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Abstract
Stroboscopic holography was used to quantify dynamic deformations of the tympanic membrane
(TM) of the entire surface of the TM before and after cartilage tympanoplasty of the posterior or
posterior-superior part of the TM. Cartilage is widely used in tympanoplasties to provide mechanical
stability for the TM.

Three human cadaveric temporal bones were used. A 6 mm × 3 mm oval cartilage graft was placed
through the widely opened facial recess onto the medial surface of the posterior or posterior-superior
part of the TM. The graft was either in contact with the bony tympanic rim and manubrium or not.
Graft thickness was either 0.5 or 1.0 mm. Stroboscopic holography produced displacement amplitude
and phase maps of the TM surface in response to stimulus sound. Sound stimuli were 0.5, 1, 4 and
7 (or 8) kHz tones. Middle ear impedance was measured from the motion of the entire TM.

Cartilage placement generally produced reductions in the motion of the TM apposed to the cartilage,
especially at 4 kHz and 7 or 8 kHz. Some parts of the TM showed altered motion compared to the
control in all three cases. In general, middle ear impedance was either unchanged or increased
somewhat after cartilage reconstruction both at low (0.5 and 1 kHz) and high (4 and 7 kHz)
frequencies. At 4 kHz, with the 1.0 mm thick graft that was in contact with the bony tympanic rim,
the impedance slightly decreased.

While our earlier work with time-averaged holography allowed us to observe differences in the
pattern of TM motion caused by application of cartilage to the TM, stroboscopic holography is more
sensitive to TM motions and allowed us to quantify the magnitude and phase of motion of each point
on the TM surface. Nonetheless, our results are similar to those of our earlier work: The placement
of cartilage on the medial surface of TM reduces the motion of the TM that apposes the cartilage.
These obvious local changes occur even though the cartilage had little effect on the sound-induced
motion of the stapes.

Corresponding author and address for reprints: Antti A. Aarnisalo, Dept. of Otorhinolaryngology, Helsinki University Central Hospital,
POB 220, 00029 HUS Helsinki, Finland. Tel: +358 9 4711, Fax: +358 9 47175010, antti.aarnisalo@helsinki.fi; antti.aarnisalo@hus.fi.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Hear Res. Author manuscript; available in PMC 2011 May 1.

Published in final edited form as:
Hear Res. 2010 May ; 263(1-2): 78–84. doi:10.1016/j.heares.2009.11.005.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
tympanic membrane; tympanoplasty; stroboscopic holography

INTRODUCTION
Cartilage is widely used in tympanoplasties to provide mechanical stability for the tympanic
membrane (TM) (Yung, 2008; Tos, 2008), yet the effects of cartilage TM grafts on middle ear
sound transmission have not been characterized in a systematic manner. Only a few studies
have investigated the acoustics of cartilage TM grafts. Lee et al. (2006, 2007) used a finite
element model analysis to study such grafting techniques and, suggested that a cartilage graft
should be as thin as possible. Zahnert et al. (2000) and Murbe et al. (2002) studied the acoustic
properties of cartilage grafts in an experimental setting. They measured the sound-induced
motion of cartilage grafts placed at the end of an artificial ear canal without being loaded by
the ossicles or cochlea, and concluded that in order for cartilage grafts to mimic the material
properties of the TM the graft must be of thickness of 1.0 mm or less.

In the present study, we investigated the changes in motion of the TM after cartilage
tympanoplasty using cadaveric temporal bone preparations with a novel technique: computer-
assisted high-speed Opto-Electronic Holography (OEH) (Furlong et al. 2009; Rosowski et al.
2009; Cheng et al., 2009). OEH can be used to study the vibration of the whole TM (Rosowski
et al, 2009). The main features of OEH are that the holographic interference patterns are
digitized and the computation of the holographic images is enabled by the use of computer-
controlled variations in the length of the optical path (Furlong and Pryputniewicz, 1998;
Rosowski et al., 2009). OEH can be used in two modes: time-averaged and stroboscopic modes.

In a companion study (Aarnisalo et al., 2009) we used time-averaged holography to
qualitatively describe the effects of cartilage placed on the medial surface of the posterior-
superior TM on the patterns of TM motion. This study suggested that the cartilage had
significant local effects on the motion pattern of TM especially at frequencies above 4 kHz;
however, those changes were not associated with significant changes in sound-induced stapes
velocity. Neither the position of the cartilage graft (either with contact of the bony tympanic
rim or not) or varied thicknesses of cartilage of 1.0 mm or less had significant effects on the
sound-induced stapes velocity. Therefore, small cartilage grafts of 1.0 mm thickness or less in
the posterior-superior TM quadrant do not greatly affect middle-ear function irrespective of
contact with the bony annulus (Aarnisalo et al., 2009).

Time-averaged holography is insensitive to the phase of motion relative to the sound stimulus
phase. Wada et al. (2002) used a sinusoidal phase modulation technique to detect both
amplitude and phase of motion of guinea pig TM from stroboscopic speckle pattern
interferometry. Decraemer et al. (1999) used high-density laser-Doppler vibrometry to estimate
the amplitude and phase of motion along a single diameter of the cat TM and de La
Rochefoucauld et al. (2009) used similar techniques to describe the motion of a line across the
gerbil TM.

In this report, we describe results using stroboscopic holography to study sound-induced
motion of the TM with stimuli from 0.5 kHz to 8 kHz (Furlong et al., 2009; Hernandez-Montes
et al., 2009; Cheng et al., 2009). Our technique is similar to that of Wada et al. (2002); however,
we measured sound-induced differences in the optical phases of the interfering beams that vary
over multiple optical wavelengths (Furlong and Pryputniewicz, 1998; Furlong et al. 2009).
With stroboscopic holography we can quantify both the amplitude and phase of the dynamic
deformations of the TM over the full field of view. The results better quantify how the normal
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and grafted TM responds to sound, and allow us to calculate the middle-ear input impedance,
a measure of the mobility of the entire TM.

MATERIAL AND METHODS
All of the measurements reported in this manuscript were performed concurrently with
previously reported measurements of stapes velocity and time-averaged holograms of the
sound-induced motion of the TM surface (Aarnisalo et al., 2009). The methods in common to
the two reports are summarized below. The methods specific to stroboscopic holography are
described in detail in Cheng et al. (2009).

Human temporal bones
Three fresh human temporal bones and pieces of conchal cartilage were obtained from donors
of 63–87 years of age. All donors had no evidence of otologic disease, and the specimens were
removed within 24 hours after death. The temporal bones were removed from the cranium with
a circular saw following the procedures described by Schuknecht (1968). This study was
approved by the Institutional Review Board of the Massachusetts Eye and Ear infirmary.

The bony external auditory canal was drilled away to the level of the tympanic ring in order
to expose the lateral surface of the TM. The facial recess was widely opened. The tendon of
the stapedius muscle was severed to enable visualization of the posterior crus for the stapes-
velocity measurements described in our previous manuscript (Aarnisalo et al., 2009; Chien et
al., 2006). The middle ear cavity was left open to the atmosphere during the measurements.
The TM and middle ear cavity were kept moist by frequent spraying of saline and regular
immersion in saline.

The temporal bone was held in a clamp and oriented as in a seated patient. The speculum of
the sound coupler was positioned as close as possible to the TM such that the object beam of
the laser was perpendicular to the tympanic ring (Hernández-Montes et al., 2009). To increase
the light reflected from the nearly-transparent TM, the TM surface was painted with a
suspension of TiO2 powder (Acros Organics, Geel, Belgium) in saline. The effects of this paint
on TM mechanics appear to be small (Rosowski et al., 2009).

Cartilage grafts
Pieces of conchal cartilage were cut into 0.5 mm and 1.0 mm thick cartilage sheets using a
commercially available cutting device (Kurz Company, Dusslingen, Germany). The sheets
were then cut with a sharp knife into oval shaped (6 mm × 3 mm) plates (Fig. 1). Either the
0.5 mm or 1.0 mm thick oval plate of conchal cartilage was placed on the medial TM surface
in the posterior or posterior-superior quadrant through the wide opening of the facial recess.
The cartilage plate was positioned so that it was either not in contact with the bony tympanic
rim and manubrium (Fig. 1A), or in contact with these two bony regions (Fig. 1B).

Computer-Assisted Opto-Electronic Laser Holography
Motion of the TM was evaluated with computer-assisted opto-electronic laser holography
(OEH). The OEH system was operated in stroboscopic holography mode, which allows
identification of both phase and magnitude of TM motion (Furlong et al. 2009; Hernandez-
Montes et al., 2009).

The exposed TM was mounted orthogonal to the long axis of the sound-coupler and the
collimated object-illumination beam of a laser was focused through the coupler onto the TM
surface. The reflected object beam of the OEH system was focused in the interferometric head
where it mixed with the reference beam, and the subsequent interferogram was captured by a
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computer-controlled digital camera. The sound coupler was connected to a Tucker-Davis CF1
speaker (Tucker-Davis Technologies, Alachua, Florida). A calibrated Knowles EK-3103
hearing-aid microphone (Knowles Electronics, Itasca, Illinois) and probe tube measured sound
pressure near the edge of the TM. The sound stimuli were continuous tones of either, 0.5, 1,
4, 7 or 8 kHz and levels of 70 to 130 dB SPL. Each holographic image required four 1/30th of
a second exposures of the digital camera, where the optical path length of the reference beam
was regularly shifted by lengths of either 0, 0.25, 0.5 and 0.75 wavelengths before each
exposure (Furlong and Pryputniewicz, 1998; Rosowski et al., 2009).

In stroboscopic holography an acousto-optical modulator strobes the laser so that the light
illuminates the object and the camera only during a brief period (10% of the period of the
frequency of the tonal stimulus) during each cycle of the stimulus tone. Each camera image
then represents the summed response to a large number of strobe impulses. To describe the
variations in TM displacement with the phase of the stimulus, a holographic image (each
calculated from 4 camera exposures as described above) was gathered at each of eight
stroboscopic phases of either 0°, 45°, 90° … 315° relative to the zero crossing of the sinusoidal
stimulus driving the earphone.

Analysis of TM motion from stroboscopic holography images
Each of the eight strobe holograms describe the phase-locked sound-induced variation in the
optical phase of the reflected object beam relative to the reference beam. These phase changes
are related to the relative displacement of the TM between each strobe pulse but are wrapped
in phase modulo ± π. Spatial phase-unwrapping algorithms, developed at the Worcester
Polytechnic Institute (Furlong and Pryputniewicz, 1998; Furlong et al., 2009), were used to
describe displacement-induced changes in the optical path length that varied over multiple
wave-lengths of the laser light. The differences in the unwrapped path length between
subsequent stroboscopic images are scaled versions of the TM displacements that occurred
between the strobe pulses. While generally robust, the unwrapping algorithm is sensitive to
rapid variations in the optical phase that are sometimes seen at the edges of the TM, or at
locations where the TiO2 paint is not homogenous. Masks are used to exclude such transitions
from further analysis (Furlong et al., 2009; Cheng et al., 2009).

Displacement amplitude and phase maps of the TM surface were produced with Matlab
(Mathworks, Natick, Massachusetts) (Cheng et al., 2009). The measured displacements were
normalized by the sound pressure level of each stimulus. We also investigated the magnitude
and phase of TM motion along individual chords across the TM surface and, the most useful
chord was positioned 45° relative to the horizontal that went through the umbo and the 90°
diameter defined by the manubrium (Fig. 2). This chord went through the area of the TM that
was covered by the cartilage sheets.

Impedance measurements
Once the magnitude and phase of displacement was known for each point on the surface of the
TM, we estimated the volume velocity of the TM by summing the complex (magnitude and
phase) displacement values and multiplying by the pixel area and by  times the radian
frequency of the sound (2π × sound frequency in Hz). The ratio of the measured sound pressure
and the computed volume velocity is the middle-ear input impedance (Cheng et al., 2009). The
results from the three bones for each condition were averaged and the different conditions were
compared with the control measurement.
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RESULTS
Displacement amplitude of the whole TM

Contour maps of the magnitude of motion on the surface of one TM in the different conditions
are illustrated in Figure 3. The displacements are normalized by the stimulus sound pressure.
At 0.5 kHz the site of the maximum displacement is in the posterior superior-quadrant in all
cases and the maximal normalized displacement is similar across all condition. At 1 kHz, four
of the 5 conditions (including the control) show the maximum in normalized displacement in
the posterior-superior quadrant. The patterns of displacement also appear more variable. At 4
and 7 kHz the cartilage sheet produces a significant reduction in the motion of the TM apposed
to the sheet regardless of the thickness or the orientation of the sheet. The cartilage also seems
to produce smaller changes in displacement at other TM locations.

Displacement Amplitude along a Chord trough the position of the cartilage
Displacement magnitudes on the TM surface along a chord through the area of cartilage
placement measured at 1 kHz and at 4 kHz in all three bones are illustrated in Figure 4. The
data at 0.5 kHz (not shown) are similar to the results at 1 kHz frequencies, and the data at 7 or
8 kHz (not shown) are similar to the data at 4 kHz. At 1 kHz (Figure 4A) the control
displacements along the chord show a clear peak near the 4 mm position, which maps to the
posterior-superior quadrant of the TM. Placement of the cartilage sheet of either thickness or
either orientation reduces the magnitude of motion in the region where the cartilage apposes
the TM (the blue bar in the space domain). The cartilage has smaller effects on regions of the
membrane where there is no contact. The thicker cartilage sheet tends to produce larger
reductions in displacement. While we see the largest cartilage-induced reductions in motion
in the areas that move the most, those are also the areas where we place the cartilage.

At 4 kHz, there are multiple peaks in displacement magnitude along the chord we have chosen.
In the control condition, there tends to be a larger number of sharper displacement maxima in
the anterior-inferior quadrant (positions −4 to 0). The placement of the cartilage sheet greatly
reduces the motion of regions in contact with the cartilage in bones 11 and 12; the exception
is the 1.0 mm thick graft with bone contact condition (BC) in TB11, where the reduction is
less pronounced. In those same bones, the effect of the cartilage on positions not directly in
contact with the cartilage is generally small. In TB 10 the cartilage effects are different. The 1
mm cartilage placement leads to an increase in motion magnitude in the region contacted by
the cartilage, and we also see significant alterations in displacement magnitude at regions not
in contact with the cartilage sheet.

Middle ear Impedance
We calculated the input impedance at the TM and compared our results to earlier results (Table
1). At 1 kHz, the impedance magnitudes we estimate are very similar to that measured by
Rabinowitz (1981) and others using acoustic techniques. However, the impedances we
calculate at 0.5 and 4 kHz are significantly larger than Rabinowitz’s estimates, and the
impedances at 7 and 8 kHz are even larger in magnitude. We also plot the change in middle-
ear impedance magnitude relative to the control (Figure 5). Increases in impedance magnitude
are associated with a decrease in the computed volume-velocity of the TM, while decreases in
impedance are due to an increase in the computed volume-velocity. In general, the data suggest
that the placement of cartilage in the posterior-superior quadrant produced 5 to 10 dB increases
in the middle ear impedance at 0.5, 1 and 4 kHz; but had smaller effects at 7 kHz. The notable
exception to these trends is the 1.0 mm thick graft with bone contact condition at 4 kHz, which
showed a 6 dB decrease in impedance magnitude averaged over the 3 bones. Much of this
decrease comes from bone 10, where the placement of the cartilage in that condition produced
a significant increase in TM motion.
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DISCUSSION
Cartilage is commonly placed in the posterior-superior quadrant of the TM to cover ossicular
prostheses and minimize their extrusion (Yung, 2008; Tos, 2008). We studied the effects of
cartilage placements in the posterior and posterior-superior part of the TM, with and without
bony support, on sound-induced TM motion with stroboscopic holography.

We have previously reported time-averaged holography and laser-Doppler vibrometry results
relevant to this question. Time-averaged holograms describe the spatial patterns of the sound-
induced motion of the surface of the TM of cadaveric temporal bones to tones of varied
frequencies and levels (Aarnisalo et al., 2009). Our data suggested that the thickness and
positioning of the cartilage plates has little adverse effect on the mechanics of the
tympanoplasty, keeping in mind that our study was restricted to cartilage plates that were 6 ×
3 mm in size and 0.5 or 1.0 mm thick.

The displacement amplitude of the whole TM was evaluated with the stroboscopic holography
technique. The site of maximum displacement was not changed at low frequencies with
different TM conditions (0.5 and 1 kHz). At high frequency measurements (4 kHz, 7–8 kHz),
a local area with no motion or reduced motion could be seen. Other areas of the TM showed
similar or even increased motion compared to the control condition. These displacement
amplitude maps are in agreement with our time-averaged data with TM motion (Aarnisalo et
al., 2009).

Measurements of the TM displacement amplitude along a 45° degree diameter in the different
conditions showed that cartilage plates on the posterior-superior part of TM, with both
thicknesses and positions, decreased the TM motion at 0.5 and 1 kHz in all three bones studied,
which was not readily seen in our time-averaged holograph measurements (Aarnisalo et al.
2009). At higher frequencies the cartilage also caused a significant reduction in motion of the
area of the TM apposed to the graft, except with temporal bone TB 10 with the 1.0 mm thick
graft, consistent with our time-averaged hologram findings. We conclude, the stroboscopic
mode measurement not only allows quantification of magnitude and phase of motion, but is
also a more sensitive method to study changes in TM displacement.

Our earlier studies with laser-Doppler vibrometry (with these same bones) show only minor
cartilage-induced changes in the stapes velocity with frequencies of 0.5 and 1 kHz (8 dB or
less) and 4 kHz-8 kHz (4 dB or less) (Aarnisalo et al., 2009). While the reductions in TM
motion magnitude at 0.5 and 1 kHz are comparable to the 8 dB alterations in stapes velocity
at the these frequencies, the combination of large cartilage-induced alterations in the TM
displacement magnitudes at 4 and 8 kHz and no measurable effects on stapes velocity is
consistent with the hypothesis that large regions of the TM are uncoupled from the ossicular
chain with high-frequency sound stimulation (Tonndorf and Khanna, 1970;1971; Shaw and
Stinson, 1983).

Our estimates of middle-ear input impedance, based on the summation of velocities on the TM
surface, are similar to the acoustic measurements of Rabinowitz (1981) and others at 1 kHz,
but are somewhat larger at 0.5 kHz and 4 kHz (the upper limit of Rabinowitz’s measurements).
A complication in comparing our impedance estimates at 4, 7 and 8 kHz with existing
measurements is that it is difficult to directly measure the acoustic input impedance at the TM
at these high frequencies, and most of our knowledge of human TM acoustics above 2 kHz
comes from acoustic reflectance estimates made more peripherally in the ear canal (Stinson et
al., 1982; Hudde, 1983; Keefe et al. 1993; Voss and Allen, 1994). The significant increase in
impedance magnitude we estimate at 4, 7 and 8 kHz is consistent with the increased reflectance
observed by most of these studies at those frequencies.
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The cartilage generally produced increases in middle ear impedance especially at 1 kHz with
the 1.0 mm thick cartilage graft that was not in contact with bone, and 4 kHz with both 0.5mm
and 1.0 mm thick grafts without bony contact. At 4 kHz, the 1.0 mm thick graft with bony
contact produced decrease in the mean impedance compared to the controls. The impedance
is consistent with the spatial magnitude maps of these three bones. The occasional decreases
in the impedance that we observed can be explained with increased motion of other areas of
the TM that are not covered by the cartilage graft.

Single-point laser-interferometry velocity measurements near the umbo have been used to
investigate the effect of various TM and ossicular pathologies on middle ear function (Voss et
al., 2001; Goode et al., 1993; Rosowski et al., 2008). Conductive pathologies that reduce umbo
velocity also reduce stapes velocity. However, the reductions of stapes and umbo velocity need
not to be proportional (Nakajima et al., 2005; Rosowski et al., 2008). Pathologies that interrupt
the continuity of the ossicular chain lead to increased TM and umbo velocities while the stapes
velocity is greatly reduced (Rosowski et al., 2008). The relationship between the vibration of
the reconstructed TM and stapes velocity is complicated due to the complex structure and
geometry of the TM. Local displacement changes, even when the cartilage is placed at the area
of displacement maxima, seem to have little effect on the stapes velocity.

Murbe et al. (2002) suggested that if a cartilage graft is suspended from the osseous annular
rim, the acoustic transfer characteristics of the reconstructed TM are determined by stiffness
of the cartilage. A cartilage island with a regular TM surrounding it influences the vibrational
characteristics mainly by mass of the cartilage, as the stiffness of the membrane is determined
by the surrounding TM remnant. With the stroboscopic holography technique, we saw only
small differences in the maximum motion of the TM at 500 Hz and 1 kHz, or in the velocity
of the stapes at any frequency when our cartilage plates were positioned so that they were either
in contact with the bony tympanic rim and manubrium or not.

Murbe et al. (2002) suggested that small cartilage transplants, embedded in a normally vibrating
TM, will influence the vibration pattern of the TM only at a small frequency band, if the
cartilage lies in a region of the maximum displacement of membrane. Our stroboscopic
holography results with 0.5 mm and 1.0 mm thick grafts showed decreases in the maximum
displacement of the TM at low frequencies (500 Hz and 1 kHz) and changes in the motion
pattern 4 kHz and above. Only minor changes in stapes velocity were observed at any frequency
studied (Aarnisalo et al., 2009).

In summary, we found alterations in the pattern of TM displacement after cartilage placement
on the medial side of TM at all the studied frequencies, but those changes seemed not to be
associated with changes in stapes velocity. Our results indicate that small cartilage grafts in
the posterior-superior TM quadrant can protect the TM from prosthetic extrusion or graft
retraction and not greatly affect middle-ear function irrespective of the thickness of the cartilage
and its contact with the bony tympanic rim and manubrium, at least for frequencies below 7–
8 kHz.

Conclusions
Middle ear mechanics can be studied with stroboscopic holography after tympanoplasty.
Covering the posterior-superior quadrant of the TM with thick or thin cartilage produce
significant local changes in TM motion but have little effect on middle-ear sound transmission
below 7–8 kHz. Also, allowing the cartilage to extend a little beyond the bony annulus to help
prevent postoperative TM retraction does not adversely affect middle ear sound transmission.
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Figure 1.
A schematic drawing showing the position of the oval shaped, 6mm × 3mm sized cartilage
graft. In A) the graft is not in contact with the bony tympanic rim and manubrium. In B) the
graft is rotated so that it is in contact with the bony tympanic rim and manubrium. Arrows are
showing the cartilage graft, malleus and umbo.
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Figure 2.
A schematic drawing showing the entire TM with individual chords (0°, 45°, 90°). The crossing
point of these chords is at the umbo. The gray ovals show the two different positions of the
cartilage graft. The 45° chord crosses the area covered by the grafts.
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Figure 3.
Displacement amplitude of the whole TM.
The magnitude of motion can be seen with different conditions. The data is normalized by the
pressure. The position of the cartilage can be seen in the upper row. Cartilage that is positioned
so that it is in contact with the bony tympanic rim produces smaller areas with little motion
compared to the situation when the cartilage graft has no bony contact. For orientation the
posterior (Post.), anterior (Ant.), superior (Sup.) and inferior (Inf.) are shown. Umbo, malleus
and the cartilage sheet position are indicated in the schematics in the top row. The maps code
displacement amplitude from zero (deep blue) to maximum (dark red). 0.5mm/1.0mm NBC/
BC = 0.5mm/1.0mm no bony contact/with bony contact.
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Figure 4.
Displacement Amplitude along the 45° chordal diameter on the TM Surface. Both at 1 kHz
and 4 kHz frequencies, along the 45° diameter on the TM surface, a reduction can be seen in
the motion of TM in the region covered by the cartilage plate, except with the 1.0 mm thick
graft in TB10. The umbo is at the 0 mm position. The blue shading in the x axis label shows
the position of the cartilage graft.
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Figure 5.
The change in the middle ear impedance. Results of three bones are averaged (± S.D.). 0.5mm/
1.0mm NBC/BC = 0.5mm/1.0mm thick graft with no bony contact/with contact to the tympanic
rim and manubrium.
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