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Abstract—Simultaneous electrical stimulation of neighboring
electrodes in cochlear prosthesis systems generates channel
interaction. However, intermediate channels, or virtual
channels between the neighboring electrodes can be created
through controlled channel interaction. This effect may be
exploited for sending new information to the hearing nerves
by stimulating in a suitable manner. The actual stimulation
sites are therefore not limited to the number of electrodes.
Clinical experiments, however, show that virtual channels are
not always perceived. In this paper, electrical simulation with
finite element analysis on a half turn human cochlea model is
adopted to model the virtual channel effect, and the
conditions for generating virtual channels are discussed. Five
input current ratios (100/0, 70/30, 50/50, 30/70, 0/100) are
applied to generate virtual channels. Three electrode arrays
parameters are taken into consideration: distance between
electrode contact and modiolus, spacing between adjacent
electrode contacts and scale of electrode contact size. By
observing the activating function contours, the virtual
channel patterns and performances can be measured and
examined. The results showed that a broad excitation pattern
is necessary to produce the kind of electrode interaction that
can form distinct virtual channels.

Keywords—Cochlear prosthesis, Cochlear implant, Virtual
channel, Current steering, Electrical stimulation, Volume
conduction model, Activating function, Finite element
analysis.

INTRODUCTION

Cochlear implant (CI) technology has been devel-
oped for years to help people with profound hearing
impairment to recover partial hearing. Typically,
sound is captured by a microphone and is fed into a
signal processor. The signal processor breaks the input
signal into different frequency bands or channels and
delivers the filtered signal to drive electrodes which are
used to stimulate auditory nerve fibers.'**" The number
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of spectral bands of stimulation is determined by the
number of electrodes. Currently, there are only about
12-22 electrodes implanted into a CI user for a
commercially available device while there are about
30,000 or more auditory nerve fibers for a typical
human ear. The lack of spectral resolution due to the
small number of electrode can contribute to poor
speech perception in noise, music perception, and tonal
language understanding.?’

For speech processing strategies, electrical stimula-
tion by two electrodes can produce two pitch compo-
nents, but channel interactions are generated by
stimulating individual electrodes simultaneously,’
which produce threshold changes consistent with
instantaneous electric field summation. This will affect
or distort the intended perception and usually is
undesirable. However, experiments show that by
exciting two adjacent electrodes simultaneously in a
suitable manner,>!%15:172224 the CI users can per-
ceive a pitch which is between two pitches perceived
when the two electrodes are excited individually. The
intermediate pitch is the so called virtual channel since
there is no real electrode to generate a real stimulation
channel there. The mechanism for controlling the vir-
tual channels, called current steering,>'%!>?* steers the
current applied to adjacent electrodes in order to
generate virtual channels according to the current ratio
between the electrodes. This technique can be used to
expand the spectral resolution without changing the
implanted hardware or the number of CI electrodes.

The virtual channel can also be simulated by a
modeling approach with the result being consistent
with the experiment result.*® In our early work,’ vir-
tual channel effect based on the finite element model
with different electrode contact shape, was studied. In
the study, planar, ball and half band electrode contacts
were modeled, which covered the most popular design
of electrode arrays then and now. The result showed
that the examined shapes can create virtual channels
normally; any difference in the effect due to the shape
was not apparent.
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In clinical experiments, however, virtual channels
are not always perceived,”!%!32224 perhaps due to the
individual hearing loss factor of each user or improper
electrical stimulation from the electrodes. From the
experiment results, it is found that virtual channels at
the medial and apical electrode pairs are easier to
perceive.'”!® Since the medial and apical electrodes are
usually closer to the lateral wall of the cochlea, thus
generating a larger current spread and more channel
interaction.?' Clinical experiments show the possibility
that the generation of virtual channels by electrical
stimulation could be linked to the distance between the
electrode contacts and the auditory nerves (modiolus).

Generally, the current design of the electrode array
tends to decrease the channel interaction in order to
provide the improved stimulation efficacy of individual
electrodes, such as moving the electrode array closer to
the modiolus (Contour array of Cochlear™ and
Hifocus-helix array of Advanced Bionics Corporation)
or enlarging the distance between adjacent electrode
contacts (Medel C40+ array). However, since the
virtual channel depends upon a suitable electrical
interaction, the interaction free design mechanism
might decrease the effect of the virtual channel and
thus may affect the outcome of the clinical experi-
ments. In this paper, a finite element model incorpo-
rating various electrode array configurations is used to
study the conditions for generating virtual channels
and to assess the virtual channel’s effect in cochlear
prosthesis systems. Although neural survival distribu-
tion has significant impact on the creation of virtual
channels, it is beyond the scope of this paper and will
be addressed in future studies.
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METHODS

Model of the Human Cochlea and Analysis Approach

A half turn human cochlea model with a partial
electrode array based on HiFocus-1j electrode array
geometry from Advanced Bionics Corporation is used
for study in this paper (Figs. 1 and 2).! The cochlea
model is constructed according to our early work,” and
is adapted to the dimension of scala tympani based on
the study of Hatsuchika ez al.'> The modeled cochlea is
embedded in a bone, which is not shown in the figure,
to form the complete model. Although the structure of
a real cochlea is spiral and tapering, the basal turn,
especially for the first half turn, is close to a circular
shape with a similar dimension. The modeled cochlea

FIGURE 2. The finite element model of the cochlear implant
system.

FIGURE 1. Cross-section of the cochlea model studied. The electrode array is located at a position of distance d between the

electrode contact surface and the inner wall of the scala tympani.
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FIGURE 3. The electrode array of the cochlear implant model. The electrode contacts are spacing with various s (center-
to-center). The dimension of the electrode contact: height h and width w.

is applicable to approximate the examination of neural
excitation pattern for simulation. The modeled elec-
trode array is placed inside the scala tympani (Fig. 3)
as a typical CI system. The four electrodes are
embedded into an insulated carrier, ex. silicone rubber,
and only the contact surfaces are exposed to the tissue.
The spacing between each electrode contact is 1.1 mm
(center-to-center) and the dimension of each contact is
0.4 mm in width and 0.3 mm in height according to
HiFocus-1j. The configuration of the electrode array is
set to mono-polar and the central two electrode con-
tacts (2nd and 3rd contacts of the electrode array) are
used to generate virtual channels in this study. All the
electrode contacts are organized to orient to the
modiolus perpendicularly, as in general usage.

The finite element method is used to compute the
potential distribution in the human cochlea model.’
The resulting mesh of the model shown in Fig. 4
contains 97,197 nodes and 554,192 tetrahedra. The
material resistivity parameters used in this model are
listed in Table 1.%!'" The electrical potential from the
nerve fiber model is extracted in order to calculate the
activating function (AF) along the basilar membrane
and nerve fiber.®!'"'®!” The AF is the forcing term in
the Hodgkin—Huxley equation which calculates the
variation of trans-membrane potential and determines
the excitation for a nerve fiber. As a result, the initial
trans-membrane potential response of the nerve fiber is
proportional to the AF value. The result of the finite
element model can be used to plot an AF contour
which provides a global view for locating the virtual
channel and evaluating its performance.®'" Since AF is
computed based on static electric potential, it cannot
be used to investigate the effect of stimulation rate
and stimulation pulse width. The effect of stimulation
rate and stimulation pulse width have on virtual
channel will be addressed in another study. Neural

FIGURE 4. Mesh of the modeled cochlea which contains
97,197 nodes and 554,192 tetrahedra.

TABLE 1. Material properties for cochlea and electrode models.

Model component Resistivity (©'m)

Electrode metal 0.001
Scala tympani and vestibuli 0.7
Scala media 0.6
Bone 6.41
Spiral ganglion 3

Peripheral axonal process (anisotropic) 3 (axial) 15 (transverse)
Reissner's membrane 340.13

Basilar membrane 4

Stria vascularis 125.79

Organ of Corti 83.333

refractoriness'® and spike rate adaptation can produce
temporal interaction in virtual channels, but this is
beyond the scope of this paper and will also be
addressed in another study.
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Configurations of the Electrode Array

Three electrode array parameters are examined for
this study: distance between eclectrode contact and
modiolus, spacing between adjacent electrode contacts
and the scale of the electrode contact size. To examine
the virtual channels, the electrical signals to be inter-
acted are in phase. A ratio o of the input current is
applied to the adjacent electrode pair and is normal-
ized to five cases: 100/0, 70/30, 50/50, 30/70, 0/100,
which theoretically means that five distinct virtual
channels can be generated.

Distance Between Electrode Contact and Modiolus

In the first simulation, the electrode array is placed
at locations with various distances d (0.9-0.4 mm)
from the inner wall of the scala tympani (Fig. 1). The
range is adjusted according to the dimension and shape
of both the electrode array and the scala tympani so
that they fit each other well. Due to the large size of
the electrode carrier which occupies the space near the
outer region of the scala tympani, the positions of the
electrode contacts are distributed in the medial and
inner regions of the scala tympani. Generally, the exact
position of the implant electrode array is not easily
controlled and is different for each CI user after the
electrode array insertion surgery. Typically, it is best to
place the electrode array very close to the modiolus in
order to provide a higher stimulation efficacy, a lower
electrical interaction and an improved stimulation
power. However, there is no study which examines
the relationship with regard to the virtual channel
effect and the distance of electrode contacts to the
modiolus. This simulation aims to study this kind of
configuration.

Spacing Between Adjacent Electrode Contacts

The second simulation is to examine the relationship
with regard to the virtual channel effect and the spac-
ing between adjacent electrode contacts. Due to the
inertia and stress for the carrier of Hifocus-1j, the
electrode array usually lies against the lateral wall. The
electrode array is therefore placed at the outer region
of the scala tympani (d = 0.8 mm) for this study.
Various spacing s (0.8-1.3 mm, center-to-center)
between adjacent electrode contacts which covers most
of novel design of electrode array, ex. Hifocus-Helix, is
organized to study the effect of this parameter (Fig. 3).

Scale of Electrode Contact Size

The study of this situation can be separated into two
factors: height 4 and width w of the electrode contact
(Fig. 3) with only one factor varied at a time. The
electrode array is located at the outer region of the

scala tympani (d = 0.8 mm) as the consideration
above shows. The spacing between adjacent electrode
contacts is fixed at 1.1 mm (center-to-center). Due to
the typical dimension of the scala tympani and the
electrode array, the height & varies in the range of
0.1-0.5 mm with the width ranging from 0.1 to
0.6 mm.

RESULTS

In order to provide an efficient assessment of the
virtual channel effect, several factors are examined. An
AF contour provides an impression of the excitation
pattern for the electrical stimulation and an AF profile
extracted from an AF contour provides a comparison
virtual channel pattern for the five cases of «. Virtual
channel positions, beam widths and the total current
provide systematic comparisons; the details are illus-
trated in the following paragraph.

Figures 5 and 6 show the potential and the acti-
vating function (AF) contour from the nerve fibers for
the electrode array located near the lateral wall at
d = 0.9 mm. The input current ratio « applied to the
electrode pair is set to 50/50. According to the mech-
anism of electrical stimulation for nervous systems,'®"”
the AF indicates the initial trans-membrane potential
response of the nerve fiber; so the positive peak
denotes the area of stimulation. Though the interme-
diate stimulation site can also be observed in the
potential contour, AF is used to assess the virtual channel
effect. The positive peak value of AF is normalized to
1 x 10* V/s for all o, which signifies an equal stimu-
lation intensity to the nerve fiber. The squares below
the x-axis denote the electrode contacts’ position along
the basilar membrane. An intermediate stimulation site
between the electrode pair shown in the bottom of
Fig. 6 shows that this is a virtual channel since no
physical electrode contact is positioned there. In order
to effectively compare the virtual channels with the o,
the AF at the nerve fiber node with a positive peak AF
value along the basilar membrane is extracted, and the
result forms the AF profile as shown in Fig. 7. From
Fig. 7, five distinct virtual channels are generated
which means that five different groups of nerve fibers
are excited between the neighboring electrode contacts
instead of the two generated in a typical stimulation
strategy.

However, virtual channels are not always generated
or easily distinguishable in locations of different dis-
tances d from the simulation result. Figure 8 shows the
AF contour for the electrode array located near the
inner wall with d = 0.4 mm. Two stimulation peaks
appear corresponding to the positions of the two active
electrodes along the basilar membrane. This result is
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Potential contour for 50/50 current ratio at d=0.9mm
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FIGURE 5. The potential contour for electrode array located against the lateral wall with d = 0.9 mm. The squares below the
x-axis denote the contacts position. The negative peak point (—0.318 V) is indicated by the arrow.

AF contour for 50/50 current ratio at d=0.9mm
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FIGURE 6. The AF contour for HiFocus-1j electrode array
located against the lateral wall with d = 0.9 mm and current
ratio « equal to 0.5 (50/50). The squares below the x-axis
denote the contacts position.

undesirable since it does not generate only one distinct
virtual channel. The AF profile in Fig. 9 shows the
five generated virtual channels tend to spread to
the lateral sites which are the locations of the real
electrode contacts. This makes the virtual channels
indistinguishable.

By examining the distances d (Fig. 10), it is found
that when the electrode array is placed toward the
lateral wall of the scala tympani (d = 0.7-0.9 mm), the

AF profile at d=0.9mm
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FIGURE 7. The AF profile of two electrodes stimulation
configuration for the five cases of input current ratio « using
HiFocus-1j electrode array.

virtual channels generated are more distinctive and the
further the electrode array is from the modiolus, the
more distinct the virtual channels are. When the elec-
trode array is placed toward the inner wall of the scala
tympani (d = 0.4-0.6 mm), the generated virtual
channels are indistinguishable; the closer the electrode
array to the modiolus is, the less distinct the virtual
channels are. This result is consistent with the model-
ing result from Briaire e al.*
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Figure 11 provides the systematic comparison of the
virtual channel effect for the different locations of the
electrode array. Figure 11a shows the virtual channel
position vs. the input current ratio «. The virtual
channel position is defined as the geometric center for
the positive peak in the AF profile. It provides a view
for distinguishing different virtual channels. It can be

AF contour for 50/50 current ratio at d=0.4mm
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FIGURE 8. The AF contour for electrode array located near
the inner wall with d = 0.4 mm. There are two peaks indicat-
ing there are two sites of maximum stimulation.
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seen that when the electrode array is located near the
lateral wall, the virtual channels varied more consis-
tently with o (near linear distribution). However, when
the electrode array is located near the inner wall, the
virtual channels are hardly distinguishable and are
distributed to the sites where the real electrode contacts
reside. The linearity of the virtual channel position

AF profile at d=0.4mm
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FIGURE 9. The AF profile for the five cases of input voltage
ratio a.
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FIGURE 10. The AF profiles for all of the examined distances d (0.4-0.9 mm).
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FIGURE 11.
(b) VC beam width vs. alpha; (c) VC current vs. alpha.

distribution is important since it provides simplicity for
controlling the virtual channel positions with the input
current ratio.

Figure 11b shows the virtual channel beam width
vs. the input current ratio «. For the sake of simplicity,
the virtual channel beam width is defined as the width
of the AF profile at the half power level along the
basilar membrane. Though the actual beam width
depends on the neural firing threshold, this can also
enable a theoretical analysis. Typically, it is found that
the narrower the beam width is, the more concentrated
the virtual channels are. It is narrower for the virtual
channels near the real electrode contacts since the
stimulation there has better spatial selectivity. It can be
observed that the virtual channel beam width is nar-
rower for the electrode array located near the inner
wall than when the array is near the lateral wall, since
it is more concentrated when the electrode contact
approaches the modiolus. It is the opposite for the
intermediate channel due to the difficulty in generating
virtual channels for the electrode array when located
near the modiolus. Besides, the beam width is more
uniform for all virtual channels when the electrode
array is located near the lateral wall, in comparison to
the higher variation of beam width when the array is
located near the inner wall. Uniformity of beam width
can provide a similar stimulation range for all virtual
channels for CI users to perceive uniformly.

Figure 11c shows the total input current vs. the
input current ratio «. The total input current is input to
bring the positive peak AF to the normalized value, i.e.
1 x 10* V/s, for all cases. The result shows that when
the electrode array was placed near the lateral wall, the

WC alpha setting
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The comparison of the AF profiles for all of the examined distances d (0.4-0.9 mm). (a) VC center position vs. alpha;

total current is higher since the current spreads out,
which makes for inefficient stimulation to the nerve
fibers. It can also be observed that the virtual channels
near the center position need a higher current than do
those near the real electrode contacts. Therefore, the
intermediate channels need higher input current in
order to generate equal electrical stimulation intensity.
This is comparable to the modeling result from Litvak
et al."?

The spacing between adjacent electrode contacts is
another factor which influences the virtual channel
effect. Figure 12 shows the AF profiles of all the
examined spacing s for the electrode array located at
the outer region (d = 0.8 mm). It can be observed that
when s is shorter, the virtual channels generated
are more distinctive, but not so if it is wider. As the
distance between electrode contact and the modiolus
decreases, and the closer the adjacent electrode con-
tacts (center-to-center), the more distinct the virtual
channels are. In observing the channel position, beam
width and total input current in Fig. 13, the compari-
son is more apparent. The channel position distribu-
tion is more linear and the beam width is more uniform
and narrower when s is shorter. The total current
required is also smaller for shorter s since more current
interacts with closer electrode contacts to generate
effective electrical stimulation.

For the simulation of the scale of electrode contact
size, it is found that the relation between the virtual
channel effect and scale of the electrode contact size is
insignificant. This can be observed from Figs. 14a, 14b
and 15a, 15b for height and width examination. The
channel position and beam width in the figures almost



Conditions for Generating Virtual Channels 621

[===1000 7050 50/50 — —-3070 == =0/100]
AF profile $=0.8mm AF profile s=0.9mm AF profile s=1mm

7 0 ’ =
-~ - . -
3 s : =
(' (T I [T
<< < : <

0 0 i 0

3 4 5 6 7 3 4 5 3 7 3 4 5 3 7
mm along BM mm along BM mm along BM

AF profile s=1.1mm AF profile s=1.2mm AF profile s=1.3mm

AF (V/s)
AF (V/s)

mm along BM mrm along BM mm along BM

FIGURE 12. The AF profiles for all of the examined spacing s (0.8—-1.3 mm). The electrode array is located at outer region of scala
tympani (d = 0.8 mm).
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FIGURE 13. The comparison of the AF profiles for all of the examined spacing s (0.8—-1.3 mm). (a) VC center position vs. alpha;
(b) VC beam width vs. alpha; (c) VC current vs. alpha. The electrode array is located at outer region of scala tympani (d = 0.8 mm).

overlap and are indistinguishable. The AF profiles are and 15c show the total input current applied to the
all very similar and therefore are not shown here. The smaller electrodes is lower than that applied to the
only influence is the total input current. Figures 14c larger ones, but the difference is not apparent.
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(b) VC beam width vs. alpha; (c) VC current vs. alpha. The electrode array is located at outer region of scala tympani (d = 0.8 mm).
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FIGURE 15. The comparison of the AF profiles for all of the examined width w (0.1-0.6 mm). (a) VC center position vs. alpha;
(b) VC beam width vs. alpha; (c) VC current vs. alpha. The electrode array is located at outer region of scala tympani (d = 0.8 mm).

DISCUSSION

This paper explored the conditions for generating
virtual channels and assessed the virtual channel
effect for wvarious configurations of electrode
arrays in cochlear prosthesis systems. The modeling
approach and numerical analysis allowed us to study

comprehensive conditions which are not achieved
easily in clinical experiments or animal studies. The
results provide a systematic view for virtual channels.
The adoption of the dimension of an actual electrode
array (ex. Hifocus-1j) made the study more accurate
and realistic.
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Clinical Experiment and Electrode Array Location

Generally, it is better to have an electrode array
with a large number of electrode contacts and place
them very close to the modiolus. This can improve the
spatial selectivity of stimulation and reduce channel
interaction. It is possible to increase the effective
number of electrode by adding virtual channels or
virtual electrodes to the real electrodes, i.e. the physical
number of electrode contacts. Since virtual channel
depends on the electrical interaction of the stimulation
and the efficacy of the stimulation, consequently, the
degree of electrical interaction can affect the quality
and the number of virtual channels generated. From
the simulation results, the farther the electrode array is
from the modiolus, the poorer the spatial selectivity
and the better the results will be regarding the gener-
ation of more distinct virtual channels via electrical
stimulation. This is consistent with the discussion on
the cause of virtual channels, which showed that the
virtual channels require suitable interaction between
neighboring electrodes. More distinct virtual channels
mean that the CI users can effectively perceive more
number of channels, which is the goal of all auditory
prostheses.

Due to the mismatch in size, curvature and shape of
the electrode array inside the cochlea in different
individual CI users, the spiral trajectory usually causes
the electrode array to lie against the lateral wall of
the cochlea, especially at the medial and apical parts.
From the clinical experiment results,”'®'>? there are
more distinct and perceptible virtual channels at the
medial and apical electrode pairs than those at the
basal electrode pair. Although those experiments did
not provide data on where the electrode array is
located, if the electrode array is indeed located closer
to the lateral wall in the medial and apical parts, this is
in consistent with our modeling result.

Electrical Potential Distribution and Interaction

Typically, the spacing between electrode contacts is
designed wide enough to prevent electrical interaction.
However, from the electrical point of view, the poten-
tial distribution is inversely proportional to the dis-
tance. The power is mainly distributed around the
electrical source, i.e. the electrode contact, and decays
rapidly as the distance increases. When two electrode
contacts are spaced far apart, the potential contributed
by the two electrode contact between the two electrode
contacts will be less due to the larger distance. On the
other hand, when two electrode contacts are spaced
close enough, the potential from the two electrode
contacts can interact to generate an intermediate
channel which is the so-called virtual channel. From the

simulation result, the effect of the virtual channels is not
apparent when the spacing between electrode contacts
is further apart, but it does improve the virtual channel
performance when the spacing is closer.

CONCLUSION

A modeling approach with finite element analysis is
proposed to study the conditions for generating virtual
channels. The modeling result provides several direc-
tions for the electrode design to improve the virtual
channels. First, the farther the electrode contacts are
from the modiolus, it will be easier to produce the kind
of electrode interaction that can form distinctive vir-
tual channel. Second, the closer the adjacent electrode
contacts are, the stronger the electrical interaction
creating more of the virtual channel effect. The
dimensions of the electrode contact have small impact
on the virtual channels generation. All these simulation
results can be used as reference and electrode design
rules for future studies on virtual channels.
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