b was larger than what would be expected from the
cosine of the measurement angle. Errors in the estimation of the measurement angle (as
described in the Methods) could explain the difference in the relationship between ΔVs and
measurement angle in these bones: if the actual measurement angles in figure 9b were 5–10
degrees larger than estimated, the ΔVs predicted by the cosine would be larger.

Above 2–2.5 kHz, the measurement angle had a much smaller effect on the magnitude of the
measured Vs. There were minimal phase changes associated with changing the measurement
angle below 2–2.5 kHz in both figures; whereas around 3 kHz, changing the measurement
angle caused a −0.1−0.1 period phase change in figure 9a, and a −0.025−0.05 period phase
change in figure 9b.

The relationship between low-frequency measured Vs and measurement angle illustrated in
figure 9 was observed in all bones. Figure 10 shows the relationship between ΔVs at 500 Hz
and the measurement angle in all 12 bones. In this figure, the theoretical Vs in the direction
of piston-like stapes motion (0°) was computed by dividing Vs measured at the
‘experimental’ angle by the cosine of the ‘experimental’ angle, and ΔVs is the Vs measured
at various angles normalized by this theoretical value. In some bones, Vs was measured
from only the ‘surgical’ and ‘experimental’ directions; in others, measurements were made
at several additional angles (as in figure 9). In several of the bones, the angle series were
repeated with observed inter-measurement differences of generally less than 1 dB [e.g., see
the two data sets from bone 12L (the open triangles) and bone 12R (the filled triangles),
although the repeated measurements in 12R made at a nominal angle of 45° varied by 2 dB].
The thick solid line is the cosine of the measurement angle. (Because the theoretical Vs were
computed relative to the Vs measured at the ‘experimental’ angle, all ΔVs at the
‘experimental’ angle fall on the line.)
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The measured Vs at 500 Hz decreased in all bones as the measurement angle increased, and
the relationship between ΔVs at 500 Hz and measurement angle was similar to the predicted
relationship for changes in viewing angles with simple piston-like stapes motion: all data are
near the theoretical line, and the slope of all ΔVs curves is similar to that of the line. Though
not all ΔVs data fall on the theoretical line, they are roughly evenly distributed around it.
Possible explanations for the difference between the theoretical and measured values in
these measurements include: (1) Systematic errors in the measurement angle estimate caused
by errors in the judgment of the horizontal plane of the footplate, that would shift each data
curve along the x-axis. The data of figure 10 indicate that shifts of ± 10° or less would
greatly improve the fit of all of the data to the theoretical line. (2) Errors in the estimate of
the angle from the axis of piston-like stapes motion of individual measurements, that would
shift individual points to the left or right. Figure 10 suggests that such errors are generally
small, since the data curves are generally parallel to the theoretical curve. (3) Stapes motion
at 500 Hz may not be completely perpendicular to the footplate. Large motions of the stapes
in non-piston-like directions could compromise the cosine relationship between measured
Vs magnitude and angle of observation. Nevertheless, the general similarity of our measured
changes in velocity to the cosine curve of the measurement angle is consistent with piston-
like stapes motion and shows that correcting measured Vs at low frequencies by the cosine
of the measurement angle is likely to produce valid predictions of actual Vs.

On the other hand, the lack of change in the measured Vs with measurement angle that is
observed at frequencies > 2 kHz (fig. 8, 9) is inconsistent with a simple piston-like motion.
The relative insensitivity to changes in viewing angle instead suggests the presence of other
modes of stapes vibration at those higher frequencies [Gyo et al., 1987;Heiland et al.,
1999;Voss et al., 2000;Hato et al., 2003;Decraemer and Khanna, 2004], and indicates that
correcting for measured Vs by the cosine of the measurement angle is invalid above 2 kHz.

Discussion
The validity of using cadaveric temporal bones to study human middle-ear mechanics has
been the subject of some controversy. Though cadaveric ears appear to be a good model of
live ears for middle-ear input (e.g., umbo velocity, input immittance), the story for middle-
ear output (e.g., Vs) is less clear: data are scarce and possibly not representative of healthy
ears. Reasons for this state of affairs include: (1) A small candidate patient population for
live stapes measurement. Most procedures involving exposure of the stapes are performed in
ears that have had middle-ear disease. Therefore, the most useful subjects are patients with
normal middle ears undergoing cochlear implantation. (2) The limited time available for
measurements during surgery. (3) Adverse measurement conditions – the stapes (and other
ossicles and the tympanic membrane) may be partially covered with fluid and/or blood, and
the use of targets to increase reflection for laser vibrometer measurements is not an option.

In the single extant study of middle-ear output in 7 live patients [Huber et al., 2001], Vs was
reported to be lower than that in cadaveric ears at low frequencies, but similar at frequencies
above 2 kHz. The consequent change in frequency response has led some investigators to
conclude that ‘there are substantial differences between in vivo and most post-mortem
measurements (of Vs)’ [Ruggero and Temchin, 2003]. In this study, we demonstrate that
there can be substantial viewing-angle-dependent differences in the measured Vs at
frequencies below 2 kHz. In the following paragraphs we will argue that much if not all of
the differences observed in the Vs between live and cadaveric ears can be attributed to
differences in viewing angle, thus the mechanical function between cadaveric and live ears
is similar.
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Comparison of Vs Measured by ‘Surgical’ and ‘Experimental’ Approaches to Published Vs
Measurements in Live and Cadaver Ears

Are Vs measurements by the ‘experimental’ approach in this study representative of other
Vs measurements in cadaveric temporal bones? Figure 11 shows that our mean Vs measured
by the ‘experimental’ approach with the ‘experimental’ angle (solid line) is similar in
magnitude to the mean Vs measured in 22 cadaveric temporal bones by Asai et al. [1999]:
Differences in Vs magnitude are at most a factor of 1.2 (2 dB) below 4.5 kHz and are
statistically insignificant. (Asai et al. did not report Vs phase.) In contrast, the mean Vs
magnitude measured by the ‘surgical’ approach in the present study is significantly lower
below 2 kHz: the mean is lower in magnitude by a factor of 1.5–2 (4–6 dB). Our
‘experimental’ Vs are typical of previous measurements in cadaveric temporal bones; our
‘surgical’ Vs are significantly lower.

Are Vs measurements by the ‘surgical’ approach similar to Vs measured in live patients?
Figure 12 shows that our mean Vs measured by the ‘surgical’ approach is intermediate in
magnitude between the mean Vs measured in 7 live ears by Huber et al. [2001] and the
mean Vs in cadaveric ears by Asai et al. [1999] at low frequencies and similar to both at
high frequencies. (Huber et al. also did not report Vs phase). Our mean ‘surgical’ Vs lies
above the 95% CI computed from the published live Vs data between 700 and 1500 Hz,
which implies a significant difference in this frequency range; nevertheless, our ‘surgical’
Vs is closer in magnitude to Vs in live ears than previously-reported cadaveric Vs
measurements are. Our mean ‘surgical’ Vs are similar to the Vs measured in live ears above
1.5 kHz.

We have recently begun to make Vs measurements in live patients undergoing cochlear
implantation, using the equipment and protocols described for the ‘surgical’ approach in the
present study. Preliminary data suggest that the ‘surgical’ angle achievable intraoperatively
is ~60–80° with respect to the axis of piston-like stapes motion, which is greater than the
‘surgical’ angle (40–60°) used in the present study. The reason for this disparity is that live
patients have soft tissue and pinna attached to the ear canal and their neck mobility is
limited; whereas in cadaveric temporal bones, the soft tissue and pinna are dissected away,
and the temporal bone can be placed in any orientation to facilitate velocity measurements.
Both factors contribute to a larger ‘surgical’ angle in live patients in the operating room
compared to the ‘surgical’ angle used in cadaveric temporal bones in the present study. This
clearly has implications for explaining the differences in Vs measurements between live and
cadaveric ears, as discussed later.

Contributions of Differences between ‘Surgical’ and ‘Experimental’ Approaches
The differences in Vs measured by the ‘surgical’ and ‘experimental’ approaches, which
mimic Vs measurement methods in live and cadaveric temporal bones, respectively, can be
explained mostly by the differences in measurement angle. In the ‘surgical’ approach, as in
live ears, the stapedius tendon and the mastoid segment of the facial nerve are preserved;
whereas in the ‘experimental’ approach, as in other studies using cadaveric ears, these
structures are routinely removed and the facial recess is opened widely. The wide facial
recess opening in cadaveric ears allows for Vs measurements to be made at a small angle
with respect to the axis of piston-like stapes motion, whereas the small facial recess opening
(and other factors described above) in live ears permits Vs measurements only at a large
angle. In the present study, we explored the effects on Vs produced by different steps of the
preparation procedure. Figure 13 shows that, though the mean effect of some of the steps
was small over part or all of the frequency range of measurement, cumulatively their effects
were substantial: cutting the stapedius tendon (curve 1) increased Vs magnitude slightly at
low frequencies; removing the facial nerve and widely enlarging the facial recess (curve 2)
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also increased Vs magnitude slightly at low frequencies; and decreasing the measurement
angle (curve 3) increased Vs magnitude substantially at low frequencies. Comparing each of
these contributions to the overall difference in Vs between ‘experimental’ and ‘surgical’
approaches (curve 4) shows that the overall ΔVs is attributed primarily to the change in
measurement angle (curve 3) below 2 kHz.

Functional vs. Geometric Measurement Angle Correction
Because middle-ear anatomy generally precludes measuring Vs along the stapes axis, Vs in
the direction of piston-like motion (axial) must be estimated from measurements from a non-
axial direction. Axial Vs is commonly estimated from single-point velocity measurements
by dividing the magnitude of the measured Vs by the cosine of the measurement angle [e.g.,
Heiland et al., 1999]. This estimation method assumes that the stapes moves in a piston-like
fashion across the entire frequency range of measurement. The result of this geometric
‘cosine correction’ is that Vs magnitude is shifted upward, while the phase of Vs remains
unchanged.

In the present study we found that the effect of changing measurement angles on Vs varied
with frequency: The change in the measured Vs from different angles can be explained by
the ‘cosine correction’ at low frequencies (fig. 10), but above 2 kHz the magnitude change is
much smaller than expected and a phase change can be introduced (fig. 9). This finding
demonstrates that the practice of geometrically ‘correcting’ for measurement angles across
the entire frequency range gives inaccurate Vs estimates above 2 kHz.

The frequency-dependent effect of measurement angle on measured Vs may explain the
differences in frequency response shape between Vs measurements in live vs. cadaveric
ears. In figure 14 we have applied a functionally-based frequency-dependent correction to
the mean Vs measured in live ears by Huber et al. [2001]: We assumed that the cadaveric Vs
measurements from Asai et al. [1999] were made at a 30° angle (Asai et al. did not report
measurement angle), which was within the range of our ‘experimental’ angles of 25–45°.
We then calculated the change in measurement angle needed to explain the roughly factor-
of-3 difference between the mean cadaveric Vs from Asai et al. [1999] and the mean live Vs
from Huber et al. [2001] at frequencies below 1 kHz (fig. 1, 12), using the cosine
dependence curve from figure 10: Increasing the measurement angle from 30° to 73° would
reduce measured Vs magnitude by a factor of 3 (cos 73°/cos 30°). This proposed surgical
measurement angle of 73° is consistent with our preliminary intraoperative Vs
measurements, where the measurement angle was found to be between 60–80°. Since we
have shown that the measured Vs magnitude is independent of measurement angle above 2
kHz, no angle correction is necessary in this frequency range.

We computed a correction factor as follows: A factor of 3 (as described above) below 1
kHz, decreasing linearly to a factor of 1 at 2 kHz (to mimic the somewhat gradual reduction
in the angle-induced changes observed in figures 9), and continuing at a factor of 1 (no
correction) above 2 kHz. The solid line in figure 14 is the live Vs from Huber et al. [2001]
with this correction factor applied. The similarity between the angle-corrected live Vs and
the cadaveric Vs suggests that much if not all of the difference between live and cadaveric
Vs may be due to the differences in the measurement angle between the two preparations.

Ongoing Work
We are in the midst of an ongoing study in live patients undergoing cochlear implantation in
which Vs measurements are being made using the same equipment and protocols described
for the ‘surgical’ approach in the present study. It is our hope that these additional Vs
measurements in live ears, using the same equipment and techniques as for cadaver ears,
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will contribute to the understanding of the similarities and sources of differences in middle-
ear output in cadaver vs. live ears.
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Fig. 1.
Mean Vs magnitude in live (dashed line) and cadaveric (solid line) ears as reported by
Huber et al. [2001] and Asai et al. [1999], respectively. Data were originally presented as
peak-to-peak stapes displacements; stapes velocities relative to stimulus sound pressure
were computed by taking the derivatives of the displacements, converting them to RMS
values, and then normalizing by the RMS sound stimulus level.
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Fig. 2.
a Schematic of a section through a temporal bone illustrating the ‘surgical’ approach and the
‘surgical’ measurement angle. b Schematic of a section through a temporal bone illustrating
the ‘experimental’ approach and the ‘experimental’ angle. In the ‘experimental’ approach,
the stapedius tendon and the mastoid segment of the facial nerve were removed, and the
facial recess was widely opened.
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Fig. 3.
Vs measured by the ‘surgical’ approach in 12 temporal bones (dashed lines), as well as the
mean (solid line) and 95% CI around the mean (shaded area).
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Fig. 4.
Vs measured by the ‘experimental’ approach with the ‘experimental’ angle in 12 temporal
bones (dashed lines), as well as the mean (solid line) and 95% CI around the mean (shaded
area). The mean Vs measured by the ‘surgical’ approach (thick dashed line) from figure 3
are also shown for comparison.

Chien et al. Page 13

Audiol Neurootol. Author manuscript; available in PMC 2010 August 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
The ΔVs between Vs measured by the ‘experimental’ approach with the ‘experimental’
angle to that measured by the ‘surgical’ approach in 12 temporal bones (dashed lines). The
mean (solid line) and the 95% CI around the mean (shaded area) are also shown. Magnitude
change was computed as 20 times the log 10 of the ratio of the magnitudes (‘experimental’
Vs/‘surgical’ Vs). Phase change computed from the difference between the phases of the
‘experimental’ Vs and ‘surgical’ Vs.
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Fig. 6.
The ΔVs in 9 bones produced by cutting the stapedius tendon (dashed lines), along with the
mean (solid line) and 95% CI around the mean (shaded area).
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Fig. 7.
The ΔVs in 10 bones (dashed lines) produced by opening of the facial recess and removing
the mastoid segment of the facial nerve, along with the mean (solid line) and 95% CI around
the mean (shaded area).
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Fig. 8.
The ΔVs produced by changing the measurement angle in temporal bones from the
‘surgical’ angle of 40–60° to the ‘experimental’ angle of 25–45°. Data are shown for 12
bones (dashed lines), along with the mean (solid line) and 95% CI around the mean (shaded
area).
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Fig. 9.
a The ΔVs in one temporal bone (8R in figure 10) when the measurement angle was
changed from large to small with respect to the axis of piston-like stapes motion. All
measurements were normalized by the ‘surgical’ angle measurement in this bone (57°). b
The ΔVs in one temporal bone (12R in figure 10) when the measurement angle was changed
from large to small with respect to the axis of piston-like stapes motion. All measurements
were normalized by the ‘surgical’ angle measurement in this bone (50°).
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Fig. 10.
The difference in measured Vs at 500 Hz in 12 temporal bones at various measurement
angles (symbols and thin lines) compared with the theoretical difference in Vs computed as
the cosine of the measurement angle (thick solid line). ΔVs is computed relative to piston-
like stapes motion (0°) predicted from Vs measured at the experimental angle as described
in the text.
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Fig. 11.
Mean Vs magnitude measured by the ‘experimental’ approach with the ‘experimental’ angle
in the present study (solid line) and the 95% CI around the mean (shaded area) compared
with the mean Vs measured in 22 cadaveric temporal bones by Asai et al. [1999] (dotted
line). The mean Vs measured by the ‘surgical’ approach in the present study (dashed line) is
also shown.
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Fig. 12.
Mean Vs magnitude measured by the ‘surgical’ approach (dashed line) and its 95% CI
(shaded area) of the present study compared with the mean live Vs measured by Huber et al.
[2001] (dot-dashed line). The 95% CIs for live Vs at 500, 1000, 2000, and 4000 Hz are
shown as the error bars. The mean cadaveric Vs measured by Asai et al. [1999] (dotted line)
is also included for comparison.
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Fig. 13.
Contributions of mean changes in Vs to the total Vs between ‘experimental’ and ‘surgical’
approaches by different steps in the preparation procedure: (1) cutting the stapedius tendon;
(2) removing the facial nerve and opening the facial recess widely; (3) decreasing the
measurement angle. Total change in Vs (4) is taken from figure 5.
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Fig. 14.
Effect of a frequency-dependent measurement angle correction on Vs measured in live ears.
Top panel: The multiplicative correction factor is illustrated. At frequencies below 1000 Hz
the correction has a magnitude of 2.96 (9.4 dB) as might occur if the ‘experimental’ and
‘surgical’ angles were 30° and 74°, respectively. No correction (a correction factor of 1) is
applied at frequencies above 2000 Hz. A linear decrease in the correction factor is assumed
between 1000 and 2000 Hz. Bottom panel: The cadaveric Vs data of Asai et al. [1999] (solid
gray line) are compared with the original live Vs data of Huber et al. [2001] (dashed data
curve) and the Huber data corrected by the multiplicative factor described in the top panel
(the dot-dash line).
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