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Abstract
Hypothesis—The sound-induced motion of the tympanic membrane has features that are most
consistent with modal responses to a uniform stimulus.

Background—Conceptual models of the coupling of tympanic-membrane motion to the
ossicular chain can be classified as either modal responses to a uniform stimulation of the entire
membrane, or traveling wave models in which sound energy is captured at the membrane’s rim
and travels along the surface to the umbo. The stroboscopic holography technique we employ can
separate strongly modal or traveling-wave dominated motions of the tympanic membrane surface.

Methods—We use computer-aided opto-electronic holography with stroboscopic illumination to
measure the magnitude and phase of the sound-induced motion of over 40000 points on the
surface of the tympanic membrane in cadaveric human temporal bones. Our techniques are
sensitive to motions of the membrane as small as 0.01 microns, and allow determinations of
membrane displacement at frequencies as large as 20 kHz.

Results—We report clear signs of both modal tympanic membrane responses and traveling
waves on the human tympanic membrane. Modal responses are seen throughout the frequency
range, while the traveling waves are most apparent between 2 and 8 kHz. In general, the
magnitudes of the traveling waves are small compared to the modal magnitudes.

Conclusion—Much of the motion of the tympanic membrane is well approximated by modal
motions of the TM surface. This conclusion has implications for ear drum pathology and its
treatment.

Introduction
While work performed over the past 50 years has greatly increased our knowledge of the
workings of the normal and pathological middle ear (1–7) there are still notable unknowns.
One area of current controversy concerns the precise mechanisms by which sound energy
from the ear canal is coupled to the ossicular chain by the tympanic membrane (TM). The
controversy is crystallized by two extreme views. One view suggests modal motions excited
by near uniform stimulation of the entire membrane surface determine the motion of the TM
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surface: Modal motion has features in common with standing waves, including the presence
of nodal regions of near zero displacement (see Video, Supplemental Digital Content 1,
which demonstrates standing waves and nodes on a string rigidly supported at its ends).
Modal motions depend on the local mechanical properties of the membrane and more global
properties such as the stiffness of the membrane support, and are strongly influenced by the
boundary conditions that limit membrane motion at the tympanic ring and along the
manubrium. The second view is that the motion of the TM is dominated by surface waves
that are initiated at the edge of the TM and travel toward the umbo (see Video, Supplemental
Digital Content 2, which illustrates a centripetal traveling wave on a simple model of the
TM). Such surface waves depend strongly on the local mechanical properties of the
membrane.

The modal model of TM motion
A modal model of TM motion is an older view that is consistent with the pioneering work of
Tonndorf and Khanna (3,8,9) who were the first to report detailed holographic pictures of
the magnitude of the sound-driven motion of the TM in live animals and cadaveric human
temporal bones. Their measurements led to several concepts of TM motion: (a) With
stimulus frequencies of 1 kHz and below the sound-induced motions of the TM surface
produced a small number of peak displacement regions in the posterior and anterior regions
of the TM that grew out of regions of smaller displacement magnitude. (b) In response to
sounds of frequency between 1 and 8 kHz the spatial patterns of TM motion became
complicated with an increasing number of regions with local motion maxima surrounded by
nodal regions of near zero displacement; the arrangement of the peaks and the surrounding
nodes appeared disordered or complex. While their methods could not determine the phase
of TM motion, Tonndorf and Khanna (3) suggested these patterns were consistent with
standing-wave-like modes of TM motion, where the small number of spatially distinct peaks
on top of a smaller more uniform displacement observed at low frequencies suggested in-
phase motion of the TM, as expected for a low-order modal motion (the order of a modal
motion depends on the number of nodes), and at higher frequencies any one of the
increasing number of spatial maxima moved precisely out-of-phase with adjacent maxima
that are separated from each other by nodal boundaries. A third finding of these studies was
that the manubrium of the malleus embedded in the TM moved much less than the regions
of the TM where the local maxima occurred, regardless of stimulus frequency.

These findings have been interpreted as evidence that the TM responds to sound in a modal
fashion, where the entire TM surface is equally stimulated by sound pressure, and the
induced motion of individual points on the TM surface depends on the mechanical
properties and shape of the TM, the load of the ossicular chain on the TM and the boundary
of the membrane at the TM ring. In such a system sound transduction to the ossicular chain
depends on how well the modal patterns effect motion of the manubrium. The modal
hypothesis is consistent with views of the frequency-dependent response of microphones
and speakers (examples of man-made acoustic-mechanical transducers). In the low-
frequency range, the entire sound-responsive surface moves in phase. This uniform motion
of the transducer’s receiver area (or generator area) allows more efficient transfer of sound
energy between air and the microphone or speaker (10,11). At some higher frequency the
modal responses become more complex, nodal regions become apparent and the motion of
the sound-responsive surface ‘breaks-up’ into regions that move out-of-phase with other
regions (see Video, Supplemental Digital Content 3, which demonstrates modal motion of a
simple membrane with one nodal diameter). The result of the break-up may be less efficient
acoustic-mechanical transduction at higher sound frequencies (10–13).

A somewhat different view of the contribution of modal motions to TM function, was put
forward by Fay et al. (14) who made use of the common observation that the number of
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possible modes in a geometrically-constrained system increases dramatically as stimulus
frequency increases. They suggested that the ear’s response to high-frequency sound is the
summed response to a collection of modal patterns that are excited by near-by frequencies.
They further argue that summing across a collection of modal responses will act to smooth
the frequency response of the TM and increase the frequency range over which it operates.

Traveling waves on the TM surface
The main competing model of TM motion has its roots in descriptions of a middle-ear delay
that first surfaced about 15 years ago. Olson (15) in 1998 noted that much of the data she
collected on middle-ear sound transfer in gerbil were consistent with a simple delay
mechanism that induced a time delay between motions of the gerbil TM and stapes of on the
order of 20 μs. Simultaneously, Puria and Allen (16) published a model analysis arguing for
the presence of a significant delay in middle-ear mechanics, where the bulk of the delay is in
the response of the TM to sound. Since a traveling wave is one physical response that
introduces delay (the travel time of the disturbance), Puria and Allen suggested the presence
of traveling waves on the TM surface. This idea has been formalized in the more recent
models of TM function of Parent and Allen (17,18) where they ascribe a ‘horn-like’ function
to the conical TM, such that the wide outer rim is better-matched to the air in the ear canal
and that waves of motion progress from the edges of the TM toward the umbo. They also
hypothesize that the horn-shape of the TM helps with the transformation process with the
relatively low-impedance of the tympanic ring better matched to the impedance of air than
the higher impedance at the umbo. The primary evidence for the presence and significance
of surface traveling waves are repeated demonstrations of delays in middle-ear sound-
transfer where larger tympanic membrane areas correlate with longer delays (15,16,19–21).

In this paper we measure the magnitude and phase of the surface displacement of the human
TM and use those data to quantify both modal patterns of TM displacement and traveling
waves. The data we gather will be compared to the two models of TM motion we have
introduced. The discussion will include the significance of these findings in tympanoplasty
and middle-ear reconstruction.

Methods
We apply the previously described techniques of stroboscopic-illumination in computer-
aided opto-electronic holographic interferometry (22–24). The holographic technique
depends on the interference between two laser beams, a fixed reference beam, and a
coherent reflection from the moving surface of the TM. Both beams are “strobed” (turned on
and off via a high-speed optoacoustic modulator) at selected phases of the acoustic stimulus
with an illumination duty cycle of 5–10% of the period of the stimulus tone. The
measurements were made in a dozen cadaveric temporal bones that were otoscopically
normal. The temporal bones were unfixed and either prepared and used within 48 hrs post-
mortem or frozen and thawed prior to use. The bones were kept moist during the preparation
and measurements, and were stored in saline at 4° C or in a freezer. The bony external
meatus is drilled away to expose 90% of the surface of the TM. A posterior tympanotomy is
performed to assess and confirm the normality of the ossicular chain. The lateral surface of
the TM is painted with zinc oxide (ZnO) suspended in saline at a concentration of 60 to 90
mg per cc. The paint is necessary to increase the light reflected from the translucent TM
surface. Control measurements have demonstrated that the paint has no significant effect on
the motion of the TM or the ossicles (25). The data associated with a single frequency-level
combination are gathered over the period of about a second. Measurements at multiple
frequencies and levels are taken over the period of several hours. In order to prevent
excessive drying of the preparation during the measurement process, the temporal bone is
periodically soaked in saline for several minutes. While we summarize our results with
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measurements from a few individual bones, all bones showed similar patterns. The range of
stimulus frequencies and levels we used varied from 200 Hz to 20 kHz and 80 to 120 dB
SPL. The relatively high sound levels were needed because our methods are only sensitive
to displacements that are larger than 10–20 nm and the magnitude of TM displacements for
a given sound pressure falls regularly with frequencies above 1 kHz. Nonetheless, these high
sound pressures are still within the linear response range of the TM and middle ear (2,4,25).

Results
Displacements of the TM Surface

Maps of the magnitude and phase of displacement at over 40000 points on the surface of the
TM are illustrated in Figure 1. The first row of the figure shows the orientation of the TM
specimen and the manubrium of the malleus. Rows 2–5 show the relative magnitude (left
side) and phase (right side) of the surface displacements in response to 4 different stimulus
frequencies. The left-hand panel in the second row indicates that with a 500 Hz tonal
stimulus the largest displacements observed on the TM are in the posterior half of the TM
(the paired red areas), and the right-hand panel illustrates the entire surface is moving with
the same phase (the uniform blue area). The third row shows a 1 kHz stimulus produces a
similar magnitude pattern but a less uniform phase pattern. The fourth and fifth rows
illustrate some ordered patterns of varying displacement and phase that appear as scalloped
patterns, where the distance between the scalloped ridges is smaller at the higher frequency.
Data like those shown in Figures 1 can be used to produce stroboscopic videos of TM
motion that show similar patterns of motion (see Videos, Supplemental Digital Content 4,
which illustrates the in-phase motion of the entire TM surface of a different temporal bone
in response to a 500 Hz stimulus; Supplemental Digital Content 5, which illustrates the
combination of modal and traveling-wave displacements on a TM surface in response to a 4
kHz stimulus, and Supplemental Digital Content 6, which illustrates the combination of
modal and traveling-wave displacements on a TM surface in response to a 10 kHz stimulus)

Comparisons to previous quantitative measurements: Displacements of the Umbo
Our holographic measurements are consistent with previous quantitative measurements of
TM displacement. Figure 2 compares the magnitude and phase angle of the displacement of
the umbo (extracted from displacement maps like those in Figure 1) with measurements
from the literature made in cadaveric (4,26,27) and live (6) human ears. There is a good
match between the stroboscopic holography data and those gathered with other means.

Wave motion on the Tympanic Membrane
Evidence for both standing-wave-like modal patterns and traveling-waves of displacement
on the TM surface is contained in Figure 3. Illustrated are measurements of the magnitude
and phase of the displacement of locations that fall on two radii on the TM surface; both
radii emanate from the umbo at the center of the TM. The radii used in these examples are
illustrated by the white dotted lines in the displacement magnitude and angle maps on the
upper left. The plots in panels A, B and C illustrate the magnitude and phase of
displacement as one travels from near the tympanic rim on the left-hand radial arm (coded as
−2.5 mm on the plot panels) to the umbo (coded as zero) and then onto the posterior-inferior
rim of the TM (coded as +3 mm). Each plot panel contains a separate plot of magnitude and
angle, where panel A shows results from 5 kHz stimulation, panel B 8 kHz and panel C 12
kHz. The plots illustrate several instances of nodes (deep, sharp minima in motion that are
associated with rapid half-cycle phase changes) marked with red vertical lines. Nodes are
strong indicators of modal patterns of displacement, and we see one to two nodes (usually
near the TM rim) at each of the three frequencies. Panel A and C also show regions (marked
by green arrows) where the phase changes regularly and gradually with space; such phase
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changes are hallmarks of traveling waves. The long gradual phase transition in panel A
indicates a dominant traveling wave moving from the rim towards the umbo. The shorter
phase transition in panel C, which is punctuated with a node-like phase step and magnitude
minima, suggest a combination of near equal magnitude modal and traveling displacements.
Note that in both cases the gradual phase transitions do not reach the umbo. The regions
marked by dashed horizontal lines in panel B and C, are regions where we observe repeated
magnitude peaks with a slowly varying almost oscillating phase; these regions correspond to
the scalloped regions of the displacement maps. Since the phase variations in these
oscillations are less than ¼ cycle, the scalloped patterns are consistent with the combination
of a modal displacement of relatively large magnitude and a traveling wave of smaller
magnitude.

Effect of cartilage sheets on TM wave motion
While we have previously published several holographic analyses of the effect of placing
cartilage sheets on the TM (28-9), a topic highly relevant to tympanoplasty, Figure 4
illustrates a new analysis of the relative phase of TM motion in response to sound before and
after cartilage placement. Fig. 4a shows the displacement map obtained by stroboscopic
measurements of a human cadaveric TM stimulated at 4 kHz with 111 dB SPL (29).
Displacement measurements were made in this ear, both before (Fig 4a) and after the
placement of cartilage ovals that were either 0.5 or 1 mm thick. The ovals had an area of
about 1/3 of the TM area and were placed on the posterior medial surface of the TM in one
of two orientations (Fig. 4B): either parallel to the manubrium with ‘No Bone Contact’ or
nearly perpendicular to the manubrium in contact with the manubrium and the superior-
posterior tympanic ring: ‘With Bone Contact’. Panel C illustrates the displacement
magnitude and phase measured in each condition along the diameter illustrated by the dotted
lines in panels A and B. The placement of the cartilage disks causes relatively large (factor
of 3 to 5) changes in the magnitude of the motion of the membrane at the locations under the
cartilage (from 2 to 4.5 mm from the umbo). A factor of 4 reduction in magnitude is also
seen in the anterior-inferior part of the membrane (between −3 and −1.5 mm), but this later
reduction occurs anterior and inferior to a node marked by a sharp minimum and rapid phase
change that occurs at −1.5 mm. The displacements of the central part of the membrane
surface (between −1.5 and 1.5 mm) are much less affected by the manipulations. Regarding
the phase, the only areas with consistent phase alterations are those directly beneath the
cartilage oval (between 2 and 4.5 mm), where the phase lags by as much as 1/2 period after
the cartilage is placed. The small effect of the cartilage in the central potion of the
membrane and the introduction of a significant phase lag in sections in contact with the
cartilage sheet is consistent with a modal model of TM motion. In fact, we see little
evidence of traveling waves before or after the placement of the cartilage sheet (see Videos,
Supplemental Digital Content 7, which shows the TM displacements after placing a 1 mm
cartilage sheet in the no bone contact position).

Discussion
The Motion of the TM Surface: Stimulus frequency less than or equal to 1 kHz

The data we present here and in other publications (24,25) are consistent with in-phase low-
order modal motions (no nodes are apparent but the magnitude of displacement varies in
space) of the surface of the human TM in response to stimulus frequencies less than or equal
to 1 kHz (Supplemental Digital Content 4). The spatial variations in displacement magnitude
result from the interaction of the graded mechanical properties of the TM, e.g. TM thickness
(30), the boundary conditions that limit TM motion (the suspension of the TM at its rim
(31)), the three-dimensional shape of the TM (32-4), and the mechanical load of the
ossicular chain and cochlea that limits motion of the manubrium (34,35). The forces that
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drive the ossicular chain in this frequency range also depend on these structural features,
where the important physical parameters include the stiffness of the TM support, and the
internal stiffness of the TM, which helps couple the motion of different TM locations
together; the area of the TM probably plays a significant role, and the shape also contributes,
but to a lesser extent.

The Motion of the TM Surface: Stimulus frequencies between 2 and 8 kHz
Our data point out that the motion of the TM surface with stimuli in the 2–8 kHz range
contains a combination of somewhat higher-order modal displacements (we see several
nodes) and traveling waves (Supplemental Digital Content 5). The phase gradients in
Figures 3A&C are the best indicators of traveling waves of significant magnitude; however,
those gradients stop well short of the umbo, indicating that even in the presence of a
significant peripheral traveling wave modal patterns dominate umbo motion. If the modal
action of the TM is the driving force for ossicular motion, then the total area of the TM does
not likely contribute to TM-ossicular sound transformation, since the area that contributes to
manubrial motion is the central area that is demarcated by the inner-most nodal boundary.
Put another way: we can replace a nodal boundary on the TM surface by a rigid support and
not affect the motion of the remaining membrane. If the traveling waves we observe
contribute to TM motion they seem to play a lesser role, since we see little wave travel near
the manubrium.

The motion of the TM Surface: Stimulus frequencies of 8 kHz and higher
The maps of displacement magnitude and phase that we measure in response to sound
stimuli of frequencies of 8 kHz and above also suggest a combination of somewhat higher-
order modal patterns (with several apparent nodes) and a traveling wave component of
smaller magnitude, where the most prominent indications of traveling waves are small
oscillations in displacement phase about some background phase (panels B and C of Figure
3), as well as the scalloped spatial patterning observed in the displacement magnitude and
phase maps (the bottom panels of Figure 1). These patterns indicate that the traveling
component, while real, is smaller in magnitude than the modal component of TM motion
(Supplemental Digital Content 6).

Overall description of TM motion: Additional insight from the measured phase of motion
Our data clearly show that at frequencies less than 1 kHz, all points on the TM move in
phase and the surface displacements are well described by a low-order modal motion. At
higher frequencies, our data suggest that TM motion patterns are still primarily determined
by modal motions, but there is a fundamental difference between our measurements and the
earlier interpretations of Tonndorf and Khanna’s data (3,8,9). The magnitude maps that
Khanna and Tonndorf and others (25) produced in response to high-frequency sound were
consistent with extremely high-order modal patterns, and it was predicted that each modal
maximum was separated from the surrounding maxima by nodal boundaries: An
interpretation consistent with the break-up of the TM surface motion into multiple
independently moving sections. The displacement phase measurements made possible by
our stroboscopic techniques, however, point out that many of the multiple local magnitude
maxima that we see at frequencies above a few kHz results from the interaction of a modal
maxima of larger magnitude and relatively large spatial extent with a traveling wave
component of smaller magnitude and smaller wavelength (multiple traveling wave
wavelengths fit into the area of a single modal maxima). The new data suggest that the
traveling wave components are producing small modulations of a larger, relatively low-
order, modal displacement pattern, with the result that even at frequencies of 8 to 12 kHz,
large areas of the human TM are generally moving in phase (Figure 3). A similar description
of the motion of the gerbil TM has been published (36).
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Clinical significance of different TM models
The pure modal and traveling wave models have different implications for the effect of TM
pathology and reconstruction. The TM may become altered in many otologic disorders,
where examples of TM pathology include tympanosclerosis or fibrosis within the TM,
dimeric areas, formation of TM retraction pockets, and formation of adhesive scar bands
between the TM and other structures in the middle ear (37). In general, the modal motion
model suggests that any local pathology (unless it is close to the manubrial attachment to the
TM) will have limited effects on manubrium and ossicular motion. The traveling wave
model, on the other hand, suggests that pathology near the rim of the TM will be nearly as
effective in disrupting the coupling of sound energy to the umbo as pathology near the
center. The modal model predicts that TM pathology might change the shape of the
displacement pattern, but have limited effect on ossicular motion unless it significantly
affected the more global mechanical properties of the TM, such as the stiffness of the TM
support. Clinical observations with various types of TM pathology (e.g., tympanosclerosis,
fibrosis, dimeric membrane, retraction pocket, etc.) often reveal little or no conductive
hearing loss, which is more consistent with the predictions of the modal model.

The two extreme models also suggest different sensitivities to variations in tympanic-
membrane reconstructions. The traveling wave model suggests the need for more precise
reconstruction of TM shape and material properties. The modal model is more forgiving,
suggesting that maintenance of the more global TM properties, such as the stiffness of the
support and the material stiffness of the graft material are of primary importance in
tympanoplasties. Our measurements of the magnitude and phase of TM surface
displacements favor the modal model of TM function, with the exception that the modal
motion patterns are limited to a few lower-order modes, such that the TM does not break up
as predicted by earlier investigators. A large number of materials have been used in clinical
practice for TM reconstruction including various types of fascial grafts, perichondrium, fat,
cartilage, etc (38), with wide variation in shape and thickness of the resulting TM
reconstructions. The fact that good clinical results can be obtained with many different
materials argues in favor of the modal model.

The models also have a bearing on the placement of tympanostomy tubes. Tubes, especially
those with large flanges such as T-tubes, can be expected to interfere with the propagation of
traveling waves. However, clinical observations have shown that tubes generally do not
cause a significant conductive hearing loss, beyond what is expected from the tube lumen
acting as a small perforation (39), a result that is more consistent with the modal model. The
modal model does predict that the area of the TM close to the umbo should not be used as a
location for tube placement, since this could have a significant effect on manubrial motion.

Caveats
There are several methodological caveats with our measurements that need to be raised. The
primary caveat is our use of fresh or thawed temporal bones with widely opened middle-ear
air spaces. We, and others, have demonstrated many similarities between live humans and
cadaveric temporal bones in the mechanical responses of the normal and pathologic middle
ear (40-3); however, there is still a need to demonstrate similarities in TM displacement
patterns between live and cadaveric ears. Also, while the effects of the middle-ear cavity in
humans are generally small (1,44) there is a suggestion in the literature that opening the
middle-ear air spaces can affect TM displacement patterns (45).

A second caveat is the unknown effect of the removal of the bony ear canal to observe the
tympanic ring and the generation of a stimulus sound wave front that is parallel to the
tympanic ring. The proponents of the TM traveling wave model suggest that part of the
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process that initiates wave travel on the membrane surface is wave travel within the ear
canal from the closer posterior edge of the TM to the more distant anterior edge of the TM.
An issue with such travel within the canal is that the TM width is less than 1/3 of a
wavelength of sound in air at 10 kHz, and smaller than that at lower frequencies. Also the
speed of sound in air (345 m/s) is much larger than even the highest traveling wave
velocities predicted by these models (50 m/s). Therefore it seems unlikely that our removal
of the ear canal will greatly affect the balance of traveling wave and modal displacement
magnitudes.

A third caveat is the effect of the paint we place on the TM surface. While we have been
able to demonstrate that painting has little effect on ossicular motion, and that we can see
similar levels of holographic responses in painted and unpainted TMs (25), the poor
reflections we get from unpainted TMs preclude our ability to measure displacement phase.
Therefore it is possible, although unlikely, that the paint we use drastically reduces the
significance of surface traveling waves.

A fourth caveat is that our holographic measurements are most sensitive to displacements
parallel to the illumination beam. Because of the three-dimensional shape of the TM we may
not be sensing all of the important motional components of the TM.

Conclusions
The displacements of the surface of the human TM in response to sound result from a
combination of lower-order modal responses patterns and traveling waves. The magnitudes
of the modal responses are in general larger than those of the traveling waves, especially
near the umbo. Many clinical results based on pathology and reconstruction techniques are
consistent with the alterations producing small changes in modal displacement patterns, and
are inconsistent with the more drastic alteration predicted by the traveling wave model of
TM function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A series of displacement maps of the TM surface, measured with stroboscopic holography
tonal sound stimuli of either 0.5, 1, 8 or 15 kHz. The top row describes the view and
orientation of the tympanic membrane with the gray outline of the manubrium. Rows 2
through 5 show maps of the normalized magnitude (left-hand column) and phase (right-hand
column) of the different locations on the TM. The displacement magnitudes have been
scaled by the largest displacement produced by each stimulus. The stimulus sound pressures
varied between 80 and 110 dB SPL. The largest displacements are on the order of 500 nm,
the smallest measurable displacement is about 20 nm. The phase is scaled in radians.
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Figure 2.
Comparison of the displacement of the umbo, defined by stroboscopic holography and data
from the literature. The comparison data include those of Goode et al. (4), Hato et al. (26),
Gan et al. (27) measured in cadaveric temporal bones and Whittemore et al. (6) measured in
live humans. The results from stroboscopic holography in three temporal bones are
illustrated.
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Figure 3.
Displacement magnitude and phase angle along radii from the umbo to the center. The
images in the upper left are displacement magnitude and phase maps of the motion of a
human TM stimulated at 8 kHz and 109 dB SPL. The white dotted lines show the radii used
in defining the displacement vs. distance in the other plots. (A) The response to a 5 kHz 90
dB SPL tone. (B) The response to a 8 kHz 109 dB SPL tone. (C) The response to a 12 kHz
112 dB SPL tone.

Rosowski et al. Page 13

Otol Neurotol. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Displacement magnitude on the surface of the TM before and after the placement of ovals of
cartilage on the posterior medial surface of the TM. A. The displacement of the TM surface
produced by a 4 kHz 111 dB SPL tone. The dotted line shows a diameter that goes through
the umbo; the diameter is oriented 30 degrees to the horizontal. B. Schematics showing the
placement of oval cartilage disks with thickness of either 0.5 or 1 mm. The disk was placed
in the posterior half of the TM either with ‘No Bone Contact’ or ‘With Bone Contact’. C.
Graphs of the Magnitude and angle of the displacement of locations along the 30-degree
diameter illustrated in A and B. The X-coordinate is distance from the umbo. The upper
panel plots the magnitude in microns. The lower panel plots the displacement phase relative
to the phase at the umbo. The different line types are for the normal membrane (black line),
and after placing cartilage with no bone contact (orange lines), with bone contact (blue
lines). The solid orange and blue lines show the effect of a 0.5 mm thick cartilage oval, the
dashed lines show the effect of 1 mm thick ovals. Some of these data were presented in a
different form in Aarnisalo et al. (28,29).
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