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Fig. 2. Dimensions of the cochlear and stapes model. Sy, Sy, and Sc are a cross-section area of the SV, the ST, and the cochlear aqueduct (unit is mm?). Stapedial annular ligament
binds the edge of the stapes footplate to the rim of the OW. The OW membrane covers the inner surfaces of the stapes footplate and the stapedial annular ligament. The stapedial
annular ligament and the OW membrane were fixed at the rim of the OW. The arrows show the area where the pressure was applied.

end of the cochlear aqueduct (at the lower end of the aqueduct in
Fig. 1) was set to be “outlet”, and the pressure fluctuation of the
lymphatic fluid at the face of the outlet was fixed at zero. That is,
the lymphatic fluid was assumed to be able to flow without
restraint at the outlet.

To investigate the effects of a fistula on the vibration of the BM,
a small outlet was opened on the bony wall of the cochlea as shown
in Fig. 3. Although the size of a real fistula is usually not measured
during surgery, it is estimated to be small (Ikezono et al., 2010). In
this study, micro-sized outlets were made. The shapes of the outlets

Table 1
Dimensions of the cochlear model.
Cochlea
Length? 28.6 mm
Basilar membrane®
Length 26.1 mm
Width
Base 100 pm
Apex 500 pym
Thickness
Base 30 pm
Apex 10 um
Cochlear fluid (volume)®
Total fluid space 118.2 mm3
Cochlear space 48.8 mm®
Vestibular space 69.4 mm?>
Round window membrane®
Area 221 mm?
Thickness 60 pm
Oval window membrane
Area® 4.22 mm?
Thickness 60 um

2 Ulehlova et al. (1987).
b Igarashi et al. (1986).
€ Becvarovski (2004).

4 Wever (1949).

€ Koike et al. (2002).
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were assumed to be rectangle, and the areas and aspect ratios of
each outlet are shown in Table 3.

For each frequency, a single sinusoidal tone of pressure ampli-
tude of 0.2 Pa was applied to the surface of the stapes head (Fig. 2),
and the induced vibration of the lymphatic fluid and structures

Table 2
Mechanical properties used in the model.
Cochlear fluid
Density? 1.034 x 10° [kg/m®]
Viscosity 2.8 x 1073 [Nsjm?]

Basilar membrane®
Young's modulus 6.33 x 106 [Pa]
Poisson’s ratio 0.49
Density 1.2 x 10° [kg/m?]

Round window membrane
Young's modulus 334 x 107 [Pa]
Poisson’s ratio 049
Density 1.2 x 10% [kg/m?]

Oval window membrane
Young's modulus 3.34 x 10° [Pa)
Poisson’s ratio 0.49
Density 1.2 x 10° [kg/m?]

Osseous spiral lamina®

Young's modulus 2.0 x 10" [Pa]

Poisson’s ratio 03

Density 1.2 x 10° [kg/m?]
Stapes®

Young’s modulus 1.2 x 10'0 [Pa]

Poisson’s ratio 03

Density 2.75 x 10° [kg/m?]

Stapedial annular ligament®

Young’s modulus 4.9 x 10° [Pa)

Poisson’s ratio 03

Density 2.5 x 10° [kg/m®)
Rayleigh damping parameters

o 10020 [1/s]

8 643 x 1077 [s]

2 Andoh and Wada (2004).
b Koike et al. (2002).
¢ Lim et al. (2005).
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Fig. 3. Position of the fistula on the bony wall of the cochlea. The fistula was opened
adjacent to the OW (a), at the basal part of the SV (b), center part of the SV (c),
vestibule (d), and adjacent to the RW (e). The fistulas are not drawn to scale.

were calculated. Because the effective area ratio of the stapes head
to the TM in this model and the low-frequency lever ratio for the
ossicles are 7.8 x 102 and 1.3, respectively, the middle ear pressure
gain is 44 dB. Therefore, the 0.2 Pa at the stapes head is equivalent
to 36 dB at the TM at low frequencies.

2.3. Formulation

All calculations in this study were done using CFD-ACE+ soft-
ware (ESI CFD Inc.). CFD-ACE+ is a Computational Fluid Dynamics
and Multiphysics software. It enables coupled simulations of fluid,
thermal, chemical, biological, electrical and mechanical
phenomena. In this study, the fluid—structure interaction was
considered. Macroscopic fluid response is assumed to be incom-
pressible, and thus an incompressible Navier—Stokes equation is
used to analyze the dynamic behavior of the lymphatic fluid. The
incompressible Navier—Stokes equation is as follows:

%’E-& (vf-v)vf—l—%Vp—vAvf = 0, (1)
where vy is the fluid velocity vector, p is the fluid density, p is the
fluid pressure caused by the motion of the structure, v is the
kinematic viscosity of the fluid, ¢t is the time, and the gradient
operator V and the Laplacian operator A are defined in the
following form

3 0 0 2 9> 8
V= (ia) A = ae e e )

In the structure model, the equation of the motion is repre-
sented by the following matrix differential equation:

d%us dug

o+ (Cl g+ Klus = f, (3)
where [M], [C], and [K] are the mass, damping, and stiffness
martrices, respectively, ug is the structural displacement vector, f is
the force vector, and t is the time, The damping matrix [C] is derived
from the linear combination of mass and stiffness matrices, i.e.,

(M]

[C] = a[M] +B[K], (4)

where « and £ are Rayleigh damping parameters. The values of the
vectors at each time step were obtained using the Newmark-
B algorithm.,

This analysis used the two-way coupling option. A converged
steady-state flow field was obtained, and then the pressure loading

Table 3
Area of the fistula.
Position Area (mm?) Aspect ratio
a 0.117 1.50
b 0.075 1.19
[« 0.062 1.12
d 0.082 132
e 0.764 2.82

from that flow field was applied to the Stress Module to calculate the
resulting stresses. Next, the geometry deformations from the
structural analysis were fed back to the Flow Modules. The
Navier—Stokes Eq. (1) contains a nonlinear term, and the nonlinear
fluid motion is coupled back into the right hand side of the kinematic
Eq. (3) for the structure model. Consequently, the BM also shows
nonlinear motion. However, in a preliminary investigation, the
nonlinear component of the BM vibration was too small, and the
amplitude of the BM vibration linearly increased by increasing the
applied pressure to the stapes head in the pressure range from 0.2 Pa
(36 dB at the TM) to 20 Pa (76 dB). The nonlinearity originated in the
response of the lymphatic fluid is therefore negligible in this study.

The OW membrane, the RW membrane, and the BM were
meshed by Solid Shell Elements. Other parts were meshed by
Standard Elements (eight-noded hexahedral elements). The BM was
divided equally into 99 elements longitudinally and four elements
transversally. The total numbers of the nodes and elements were
41,912 and 28,393, respectively.

3. Results
3.1. Traveling wave and tonotopic map

Fig. 4 shows the time course of the vibration of the BM at 0.5 and
5 kHz obtained using the FE model. A traversing wave was gener-
ated on the BM by vibrating the stapes head, and the position
where the traveling wave reached its maximum amplitude was
changed according to the stimulus frequency. Greenwood reported
the relationship between the frequency of the sound applied to the
cochlea and the position where the vibration of the BM shows the
maximum amplitude based on measurement results; in other
words, the distribution of the characteristic frequency (CF) of the
BM (Greenwood, 1990). The dashed line in Fig. 5 shows this rela-
tionship. The vertical axis shows the frequency of the sound applied
to the cochlea, and the horizontal axis shows the normalized
position of the BM from base to apex. The dots in Fig. 5 show the
numerically obtained results. Although points of the numerical
results lie consistently above the dashed line (about 0.6 oct), the CF
distribution obtained from the model is reasonable.

Fig. 6 shows the ratio of the amplitude of the BM to the
amplitude of the stapes footplate at the position where the CF of the
BM is 2.0 kHz. The numerically obtained results shown by the dots
have a similar tendency to the measurement result (Stenfelt et al.,
2003) shown by the dashed line although the measurement
result has some peaks and notches.

3.2. Effect of the fistula on the vibration of the basilar membrane

Fig. 7 shows the time course of the vibration of the BM at
1.0 kHz. The shape of the traveling wave envelope showed no
remarkable change when the fistula existed adjacent to the OW (a
in Fig. 3), at the basal end of the cochlea (b), and at the vestibule (d).
However, the maximum amplitudes of the BM in these cases were
smaller than that in the intact cochlea (f) by 11.4dB, 8 dB and
5.5 dB, respectively. By contrast, when the fistula existed at the
center part of the scala vestibuli (¢) (12.8 mm from the basal end, CF
is 2 kHz), both the shape and amplitude of the traveling wave
changed. The envelope of the traveling wave has a notch at the
position where a fistula exists, and the maximum amplitude was
reduced by 8.4 dB. Fig. 8 shows the time course of the vibration of
the BM for stimulus frequencies of 0.5, 1.0 and 2.0 kHz when
a fistula exists at the center part of the scala vestibuli. The notch at
the position where the fistula exists was remarkable when the
input frequency was lower than the CF at the position where the
fistula existed. The notch became unclear with increasing input
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Fig. 4. Time course of BM vibrations in normal cochlea. A small shift (10% of the maximum amplitude) is generated at the basal end (x =0) when f= 5.0 kHz.

frequency, and disappeared when the input frequency came close
to or exceeded the CF at the position where the fistula existed.

Fig. 9 shows the time course of the vibration mode of the BM
and the pressure difference between the scala vestibuli and scala
tympani at the surfaces of the BM. In the intact cochlea, the pres-
sure difference was relatively large at the basal part of the cochlea
and decreased gradually from base to apex. By contrast, in the case
of the cochlea with a fistula at the center part of the scala vestibuli,
the pressure difference rapidly decreased to the part where the
fistula existed.
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Fig. 5. Distribution of the characteristic frequency of the BM. The dashed line shows
the measurement results by Greenwood (1990), and dots show the numerical results.
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The ratio of the maximum amplitude of the BM with a fistula to
that in the intact cochlea is shown in Fig. 10. When the fistula was
opened at the vestibule (a, d) or at the scala vestibuli (b, c), the
maximum amplitude of the BM was smaller than that in the intact
cochlea, and the BM amplitude decreased with decreasing
frequency. By contrast, when the fistula existed at the vicinity of the
RW (e), the shape of the traveling wave envelope and the maximum
amplitude were scarcely changed. Regarding the place of maximum
BM amplitude, no significant change was observed between before
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Fig. 6. BM velocity relative to stapes footplate velocity. The dashed line shows the
measurement results by Stenfelt et al. (2003), and the dots show the numerical results.



122 T. Koike et al. / Hearing Research 283 (2012) 117—125

a 003 p 003 : ;
adiacent to OW
0.02+ E 0.02 E
E o001+ i F oo :
L =
5 5
£ 0 -1 £ 0 -
g 8
3 8
2 001 i 200 :
o T
~0.02} : -0.02
-0.03 : -~0.03 : .
0 10 20 30 0 10 20 30
distance from the basal end (mm) distance from the basal end (mm)
C 003 : , d 003
vestibule
.02 0.02 E
£ 001 {1 E oot :
& k=
N £
£ 4] - £ 0 -
@ fo3
< 1&3
£ =
& 001 2 ~0.01
el o
-0.02+ ~0.02 b
-0.03 : : : -0.03 ‘
0 10 20 30 0 10 20 30
distance from the basal end {mm) distance from the basal end (mm)
e 006 . f 0.06 +
adjacent to RW f/,«\”\\(% 4 intact AN
0.04 ﬁ( / } A : 0.04 .
L R i
—~ > v g 5 o~
£ 002 / \‘ . £ o002
& K | £
b i 1E
£ o \/ 4 £ o0 .
3 4 8
8 y | 1 £
2 | LN R d
g-o02 \\\// } | 2 002
_ X\ w
N\ {
-0.04 4 1 -0.04 1
AN
A
-0.06; 10 20 o 9% 10 20 30
distance from the basal end {inm) distance from the basal end (mm)

Fig. 7. Time course of BM vibrations when a fistula exists. Applied frequency is 1.0 kHz. (a) the fistula exists adjacent to the OW, (b) at the basal part of the SV, (c) center part of the
SV, (d) vestibule and (e) adjacent to the RW. (f) Intact cochela. Phase interval is 2n/5. Arrows show the position of the fistula.

and after opening the fistula at the frequencies at which the results the stapes vibration. It is uniformly distributed over the cross-

were obtained. section of each scala, and propagates at the velocity of sound. The
) magnitude difference of the fast wave between the SV and the ST is

4. Discussion possibly caused by the stiffness and damping of the BM. The other is
a slow wave which results from a fluid flow according to the

4.1. Relevance of the model interaction between the BM and the lymphatic fluid, and the slow

wave follows a traveling wave on the BM. The slow wave exists in

When a fluid pressure fluctuation is induced by vibration of the the vicinity of the BM and has equal magnitude with opposite
stapes, two types of pressure waves occur in the cochlea (Lighthill, phases at either side of the BM. The fast wave travels at 1400 m/s,
1981). One is a fast wave which is a compressional wave caused by and the speed of energy flow of the slow wave falls from around
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100 m/s at the base to zero at the position of resonance (Lighthill,
1981). The wavelengths of the fast wave and the slow wave are
estimated to be 280 mm and 20—0 mm for a stimulation of 5 kHz,
respectively. The wavelengths of the fast wave are much longer
than the length of the cochlea model (36.7 mm); therefore, the
assumption of the incompressible fluid is acceptable. In contrast,
the wavelength of the slow wave can be shorter than the size of the
liquid elements (0.26 mm) near the position of resonance. There-
fore, the slow wave at the neighborhood of the portion of resonance
may not be accurately estimated. However, the wavelength of the
slow wave is approximately 3 mm at the apical side of the position
of the resonance, and the amplitude of the slow wave becomes
smaller toward the apical part as shown in Fig. 9 (f= 1.0 kHz). This
wavelength is relatively longer than the size of the liquid elements,
and the contribution of the pressure of the slow wave at the apical
side away from the resonance position is negligible. The same can
be said for other frequencies. Therefore, the contribution of the
locally generated slow wave near the BM at the resonance position
is believed to be reasonably considered in this model.

The CF distribution is determined by the distribution of the
thickness and mechanical properties of the BM. However, deter-
mining the proper values in the human cochlea is difficult at present.
Therefore, we assumed simple shape and mechanical properties,
and checked the validity of the model as a whole by comparing the
numerically obtained CF distribution with that obtained by Green-
wood (Fig. 5). Our results were plotted consistently above Green-
wood’s map. Greenwood’s map is for active conditions whereas our
model is passive. This may be one reason for the model CF values
lying consistently above Greenwood’s CF map. However, the CF
distribution is susceptible to the effect of the stiffness of the BM.
When Young’s modulus of the BM was reduced to 40% of the value
presented in Table 2, the numerical results were in good agreement
with the Greenwood’s map. In addition, as described in the Geom-
etry section, the spiral shape of the cochlea also affects the CF
distribution. The spiral shape contributes to shifting the CF of
a certain position of the BM to low frequency. Therefore, Young's
value of the BM in Table 2 was used for the straight model. Although
there is still room for improvement, the model herein presented is
believed to have reasonable validity and to be able to simulate the
dynamic behavior of the cochlea at medium to high SPLs.

4.2. Shape of the envelope of the traveling wave

The mechanism of hearing loss directly caused by existence of
PLF has not been clarified so far. Hence, the potential causes of
hearing loss associated with PLF such as double-membrane break
theory (Simmons, 1979), floating labyrinth (Nomura and Hara,
1986; Nomura et al.,, 1992), perilymphatic hemorrhage (Merchant
et al, 2005), pneumolabyrinth (Nishioka and Yanagihara, 1986;
Foster and Luebke, 2002), and a bony third window (Merchant
and Rosowski, 2008) have been postulated. However, the effects
of mixing of the endolymph and perilymph were not examined
here because Reissner’s membrane has been neglected and the
lymph in the cochlea is assumed to be homogeneous in the current
cochlear model presented in this study. These effects should be
included in the future. However, at this stage, the effects of the
existence of PLF by itself on the vibration of the BM were examined
here from the view of dynamics.

Fig. 8. Time course of BM vibrations when a fistula exists at the center part of the SV.
(a) 0.5 kHz, (b) 1.0 kHz, (c) 2.0 kHz. Phase interval is 27/5. Arrows show the position of
the fistula. The small displacement of the BM found at the apical region is the transient
response generated shortly after applying the sinusoidal vibration to the stapes. This
small displacement disappeared within a few cycles.
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Fig. 10. Ratio of the maximum amplitude of the BM in the cochlea with a fistula to that
in the intact cochlea.

The effects of the fistula on the vibration of the BM were
different according to the position of the fistula and to the applied
frequency as shown in Figs. 7—9. As shown in Fig. 9, when a fistula
exists at the center part of the scala vestibuli and the applied
frequency is lower than the CF of the part where the fistula exists,
the amplitude of the BM decreases at the part where the fistula
existed, resulting in two peaks in the BM amplitude response (wave
envelope). The BM is excited by the pressure difference between
the scala vestibuli and scala tympani. When a fistula exists on the
wall of the scala vestibuli, the pressure of the scala vestibuli falls
down in the area from the part of the fistula to apex, and the
exciting force acting on the BM is also consequentially reduced. The
amplitude at that area is therefore reduced. However, the original
peak of the BM still exists in that area. These are reasons why the
BM has two peaks and a notch when a fistula exists on the wall of
the scala vestibuli and frequencies lower than the CF are applied to
the cochlea. This result suggests that the BM in the real cochlea
possibly has two peaks in its motion according to the position of
a fistula, and the change in the shape of the traveling wave enve-
lope may affect speech recognition.

4.3. Vibration amplitude of the basilar membrane

The maximum amplitude of the BM was reduced at low
frequencies below 2 kHz when a fistula existed at the vestibule or at
the scala vestibuli (Fig. 10). The vibration of the BM became small
especially at low frequencies when the fistula existed at the
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vestibule or at the scala vestibuli. This result is consistent with
clinical data of patients suffering from PLF (Goto et al,, 2001). Atlow
frequencies, the pressure generated in the cochlea with a fistula
becomes lower than the pressure in the intact cochlea because the
lymphatic fluid easily flows in and out through the fistula. By
contrast, at high frequencies, the movement of the lymphatic fluid
depends on the inertia of the lymphatic fluid itself rather than on
the boundary condition surrounding the lymphatic fluid. This is
a reason why the changes in the vibration of the BM at high
frequencies are smaller than those at low frequencies.

Meanwhile, when a fistula existed adjacent to the RW, the
maximum amplitude was not changed significantly even though
the size of the fistula adjacent to the RW is larger than that of the
fistula at other places (Table 3). Foster and Luebke (2002) reported
that the RW fistula itself does not cause hearing loss, and air
bubbles entered into the cochlea from the fistula. Our findings are
in agreement with this result. The RW membrane is far more
mobile than the bony wall of the cochlea, and the lymphatic fluid at
the vicinity of the RW can naturally flow easily. In other words, the
RW can be regarded as a large fistula. This is the reason why a fistula
near the RW does not affect the vibration of the BM. On the other
hand, Kelly and Khanna (1984) reported that opening the round
window caused histological damage in the apical region of the BM
presumably due to a large momentary pressure differential created
across the organ of Corti. This damage was similar to that induced
by low-frequency sound and may cause the loss of sensitivity of the
BM (Leonard and Khanna, 1984). In our present analysis, the
damages of the organ of Corti and the BM have not been consid-
ered, and hearing loss was estimated based on only the attenuation
of the BM vibration. To clarify the actual mechanism of hearing loss
caused by a perilymphatic fistula, the effects of the histological
damages should most likely be considered in the future.

5. Conclusions

In this study, a three-dimensional finite-element model of the
human cochlea was created. Passive dynamic behavior of the BM,
which is closely related to auditory activity at moderate to high
SPLs, and the cochlear fluid caused by the vibration of the stapes
footplate were analyzed. When a fistula exists at the vestibule or at
the scala vestibuli, the maximum amplitude of the BM becomes
smaller than that in the intact cochlea. The losses in the amplitude
increased with decreasing frequency. In particular, when the fistula
exists at the basal part of the scala vestibuli, the effect extends to
high frequencies. By contrast, when a fistula exists at the vicinity of
the RW, the vibration of the BM scarcely changes. This model assists
in elucidating mechanisms of hearing loss due to a PLF, and is useful
in the establishment of new treatments for the PLF,
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Artificial cochlear epithelium: Development of totally implantable hearing device using micro electro

mechanical system

Takayuki Nakagawa
Department of Otolaryngology, Head and Neck Surgery, Graduate School of Medicine, Kyoto University

Hair cell loss is one of main causes for sensorineural hearing loss. The lack of the capacity for hair cell

regeneration makes difficult to restore hearing in mammals. As an alternative of biological regeneration of hair

cells, we have developed an artificial cochlear epithelium, which is capable to generate electricity in response to

sound stimuli

after implantation into a cochlea. The mechanical tonotopy for sound frequency remaining with-

in the cochlea is utilized for discrimination of sound frequency. A piezoelectric membrane in an artificial

cochlear epithelium converts sound vibration to electric signals. In vitro setting, an artificial cochlear epitheli-

um generated electricity in response to sound application. After implantation into a guinea pig cochlea, sound

stimuli were transmitted through the external auditory canal to a piezoelectric membrane in a cochlea. The

application of sound to the stapes induced electrical output from the implanted artificial cochlear epithelium.

These findings indicate the potential of an artificial cochlear epithelium as a novel hearing device.

Key words :
hair cell, cochlea
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