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Abstract— Contemporary cochlear implants stimulate the
auditory nerve with an array of up to 22 electrodes. More elec-
trodes do not typically provide improved hearing performance.
Given that this limitation is primarily due to current spread,
and that newly developing kinds of electrodes may enable more
focused stimulation, we recently proposed an information theo-
retic modeling framework for estimating how many electrodes
might achieve optimal hearing performance under a range of
assumptions about electrodes and their placement relative to
the nerve. Here, we extend this approach by introducing more
realistic three-dimensional spiral geometries for the cochlea
and array, and comparing the optimal number of electrodes
predicted by our model for this case with that in our original
model, which used a linear geometry.

I. INTRODUCTION AND BACKGROUND

Cochlear implants [1], [2] can restore hearing when deaf-
ness has been caused by the loss of inner hair cells in the
cochlea (inner ear). In a healthy ear, these cells transduce
sounds into action potentials in fibers of the auditory nerve,
which propagate to the brain where they are processed and
perceived as sound. The purpose of a cochlear implant is to
mimic the behavior of missing hair cells via a microphone
linked to an array of electrodes that are surgically implanted
in the inner ear. Electrical current produced by the electrodes
spreads through the inner ear and evokes action potentials in
the auditory nerve that are interpreted by the brain as sounds.

An unresolved problem in the design of cochlear implants
is that of how many electrodes are needed to achieve the best
hearing performance in patients. The limiting factor is that
more electrodes mean increased overlapping of stimulation
of populations of fibers within the auditory nerve [1]. This
problem is often referred to as ‘current spread’ [3]. Future
technologies may allow reduced current spread and more
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electrodes used to transmit more detailed sound information
to the auditory nerve.

We have recently developed an information theoretic ap-
proach to determining the optimal number of electrodes, and
their positions along the basilar membrane for a simple one-
dimensional cochlea model and linearly attenuated current
spread [4]. This approach relies on the assumption that
spike generation is stochastic. We note that while stochastic
spontaneous action potential generation is prevalent in au-
ditory nerve fibers in normal hearing [5], it is significantly
diminished in people with profound sensorineural hearing
loss [6], [7]. Nevertheless, the generation of action potentials
in response to cochlear implant electrode current is well-
modelled as a stochastic process [3], [8].

A. Overview of modeling framework

Our approach, as introduced in [4], is to model the
electrode to nerve fiber interface as an information theoretic
discrete memoryless channel (DMC) [9]. While specific
elements of this approach are based on an existing stochastic
model of electrically evoked auditory nerve activity [10],
the overall modeling framework is very general and does
not rely on this specific choice. Improvements to any of
the framework’s individual components can be introduced
straightforwardly into future extensions, while maintaining
the core concepts.

At this stage, we assess only electrode discriminability.
The metric we use is mutual information [9]—the motivation
and caveats of using this metric are discussed in detail
elsewhere, e.g. [11], [4], [12]. Different assumptions for the
number of electrodes and electrode array placement can be
compared using this quantity [4].

The framework has five separable component models:

1) fiber and electrode array geometry and topology;

2) stochastic electrically evoked action potentials in indi-

vidual nerve fibers from a current pulse;

3) current spread in the cochlea;

4) loudness perception;

5) electrode place discrimination perception.

In this paper, Components 2-5 are the same as used in [4],
and further details can be found therein. However, we make
a significant improvement to Component 1.

B. Original model of geometry and topology

In this paper, we study the case where the model’s Com-
ponent 1 comprises a three-dimensional geometry, namely a
three-dimensional Archimedian spiral, or helix. This extends
the model of [10], [4], in which topology and the location of
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electrodes and fibers were a highly simplified linear model,
as is now described.

The notation that was introduced for the linear two-
dimensional model in [4] can still be used for an arbitrary
geometry as follows. Let the total number of auditory nerve
fibers be N and the total number of electrodes be M. The
electrodes are assumed to be point sources on the array. Let
the electrode array have total length [ and the cochlea have
total length L. The along-array location of each electrode and
the along-cochlea location of each fiber are both normalized
with respect to the total length of the electrode array, l. The
i—th fiber’s normalized location along the cochlea is denoted
by z¢; € [0, ﬂ The j—th electrode’s normalized location
along the array is denote by z. ; € [0, 1]; note that the start
location of the array is the same as that of the cochlea, but
there are not necessarily either electrodes or fibers at this
zero position. We denote the distance (also normalized with
respect to [) between fiber ¢ and electrode j as d; ;.

In the simple linear model of [10], the complex three-
dimensional spiral shape of the cochlea is treated as though
it were ‘unwrapped’ to a single dimension, so that [ = L =
30 mm. In [4], this was extended to a second dimension so
that the array and inner wall of the cochlea, the modiolus,
are parallel and separated by a distance r € [0, 2] mm. Thus,
the total normalized distance between fiber 7 and electrode
7 was expressible as a function of r as

2, (T2

di,j = \/(ife,j —"Ef7i) + (7) s 1= 17..,N; j = 1,..7M.
1
The model of [10] is recovered when r» = 0. Since this model
ignores the complex spiral-shaped geometry of the cochlea,
Eqn. (1) will be accurate only for small |z.; — x¢;| [13],
[14]. In this paper, we go beyond this simplified case by
considering three-dimensional Archimedial spirals for both
the cochlea and electrode array, and therefore we have a more

complicated equation for d; ;, as described in Section II
We assume here that there are N fibers uniformly dis-
tributed along the cochlea, although the model is easily gen-
eralizable to arbitrary fiber densities. Although it is certainly
feasible to consider non-uniformly spaced electrodes, we
only consider the case where they are uniformly distributed.

II. IMPROVED MODEL: A 3D COCHLEA SPIRAL

The human cochlea forms a three-dimensional spiral with
an average unwrapped length of 30 mm, an average height
of 2.75 mm, and total twirling angle (i.e., the maximum
polar angle) of approximately 57 radians [15], [16]. Here, we
model both the cochlea and the electrode array as forming
three-dimensional Archimedian spirals. The cochlea spiral
has a total twirling angle of ) = 5m radians, while the
electrode array has a total twirling angle (denoted as «)
that is less than that of the cochlea. We consider two cases:
o = 37 radians (with a total array length at » = 0 mm of
l =26.6 mm) and o = 27 radians (with a total array length
at 7 = 0 mm of [ = 20.2 mm). The length of the full 57
cochlea spiral will be approximately L = 33 mm. The shorter
angles of the electrode array were chosen to reflect current

surgical techniques and array designs, which are not able to
place the electrode array very deep in the cochlea, allowing
it to make approximately only one to one-and-a-half turns
along the spiral.

An Archimedian spiral for a cochlea with maximum radius
Ruax from its centre to the auditory nerve fibers, and
maximum height A, has the following formulae for radial
distance R and height h for each point on the curve (note
that the spiral is twirled counter-clockwise, and all distances
are in millimeters):

¥ ¥

RO = Rowe (1= £) 0 1) = .

where ¢ describes the angle of all points of the spiral

between zero and 1 radians. Knowing the angle value,

we can determine R, h, and the length of cochlea in our

approximation from the start up to current point. The exact
formula for the length L°°°Me2(y) is the following:

Lcochlea((p) o Lz <t0m+ arCSinh(tO)>

 2ay t\v/'1+ t2 — arcsinh(t)

Rm'x Rm'x_
k= a2 +a3? tg = ——,t = —= e

k k

where ag = Ripax/v¥ and a3 = hAmax/®. We use Rpax =
4.0 mm and Ay = 2.75 mm.

Similar formulae apply for the electrode array, since it is
considered as forming the same spiral, but with greater radial
distance, namely R + r. The height is the same.

Note that the length of the spiral depends on the angle,
¢, in a nonlinear manner. However, it is still possible to
use an arbitrary distribution of fibers and even electrodes
denoted by normalized distance along the cochlea and array,
respectively (recall that we normalized with respect to the
length of the array), although it would be easier to denote
locations by their angles. The values of radius, angle, and
height for the i—th fiber along the cochlea and the j—th
electrode in the array can be denoted as { Ry ;, ¢x,i, bt ; } and
{Re.j, Pe,j, he,j } accordingly.

The normalized distance between fiber ¢ and electrode j
can be written as

((Re,j +17)cos(e,j) — Rf,iCOS(pr,i))Q"‘ 2
((Re,j +7)sin(pe ;) — Reisin(pg.4))*+
(hej — h.)”

di,j = l )

where 1 =1,..,.N; j=1,.., M.
III. RESULTS

In this section, we present and discuss results obtained
from numerical evaluation of the mutual information, as
various parameters, including the number of electrodes, M,
are varied in the model. Almost all parameters are the same
as in [4]. The primary differences are that here we consider
the spiral model of Section II, as well as the linear model
of [4] for comparison, and also vary the attenuation model.
As before, the distance r between electrode array and fibers
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is assumed to be a variable r € [0,2] mm. Although it is
implausible in reality that r can be made much less than
2 mm, we study this variable to show that the model correctly
captures what could be expected to occur if r were varied.
The total number of fibers is assumed to be N = 10000.

A. The optimal number of electrodes: Comparing linear and
spiral geometry

As a first set of results for the spiral geometry introduced
in this paper, we compare two different models for current
spread for the two primary methods of electrical stimula-
tion: bipolar and monopolar stimulation. Here we are using
an isotropic linear-with-distance attenuation model. Values
suggested by [10] for this model are A = 4.0 dB per mm
for bipolar and 0.5 dB per mm for monopolar stimulation.
In [4], only A = 4.0 dB per mm is considered. In order to
determine the level of influence that an improved geometry
model has on the outcome, we now compare the linear model
with two cases of the spiral model, for a maximum current,
Chnax, and minimum current, C,;,, €ach computed as in [4].

We computed the mutual information as a function of
radial distance r € [0,2] mm and for all electrode array
sizes M = 2, ..,40 for (i) the linear model; (ii) for the spiral
model with a total twirling angle of the electrode array of
a = 27 radians; and (iii) for the spiral model with a = 37
radians. Obtaining the number of electrodes that maximizes
the mutual information is one of our primary goals. This
information, and the corresponding maximum mutual infor-
mation, can be easily extracted from numerical data [4].
Figs 1(a) and 2(a) show the optimal number of electrodes
as a function of r for both minimum and maximum currents
for the monopolar and bipolar models. Figs 1(b) and 2(b)
show the mutual information achieved for that optimizing
number of electrodes in the array.

For the spiral model with a twirling angle of o = 27
radians, the optimal number for monopolar stimulation is
4 or 5 for the minimum current, and between 10 and 14
for the maximum current. For bipolar stimulation, there is a
much greater dependence on the array to modiolus distance,
r, with a steady increase from 14 electrodes at » = 2 mm to
31 electrodes at » = 0 for minimum current. For maximum
current, the range is from 22 to 39 electrodes.

The results shown in Fig. 2 in the linear case are different
numerically from those in [4] for the bipolar case. This is
partially because here we use a different array length (it was
30 mm in [4]), but primarily due to the different geometry.

Somewhat surprisingly, for maximum current we conclude
that the geometry of the linear model is not significantly
poorer than the spiral models. Notice that for maximum cur-
rent, the & = 37 model provides marginally superior mutual
information for both stimulation modes for smaller values
of r. This is likely due simply to the longer electrode array
length, . Meanwhile, the linear and o« = 27 performance are
almost identical in terms of mutual information. The small
difference in the number of electrodes for these two cases
can again be put down to different array lengths.
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Fig. 1. Comparison of different array topologies for monopolar stimulation
(A = 0.5). Optimal number of electrodes and the mutual information
achieved with the optimal number of electrodes as a function of array-
to-nerve distance.

For the minimum current, there are much greater discrep-
ancies between the three models for the mutual information,
particularly in the bipolar case. Surprisingly, the o = 37
model provides by far the lowest mutual information for
minimum current.

We found that monopolar stimulation provides signifi-
cantly lower mutual information in the model for a broad
range of values of r and number of electrodes, M. This
result is not unexpected, because the lower attenuation value
in the monopolar case means much wider current spread.
This results in greater overlap of the number of fibers that
are stimulated by each electrode, and thus more ambiguity
about the place of stimulation in the model. We discuss this
result in Section IV.

IV. DISCUSSION

For the maximum current case, our results did not exhibit
great differences between the linear and spiral geometry
for the case of bipolar stimulation. The optimal number of
electrodes in the model at zero radial distance for the array is
approximately 40 for large currents and 30 for small currents.
With the linear geometry, optimal numbers were approxi-
mately 40 and 20, respectively. Note that in the spiral case,
we slightly increased the minimal current in comparison
with [4], since it is a free parameter. Nevertheless, the more
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Fig. 2. Comparison of different array topologies for bipolar stimulation
(A = 4.0). Optimal number of electrodes and the mutual information
achieved with the optimal number of electrodes as a function of array-
to-nerve distance.

precise geometry of the spiral model narrowed the range for
the optimal size of the electrode array.

There remain a number of aspects that are difficult to
incorporate into our model. For example, we assume that
the conductivity of the cochlea tissue is the same in all
directions. As a consequence, electrodes located on the
second turn of the spiral have a strong overlap with fibers
stimulated by electrodes on the first turn. Modeling of the
three-dimensional spiral with a twirling angle of oo = 37 ra-
dians (i.e. with an overlapping angle of 7 radians) showed
that for electrodes located on the “overlapping” region at
a radial distance r from the cochlea of about 1.5 mm, the
distance to the fibers of the first turn is of the same in the
order of magnitude. This results in a significant increase
of the mutual information at radial distances r larger than
1.5 mm. This is an issue of isotropic conductivity used in
our model. Also, for the twirling angle of oz = 27 radians, the
mutual information can be over-estimated at large distances
from the fibers. Since modern surgical techniques and array
designs allow placing of the array deeper than only one
turn [15], [13], future work could benefit from introduction
of an anisotropic conductivity model.

In general, a superior model to that used here would be
a three-dimensional mesh covering the entire cochlea with

high precision. Of course, the location of all tissues and
especially fibers must be based on the results of computed
tomography, if possible. Also, attention must be paid to the
precise location of the electrode array. The most commonly
used arrays resemble a spiral used in our model, but contain
rectangular electrodes with a width equal to the width
between electrodes and pointed towards the center of the
spiral, and are located in the scala tympani. It is obvious
that conductivity in this case would become anisotropic, so
we will need to know the values of conductivity for the
living tissues of the cochlea and resistances for the transitions
between the tissues.
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