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Abstract

Purpose: Air-bone gap (ABG) is an essential indicator of middle ear transfer function after myringoplasty. However, there is
still uncertainty about the mechanisms behind unexplained ABGs in patients post-myringoplasty. The present study investigated
these mechanisms using cadaveric temporal bone (TB) measurement and finite element (FE) modeling. Methods: Three
conditions of tympanic membrane (TM) perforation were modeled with a perforated area of 6%, 24%, and 50% of the total TM
area to simulate a small, medium, or large TM perforation of TB model. A piece of paper was used to patch the TM perforation
to simulate the situation post-myringoplasty. In the FE model for post-operation, the material properties at the perforation area
were changed. Measurement of TM vibration at the umbo was undertaken with a laser Doppler vibrometer (LDV). Results: As
the perforated area increased vibration of the TM at the umbo decreased in both the TB and FE models. But the reduction of TM
vibration is more minor in the FE model than in the TB model. After the perforation was repaired, the displacement of TM at the
umbo could not be recovered totally in the TB and FE models. In the FE model, the displacement of TM at the umbo decreased
markedly when the cone shape of TM flattened, and the reduction was almost the same as that in the TB model in the condition
of large perforation. Conclusion: The material properties and the anatomical shape of the repaired TM could influence the
TM’s modal motion and wave motion. Except for appearance and shape current clinical instruments are unable to resolve
factors that affect TM motion. Consequently the ABG seen post-myringoplasty remains unexplained.
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Myringoplasty is a standard surgical procedure for repairing
the TM, aiming to close the TM perforation and thus protect the
middle ear mucosa from infection and, more importantly, re-
store hearing.® Evidence shows that approximately 80-90% of
cases have a hearing improvement of 9.6-15.0 dB in AC
hearing thresholds.* Although many patients have a minimal
ABG post-myringoplasty reported in numerous studies, a
proportion of patients unexpectedly show a large post-operative
ABG. For example, Shrestha and Sinha’ showed that post-
operative ABG was less than 10 dB in only 22% of cases, with
many patients (62%) showing an ABG greater than 10 dB.
Pfammater and Linder® revealed a zero ABG in only 20% of
106 patients, and a mean residual ABG of 8 dB in 80% of cases.
It is noteworthy that there is a large post-operative ABG in some
cases even after the perforated TM is closed.

Several factors are proposed to affect post-operative ABGs,
such as the thickness of the reconstructed TM, malfunction of
the middle ear cavity mucosa and Eustachian tube dysfunc-
tion.® However, uncertainty remains as to the mechanisms
underlying the unexpected ABGs in patients’ post-
myringoplasty, even when the reconstructed TM restores
the normal anatomic characteristics.

The modal motion of the TM transfers sound energy to the
manubrium of the malleus. Factors that decrease movement of
the TM could reduce the transfer function of the TM.’
Therefore, after myringoplasty, the material properties of
the reconstructed TM, that is, stiffness, and thickness, could
influence vibration of the TM.'*'" Several studies have shown
that the reconstructed TM might have different sound trans-
mission properties due to radial collagen damage by the TM
perforation that cannot be restored by the myringoplasty.'*"?

A finite element (FE) model of the human middle ear al-
lows a theoretical prediction of TM perforation effect on
middle ear transfer function. Previous studies have shown that
anatomic and acoustic properties of the reconstructed TM
influence the TM’s vibration, and consequently, post-
operative ABGs.'%'%!*!> For example, Koike et al'' used
a FE model of the TM to show that transfer function varied
with the TM’s anatomic shape and physical properties, that is,
depth of conical shape and stiffness of the TM. Mostafa et al'®
report a temporal bone (TB) study using cartilage and peri-
chondrium as graft materials to simulate myringoplasty and
measured vibration at the umbo and stapes. However, neither
cartilage, perichondrium, or measurement of stapes vibration
is available in ENT outpatient clinics. Voss et al'’ and Roosli
et al'® measured middle ear transfer function using a TB model
of TM perforation with stapes motion, but this experimental
approach is not suitable for the clinical use.

The paper patch test'®*° uses a piece of paper to cover a
TM perforation and simulate the intact TM condition. This is
helpful to evaluate the post-operative hearing level of a
successful TM perforation repair of an outpatient with a TM
perforation less than 4-5 mm.?®*' Therefore, use of a paper
patch using a cadaveric TB model would be helpful to the ear
surgeon to analyze ABG post-myringoplasty more effectively.

The present study further explores the bio-mechanic factors
underlying unexpected post-operative ABGs by comparing
the outcomes of FE model analysis and TB experiments. This
study’s novelty is to provide a comprehensive understanding
of the relationships between repaired TM vibration and ABGs
after myringoplasty.

Materials and Methods

Human Cadaveric TB Model and Measurement

Four fresh cadaveric human TB without a history of ear
disease were prepared. Normality of the TM was confirmed
endoscopically. Normal middle ear structure, that is, middle
ear cavity and the ossicular chain was also checked. The car-
tilaginous part of the external auditory canal was then removed to
better expose the TM. A laser Doppler vibrometer (LDV)
(Polytec. CLV-2534) was used to measure vibration of the TM at
the umbo. A 90 dB SPL pure tone at frequencies of 500, 1000,
2000, and 4000 Hz (generated by an Agilent 33210A waveform
generator) was applied to the TM. At the same time, a monitoring
microphone (Etymotic Research, ER-7C Series B) was located
approximately 2 mm lateral to the umbo.

After the transfer function of the normal TM was measured,
3 different sized perforations, small, medium, and large were
simulated:

(1) The small perforation was achieved by cutting the
anteroinferior part of the TM with an excision knife to
make a perforation of approximately 6% of the total
TM area (Figure 1A). After perforation the vibrations
of the umbo and short process of the TM were tested.
The perforation was then covered with a 0.1 mm
thick paper patch that extended 1-2 mm beyond the
edge of the perforation (Figure 1B).

(2) The medium-sized perforation had the perforation en-
larged to approximately 23% of the total TM area (Figure
1C). Following testing, the perforation was covered with a
paper patch for further measurements (Figure 1D).

(3) The large perforation covered approximately 50% of
the total TM area (Figure 1E). Measurements and
paper patching were carried out as with the small and
medium models (Figure 1F).

Finite Element Modeling

The FE model of the human middle ear used in the present
study was constructed following the initial FE model devel-
oped by Koike et al."' The model comprised the TM, ossicles
and the vestibular part of the cochlea. Each parameter was
determined from the reported values.'' The unknown pa-
rameters were determined by confirming calculation results to
the values of the measurements.* The more detailed charac-
teristi]c]:s of this FE model in the published model by Koike
et al.
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Figure |. Human cadaveric temporal bone models of TM
perforation in the left column marked a, c, and e. and the paper
patched models shown in the right column labeled b, d, and f.

In this study, we simulated the condition of repaired TM by
modifying stiffness and density in the repaired perforated area.
Three different sized TM perforations in cone shape and flat
condition were simulated to represent 5.61-5.87% (Perforation
1),22.8-23.1% (Perforation 2), and 49.4-49.9% (Perforation
3) of total TM area. Figure 2 shows front- and side-views of
the FE model with the cone-shaped TM and flat-shaped TM.

The Young’s modulus of the TM pars tensa and pars flaccida
were 33.4 MPa and 11.1 MPa, respectively. The density of the
TM is 1200 kg/m>. The density and Young’s modulus of the
repaired TM were changed as shown in Table 1. In this study,
consideration was given to the degree of fibrosis or scarring of
the repaired TM with density and Young’s modulus all in-
creasing post-myringoplasty.”” As indicated in Table 1, the
density of the repaired TM was increased to 10 and 100 times
that of the normal TM. Collagen fiber, a stiff biological fiber, is
the main histological component of scar. Its Young’s modulus is
generally in a scale of a few GPa,*® which is greater than that
used in normal TM condition (ie, around 5-60 MPa).** As a
result, we increased the Young’s modulus of temporal fascia to
1000-fold and 10000-fold to simulate the condition of scaring.
It should be noted that the shape of the repaired TM (coned and
flattened) was also simulated in this study.

Harmonic response analyses were performed using CFD-
ACE+ software (ESI Group) at frequencies between 500-

Cone Shape TM

Flattened TM

Front view of the FE model

Side view of the FE model

Figure 2. Finite element models of coned and flattened TM to
simulate 3 perforation conditions. Left-side images show the cone-
shaped TM and its side view in the FE model, and the right-side
images show the flattened TM and its side view. The small perforation
is marked as (D) (hole |), the medium perforation marked as D+@)
(hole 2), and the large perforation marked as ®+@+@® (hole 3). The
percentage of the perforated area of the TM is about 6%, 23%, and
50%, respectively.

8000 Hz when a pure tone of 90 dB SPL was applied at the
TM. The detailed FE model conditions calculated the transfer
functions under the different situations.

Data Analysis

The Umbo Velocity of Transfer Function (UVTF) was calculated
by normalizing the velocity of the TM vibration at the umbo by
the sound pressure level monitored at approximately 2 mm lateral
to the TM. To confirm that the middle ear structures were
functioning normally, we compared the cadaveric TB TM vi-
bration with that measured on live humans. Measurement of
displacement at the umbo was measured 5 times for each ca-
daveric TB model. The average value of all the measurements
was compared with that of the FE model calculation. The TB and
FE models’ values were referenced with each normative data
when calculating the displacement change on the dB scale.

Results

Temporal Bone Measurement

Figure 3 shows that TM displacement at the umbo in the
cadaveric TB was almost the same as that of live humans.*’
TM displacement at the umbo before and after a paper patch is
shown in Figures 4A and 4B (referenced to the normal dis-
placement of TM, in dB). The results show that as perforation
area increased then displacement decreased across frequencies
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Table I. Properties of Tympanic Membrane Used in the Post-Myringoplasty FE Models.

Young’s Modulus [MPa]
Temporal Fascia: 5.64 MPa (Trindade et al, 2012)

%1000 % 10000
Density [kg/m?] %10 Condition Al: Cone shape Condition Cl: Cone shape
Tympanic membrane Condition A2: Flat shape Condition C2: Flat shape
Normal value: 1200 kg/m® (Koike et al., 2002) x100 Condition Bl: Cone shape
Condition B2: Flat shape
. mm/s/Pa
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500-8000 Hz. Following paper patching, In the case of a small
hole, the displacement of TM was decreased in comparison to the
post paper patched situation. However, the TM vibrations in the
medium and large perforations were restored more markedly than
in the case of the small perforation. Another characteristic was
that there was relatively little change in TM vibration at 8000 Hz
before and after patching and particularly so for the medium and
large perforations. In addition, in the case of the large perforation,
TM displacement decreased relatively markedly at 4000 Hz this
reduced after patching.

Finite Element Modeling

The published data'' verifies our FE model. In this study, three
conditions of post-myringoplasty were simulated, and the
vibration of TM was calculated with cone and flat shapes. Our
results show that, as the TM perforation area increased, vi-
brations of the TM at the umbo reduced across frequencies 500
to 8000 Hz (Figures SA—5F). The decrease was significant
when the repaired TM was flattened. In Figures 6A—6C, we
further compared the change of TM vibration with normative
data of the FE model in dB.

Figures 5A and 5B show that the small perforation had
little effect on vibration of the TM. After the hole was

»— Mean (normal TM)
-50 o —=—smal perforation
4— Medium perforation
Large perforation

*— Small perforation patched
+— Medium perforation patched
Large perforation patched

T 1
1000 10000

Frequency (Hz)

Figure 4. Tympanic membrane displacement at umbo in 3
perforation conditions using the TB model. (a) TM displacement
(mm/s/Pa) at umbo in 3 perforation conditions using the TB model,
(b) TM displacement (dB) at umbo after TM perforation repair using
paper patching.

patched using paper and the TM flattened displacement of
the TM decreased across all frequencies 500-8000 Hz
(Figure 5A). In Figure 5B, with TM kept coned, vibrations
of the TM decreased slightly and mainly at frequencies
below 2000 Hz.

When perforation area was increased from 6% to 23%
(medium perforation, Figures 5C and 5D), TM displacement
at the umbo decreased across frequencies 500—-8000 Hz, re-
markably so when the density and stiffness of the repaired TM
was increased 100 times and 1000 times. The effect was
similar in the case of a large perforation (ie, about 50% of the
total TM area (Figures 5E and 5F).
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Figure 5. Calculation of TM vibration (mm/s/Pa) in 3 perforation conditions using the FE model. 5a, c and e: calculation of the umbo
displacement when simulating the flattened TM in small, medium, and large perforation conditions, respectively. 5b, d and f: calculation of
the umbo displacement when simulating the cone-shaped TM in small, medium and large perforation conditions, respectively.
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Comparison of FE Modeling and Temporal Bone
Measurement With Normal Data

Small perforation. A comparison of the normal FE model with
the small perforation TB model (Figure 7A), shows a loss of
TM displacement at the umbo of approximately 10 dB at
1000 and 2000 Hz, less than 5 dB at 500 and 8000 Hz, but a
reduction of approximately 20 dB at 4000 Hz. After paper
patching, the TM’s vibration at the umbo was partially
restored at 1000, 2000, and 4000 Hz, but reduced slightly at
8000 Hz.

In the FE model, vibration of the TM at the umbo changed
slightly with the small perforation (hole 1), losing a few dB at
1000 Hz. When the repaired TM flattened, there was a greater
loss at 1000 and 2000 Hz, approaching —20 dB, however this
was better than the TB model at 4000 and 8000 Hz.

Medium perforation. As shown in Figure 7B, in the medium
perforation case, vibration of the TM at the umbo reduced by
approximately 30 dB at 1000 and 2000 Hz and less than 20 dB
at 500 and 8000 Hz. It reduced to less than approximately 5 dB
across the frequencies in the FE model.

After paper patching in the medium perforation TB model,
there was a recovery to approximately 20 dB at 1000, 2000,
and 8000 Hz, less than 10 dB at 500 Hz and less than 25 dB
at 4000 Hz. In the FE models, almost all the vibrations of the
TM at the umbo reduced after the density and stiffness
changed. The effect was greater when the cone-shaped TM
flattened, particularly in the case of flat B (thickness and
stiffness of hole 2 changed to 100 times and 1000 times). It
decreased to more than 20 dB at 1000 Hz, less than 15 dB at
2000, 4000, and 8000 Hz, and less than 10 dB at 500 Hz.
Compared with the TB model, there was a greater loss in
displacement in the FE model of flat B condition across
500-8000 Hz, except at 4000 Hz. At4000 Hz the loss of TM
vibration was only 3 dB higher than that of the FE model in
the flat B condition.

Large perforation. Figure 7C shows the effect of the large
perforation, with vibration of the cadaveric TM at the umbo
decreased to approximately 30 dB at 1000 and 2000 Hz, 20 dB
at 500 Hz and 8000 Hz, and 45 dB at 4000 Hz. In the FE model
it is reduced by less than 10 dB at 500, 2000, 4000, and
8000 Hz, and decreased markedly to about 15 dB at 1000 Hz.
In the TB model, after paper patching displacement was
restored to more than 25 dB at 2000 and 4000 Hz, less than
20 dB at 1000 and 8000 Hz, and less than 10 dB at 500 Hz.
In the FE model, the vibration of the TM at the umbo was
also reduced, and worse where the cone-shaped TM
changed to flattened. In addition, as shown in Figure 7C (FE
model flat C), the umbo displacement reduced markedly
when the density of the perforation area increased by 100
times, and the vibration decreased by 30 dB at 1000 Hz,
greater than 25 dB at 2000 and 4000 Hz, and more than
20 dB at 500 and 8000 Hz.

Discussion

Air-Bone Gap Values and Size of Perforation

The results of this study show that TM vibration at the umbo
decreased with increase in size of TM perforation in both TB and
FE models. Previous experimental, theoretical and clinical
studies' %% have shown that ABG depends on the size of the
TM perforation, rather than the location of the TM.**=° We also
found that the ABG could not be closed in the TB and FE models
after the TM perforation was repaired. Our TB model showed a
loss of TM displacement at the umbo after the small hole was
patched with paper similar to the FE models. Even with the
medium and large perforations, in neither the TB models nor the
FE models was there a recovery of the TM vibration at umbo.
Pfammatter et al’ also observed that only 20% of myringoplasty
cases could reduce the ABG within 5 dB, and 80% of patients
presented 8 dB ABG in all cases, which is similar to the findings
in the TB models and FE models.

Air-Bone Gap Values and the Material Properties of
Repaired TM

It is generally noted that the repaired TM appears thickened
post-myringoplasty. Given that the clinical CT scanning resolution
is .5—.625 mm, the thickness of the repaired TM should be more
than .5 mm,>' which is thicker than in the TB model. Lee et al'*
reported that the thickness of the repaired TM is one of the critical
factors that influence TM vibration. However, we used A4 office
printing paper to patch the TM perforation in the TB models. Its
thickness is about 0.1 mm, its density is 310 kg/m®, and Young’s
modulus is .1 GPa.*? In this study, although the thickness of the
paper patch was almost the same as that of the normal TM, the
ABG was still present after the paper patch repaired the perfo-
ration in the TB model. This indicates that mechanical properties
are important for post-myringoplasty ABG.

Previous studies have shown a stiffness increment caused
by scar formation in the repaired area of TM post-
myringoplsty.>*** However, the stiffness of the perforated
area of TM was 1000 and 10000 times than that of the normal
TM in our FE model, which is similar to the mechanical
properties of collagen fibers.”> Our results showed that the
displacement of TM at the umbo decreased in all sizes of TM
perforations, and with the stiffness increased, the vibration of
TM at the umbo decreased accordingly, particularly where the
density increased 100 times (flat B). Therefore, Young’s
modulus of TM is a crucial mechanical property in terms of
restoring the TM’s normal vibration. This result is consistent
with the findings reported by De Greef.*® The authors in-
vestigated the effect of TM parameter values on the FE
modeling, and their data also showed that Young’s modulus of
the TM is one of the most critical parameters in calculating
middle ear transfer function.

The fiber arrangement of the TM is another crucial pa-
rameter for normal vibration of the TM. After the TM perforation
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is repaired, scar formation is unavoidable, and the fiber
arrangement of the scar is disorganized. In the normal
structure of TM, the regular arrangement of circumferential
and radial fiber keeps the TM functional.>*-*” In this study, a
fiber arrangement was absent in the TB and FE models.
Clinically, the repaired TM also shows unarranged fibers in
the repaired area.

The Influence of Repaired TM Shape on the TM
Vibration Characteristics

In the FE models of this study, where the TM was flattened,
displacement of TM at the umbo decreased markedly, in
agreement with Koike et al”"'"-** In the TB models, a piece
of patched paper is different to that of the normal TM that
could keep its cone shape. Consequently a shape change to
flat also contributes to the loss of TM vibration in the TB
model of this study.

Normal vibration of the TM is required to effectively
couple sound energy to the manubrium of the malleus. Vi-
bration quality decides whether the TM is functioning
normally. The global material properties of the TM and its
boundary conditions determine the TM displacement ac-
cording to the modal motion feature the same as that of
standing wave.” Most of the published middle ear FE models
are based on modal theory.””'""'* In this study, the FE model
calculation showed that the material properties of the TM
have a marked influence on the displacement of the TM. With
increases in density and stiffness, the vibration of the TM
decreased accordingly. In the TB model, Young’s modulus of
the repairing materials was reduced, and the vibration of the
TM was also reduced.

The wave motion theory of TM”***% argues that the local
mechanical properties of the TM influence the coupling of
sound energy through the TM to the ossicles. This data®®-’
shows a time delay between TM motion and stapes motion of
approximately 20 ps, with the delay time increasing with a
larger TM area. Parent and Allen***® showed that the cone-
shaped TM helps wave transformation from the tympanic
ring to the umbo. Rosowski et al” further indicated that the
local pathology of TM had a limited effect on the TM’s
modal motion. However it still had a marked influence on
the waving motion of TM, significantly when the rim of the
TM was disrupted. Eldaebes et al'® also suggests that the
disrupted annular has a significant influence on the vibra-
tion of the TM at low frequencies.

This wave motion theory can explain why the perforation
FE models in this study have limited effects on the TM’s
vibration at the umbo. Still, the displacement of the TM of TB
models decreased markedly after the TM was perforated. In
the TB models of this study, the perforation reached the umbo
and the rim of the TM, and the paper patch covered the annular
of the TM, which could influence the waving motion except

for the modal movement. Thus, our results show a marked loss
of TM displacement in the TB model.

The Discrepancy Between Clinical Data and
Experimental Study

Theoretically, after the TM perforation is repaired, the vi-
bration of the TM should be near normal. However, the TB
and FE models in this study and in the published data® all
indicate that the transfer function of the middle ear could not
be restored to normal. Namely, a CHL or an ABG is still
present. Except for the distinguishing influence factors, such
as marked abnormal TM geometry, inflammation of middle
ear mucosa, and Eustachian tube dysfunction, a proportion of
cases show an unexplained ABG using clinical data.>*

The paper-patch technique is effective for repairing small
TM perforations.”' In this technique, a piece of paper is used
as a scaffold and placed on the rim of TM perforation, with the
epithelium then guided to migrate until the TM perforation is
closed. Compared to the temporal fascia grafting technique,
the paper-patch technique uses only the rim of the perforation
with the remaining area of TM untouched. However, after
healing of the perforation, there is still a ABG present. For
example, Park et al'” reviewed 27 cases of TM perforation
without middle ear pathology. Their results showed that even
for cases with a perforation of less than 5% of the total TM
area, there was still a ABG present after paper-patch healing.
The main reason argument being that the fiber layer of the TM
at the perforation area could not be regenerated to normal,**
and that fiber layer plays a key role for the middle ear transfer
function especial a high frequencies.®’

As mentioned above, the size, density, and Young’s
modulus of the repaired TM affects the TM’s vibration.
Unfortunately, only pure tone audiometry, middle ear ana-
lyzer, and computerized tomography (CT) can be used by ear
surgeons to analyze the vibration of a repaired TM. The
middle ear analyzer, measuring the impedance or admittance
of the middle ear, has no direct information between the ABG
and repaired TM. And the clinical CT with thickness resolution
of .5—-.625 mm, neither delineates the material properties of the
reconstructed TM nor the detailed cues between ABG and TM
perforation. In addition, the material properties of a repaired TM
are also unavailable in vivo post-myringoplasty.

Displacement of the TM at 80 dB SPL is less than 100 nm, "
the resolution of the surgical microscope is more than 1 pm.
This means that what can be seen of the movement of the TM
using a surgical microscope is unphysiological. Therefore,
cases with a normal tympanogram and CT scan but having a
residual ABG cannot be explained using clinical data.

Our previous published data®> showed that the repaired TM
vibration post-myringoplasty is correlated with ABG after an
operation, especially at 1 kHz. In that study, the LDV method
was used to measure the vibration of the repaired TM in the
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patient. The LDV method for live humans*'*® could provide

additional TM vibration and ABG information.

Caveats

There is a methodological caveat within this study. Air-bone
gap is the pure tone threshold difference between air and BC in
audiometry and is an important indicator of middle ear transfer
function.”, We only measured vibration of the TM at the
umbo as the indicator of ABG rather than the difference
between vibrations of the TM and the stapes footplate.?” In
addition, as shown in Figure 3, there is a discrepancy in the
normative TM displacement at the umbo of the FE model
when compared to the TB model. This is mainly due to the
FE model used in this study. This model does not include
the external auditory canal, and thereby the calculated
middle ear transfer unction would be affected at the reso-
nance frequency.''*” As the material properties of a re-
paired TM after myringoplasty are variable, the material
properties of the FE model cannot be exactly the same as the
material properties of the paper patch.

Conclusions

The results of this study show that as the size of perforation
increases there is a concomitant decrease in the vibration of the
TM at the umbo. After perforation repair, an ABG was still
observed in TB and the FE models. Furthermore, when the
TM perforation was enlarged to 50% of the total TM area, the
cone shape of the TM disappeared and the density and
stiffness of the TM changed, the vibration of TM at the umbo
could be reduced by approximately 30 dB at 1000 Hz, and
approximately 20 dB at the other frequencies. The material
properties and anatomical shape of the repaired TM could
affect vibration of the repaired TM, which could influence the
modal motion and the wave motion of the TM. This effect
could not be observed using the current clinical instruments.
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