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The electrode is an important part of cochlear implant system because it affects the current spread and the response of the auditory
nerves. In this paper, a new electrode-tissue interface model is coupled with a 3D cochlea and electrode model to simulate the condition
of the electrodes in human cochlea is proposed. The effect of incorporating the electrode-tissue interface in a cochlea and the response
of the auditory nerves is discussed. Three models are studied, a model of electrode without interface, a model of electrode incorporating
the interface effect through an equivalent circuit, and a new model of electrode incorporating a thin layer between the electrode and the
scala typmani. The three electrode models were studied using activating functions. Significant different results were found for electrodes
with or without taking interface into account. The model results for the electrode model taking into account of the interface effect using

an equivalent circuit and a thin interface layer are almost identical.

Index Terms—Cochlear implant, computational neuroscience model, electrode-tissue interface, equivalent circuits, interfacial layer,

volume conduction method.

I. INTRODUCTION

YMOND [1] studied the characteristics of the metal-tissue
Dinterface of stimulation electrodes in 1976. The
metal-tissue interface was divided into three adjacent mi-
croregions (metal, charge in inner layer, and the charge in
diffuse layer). An equivalent circuit of the electrode interface
was derived from the physical structure and mechanism as
given in Fig. 1. The interfacial impedance of the electrode is
a faradaic impedance and a double layer capacitance (Cg;)
which is in parallel with a faradaic impedance (R;,). Ry is the
charge-transfer resistance. Zq is the diffusional impedance. Z,
is the reaction impedance. Hui et al. [2] utilized the bipolar
electrode pairs that were implanted in a cochlea and biphasic
current pulse to estimate the impedance of the electrode in-
terface. They used different current density (100-1000 A/m?)
to measure the values of Rg,R,(R, = R¢ + Zaq + Z,) and
Cp(Cp, = Cai). They discovered that there is no consistent
variation in the stimulation current with R, but R, and C,
are dependent on the current. Tykocinski et al. [3] studied
the chronic electrical stimulation of the auditory nerves.
They used the same current stimulus (0.5 mA, 50 us/phase
charge-balanced biphasic current pulses) to compute the access
resistance, (R.,R. = Ry) and the polarization impedance
(Zpo1; Zpor = Rp//Cp). While the electrode-tissue interface
was studied [1]-[3], it has never been studied in conjunction
with any finite element model. The primary aim of this paper
is to propose a new tissue-electrode model which includes
a thin layer between the electrode and the scala tympani to
incorporate the effect of the electrode- tissue interface to our
cochlear implant computer model and improve the accuracy
of the analysis of the electrically stimulated cochlea. Since
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Fig. 1. The equivalent circuit of an electrode interface. Va is the source voltage.

the Scala Tympani is mainly conductive and not capacitive,
a complex permittivity is not required in that region [4]. The
result generated from this new model will be compared with the
result from the electrode model without taking into account of
the interface and an equivalent circuits model to represent the
effect of the interface [2], [3]. The secondary goal of this paper
is to compare the three models in terms of activating function to
find out how do the electrodes with or without interface affects
the excitation pattern of the auditory nerves.

II. THEORY AND METHOD

The definitions of interfacial layer and electrode are shown in
Fig. 2. Since the size of the real interfacial layer is too thin to
implement in the cochlear models, a more manageable thickness
of 0.05mm is used in all three cases. In Fig. 2(a), the capacitance
of a planar electrode with an interfacial layer is calculated from

A
C=c¢ I (1)
where C is capacitance (F), ¢ is complex permittivity, A repre-
sents cross section area of the electrode (m?), and d is the dis-
tance between the two electrodes (m). Fig. 2(b) shows a half
banded electrode with interfacial layer. Fig. 2(c) shows a banded
electrode with interfacial layer. The capacitance of half banded
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Fig. 2. Three interfacial layers and electrodes configurations: (a) planar elec-
trode, (b) half banded electrode, and (c) banded electrode.
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Fig. 3. The finite element model of cochlea and the electrodes. The small circle
in the outside is the external ground electrode.

electrode is half of the value of the banded electrode, but its
resistance value is twice that of the banded electrode. An equiv-
alent circuit [3], based on Ohm’s law, is used to compute the
access resistance, R,, the resistance between two electrodes
in our cochlea model (Fig. 3). In this paper, the monopolar
configuration (the active electrode is within the cochlea and
the return electrode is external to the cochlea) is modeled to
simulate the change of the potential in time when the inter-
face model is added to the electrodes. In the proposed scheme,
the finite element method is applied to simulate the access re-
sistance (R,) and polarization impedance (Z;), adopting the
polarization impedance data from [2]. In the circuit approach
to model the electrode-tissue interface effect, with an input as
shown in Fig. 4, the cochlea equivalent circuit (R, ) and the elec-
trode-tissue interface circuit (Z,,) were modeled with SPICE and
compared with the circuit model without the interface (Z;,) in
Fig. 5. Fig. 5 shows a significant distortion of the electrical po-
tential with the electrode-tissue interface circuit. As a result, it
should generate a significant change in the neural excitation pat-
tern [S5]-[7] with the interface incorporated. Since it is difficult
to study the neural excitation pattern using the circuit approach
only, the proposed interface scheme should improve the mod-
eling accuracy of the finite element model of the cochlea pros-
thesis system [S]-[7].

III. RESULT

Fig. 3 shows a 3-D circular cochlea model, which includes
the Basilar membrane (4 2-M), Reissner’s membrane (340.13
Q-M), scala tympani (0.7 Q2-M), scala vestibuli (0.7 2-M),
scala media (0.6 Q-M), spiral ganglion (3 Q2-M), bone (6.41
Q-M), peripheral axonal process (axial direction = 3 Q-M;
transverse direction = 15 Q-M), and the stria vascularis
(125.79 ©2-M), were studied by incorporating their resistivities
[6]. Three electrode models were studied: the first electrode
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Fig. 5. The input current driving the electrode is £ 1.41 mA and 0.2 mS/pulse
width. (a) The voltage between the electrodes adding the effect of the interface
of the electrode. The RC exponential growth and decay are clearly seen due to
addition of the electrode-interface model. (b) The voltage between the electrodes
without the effect of the interface of the electrode.

model does not take into account of any interface effect; the
second electrode model takes into account of the effect of the
interface by an equivalent circuits (Fig. 1); the third model
incorporates a thin layer between the electrode and the scala
tympani. The layer is 0.5 mm thick and a complex permittivity
is imposed in the layer. The complex permittivity is based on a
Ry of 5k € and C,, of 10 nF [2] calculated using Ohm’s law
and simple capacitor equations (Table I). The inputs of all three
cases are a constant current at +1.41 mA as shown in Figs. 1
and 4. An activating function [5] is used to obtain an impression
of the excitation pattern of the electrical stimulation. AF can be
computed from the nerve fiber nodes given in Fig. 6.

The results of the first model which does not take into account
of the interfacial effect are shown in Figs. 7 and 8. The peak
activation function (AF) in the AF contour [5] is a measure of
how likely is the auditory nerve fibers would be excited by the
electrode for a given power input. The higher of the AF value
is the meaning likely the auditory nerves being excited [5]. Fig.
7(a) shows a peak absolute AF value of 19.5104 x 10° v/mm?
for planar electrode. Fig. 7(b) shows the peak absolute AF value
of 15.3143 x 10% v/mm? for half banded electrodes. Banded
electrode generates absolute peak AF value of 10.1176 x 106
v/mm? in Fig. 8(a). Fig. 8(b) shows the absolute peak value of
AF of 3.1415 x 10° v/mm? for ball electrodes.

Fig. 7 to 8 show the planar electrode stimulates more
efficiently than the other three electrodes, which is consistent
with the published results [7]. The second model incorporates
the effect of the interface by an equivalent circuit [2], [3]
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TABLE I
PARAMETERS FOR THE FINITE ELEMENT MODEL WITH AND WITHOUT
INTERFACIAL LAYERS, THE EQUIVALENT CIRCUIT MODEL, THOSE PUBLISHED
FROM THE LITERATURE [2], [3]

Input Input
pu P Ra Rp Cp AF value
Current| Voltage
Paper +1.41mA] +11,98V| 3500Q2 5000() 10nF
No Interfacial layer
6
Planar | +1.41mA] £7.92V | 5658.37Q 19‘5’04)(2'0
v/mm
6
Hall 4y a1ma| +7.03v | ssse.660 15'3“4"2‘0
banded v/imm
10.1176x10°
Banded |+1.41mA| #6.09v | 5504460 el
v/mm
Equivalent Circuit
Planar | z1.41mA| 126.14V| 5618.62Q2 | 12923.29Q| 3.87nF
Half
+1.41mA| $17.26V | 4985.89() 750002 6.67nF
banded
Banded | f1.41mA| +11.21V} 4316.66Q2 3750Q2 13.33nF|
With Interfacial layer
20.0293x10°
Planar | $1.41mA| 126.14V| 5618.62(2 | 12923.29Q| 3.87nF 2
v/mm
f 9.5081x10°
Hal +1.41mA| $17.26V | 4985.89(2 7500Q2 6.67nF 19.5081 :0
banded v/mm
6
X X
Banded | f1.41mA] *11.21V | 4316.66() 375002 13.33nk 180/899 ’10
v/mm”

Resistivities = 51.693211130)-M, Permittivity = 109243.95, Interfacial layer
thickness = 0.05mm
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Fig. 6. A two-dimensional cross section of a cochlea model. The nerve fiber
nodes used for computation of the activating function contour are n1-n16 (Figs.
7, 8, and 10-12).

The R, used is equal to 5 k€2 and C,, used is 10 nF [2]. The
serial resistance (R, ) used is calculated from the finite element
model (Fig. 2). The R, value for the planar electrodes is
5658.37 2, the R, value of half banded electrodes is 5556.66
), the R, value of banded electrodes is 5504.46 2. Since
it is not possible to generate an AF contour for this case,
we will compare the potential across the electrode (V, in
Fig. 1) with the next model later.

Next, we consider the third method, which is a new method
proposes in this paper. We used the same Ra, R, and C,
values of the interface, but realized not through a circuit as
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Fig. 7. (a) AF contour of a planar electrode without interfacial layer. (b) AF
contour of a half banded electrode without interfacial layer.

maximun value

minimun valne
4.666343 x 10* vim’,

o muximun value minimun value
10.117637x 10" v/inm’

12} 0699434 x 10' vimm' 3141551 x 16 vinm®

m %
0.6

(1]

2 4 6 3

mun slong nerve fiber
mmn alongnerve fiber
°
>

-l AR

0 2 4 6 ] 10 10
mm along scala tympani mm along scali tympani
(@ (b)

Fig. 8. (a) AF contour of a banded electrode without interfacial layer. (b) AF
contour of a ball electrode without interfacial layer.
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Fig. 9. Electrode potential comparison for the equivalent circuit approach
(SPICE) and the proposed complex parameters thin layer approach (Time
domain finite element method). The potential are almost identical for both
approaches, which validate the proposed method.

in the second method, but in a thin layer with a complex per-
mittivity. By imposing the complex permittivity values in the
interface layer geometrically located between the electrodes
and the scala tympani, it is possible to generate the effect
of a tissue-electrode interface. Fig. 9 shows a comparison of
potential between the electrodes for case two, which is V, in
Fig. 1, with the potential between the electrodes in the third
case, which uses a time domain finite element method to solve
the Possion’s equation. The results show that they are almost
identical to each other, which validate the proposed thin layer
approach to model the tissue-electrode interface. Next, we
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Fig. 10. AF contour of a planar electrode with thin layer interface model. The
interface is realized through a thin layer with a complex permittivity.
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Fig. 11. AF contour of a half banded electrode with a thin layer interface model.

computed the AF contour for the model for the third case as in
the previous figures. Figs. 10—12 show the AF contours of the
new method. The peak absolute AF values are 20.0292 x 106
v/mm?, 19.5081 x 10% v/mm?, and 18.0898 x 10° v/mm?
for planar electrodes, half banded electrodes, and banded elec-
trodes, respectively. Table I shows that the proposed thin layer
complex parameter approach matches the parameters from the
equivalent circuit approach quite nicely. It also shows that the
AF contour changes significantly with or without the interface.

IV. CONCLUSION

This paper presents a new method of incorporating the elec-
trode-tissue interface in the finite element model. The resultant
time domain potential plot shows that they are essentially the
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Fig. 12. AF contour of a banded electrode with thin layer interface model.

same as the equivalent circuit model published previously. This
method allows more flexibility in the design because it took the
circuit out of the model. This paper also presents a comparison
of the neural excitation pattern of four electrode models with or
without taking into account of the electrode-tissue interface ef-
fect. With the interfaces, the electrodes are more likely to excite
the auditory nerve fibers at higher frequency.
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