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Abstract
Sound-induced stapes velocity (Vs) was measured intraoperatively in 14 patients undergoing
cochlear implantation. All 14 patients had no history of middle-ear pathology, and their ossicular
chains appeared normal on intraoperative inspection and palpation. The magnitude of the mean Vs
(normalized by simultaneously-measured ear-canal sound pressure) was stiffness-dominated at
frequencies below 1 kHz, increased up to ~4 kHz, and then decreased at higher frequencies. The
phase of the mean velocity was +0.2 periods at 0.3 kHz, and gradually became a phase lag at higher
frequencies. The mean Vs measured in this study was similar to that of seven ears reported in the
only other published study of live human measurements (Huber et al., 2001). We also made
measurements of Vs in fresh cadaveric temporal bones using a technique identical to that used in
live ears, including similar measurement angles and location. The mean Vs measured in the cadaveric
ears under these conditions was similar to the mean Vs measurements in the 14 live ears. This
indicates that middle-ear mechanics are similar in live and cadaveric ears. In addition, interspecies
comparisons were made between our live human Vs and the Vs reported in different animal studies.
There were some clear similarities in Vs across species, as well as differences. The primary
interspecies differences were in the magnitude of the Vs as well as in the frequency of transitions in
the magnitudes’ frequency dependence from rising to flat or falling.
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1. Introduction
The mechanical properties of the live human middle ear at its input (e.g., middle-ear admittance
and sound-induced umbo velocity) have been characterized reasonably well (Rabinowitz,
1981; Margolis and Goycoolea, 1993; Goode et al., 1993, 1996; Whittemore et al., 2004).
However, few measurements of middle- ear output (e.g., stapes velocity, Vs) have been
reported in live humans. In the single extant study of middle-ear output in seven live human
patients (Huber et al., 2001), the mean sound-induced Vs magnitude was significantly lower
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(~5–10 dB) below ~1.5 kHz than that measured in cadaveric ears (Asai et al., 1999)—see Fig.
1. This discrepancy led to suggestions that there are significant mechanical differences in
middle-ear sound transmission between cadaveric and live human ears (Ruggero and Temchin,
2003).

In a recent study, we presented evidence suggesting that most of the difference in measured
Vs between cadaveric and live ears can be explained by differences in measurement angle, i.e.,
the angle between the direction of piston-like stapes motion and the direction of the laser beam
used to measure Vs (Chien et al., 2006). In that study, we demonstrated that increasing the
measurement angle (relative to the direction of piston-like stapes motion) in cadaveric ears
caused a decrease in the measured Vs magnitude (as might be expected from a cosine correction
for observation of a one-dimensional motion from an angled view), but only below 2 kHz (Fig.
2). Above 2 kHz, variations in measurement angle had smaller effects on Vs. The magnitude
as well as the frequency dependence of these variations in Vs with viewing angle are consistent
with the observed discrepancy in low-frequency Vs between cadaveric and live ears shown in
Fig. 1.

In the present study, we report measurements of sound-induced Vs (both magnitude & phase)
made in 14 live patients undergoing cochlear implantation (similar to Huber’s patient
population). We also measured Vs in fresh cadaveric temporal bones using measurement angles
and locations that were similar to those used in the live ears. Our goals are to compare the live
versus cadaveric data to investigate possible similarities and differences in middle-ear
mechanics between pre- and post-mortem ears, and to generate estimates of Vs in live humans
for comparison with similar measurements in other species.

2. Materials and methods
2.1. Measurements of stapes velocity in live patients (Fig. 3A and B)

This study was approved by the Institutional Review Board (IRB) at the Massachusetts Eye &
Ear Infirmary. Stapes velocity measurements were made in 14 patients undergoing cochlear
implantation who had no history of middle-ear disease. The age of our cohort ranged from 20
to 78 years (mean 58 years). Otologic examinations and preoperative CT scans showed normal
middle ears, normal mastoids, and no fibrosis or ossification of the inner ears. Preoperative
umbo velocity measurements using laser-Doppler vibrometry (Whittemore et al., 2004) were
performed in 12 out of these 14 patients to confirm normal mobility of the tympanic membrane
and to exclude patients with evidence of ossicular chain abnormalities (Rosowski et al.,
2008). The umbo velocity measurements were not performed in 2 patients due to logistical
difficulties. Both of these patients had no clinical evidence of middle-ear abnormalities.

After general anesthesia was induced, a canal-wall-up mastoidectomy was performed, and the
facial recess was opened to visualize the round window and the stapes (Fig. 3A and B). A 9-
tone stimulus (containing frequency components of 0.3, 0.5, 0.7, 1, 1.5, 2, 3, 4, and 6 kHz) was
presented to an earphone (Etymotic Research, Inc., Model No. ER-4 or ER-6, IL, USA) coupled
to the external auditory canal using a sterile standard otologic speculum. Earcanal sound
pressure (Pec) was measured with a probe tube microphone (Etymotic Research, Inc., Model
No. ER-7A, IL, USA). The probe tip was flush with the end of the otologic speculum and
placed within 10–15 mm of the umbo. This was done to avoid contamination of the surgical
field. At 6000 Hz, 15 mm is about 26% of the wavelength of sound and we expect inaccuracies
in our measurements of sound pressure at this frequency. The estimates of sound pressure phase
will be most affected and could be in error by as much as 0.4 periods, while our measured
sound pressure could underestimate the sound pressure at the tympanic membrane by 20 dB.
Smaller inaccuracies would also occur at 4000 Hz. Sound-induced Vs (magnitude and phase)
was measured using a laser-Doppler vibrometer (Polytec Inc., Model No. HLV-1000, CA,
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USA; see Chien et al., 2006, for details). The location of the measurement was on a bright spot
at the stapes head in all 14 cases. No reflectors were placed on the stapes. The Vs and Pec
measurements were acquired using National Instruments hardware and software (TX, USA)
installed in a portable computer. The measurement angle between the laser beam and the piston-
like direction of stapes motion was estimated intraoperatively with a metal protractor (that was
sterilized) and was found to vary between 65 and 80°. In each ear, the measurements were
completed within a span of 10–15 min. Because of the limited time available and the relatively
high noise floors associated with the use of natural stapes reflections, we concentrated on
making measurements at frequencies within the clinically significant range (≤6 kHz). Cochlear
implantation was completed after the Vs measurements were performed. Post-measurement
analysis of the Vs and Pec data (including magnitude and phase) was done using MATLAB
software (The MathWorks, Inc., MA, USA).

2.2. Measurements of stapes velocity in cadaveric temporal bones (Fig. 3C)
Thirteen fresh cadaveric human temporal bones from individuals aged 46–80 years were used.
The temporal bones were obtained less than 29-hours post-mortem and were kept refrigerated
in normal saline at 5 °C until experiments were performed. These bones were from individuals
with no history of otologic disease (except presbycusis). All had normal middle ears and
mastoids on otoscopy and at mastoidectomy. The ossicular chain was intact and normal on
inspection and palpation in all ears.

A canal-wall-up mastoidectomy was performed and the facial recess was opened to visualize
the stapes. The stapedius tendon was severed and the mastoid segment of the facial nerve was
removed in order to maximize the exposure of the stapes. (It has been shown in our previous
study that cutting the stapedius tendon and removing the mastoid segment of facial nerve had
small effects on measured Vs at frequencies below 6 kHz; see Chien et al., 2006). A logarithmic
chirp stimulus (containing harmonic frequency components of 48 Hz–12.5 kHz with a
frequency−1/2 pre-emphasis, i.e. so the amplitude of the chirps’ harmonic components
decreased as their frequency increased) was presented to an earphone (Etymotic Research, Inc.,
Model No. ER-4 or ER-6, IL, USA) coupled to the residual ear canal using a standard otologic
speculum. Ear-canal sound pressure (Pec) was measured with a similar probe tube microphone
as in live ears. The probe tip was within 5 mm of the umbo since sterility is not a concern in
this case.

Sound-induced Vs was measured using a laser-Doppler vibrometer. In the first six bones, a
small reflective tape (with dimensions of ~0.25 mm by 0.25 mm) was placed at the posterior
crus of the stapes during Vs measurements to increase the signal strength of the reflected laser
light. In the next seven bones, the Vs was measured with small reflective tapes at both the
posterior crus and the head of the stapes. The Vs measurement angles were estimated with a
protractor and varied between 65 and 80° from the axis of piston-like stapes motion, similar
to the live Vs measurement angles.

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 and constant
magnitude ratio between Vrw and Vs below ~500 Hz were used (Mehta et al., 2003).

3. Results
All stapes velocity measurements reported in the present study are normalized by the ear-canal
sound pressure (Pec).
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3.1. Stapes velocity in live ears (Fig. 4)
The individual measurements, the mean, and the 95% confidence interval (CI) around the mean
of Vs measurements (magnitude and phase) in all 14 live ears are shown in Fig. 4. The mean
magnitude of live Vs increased with frequency below 700 Hz, was flat between 700 and 2000
Hz, increased with frequency again between 2000 and 3000 Hz, and decreased at higher
frequencies (at the rate of ~ 8 dB per octave). The peak in Vs magnitude was between 3 and 4
kHz. 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 4 kHz.

3.2. Comparison of our live stapes velocity with the published data (Fig. 5)
Fig. 5 shows the mean live Vs magnitude and its 95% CI from the present study, along with
the mean live Vs magnitude reported by Huber et al. (2001). The mean live Vs magnitude
reported by Huber has a similar frequency response to the mean live Vs magnitude in the present
study, and the difference between the two measurements is not statistically significant (Huber’s
data fall within the 95% CI of our measurements), except at around 2 and 4 kHz. The Huber
study did not report the phase component of Vs, thus comparison of phase cannot be made.

3.3. Stapes velocity in cadaveric ears (Fig. 6–Fig. 8)
Stapes velocity was measured in 13 fresh cadaveric temporal bones. In the first six bones, Vs
was measured at the posterior crus, which is one of the common sites for Vs measurement in
cadaveric specimens. These measurements were performed prior to our live Vs measurements.
In the next seven bones, Vs was measured at both the posterior crus and the stapes head because
our intraoperative Vs measurements indicated that the head of stapes had a natural reflective
spot rather than the posterior crus, and therefore, all of our intraoperative live Vs measurements
were performed at the head of stapes. Fig. 6 shows the Vs measured at the posterior crus of
stapes in all 13 cadaveric temporal bones. The individual measurements, the mean, and the
95% confidence interval (CI) around the mean are shown. The magnitude of cadaveric Vs
increased with frequency below 1 kHz, and decreased with frequency above 1 kHz. There was
a 0.2-period phase lead at low frequencies which gradually decreased to 0 by ~800 Hz. The
phase reached −0.8 periods above 6 kHz. Fig. 7 shows the sound-induced Vs measured at the
stapes head in seven cadaveric bones. The individual measurements, the mean, and the 95%
CI around the mean are shown. The mean magnitude of the cadaveric Vs increased with
frequency below 1 kHz, and decreased at higher frequencies above 1 kHz. There was a 0.3-
period phase lead at low frequencies which gradually decreased to 0 by ~1 kHz. The phase
reached −0.8 periods above 5 kHz. The measurement angles in both sets of measurements (Fig.
6 and Fig. 7) ranged from 65 to 80°, similar to the angles in live ears.

Fig. 8 shows the change (in dB) in Vs measured at the head of stapes when compared to the
Vs measured at the posterior crus in the seven bones in which measurements at both locations
were taken. In general, the magnitude of Vs measured at the stapes head is higher than the
magnitude of Vs measured at the posterior crus. However, this difference is small and
statistically insignificant at frequencies below 900 Hz. Above 1 kHz, the differences in Vs
magnitude between the two measurement locations become larger (6 dB at 6000 Hz) and
statistically significant. The phase differences are minimal at these two measurement locations
across the frequency range and are not statistically significant.

3.4. Comparison of live Vs measurements with cadaveric Vs measurements made in a similar
fashion (Fig. 9)

Fig. 9 compares the mean cadaveric Vs measured at the head of stapes with its 95% CI, to our
mean live Vs. The magnitudes of the mean cadaveric and live Vs are similar, with both
magnitudes increasing at low frequencies and decreasing at higher frequencies. There are some
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differences between live and cadaveric Vs. For example, the cadaveric Vs magnitude peaks at
~ 1 kHz, whereas the live Vs magnitude peaks at ~ 3–4 kHz. However, the differences between
cadaveric and live Vs are small and not statistically significant when examined using student’s
t-tests, as shown in Table 1. The mean phase of the cadaveric Vs is also very similar to the
mean phase of live Vs, with the two being almost identical below ~4 kHz.

4. Discussion
4.1. Making intraoperative Vs measurements

We were able to successfully make Vs measurements intraoperatively in patients undergoing
cochlear implantation. Such patients are good candidates for live Vs measurements because
no additional surgery is required to expose the stapes. All patients enrolled in this study had
normal middle ears. In addition to normal otologic examinations and preoperative CT scans,
the umbo velocity measurements were normal in all 12 patients tested, as measured by laser-
Doppler vibrometry.

In the process of making intraoperative Vs measurements, we encountered some challenges:

1. We were not able to assess the reproducibility of the measurements, because the
amount of time available for measurement during surgery was limited.

2. The stapes (along with the other ossicles and the tympanic membrane) was sometimes
partially covered with fluid and/or blood, requiring frequent suctioning and
repositioning of the measurement setup.

3. The use of reflective tape to increase the signal-to-noise ratio for laser-Doppler
vibrometry measurement was not an option, because of the time involved in its
application and removal, and the problem of sterilizing such reflectors.

4. The location of naturally reflective spots on the stapes varied between patients. In
order to keep the measurement location consistent, only measurements from the stapes
head were included in this study.

5. The intraoperative estimation of measurement angle was difficult, unlike the case in
cadaveric temporal bones. Therefore, any errors in estimation of the measurement
angle were likely to be larger in live ears. The measurement angles estimated in the
live ears were 65–80° from the axis of piston-like motion of the stapes. The large
angles were due to several factors, including the limited opening of the facial recess,
the presence of soft tissue and pinna attached to the ear canal, and the limited neck
mobility of some patients.

4.2. Comparison of our live Vs measurement with the published data
Our live Vs measurements are very similar in magnitude to the published data by Huber and
colleagues (2001)—see Fig. 5. We suspect that the measurement methods used in Huber’s
study were similar to ours, since the technique of cochlear implantation was similar.

4.3. Cadaveric Vs at different measurement locations
In the first six cadaveric temporal bones, we made Vs measurements only at the posterior crus
of stapes, whereas in the next seven bones, Vs was measured at both the posterior crus and the
head of stapes. It has been shown that the human stapes moves mainly in a piston-like motion
at frequencies below 1 kHz, whereas the motion at higher frequencies is more complex and
involves multiple modes of motion (Hato et al., 2003; Heiland et al., 1999; Decraemer and
Khanna, 2004). Our finding that the differences in magnitude between Vs measured at the
posterior crus and the head of stapes were small (<2 dB) at frequencies below 1 kHz, and were
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larger at higher frequencies (Fig 8), is consistent with these ideas. It also illustrates the
importance of controlling for different variables (e.g. measurement location, angle, etc.) when
comparing measured Vs in live and cadaveric ears. A more complete understanding of Vs
motion will undoubtedly require 3D motion measurements.

4.4. Comparison of our live Vs with our cadaveric Vs measurements
When both the measurement angle and location are controlled for, our live Vs data are very
similar to our cadaveric Vs measurements made in a similar fashion (Fig. 9). This indicates
that the difference between live and cadaveric Vs shown in Fig. 1 can be explained by
differences in measurement technique and is not necessarily an intrinsic difference between
live and cadaveric ears. As shown in Fig. 1, the largest difference between the live Vs data
(Huber et al., 2001) and the cadaveric Vs data (Asai et al., 1999) occurred below 2 kHz. This
is precisely the same frequency range where the effects of measurement angle are most evident
(see Fig. 2). In our analysis, the differences between the live and cadaveric Vs for frequencies
below 2 kHz (shown in Fig. 1) can be explained on the basis of the differences in measurement
angle alone. Therefore, the cadaveric temporal bone preparation is a valid model to study
human middle-ear mechanics.

4.5. Comparison of live human stapes velocity with other species
A comparison between our live human Vs measurements and the Vs measurements from other
species are shown in Fig. 10. The Vs data from the other species were obtained by various
techniques, including the Mössbauer technique (Ruggero et al., 1990;Manley and Johnstone,
1974), stroboscopic illumination (Guinan and Peake, 1967), estimates of round-window
volume velocity (Kringlebotn and Gundersen, 1985) and laser-Doppler vibrometry (Ravicz et
al., 2008). Also included in the figure is the “corrected” live human Vs from our measurements.
The correction refers to a measurement angle correction we applied to our data in order to
minimize the effect of measurement angle on the measured Vs (Chien et al., 2006). (The
correction to a laser measurement angle of 0° relative to the axis of piston-like stapes motion
was equivalent to multiplying the measured data by a frequency-dependent correction factor
based on the data of Fig. 2.) All of the measurements shown in Fig. 10 were made with middle-
ear cavity opened, except for the human Vs measurement by Kringlebotn and Gundersen
(1985). However, since the human middle-ear volume is quite large, it is thought to have a
small effect on middle-ear mechanics (Zwislocki 1962;Rosowski et al., 1990;Voss et al.,
2000), except in narrow high-frequency ranges where the cavities may resonate (Stepp and
Voss, 2005).

Our corrected live human Vs is very similar to the human Vs reported by Kringlebotn and
Gundersen (1985), both in magnitude and in phase. It is important to note that the human Vs
data by Kringlebotn and Gundersen came from measurements of roundwindow volume
velocity in cadaveric temporal bones, which was used to estimate the stapes volume velocity.
The stapes volume velocity was converted to point velocity by division with a footplate area
of 3.2 mm2 (Wever and Lawrence, 1954). The match between our live Vs measurements
corrected for measurement angle and the Kringlebotn and Gundersen measurements, which
are not affected by observational angle, is reassuring. The measurements of Kringlebotn and
Gundersen (1985) are also known to be consistent with more modern measurements of stapes
velocity in temporal bones (Voss et al., 2000; Gan et al., 2001).

In a study by O’Connor and Puria (2008), estimation of human stapes velocity was made using
model calculation, and this was shown to be similar to a “corrected” version of the live Vs
measured by Huber et al. (2001), using the same correction method as in our study (see Fig.
10, also see the text above). Since our live Vs measurements share many similarities to Huber’s
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measurements, we assume that our live Vs measurements are also similar to the model
calculation by O’Connor and Puria (2008).

Our corrected best-estimate of the live human Vs has some similarities and differences with
the Vs measured in gerbil (Ravicz et al., 2008), cat (Guinan and Peake, 1967), chinchilla
(Ruggero et al., 1990), and guinea pig (Manley and Johnstone, 1974). At the lowest frequencies,
the Vs magnitude increases with increasing frequencies in all species. The live human Vs
magnitude is similar to the Vs magnitudes in gerbil and cat below 1 kHz, and it is much smaller
than the Vs magnitudes in chinchilla and guinea pig. The increase in magnitude with frequency
is terminated at a transition frequency that differs across species: 100 Hz in chinchilla, 200 Hz
in guinea pig, 800 Hz in human, 1200 Hz in cat and 1600 Hz in gerbil. In humans, there is a
clear decrease in magnitude at frequencies above the transition; in the other species there is a
nearly flat frequency dependence above the transition (Ravicz et al. argue that in gerbils, at
higher frequencies than those depicted here, there is a roll-off in stapes velocity). The phase
measurements are similar between human, gerbil, and cat, where a ~0.25-period phase lead is
seen at low frequencies, which gradually becomes a phase lag at higher frequencies. The phase
of the chinchilla Vs also begins with a phase lead at low frequencies, but the phase lag appears
at a much lower frequency than in other species (>200 Hz). The phase was not measured in
guinea pig in the study by Manley and Johnstone (1974), so no comparison can be made.

5. Conclusions
We made live Vs measurements in 14 patients who had normal middle ears and were
undergoing cochlear implantation. Our live Vs measurements were very similar to published
data (Huber et al., 2001). Our live Vs measurements were also very similar to cadaveric Vs
measurements we made using identical methods, and using the same measurement location
and angle. We conclude that sound transmission through the middle ear is similar in live and
cadaveric ears. Comparisons of our live Vs measurements (after a frequency-dependent
correction for observation angle) with measurements in live ears of other animals show both
similarities and differences. The velocities in all species are stiffness-dominated at low
frequencies, but above some transition frequency, the Vs magnitude either flattens or falls off.
The transition frequency varies between species as does the Vs magnitude.
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Fig. 1.
Mean stapes velocity (Vs) magnitude in live (solid line) and cadaveric (dashed line) ears as
reported by Huber et al. (2001), Asai et al. (1999), respectively (taken from Chien et al.,
2006). The magnitude difference below 1.5 kHz is statistically significant (Huber et al.,
2001).
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Fig. 2.
The change in stapes velocity (ΔVs) in one representative temporal bone when the
measurement angle was changed from large to small with respect to the axis of piston-like
stapes motion (taken from Chien et al., 2006). All measurements were normalized to an angle
of 50°. Top panel: magnitude. Bottom panel: phase. Note that increasing the angle results in a
decrease in magnitude of Vs below 2 kHz [modified from Chien et al., 2006].
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Fig. 3.
(A) Photograph of an intraoperative view of the stapes during Vs measurement (right ear). The
stapes head is shown with a naturally reflective spot where Vs measurements were made. (B)
Schematic axial view of the measurement setup in live Vs measurements. (C) Schematic axial
view of the measurement setup in cadaveric Vs measurements. Note that even though the
measurement direction is aimed at the head of stapes, some of our cadaveric Vs measurements
were made at the posterior crus, as indicated in the text.
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Fig. 4.
Normalized Vs measured in 14 live ears (dashed lines), as well as the mean (solid line) and
95% CI around the mean (shaded areas). Top panel: magnitude. Bottom panel: phase.
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Fig. 5.
The mean and 95% CI of the Vs magnitude measured in 14 live patients in the present study
(solid line and shaded areas), compared to the published mean live Vs by Huber et al., 2001
(dot-dashed line).
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Fig. 6.
Normalized Vs measured at the posterior crus in 13 cadaveric temporal bones (dashed lines),
as well as the mean (solid line) and 95% CI around the mean (shaded areas). Top panel:
magnitude. Bottom panel: phase.
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Fig. 7.
Normalized Vs measured at the head of stapes in seven cadaveric temporal bones (dashed
lines), as well as the mean (solid line) and 95% CI around the mean (shaded areas). Top panel:
magnitude. Bottom panel: phase.
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Fig. 8.
Change in Vs when measured from head of stapes vs. posterior crus in seven cadaveric temporal
bones (dashed lines). The mean change in Vs (solid line) as well as its 95% CI (shaded areas)
are also shown. Top panel: magnitude. Bottom panel: phase. Note the Vs measured at the head
of stapes is higher than the Vs measured at the posterior crus, but the difference is only
statistically significant at higher frequencies.
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Fig. 9.
The mean and 95% CI of the Vs measured at the head of stapes in seven cadaveric temporal
bones (solid black line and shaded areas), compared to the mean live stapes velocity in the
present study (dashed line). Top panel: magnitude. Bottom panel: phase. There were no
statistically significant differences between the live and cadaveric data (see also Table 1)
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Fig. 10.
Comparison of Vs measurements in five species (modified from Fig. 8 in Rosowski et al.,
1999). The chinchilla data is taken from Ruggero et al. (1990); the cat data is from Guinan and
Peake (1967); the gerbil data is from Ravicz et al. (2008) and the guinea pig data is from
Manley and Johnstone (1974). Two sets of human Vs measurements are used: the first is from
the present study in live human, and the second is from Kringlebotn and Gundersen (1985),
labeled “Human cadaveric”] where cadaveric human temporal bones were used. Data from
present study include our mean live human Vs (labeled “Human live uncorrected”) as well as
a “corrected” live human Vs (labeled “Human live corrected”) where a measurement angle
correction is applied to minimize the effect of measurement angle on the measured Vs
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magnitude (Chien et al., 2006). Measurement in guinea pig and gerbil at frequencies >20 kHz
are not shown.
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Table 1

Comparison of stapes velocity in cadaveric and live ears. The magnitudes of mean Vs measured in cadaveric and
live ears at various frequencies are shown. T-tests were performed to examine the statistical significance of the
observed differences between cadaveric and live ears (shown in Fig. 9) at various frequencies. p-value of <.05
indicates statistical significance at the 5% level.

Frequency (kHz) Mean normalized |Vs| (µm/sec/Pa) p-Value

Live Cadaveric

0.5 23.88 34.00 .38

1 37.78 53.15 .14

1.5 34.18 40.53 .30

2 31.24 33.48 .80

3 53.98 29.28 .06

4 59.68 29.38 .09

Hear Res. Author manuscript; available in PMC 2010 May 24.


