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Abstract

Since the 1970s, computational modelling has been used to investigate the fundamental
mechanisms of cochlear implant stimulation. Lumped parameter models and analytical
models have been used to simulate cochlear potentials, as well as three-dimensional
volume conduction models based on the Finite Difference, Finite Element and Boundary
Element methods. Additionally, in order to simulate neural responses, several of these
cochlear models have been combined with nerve models, which were either simple
activation functions or active nerve fibre models of the cochlear auditory neurons. This
review paper will present an overview of the ways in which these computational models
have been employed to study different stimulation strategies and electrode designs.
Research into stimulation strategies has concentrated mainly on multipolar stimulation
as a means of achieving current focussing and current steering, while modelling work
on electrode design has been chiefly concerned with finding the optimal position and
insertion depth of the electrode array. Finally, the present and future of computational
modelling of the electrically stimulated cochlea is discussed.
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1 Introduction

Cochlear implants stimulate the auditory nerve electrically, thereby providing an audible
sound percept to the hearing impaired implant user. Since both the electrical fields
generated by the implant as well as the dynamic responses of the auditory neurons can
be described in terms of electromagnetic physics, the functioning of cochlear implants is
an ideal subject for computational modelling. Indeed, the earliest computational model
relevant to the study of the electrically stimulated cochlea dates back to the 1970s, when
Strelioff (197 3) used a so-called lumped parameter model to describe electrical properties
of cochlear structures (figure 2.1). Computational models from the early years of cochlear
implant research used this type of lumped parameter approach to describe electrical
stimulation of the cochlea (Black and Clark, 1980; Black et al., 1983; Suesserman and
Spelman, 1993; Rodenhiser and Spelman, 1995; Spelman et al., 1995; Jolly et al.,
1996; Kral et al., 1998), in addition to employing analytical functions (O’Leary et al.,
1985; Spelman et al., 1995; Jolly et al., 1996). These lumped parameter and analytical
models were not yet coupled to computational models of the auditory nerve, so they were
restricted to examining the electric potentials and current distributions inside the cochlea.

Meanwhile, in the field of neural science, computational models of electrically stimulated
nerve fibres were being developed, starting with the pioneering work of Frankenheeuser
and Huxley (1964) on the myelinated nerve fibre of toads. Subsequent researchers
developed the principle of neurons modelled as electrical networks (McNeal, 1976; Reilly
et al., 1985; Rattay, 1987), leading to the first electrical cable model of the mammalian
auditory neuron (Colombo and Parkins, 1987).

Figure 2.1. lllustration of the lumped parameter model from Strelioff (1973).
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Although earlier studies had already used three-dimensional volume conduction models to
investigate electric potentials in the cochlea (Girzon, 1987; Sapozhnikov, 1990), Finley et
al. were the first to publish simulations of a three-dimensional volume conduction model
combined with a (preliminary) cable model of the auditory nerve (Finley et al., 1990). They
used the Finite Element Method (FEM) to calculate the electric potential distribution in
their unrolled human cochlear geometry and then coupled the results to their version of
an auditory nerve fibre model, which was based on the neural modelling works referenced
above. From there on, several research groups have used volume conduction models to
simulate electric potentials in increasingly sophisticated geometries of implanted cochleae.
First as unrolled cochleae (figure 2.2), then with rotationally symmetric geometries (figure
2.3), andfinally as increasingly realistic spiralling structures (figure 2.4) (Finley et al., 1990;
Frijns et al., 1995; Briaire and Frijns, 2000; Frijns et al., 2001; Hanekom, 2001; Rattay et
al., 2001a; Choi et al., 2004; 2005; Choi et al., 2006; Tognola et al., 2007; Whiten, 2007;
Nogueira et al., 2014; Pau et al., 2014; Kalkman et al., 2015; Malherbe et al., 2016; Wong
et al., 2016). Despite this tendency to move to more detailed cochlear geometries, simpler
mathematical models of unrolled cochleae have retained their usefulness and are still
employed in specific situations (Litvak et al., 2007; Bonham and Litvak, 2008; Goldwyn
et al., 2010).

Additionally, electrical models of the auditory nerve have been further refined by
incorporating data from electrophysiological single fibre experiments on mammalian
neurons and morphological details of the human auditory nerve (Frijns et al., 1995;
Rattay et al., 2001b; Briaire and Frijns, 2005; Dekker et al., 2014). However, not all of
the developed cochlear models have incorporated active neural models; instead, some
studies employ the so-called activation function to estimate neural responses (Finley et
al., 1990; Litvak et al., 2007; Bonham and Litvak, 2008; Choi and Hsu, 2009; Goldwyn
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Figure 2.2. lllustration of the unrolled human cochlea geometry used by Finley et al. (1990). Figure
a shows a close-up view of how the cross section of the cochlea and electrode is segmented; Figure
b shows the full geometry.
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Figure 2.3. Rotationally symmetric Figure 2.4. Spiralling tapered geometry of the
geometry of the guinea pig cochlea from implanted human cochlea from Kalkman et al.
Frijns et al. (1995,1996). (2015).

et al.,, 2010; Wong et al., 2016). This activation function is equal to the second spatial
derivative of the electric potential along the nerve fibres (Rattay, 1986). Although relatively
simple to implement, the activation function only gives an indication of neural thresholds,
and cannot be used to model more complex aspects of neural stimulation. For instance,
simulating neural responses to pulse trains requires either active nerve fibre models or
stochastic nerve models, the latter of which have mainly been implemented as models of
single nodes or fibres (Bruce et al., 1999a; Bruce et al., 1999b; Rubinstein et al., 1999;
Imennov and Rubinstein, 2009; Woo et al., 2010). Furthermore, active nerve models also
enable the simulation and validation of electrically evoked compound action potentials
(eCAPs) (Briaire and Frijns, 2005; 2006; Whiten, 2007; Smit et al., 2009; Westen et al.,
2011; Choi and Wang, 2014).

Computational models are well suited to provide insight into the underlying mechanisms
of cochlear stimulation. Furthermore, they can be used to simulate various types of
experiments that are impractical or impossible to perform in cochlear implant patients or
animal models. For example, new types of electrode arrays can be tested and experimental
stimulation paradigms can be evaluated iteratively, without the need for human or animal
test subjects, or any of the practical requirements for performing in vivo tests. The aim of
the present paper is to review the modelling studies that have been performed over the
years to gain insight into stimulation strategies and electrode designs.

2 Multipolar stimulation

Multipolar stimulation has been a major theme throughout cochlear implant modelling
research. In the years before the now commonly used Continuously Interleaved Sampling
(CIS) strategy (Wilson et al., 1991), there was much interest in multipolar stimulation as
a way of reducing the extensive electrical interaction inherent in simultaneous monopolar

23




Chapter 2

stimulation, which was hampering cochlear implant performance at the time. However,
even though the majority of modern clinical stimulation strategies avoid simultaneous
activation of cochlear implant electrode contacts, multipolar stimulation has continued
to be of interest in the research field, particularly as a means of producing more localised
regions of neural excitation in order to increase spatial selectivity (current focussing).

In this section we will be reviewing modelling studies which have investigated various
forms of multipolar stimulation. As will be shown, the most commonly investigated
multipolar configurations have been bipolar and tripolar stimulation. In bipolar stimulation,
two intracochlear electrode contacts are stimulated in opposite polarity, which causes
no net current to leave or enter the cochlea (figure 2.5a). In tripolar stimulation, three
intracochlear contacts are stimulated, one of which is considered the centre contact and
the other two flanking/inhibiting contacts that stimulate at a polarity opposite to that of
the centre contact (figure 2.5b). The current amplitudes injected on the flanking contacts
are half that of the centre contact, so that, as in bipolar stimulation, the net current in the
cochlea is zero.

Other multipolar configurations have simulated as well, one of which is called the partial
tripole (figure 2.5¢). Partial tripolar stimulation is, as the name implies, essentially a
mitigated version of tripolar stimulation, where the current amplitude of the flanking
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Figure 2.5. Schematic illustration of different multipolar strategies: bipolar stimulation (al&a2),
tripolar stimulation (b1&b2), partial tripolar stimulation with ¢ = 0.5 (c1&c2), and phased array
stimulation for an electrode array with five contacts (d1&d2). The top figures (al-d1) show the
stimulus current amplitudes used for each multipolar strategy, and bottom figures (a2-d2) show the
resulting electrical potentials along the electrode array for each individual contact (blue, red, green,
purple, and orange curves), as well as their combined potential (black curve).
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Figure 2.6. Schematic illustration of the current steering strategy. The curves show the electrical
potential along the spiral ganglion generated by two electrode contacts, labelled EO and E1,
stimulated individually in monopolar mode (green and red dotted curves), and stimulated together
as a current steered electrode pair for different values of o (blue curves). Figure a, b, and ¢ show
the potentials at o = 0.25, o = 0.5, and o = 0.75, respectively. Since the monopolar curve for EO
(8reen) is essentially the current steered potential for o = 0 and the curve of E1 (red) is that of & = 1,
it is clear that the current steered curve (blue) gradually shifts from the monopolar field of EO to that
of E1 as the value of o increases. Note that although the peak of current steered potential is lower
for intermediate values of &, this does not necessarily imply that the neural threshold is also lower.

contacts is multiplied by a fraction, usually denoted as o. This means that the net current
injected into the cochlea is not zero, but that part of the current, equal to (1- o) times
the amplitude of the centre contact, leaves or enters the cochlea to or from the return
electrode. Note that by this definition 0=1 results in a normal tripole, while =0 simply
amounts to monopolar stimulation.

Another, relatively new, multipolar configuration is referred to as phased array stimulation
(figure 2.5d), which was proposed in a study by Van den Honert and Kelsall (Van den
Honert and Kelsall, 2007), though its concept traces back to the work of Van Compernolle
(1985). In phased array stimulation, all contacts of the array are stimulated in such a way
that the electrode potentials are zero everywhere except at one specific contact, which
we will designate the centre contact (though it need not be located in the centre of the
array). The currents required to achieve this are computed using an impedance matrix,
determined by recording electrode potentials for each stimulating contact of the array.

The aforementioned multipolar configurations are all used as a means of current
focussing; however, other applications for multipolar stimulation exist. In this section we
will also encounter the so called current steering paradigm (figure 2.6), also referred to as
simultaneous dual electrode stimulation. In current steering, two electrode contacts are
stimulated at equal polarity, with the current amplitudes of both controlled by a parameter
that is usually denoted as «. The current amplitude on one of the contacts is then equal
to a base value multiplied by «, while the amplitude of the other contact is equal to a
base value multiplied by (1- &). This means that increasing the value of o from O to 1 will
gradually shift the potential field from one electrode to the other, with the intent of creating
‘virtual channels’ that lie in between the two stimulating contacts.
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2.1 Multipoles in simple mathematical models

The earlier lumped parameter modelling studies examined electric potentials from
monopolarandbipolarstimulationinthe cochleaand comparedthemto electrophysiological
experiments in cats (Black and Clark, 1980; Black et al., 1983; O’Leary et al., 1985). They
came to the conclusion that bipolar stimuli produced sharper, more localised potentials
than monopolar ones did. Furthermore, Black and Clark observed that the spread of current
through the cochlear scalae could be quite different than the current spread in other parts
of the cochlea, such as the organ of Corti (Black and Clark, 1980), which underlined the
usefulness of modelling as a way of estimating electrical field distributions in cochlear
locations that are difficult or impossible to access clinically or electrophysiologically.

Spelman et al. performed several modelling studies which explored the possibilities of
multipolar stimulation. In the first, Suesserman and Spelman examined potentials at the
organ of Corti induced by parallel stimulation of bipolar and (partial) tripolar configurations
in a lumped parameter model of the first turn of the guinea pig cochlea, with the goal
of determining independent channels that could safely be stimulated simultaneously
(Suesserman and Spelman, 1993). Their results showed that bipolar stimuli produced
localised potential peaks at the organ of Corti, and suggested that tripolar configurations
would be capable of generating peaks that were even sharper than those of bipolar stimuli.

Since it was apparent that multichannel cochlear implants were able to shape potential
fields by parallel stimulation of channels, Rodenhiser and Spelman investigated the
possibility of creating focussed electrical fields calculated from impedance data of
individual cochlear implant electrode contacts (Rodenhiser and Spelman, 1995). Based
on the work of Van Compernolle (1985), they used their lumped parameter model to
calculate potentials induced along the organ of Corti by each electrode contact and used
them to define an impedance matrix. This impedance matrix was then used to find the
optimal combination of driving currents necessary to generate potentials that were similar
to a desired potential curve, by employing the least-squares method. The results indicated
that current focussing using impedance data was a promising technique, but the authors
noted that the smaller potential peaks induced by focused stimuli might make them too
electrically inefficient or even unsafe to use in clinical practice.

In their third modelling study, Spelman et al. (1995) combined insights from their
lumped parameter model with an analytical model of the neural activation function and
electrophysiological measurements performed in monkeys and guinea pigs. The study
used monopolar and bipolar stimuli, in addition to what they referred to as ‘quadrupolar’
stimulation, which is nowadays known as tripolar stimulation (Spelman et al. reasoned
that it can be seen as two dipoles, with one of the polarities from both dipoles physically
overlappingeach other). Theyfoundthat, when comparing tripolarto monopolar stimulation,
the model did not agree very well with psychophysical thresholds measured in monkeys.
They hypothesized that this disagreement was due to separate areas of excitation caused
by the two inhibiting flanking electrodes of the tripolar configuration. This hypothesis was
further elaborated on by Clopton and Spelman in an accompanying neural modelling study
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(Clopton and Spelman, 1995). Results from guinea pig measurements from Spelman et al.
(1995) also supported the idea that current steering and current focussing were feasible
with cochlear implants, although with certain constraints.

The final modelling study from Spelman et al. investigated tripolar stimulation once more
(which was again referred to as quadrupolar stimulation), for which they used both an
analytical model of point sources located in an infinite homogeneous isotropic medium as
well as their lumped parameter model (Jolly et al., 1996). Their results reiterated the idea
that tripolar stimulation has reduced current spread and electrical channel interaction,
making parallel stimulation feasible and possibly improving pitch and electrode pair
discrimination. However, their results again suggested the possible presence of ‘side-
lobes’: secondary areas of excitation near the flanking contacts.

In 2007, Litvak et al. published a joint modelling and psychophysical study on loudness
growth with partialtripolar stimulation (Litvak etal.,2007). Theirmodel had a straightforward
approach similar to the analytical part of Jolly et al.’s model, describing point sources
located in an infinite homogeneous medium at a parametric distance from neuronal
elements. They calculated neural activation functions for partial tripolar stimulation,
while varying the parameter o, the electrode-neuron distance, and changing the spacing
between the centre contact and flanking contacts. Their psychophysical experiments
consisted of loudness balancing of partial tripolar stimuli in seven subjects for different
values of 0 and flanking electrode spacing. They found that for increasing values of c more
current was needed to achieve comfortable loudness, to the point where in some subjects
the compliance limits of the implant were reached. This effect was generally greater when
there was more electrical interaction between the stimulating contacts, such as for larger
electrode-neuron distances or smaller electrode spacing. However, they also found that in
some cases the increase in required current diminished at higher values of g, which their
modelling results suggested was due to the occurrence of side lobes. They concluded that
(partial) tripolar stimulation reduced spatial selectivity and that choosing an optimal value
of o could help avoid possible side-lobe excitation and keep stimulation within compliance
limits.

The next year, Bonham and Litvak presented another study, which not only looked at
dipoles and (partial) tripoles, but also at current steering (Bonham and Litvak, 2008). The
study contained data from modelling, electrophysiology and psychophysics, in addition to
reviewing earlier studies. They used a FEM model with a simple geometry of a conductive
tube representing the scala tympani which contained several spherical electrodes, and
which was located in an infinite homogeneous medium. Neural activation functions were
determined along rudimentary neural trajectories located outside the tube, orthogonal to
its axis. Concerning (partial) tripoles, Bonham and Litvak’s observations were in agreement
with Litvak et al.’s findings; however, the novelty of the study was in its findings on current
steering. Modelling results showed that it was possible to steer the electric potential and
the region of neural excitation, which was confirmed by electrophysiological data in the
inferior colliculus. Bonham and Litvak concluded that a combination of current focussing
and steering might improve cochlear implant perception.
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Goldwyn et al. used a similar geometrical set-up for their modelling study on partial
tripolar stimulation, however, instead of using the FEM, they derived an analytical solution
of the electric potential distribution generated by point sources in an infinite tube, and
used it to determine activation functions (Goldwyn et al., 2010). Goldwyn et al. looked
at partial tripoles at different electrode positions and included localised degeneration in
their neural distribution. Results were in general agreement with previous studies, and
they additionally showed that (partial) tripoles were sensitive to dead neural regions, as
spatially restricted excitation region of a tripole could conceivably overlap with an area of
neural degeneration. This led Goldwyn et al. to speculate that (partial) tripolar stimulation
could be used be used clinically to locate possible neural dead regions in cochlear implant
patients.

2.2 Multipoles in volume conduction models of the cochlea

Finley et al. investigated four bipolar configurations in their three-dimensional volume
conduction model of the unrolled human cochlea (Finley et al., 1990). First they examined
a ‘pure radial’ bipolar set-up, where two stimulating plate contacts were located at the
same insertion depth, in other words in the same mid-modiolar cross-section. Secondly
they used a ‘pure longitudinal’ set-up, where the two contacts were separated along the
length of the scala tympani. Their third configuration was the ‘offset radial’ set-up, which
was a combination of radial and longitudinal spacing of the two contacts. Their fourth
configuration was bipolar stimulation of two banded contacts spaced longitudinally. In the
banded configuration, the electrode array was located along the lateral wall; in the other
three configurations the array was located along the modiolar wall. Their results suggested
that a pure radial set-up was the most capable of localised neural stimulation, but they
noted that their results were strongly dependent on the presence of the neural peripheral
processes. The main conclusion from Finley et al. was that, while the basic principles
involved in electrical stimulation of the auditory nerve were simple, combining electrical
field generation with neural activation could cause complex results. Electrical fields
depended heavily on electrode configuration and the neural responsiveness depended on
the morphological and electrophysiological details of the nerve fibres. Nonetheless they
expressed confidence that an understanding of the mechanisms behind cochlear implant
functioning would lead to better electrode designs and stimulation strategies.

In 1995, Frijns et al. investigated longitudinal bipolar stimulation in a rotationally
symmetric representation of the guinea pig cochlea (Frijns et al., 1995). Their model used
the Boundary Element Method (BEM) to compute electric potentials generated by bipolar
current sources; these potentials were then used as input for a deterministic active nerve
fibre model of the auditory neurons of the guinea pig, which was a generalised version of
the Schwarz-Eikhof-Frijns (SEF) model, called gSEF. Excitation patterns showed two distinct
areas of excitation near the current sources, and that this excitation was largely occurring
at the neural peripheral processes, especially at lower stimulus levels. Furthermore, the
rotational nature of the model had introduced so-called ectopic or cross-turn stimulation
into the model; at high current levels, fibres belonging to cochlear turns that did not
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contain current sources were being stimulated, due to the relatively close spacing of the
neural axons in the cochlear modiolus.

Frijns et al. expanded on the study by examining radial dipoles as well as longitudinal
dipoles in the same cochlear geometry (Frijns et al., 1996), showing that radial dipoles
excite neurons at lower thresholds than longitudinal dipoles. They also concluded that,
unlike longitudinal dipoles, radial dipoles do not generate separated regions of excitation
near the current sources. However, experiments with different pulse shapes revealed
that the use of monophasic pulses could reduce one of the two regions of excitation
in longitudinal bipolar stimulation, due to the fact that neural excitation thresholds for
anodic pulses were generally higher than for cathodic pulses; this increased spatial
selectivity and could potentially double the number of non-overlapping stimulation sites.
Since monophasic pulses are considered unsafe for long term in vivo stimulation, Frijns
et al. suggested mimicking monophasic stimulation by using charge-balanced asymmetric
biphasic pulses (nowadays referred to as pseudo-monophasic pulses), which was shown
to produce equivalent results in the model. It should be noted, however, that in Frijns et
al.’s model the neurons were more sensitive to cathodic pulses than to anodic pulses,
while later experiments in human subjects have shown the opposite effect (Macherey et
al., 2008; Macherey et al., 2010); this discrepancy in the computational model has not yet
been fully explained.

A subsequent paper updated their guinea pig cochlea to a tapered spiralling geometry
(Briaire and Frijns, 2000) and found comparable results, including the presence of
ectopic stimulation. The tapered spiralling geometry allowed the cochlear scalae to act
as a transmission line along the entire length of the cochlea, and resulted in asymmetric
potential distributions. The study also looked more closely at the near-field potentials
of current sources in the scala tympani and found that while scalar potentials roughly
followed an exponential decay in the far field (as was widely assumed in preceding lumped
parameter models), cochlear potentials near the current source contained an additional
spherical component. The cochlear geometry of Frijns et al. would be further updated to
human anatomy and a geometrical representation of an electrode array a year later (Frijns
etal., 2001).

Around the same time, Hanekom published a model of the implanted human cochlea
(Hanekom, 2001). Hanekom’s model contained a spiralling (but not tapered) FEM geometry
of the first one and a half turn of the human cochlea, complete with electrode arrays
modelled in either lateral or medial position, and was coupled with a neural model which
was based on the gSEF model of Frijns et al. (1995; 1996). The electrode configurations
modelled by Hanekom were reminiscent to those of Finley et al. (1990); longitudinal
bipolar stimulation, radial stimulation, offset radial stimulation and pseudo-monopolar
stimulation (i.e., monopolar stimulation with a distant, but intracochlear, reference
contact) were simulated, at different electrode spacings and using plate contacts as well
as banded contacts. As in the studies above, ectopic stimulation and asymmetric potential
distributions were observed, and results showed that longitudinal dipoles generated two
areas of excitation, while radial dipoles did not. Additionally, threshold levels for bipolar
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stimulation were higher than those of pseudo-monopolar stimulation, and increased as
the spacing between the two stimulating contacts decreased.

Also in that year, Rattay et al. presented another cochlear implant model containing a
tapered spiralling FEM geometry of the implanted human cochlea (Rattay et al., 2001a).
Neural simulations were performed using a deterministic nerve fibre model presented in
a companion study (Rattay et al., 2001b). The study examined monopolar, bipolar and
tripolar stimulation; their results were consistent with the idea that bipolar and tripolar
stimulation has higher thresholds, but narrower spread of excitation. They also concluded
that the spatial trajectories of auditory nerve fibres are of importance when modelling
electrically induced neural excitation in the cochlea, as strongly curved parts of the
neurons were found to be easier to excite.

More insights would follow from the PhD thesis of Whiten, which presented comprehensive
modelling work of the implanted cochlea (Whiten, 2007). Unlike the geometries of previous
volume conduction models, which were created by interpolating single histological
slices, Whiten’s geometry was based on high resolution imaging and three-dimensional
segmentation of the temporal bones of two implanted patients. Electrical field distributions
were calculated using the Finite Difference Method (FDM), and were used in conjunction
with a deterministic gSEF-based nerve fibre model. Whiten also had access to a wealth of
objective and psychophysical data obtained from the two temporal bone subjects, which
were used to validate the model. The study suggested that the electrical resistivity value
of the temporal bone surrounding the human cochlea was about ten times higher than the
value used in previous models, which was derived from electrophysiological measurements
in guinea pigs (Suesserman, 1992). Later modelling studies would also re-evaluate the
electrical resistivity of temporal bone based on clinical intracochlear potential recordings,
and arrived at the same conclusion, with comparable resistivity values (Kalkman et al.,
2014; Malherbe et al., 2015). Because of the tenfold increase in temporal bone resistivity,
Whiten found much wider spread of excitation for monopolar and bipolar stimulation than
previous modelling studies, due to the increased electrical insulation of the cochlear
scalae. Whiten also presented data for partial tripolar stimulation (referred to as ‘hybrid-
quadrupolar’), and observed that it was successful at focussing the electrical current
density, but that side lobes would emerge at (nearly) full tripolar stimulation.

A 2011 modelling study by Frijns et al. investigated phased array stimulation in a human
cochlear geometry (Frijns et al., 2011), which showed neural excitation patterns that were
considerably more narrow than monopolar stimulation patterns, albeit at higher threshold
levels. The results also suggested that phased array channels could maintain their spatial
selectivity during parallel stimulation, and that it was less prone to producing side lobes
than tripolar stimulation. The study concluded that phased array stimulation, while
requiring more electrical power than monopolar stimulation, was more energy efficient
than tripolar stimulation and was therefore less likely to exceed compliance limits.

A subsequent modelling study from the same group examined various current focusing
strategies in an updated version of their model (Kalkman et al., 2015). The model had
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previously been updated to include four different human cochlear geometries, two of
which were based on uCT imaging, as well as using more realistic nerve fibre trajectories
and modified tissue conductivities, which were derived from patient-specific modelling
of intracochlear potentials (Kalkman et al., 2014). The 2015 study on current focussing
strategies added a realistic spatial distribution of the auditory neurons’ cell bodies, which
meant that they were not linearly aligned, as they had been in all previously published
modelling studies, but were spread out in the spiral ganglion, essentially filling up
Rosenthal’s canal in the modiolus. Spatial selectivity of stimuli was expressed in terms
of excitation density: the percentage of neurons excited at a specific length along the
spiral ganglion (figure 2.7). This showed that current focussing strategies, such as (partial)
tripolar stimulation and phased arrays, are capable of penetrating the spiral ganglion more
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Figure 2.7. lllustration of excitation patterns and excitation density plots from Kalkman et al. (2015).
Figures a-c show neural excitation patterns in auditory neurons with degenerated peripheral
processes for three different situations: (a) monopolar stimulation at low amplitude, (b) tripolar
stimulation at low amplitude, exciting the same number of neurons as the monopolar stimulus
above, and (c) tripolar stimulation at high amplitude. Blue, green, and red fibres in Figures a, b,
and c indicate excited neurons. In Figure d, the corresponding excitation density curves are plotted,
which show the percentage of neurons that are being excited along the cochlea. The blue curve
corresponds to the monopolar excitation pattern shown in Figure a, the green curve to the low
amplitude tripolar excitation pattern shown in Figure b, and the red curve corresponds to the
excitation pattern generated by high-amplitude tripolar stimulation shown in Figure c. Comparing
Figures a and b and their curves in Figure d, it is clear that tripolar stimulation excites neurons
in @ more spatially restricted pattern than monopolar stimulation does with the same number of
excited neurons. In Figure ¢ and the red curve in Figure d, the excitation pattern produced by a high-
amplitude tripolar stimulus reveals the presence of side lobes on either side of the main excitation
region, close to the flanking contacts.
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deeply than monopolar stimulation, when exciting the same number of auditory neurons
(figure 2.7a,b,d). Previous modelling studies had also shown current focussing strategies
exciting a larger number of neurons at a location close to the stimulating contacts, but
had expressed it in terms of stochastic response of linearly aligned neurons (Litvak et al.,
2007; Goldwyn et al., 2010), while Kalkman et al. presented it as a purely spatial effect,
using deterministic nerve fibres. Additionally, as in the modelling studies before it, the
side lobe effect for tripolar stimulation was demonstrated (figure 2.7¢ and d) and it was
again shown, in both modelling results as well as (preliminary) psychophysical loudness
growth curves, that current focussing strategies require more power to achieve sufficient
loudness levels than monopolar stimulation. Furthermore, the study reiterated the idea
that, for current focussing to be effective, a sufficient level of electrical channel interaction
was needed at the site of neural stimulation.

Aside from current focussing, there have also been several modelling studies that have
investigated the subject of current steering. Choi and Hsu presented a study that examined
current steered potential fields and activation functions in a half-turn rotational FEM
geometry of the human cochlea (Choi and Hsu, 2009). The results of the study showed
gradually shifting activation function curves when varying the value of the current steering
parameter o.

In the same year, Frijns et al. published a modelling study on current steering, which
they referred to as dual electrode stimulation (Frijns et al., 2009b). The study looked
at excitation patterns generated by current steered stimuli, using both simultaneous
stimulation of the current steering electrode pair, as well as rapid sequential stimulation
of the contacts. The study identified two current steering modalities; the first consisted of
a single region of neural excitation that shifted gradually from one electrode contact to
another, which could be considered the intended goal of current steering. In the second
modality, there were two areas of excitation, one of which would diminish as the other
expanded while increasing or decreasing o. The first modality mainly occurred for high
stimulus levels, using simultaneous stimulation of electrode contacts with a large degree
of electrical interaction, for example, closely spaced or lateral wall contacts. The second
modality often occurred at low stimulus levels, for sequential stimulation and in cases
where the peripheral processes were the main sites of excitation. Furthermore the study
showed that for sequentially stimulated current steering loudness correction was needed
at intermediate values of «, whereas simultaneous current steering required almost no
correction of injected current to maintain constant loudness across the total range of .

A later study used the same model in conjunction with psychophysical testing in twelve
implanted subjects, involving loudness balancing for current steered stimuli near
threshold level, rather than at maximum comfortable loudness (MCL) level (Snel-Bongers
et al.,, 2013). Psychophysical loudness correction factors were plotted against «, which
were triangular in shape for most subjects, comparable to correction factors determined
at MCL for sequentially stimulated current steering in earlier experiments (Frijns et al.,
2009b); in other words, for a=0.5 more current was needed to achieve threshold than for
other values of . For some subjects however, the loudness balancing curve showed a dip
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around &=0.5; modelling results indicated that this was consistent with the dual excitation
region modality described in Frijns et al. (2009b). Modelling results also suggested that
the occurrence of the dip could be related to the degree of degeneration of the peripheral
neural processes, especially the unmyelinated terminal, which is suspected of being
the primary site of neural degeneration after, for example, noise trauma (Kujawa and
Liberman, 2009; Lin et al., 2011).

3 Electrode design

Design of the electrode array itself has been another important subject of modelling
research, with the main points of interest being determining the optimal distance from the
modiolar wall and insertion depth of the electrode array. By their nature, the early lumped
parameter model were not suitable for investigating the effects of array design, so it was
not until the advent of three-dimensional volume conduction modelling that electrode
design aspects could be tested in computational models.

The first three-dimensional modelling study that looked at the effect of electrode position
was that of Finley et al. (1990). They had placed the banded electrodes in their study along
the lateral wall of the cochlear geometry, while their array with plate electrode contacts
was in a perimodiolar position. Though this meant that the results conflated the effects
of electrode size, shape and location, they did observe that the laterally placed banded
contacts produced more broadly spreading electrical fields and lower activation function
amplitudes than the medially placed array, which suggested higher neural thresholds and
larger spread of excitation.

In the rotationally symmetric cochlea models of Frijns et al., point sources were placed
inside the scala tympani in lateral, midscalar and medial position, as well as underneath
the osseous spiral lamina (Frijns et al., 1995; Frijns et al., 1996), similar to cat experiments
performed by Shepherd et al. (1993). Consistent with the physiological cat data, neural
excitation thresholds decreased as the current sources were placed close to the modiolus;
the lowest thresholds were found for the current source underneath the osseous spiral
lamina, provided the neural peripheral process was present. A later study investigated
the effect of lateral and medial placement of an electrode array in spiralling geometries
of the guinea pig and human cochlea (Frijns et al., 2001). Instead of using ideal point
current sources, a geometrical representation of the Clarion HiFocus electrode array both
with and without a positioner was used. Monopolar stimulation in the basal turn of the
human cochlear geometry showed lower thresholds for medial arrays, with higher spatial
selectivity. However, after the basal turn this reduction of threshold was considerably
smaller, while at the same time the model predicted that apical contacts close to the
modiolus were more likely to produce ectopic stimulation than those located along the
lateral wall. This led Frijns et al. to conclude that a perimodiolar placement of the array
was beneficial in the basal turn, but that it should be avoided in more apical parts of the
cochlea. Furthermore, it was observed that the positioner was able to electrically insulate
apical regions of the cochlea from current injected in the basal turn.
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In the same paper, comparison of the results from the human geometry to those from the
guinea pig geometry revealed that differences in anatomical features between the two
cochleae, specifically the size and shape of the basal turn, had notable effects on the
neural excitation patterns. In particular, ectopic stimulation was affected, having a higher
chance of occurring in the basal turn of the guinea pig cochlea than in that of the human
cochlea. These differences underlined the importance of using species-specific cochlear
geometries in models, and urged caution in interpreting data from animal studies when
applying them to human situations.

Hanekom’s 2001 study found similar results in their spiralling geometry, and concluded
that medial placement of the array was preferable to lateral placement, due to lower
thresholds, better spatial selectivity and a smaller reliance on the presence of the neural
peripheral processes (Hanekom, 2001). In a subsequent study, Hanekom also investigated
the effect of adding encapsulation tissue around the electrode array, modelled as a 50
um layer of fibrous tissue, which surrounded the electrode array either directly, or with a
50 um layer of perilymph in between the array and its encapsulation (Hanekom, 2005).
Results showed that without a layer of perilymph, the encapsulation tissue caused lower
thresholds, and a reduction in spread of excitation, while with the layer of perilymph the
effects on threshold and spread of excitation were small and inconsistent. Furthermore,
Hanekom found that changes in threshold due to encapsulation were stronger for medial
arrays than for lateral ones.

Briaire and Frijns followed with a study on neural degeneration in the human cochlea,
where neural excitation for lateral and medial electrodes was simulated for intact neurons
and for neurons with completely degenerated peripheral processes (Briaire and Frijns,
2006). The study reiterated the results of Frijns et al. (2001), and the idea that lateral
arrays are more likely to excite neurons at their peripheral processes, which makes
thresholds and spatial selectivity of lateral contacts more sensitive to neural degeneration
than those of perimodiolar electrodes.

Though the modelling work of Whiten (2007) also predicted lower thresholds and
increased spatial selectivity for medial electrodes, the effect was much smaller than it
was for previous modelling studies. Whiten attributed this difference to using a higher
temporal bone resistivity, which caused more current to flow in longitudinal direction along
the scala tympani compared to other models. In most modelling studies that followed,
however, the electrode’s distance from the modiolar wall or neural elements remained
an important parameter that affected modelling outcomes. In particular, the results of
the subsequent studies on multipolar stimulation, described in sections 2.1 and 2.2,
generally agreed that increasing the electrode-neuron distance caused more electrical
interaction to occur at the excitable elements, which was considered beneficial for current
focussing and steering purposes (Litvak et al., 2007; Choi and Hsu, 2009; Frijns et al.,
2009b; Goldwyn et al., 2010; Frijns et al., 2011; Kalkman et al., 2015).

In a series of five papers published in 2009, Cohen presented a stochastic model of
electrical stimulation in a population of single node fibres (Cohen, 2009a; b; c; d; €). In
the second paper of the series, Cohen simulated electrical potentials in a rotationally
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symmetric FEM model of a single turn of the human cochlea, containing either a Nucleus
straight array or a Nucleus contour array (Cohen, 2009b). Results showed that, at the
neural elements, the contour array produced electrical potential distributions that were
higher and sharper than those of the more laterally located straight array. Despite its
relatively simple representation of both the cochlea and the nerve fibres, Cohen’s model
was able to describe data from eCAP masking experiments and loudness growth functions
of individual patients quite well.

Another 2009 modelling study investigated the effect of otosclerosis on facial nerve
stimulation by cochlear implants, using Frijns et al.’s computational model (Frijns et al.,
2009a). Thresholds were determined for auditory nerve and facial nerve stimulation, for
lateral and medial electrodes, with either plate contacts, half-banded contacts or full-
banded contacts. To model the effects of otosclerosis, the conductivity of the temporal
bone surrounding the cochlea was varied. Results of the study reinforced the intuitively
obvious clinical observations that lateral wall electrodes are more likely to stimulate the
facial nerve than medially placed electrodes, and that full banded contacts are more
likely to produce facial nerve stimulation than plate contacts or half-banded contacts that
faced the modiolus. Furthermore, lowering the conductivity of temporal bone in the model
increased the likelihood of facial nerve stimulation; the novel insight, however, was that
this was not so much due to the lowering of facial nerve thresholds (as was commonly
thought) as it was due to the raising of auditory MCL levels.

More recently, the updated Frijns et al. model was used to predict pitch percepts in cochlear
implant induced hearing (Kalkman et al., 2014; Van der Marel et al., 2016). Instead of
using radial nerve fibre trajectories, as in earlier studies, the nerve fibres in this study were
given realistically curved trajectories which took the length difference between the organ
of Corti and the spiral ganglion into account, based on histological data (Stakhovskaya
et al., 2007). Pitch percepts were predicted based on neural excitation patterns in four
different cochlear geometries, induced by lateral and medial electrode contacts of up
to 805° insertion depth; nerve fibres were modelled both with and without peripheral
processes. The study found that simulated pitch percepts in the first cochlear turn were
more or less the same for lateral and medial contacts, and followed the pitch predicted by
direct application of the Greenwood function to the electrodes’ positions in the cochlea.
Furthermore, Kalkman et al. found that beyond the first cochlear turn, medial electrodes
tended to produce lower pitch percepts than lateral ones when the peripheral processes
were intact. Intuitively this made sense, considering the closer proximity of the medial
electrode to the spiral ganglion. However, predicted pitch of the medial electrodes generally
did not reach values expected from direct spiral ganglion stimulation as long as the
peripheral processes were present. Without peripheral processes, lateral and medial pitch
percepts were very similar, and more closely followed the pitch expected from direct spiral
ganglion stimulation. Electrode contacts located deeper than approximately 540° from
the round window (which was near the end of the spiral ganglion in the model) produced
unpredictable pitch percepts that were spectrally broad and showed considerable overlap
with their neighbouring contacts, which called their usefulness into question.
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A 2010 psychophysical study by Carlyon et al. used an earlier iteration of the same
computational model to compare data from pitch matching experiments to model
predictions, and found that they were in good agreement (Carlyon et al., 2010). However,
the test subjects’ electrodes that were used in the pitch matching experiments were all
located in the first cochlear turn, so modelling results in apical regions of the cochlea
could not be validated.

Finally, while the above studies have all examined the influence of electrode design on
cochlear electrical fields and neural excitation, cochlear implant modelling studies that
investigate the fundamental processes occurring at the electrode contacts themselves are
surprisingly rare. Additionally, all of the previously described volume conduction models
employ the quasi-static approximation of assuming that the electrode array and all of the
cochlear structures are purely resistive. In reality, there is an electrochemical interface
impedance at the boundary between stimulating contacts and the scalar perilymph, which
has a capacitive component (Vanpoucke et al., 2004). Lai and Choi proposed a method
to implement this interface impedance into FEM models of the implanted cochlea (Lai
and Choi, 2007). In a spiralling geometry of an implanted human cochlea, they modelled
the interface as a thin 50 ym layer on the surface of the electrode contacts, which had a
complex permittivity value. The study used geometrical representations of half-banded,
full-banded and flat plate contacts, and showed that the interfacial layer produced the
same potentials as their equivalent electrical circuits. Plots of the neural activation
functions suggested that the electrochemical interface impedance could have an influence
on neural excitation, though the nature and extent of this influence was not clear.

To assess the current density distribution on platinum electrodes used for electrical
stimulation of neurons, Rubinstein et al. (1987) developed a model of disc-shaped
electrode contacts, both surface mounted and recessed into the electrode carrier. The
model numerically solved Laplace’s equation for the quasi-static electrical fields using
a Green’s function approach, and found that the current density across the electrode
contact was not uniform, with the current density increasing as one gets closer to the
edge. The model also showed that recessing the electrode would make the current
density distribution more uniform, which was deemed advantageous, since non-uniform
current distribution could locally exceed electrochemical safety limits near the edge of the
electrode.

Recently, Sue et al. have presented modelling work on the effects of electrochemical
processes and electrode recession on current distributions across half-banded platinum
contacts embedded in an electrode carrier, located in a perilymph-filled cylindrical
geometry representing the cochlear scalae (Sue et al., 2013; Sue et al., 2015). Their results
showed that faradaic current density was dependent on time, and that, in accordance with
Rubinstein et al. (1987), it was not uniform across the electrode contact, with current
densities being higher at the corners of the half-banded contacts. However, Sue et al. again
showed that these concentrations of current could be mitigated by recessing the contact
into the carrier, though the improvement was more modest than it was for Rubinstein et
al.’s model.
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4 Discussion
4.1 Computational modelling of stimulation strategies and electrode design

It has become clear that most of the general properties of multipolar stimulation can be
understood readily using simple mathematical models of unrolled cochleae. These models
can successfully simulate electrical field interaction of electrode contacts, and thereby
describe sharpening of the fields due to current focussing techniques quite well (Black and
Clark, 1980; Black et al., 1983; O’Leary et al., 1985; Suesserman and Spelman, 1993;
Rodenhiser and Spelman, 1995; Spelman et al., 1995; Jolly et al., 1996; Kral et al., 1998;
Litvak et al., 2007; Bonham and Litvak, 2008; Goldwyn et al., 2010). When including an
estimate of neural excitation through the activation functions, these models can even
predict certain features of multipolar stimuli, such as increased localisation of the excitation
patterns and the presence of side lobes due to neural excitation near the flanking contacts
in tripolar stimulation. Using a more realistic volume conduction model will create a more
detailed view of intracochlear potentials and neural excitation; a rotationally symmetric
geometry will reveal the possibility of ectopic stimulation at high stimulus amplitudes
(Frijns et al., 1995). A spiralling geometry, will additionally show asymmetrical potential
distributions through the cochlea (Briaire and Frijns, 2000). However, while realistic volume
conduction models are quantitatively more accurate, qualitatively speaking mathematical
models are sufficient for a basic understanding of multipolar stimulation strategies. This
also strengthens confidence that modelling predictions on multipolar stimulation can be
trusted, as they generally agree with each other and make sense from an electrophysical
point of view, making it unlikely that such predictions are a result of modelling artefacts.

For matters concerning electrode design, the applicability of simple mathematical models
is more limited; while simple models can shed light on the basic consequences of moving
the current sources towards the neural elements (i.e., lower thresholds and less spread of
excitation), other aspects of electrode design require a realistic three-dimensional volume
conduction model of the implanted cochlea. For instance, investigating the effects of
changing electrode shape and size in a computational model requires the actual electrode
geometry to be represented accurately and not simply reduced to point sources in the
scala tympani; this has previously allowed for the investigation of the insulating effects of
positioner systems (Frijns et al., 2001) and the probability of facial nerve stimulation by
different electrode contact geometries (Frijns et al., 2009a). Furthermore, understanding
the effect insertion depth has on neural excitation requires not only a realistic cochlear
geometry, but also an accurate modelling of neural trajectories, since these vary
considerably over the length of the cochlea, which, in turn was shown to have serious
implications for neural recruitment by electrical stimulation (Kalkman et al., 2014).

It should be noted that, while there are many modelling studies that have shown the effect
of electrode position in the scala tympani, there have not been many investigations on the
shape and size of electrode arrays. Most modelling studies only use one type of electrode
array, and the few that use multiple geometries have not made an extensive comparison
of different arrays. It is unclear what the reason for this could be; possibly, the electrode
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geometry is thought to have little effect on neural excitation, or at least not as much
as other factors. Alternatively, the modelling of different electrode geometries could be
considered too laborious and time-consuming to be worth the effort. Whatever the case, it
is conceivable that there are still some insights to be gained from computational modelling
of different electrode array designs.

4.2 Present and future of cochlear implant modelling

Many of the past cochlear implant modelling studies, particularly the early lumped
parameter models, have coupled their results with electrophysiological or psychophysical
experiments. This was essential, because there is an unavoidable need to validate
modelling results by comparing them to data from live subjects. After all, any computational
model contains a number of assumptions and simplifications; if these are inappropriately
chosen, the model’s output will be misleading or outright wrong. In short, a computational
model always produces results, but in order to know if one can trust these results,
validation is necessary.

The most straightforward way of validation a computational model of an implanted cochlea
is by comparing simulated electrical fields to electrophysiological data, since it concerns
only directly measurable physical quantities and does not require interpretation of neural
signals. While this type of validation is necessary and gives confidence in a model’s ability
to simulate the electrical properties of the cochlea, electrical field distributions in the
cochlea only give limited information about how cochlear implants function. Therefore, to
meaningfully investigate the subject of electrical stimulation of the cochlea, one cannot
avoid including a neural model.

Most of the models discussed in this review have contained some estimate of neural
activity, either by determining the activation function, or by incorporating an electrical
cable model of the auditory neurons. However, validation of simulated auditory neural
activity is substantially more difficult. The only objective data at one’s disposal are eCAPs
or electrically evoked auditory brainstem responses (EABRs), and inferior colliculus
measurements in animal subjects. Even though eCAPs have been modelled successfully
(Briaire and Frijns, 2005; 2006; Whiten, 2007; Smit et al., 2009; Westen et al., 2011;
Choi and Wang, 2014), these types of neurophysiological data only offer indirect evidence
of model validity, and can usually only verify that the model is producing realistic output
in broad strokes. The only other tool available is psychophysical testing, but it has the
additional drawback of involving central neural processing, while current cochlear implant
models only simulate neural stimulation at the peripheral level. This means that validation
will remain the primary challenge that researchers will face when enhancing their
computational models in the future.

These future model enhancements will likely include adding more detail to the cochlear
geometries. Advances in imaging techniques have made it relatively easy to acquire high
resolution three-dimensional anatomical scans, which can be used to create new model
geometries. Recent models have already used (micro-)CT data to create more realistically
shaped model cochleae with individual anatomical characteristics (Malherbe et al., 2013;
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Kalkman et al., 2014; Malherbe et al., 2016), while researchers at the University of Sydney
are currently working on a highly detailed model based on scanning thin-sheet laser
imaging microscopy (sTSLIM) of the guinea pig cochlea (Wong et al., 2016). In addition to
improving the level of detail of the cochlea itself, modelling work from the past years has
also seen the inclusion of detailed geometries of the human head (Malherbe et al., 2015;
Tran et al., 2015). These enhancements in anatomical detail may lead to new insights
regarding electrical field distributions in or around the cochlea and possibly add more
realism to simulated neural excitation patterns.

Aside from purely anatomical improvements, several other more fundamental changes
to cochlear implant models are possible. First, all of the models thus far have restricted
themselves to using isotropic conductivity values in their geometries. This is likely
sufficient for most of the cochlear structures, but neural tissue cannot be expected to
conduct electrical currents equally well in all directions. Since neural tissue takes up a
considerable amount of space in the cochlear modiolus and is obviously the target of
electrical stimulation, adding anisotropy to volume conduction models of the cochlea
could have significant impact.

Next, the majority of the models presented have employed a quasi-static approximation
when calculating electrical field distributions, and have assumed that the electrical
fields can be determined by simply multiplying a normalised static field with the time
dependent amplitude of the electrode stimulus. This assumption was based on work
by Spelman and co-workers, who showed that cochlear potentials in the scala tympani
were largely independent of stimulation frequencies of up to 12.5 kHz (Spelman et al.,
1982); unpublished data from their group has shown that the assumption of frequency
independency is even valid up to 100 kHz (F.A. Spelman, personal communication).
However, the electrochemical interface is not completely resistive, and it is possible that
a small frequency-dependency of cochlear structures exists. Some investigation has been
done into the electrode interface impedance (Lai and Choi, 2007; Sue et al., 2013; Sue
et al., 2015), and initial work concerning frequency dependency in the implanted cochlea
has been presented (Inguva et al., 2015), but an extensive analysis of the subject has
not yet been performed in a full volume conduction model coupled with an active neural
model.

The neural models themselves are also still improving, as there is much that is unknown
concerning auditory nerve fibre morphology and kinetics. Additionally, the discussed
neural models have an ongoing problem of being unable to reasonably predict realistic
neural threshold levels, which are invariably higher in the models than they are in clinical
reality. It is unclear what the cause of this discrepancy is, since the models do actually
simulate electrophysiological experiments on single fibres quite well. To understand this,
more input from the field of neurophysiology is necessary.

One obvious addition that can be made to the cochlear implant models is the inclusion of
neural stochasticity. While stochasticity has been implemented in models of single nodes
or fibres (Bruce et al., 1999a; Bruce et al., 1999b; Rubinstein et al., 1999; Cohen, 2009d;
€; Imennov and Rubinstein, 2009; Woo et al., 2010), few of the presented cochlear implant
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models have included it, instead relying on activation functions or deterministic electrical
cable models of the auditory neurons. The research groups of Hanekom et al. and Frijns
et al. recently presented preliminary work on extensions of their models with relatively
simple models of stochasticity (Badenhorst et al., 2015; Frijns et al., 2015). Badenhorst
et al. investigated the addition of stochasticity to the Hanekom model; the results of this
suggested that stochastic fibres will predict more realistic neural thresholds. Frijns et
al. used the thresholds calculated by their volume conduction and deterministic neural
models as input for a simulation of stochastic variability, which, apart from stochastic
thresholds, includes neural adaptation, refractoriness, and neural accommodation; the
future goal of this extension is to make predictions on the functioning and effectiveness
of speech processing strategies.

Another subject of interest is the exact nature of neural degeneration in the cochlea. Several
cochlearimplant modelling studies have included neural degeneration in their simulations,
but most have modelled it by the complete removal of all peripheral processes from the
auditory neurons. Snel-Bongers et al. discussed the possibility of gradually degenerating
peripheral processes (Snel-Bongers et al., 2013), in line with findings from the Liberman
group (Kujawa and Liberman, 2009; Lin et al., 2011), and only Goldwyn et al. have so
far investigated the consequences of hypothetical neural dead regions (Goldwyn et al.,
2010). These methods of modelling neural degeneration are somewhat speculative, as
the precise mechanisms of neural degeneration in humans are still a subject of research
(Kujawa and Liberman, 2009; Lin et al., 2011; Wan and Corfas, 2015).

Tangentially related to neural degeneration is the effect of electrode insertion trauma
on cochlear implant stimulation. All of the modelling studies discussed in this review
have exclusively used the scala tympani as the location of the stimulating electrodes,
even though it is known that many cochlear implant electrode arrays end up perforating
cochlear structures such as the basilar membrane and Reissner's membrane, thereby
ending up in the scala vestibuli, rather than the scala tympani (Aschendorff et al., 2005;
Aschendorff et al., 2007; Skinner et al., 2007; Finley et al., 2008; Holden et al., 2013;
Wanna et al., 2014). The unintended position of the electrode and the potential damage to
the neural elements caused by this insertion trauma could have noteworthy consequences
for cochlear implant stimulation; however, no cochlear implant modelling studies have
investigated this subject thus far.

In conclusion, computational modelling of the electrically stimulated cochlea has had
a long history. It has been a valuable tool for the study of stimulation techniques and
electrode design, enabling types of experimentation that would be difficult or impossible to
achieve in clinical or laboratory conditions. There are still many issues left to be investigated
and improvements to be made to existing models; the increasing availability of high-
resolution imaging techniques and open sourced or commercial modelling software mean
that the threshold for developing new models has never been lower, making sure that
computational modelling of the electrically stimulated cochlea has a long future ahead. A
crucial factor in the further application of models in clinical practice will be the validation
of their outcomes and predictions.
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