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Abstract. Cochlear implantation is carried out to recover the sense of
hearing. However, its functional outcome varies highly between patients.
In the current work, we present a study to assess the functional outcomes
of cochlear implants considering the inter-variability found among a pop-
ulation of patients. In order to capture the cochlear anatomical details, a
statistical shape model is created from high-resolution human uCT data.
A population of virtual patients is automatically generated by sampling
new anatomical instances from the statistical shape model. For each vir-
tual patient, an implant insertion is simulated and a finite element model
is generated to estimate the electrical field created into the cochlea. These
simulations are defined according to the monopolar stimulation protocol
of a cochlear implant and a prediction of the voltage spread over the
population of virtual patients is evaluated.

1 Introduction

Over 5 % of the worldwide population over the age of 45 years suffer from severe
hearing impairment, being considered eligible for cochlear implantation (CI)
surgery [17]. However, there is a high variability in the outcomes of CI due to
the influence of patient-specific on the level of hearing restoration. Consequently,
an accurate prediction of the surgery outcome of the patient is needed to esti-
mate the performance of the cochlear implant. Although computational models
have not been applied as a common technique into the clinical practice of CI,
some authors have reported promising results predicting its outcomes [2,10,14].
Specifically, we have previously presented in-silico studies with promising results
for patient-specific cases, where the outcomes of a personalized CI model were
assessed [2,3,8]. However, the developed automatic framework has the potential
to predict CI outcomes not only for patient-specific cases, but also for a more com-
plete virtual study of the population. This is specially useful to carry out evalua-
tions on the implant performance among a group of patients in order to be able to
optimize CI electrode array design to the widest range of the population possible.
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In this work, a statistical shape model (SSM) has been created from high-
resolution uCT data to capture inter-patient variability and to provide a com-
putational tool for virtual patient sampling. Special attention has been given
to the insertion depth of the electrode array of the cochlear implant since it
highly contributes to the variability in CI outcomes [12]. We presented a virtual
insertion algorithm which physically deform the electrode array according to the
geometry of the cochlear anatomy of the patient. It allows controlling surgical
insertion parameters, such as the depth of insertion of the electrode array [4,9].
This virtual insertion approach is included within the automatic framework pro-
posed which allows obtaining a full finite element model of the CI. Finally, the
computational electrical simulations are carried out [8].

We have improved the computational method by using a more detailed model
of the cochlea with respect to our previous work [2]. In addition, we obtain an
accurate insertion by using a surgical simulator software to compute the final
position of the electrode. Thus, we believe that a more realistic virtual insertion is
achieved and consequently, more accurate results of the electrode stimulation can
be obtained. This complete framework allow us to assess the nerve stimulation
zones in a group of virtual patients by means of realistic CI models and voltage
spread prediction. This provides valuable information for electrode design and
stimulation parameters optimization.

Fig. 1. Three virtual patients from the statistical shape model are overlapped to show
the inter-patient variability on the cochlear shape.

2 Generation of Computational Models

The framework includes a cochlear Statistical Shape Model (SSM), to generate
virtual patient anatomies (Fig.1), a virtual insertion algorithm, to place the
electrode array inside the cochlea, and a mesh generation step to create the
volumetric finite element (FE) models. Additional background information is
found in [8].
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Firstly, the SSM is generated from a more suited anatomical reference and
with an improved registration procedure [6], allowing the SSM to capture the
cochlear population variability in a more satisfactory manner. Most notably, the
semi-circular canals are no longer included. The model extends far enough into
the vestibule to include the oval and round window. Even though the ending
in vestibule is rough and abrupt, the change to the new reference model is
motivated and justified by the addition of the well-defined cochlear partition (i.e.
a basilar membrane approximation) present in this particular dataset [1]. This
provides additional realism to the anatomical model, and facilitates a change to
the procedure for virtual placement of the electrode array.

The electrode position of the real cochlear implantation procedure has been
computed by means of a planning simulator software. It consists on real-time
simulations based on a deformation model which includes the mechanical prop-
erties of both electrode and cochlea and a collision model [16]. Afterwards, the
virtual insertion algorithm is applied over the original electrode geometry. This
algorithm allows obtaining a deformation for the electrode array according to
this surgical insertion position [4,9]. Thus a final electrode mesh is obtained
with a realistic placement of the implant for the given patient. This electrode
array mesh consisted in a Med-EL Flex28 design, with 12 stimulating channels
(electrodes) and a length of 28 mm.

Within the automatic framework, 100 nerve fiber bundles were generated
according to the patient’s anatomy and an outer box was created to model
as the surrounding bone of the cochlea. Finally all elements were merged and
transformed into a single volumetric mesh (Fig. 2). This procedure was repeated
in an automatic way for each of the virtual patients sampled from the SSM.

I Bone [ Cochlea [ Electrode array

Fig. 2. Finite element mesh obtained for a single patient. A cut of the element faces
is displayed for visualization purpose.

3 Finite Element Simulation: Electrical Model and
Stimulation Protocol

For the FE electrical simulation, the static current conduction solver of the open
source multiphysics Elmer software has been used [11]. Maxwell’s equations are
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defined in the quasi-static approximation and the electrical potential is obtained
by solving the Poisson equation. Both Dirichlet or Neumann boundary conditions
can be used to describe the electric potential, describing the potential and the
current values on the boundary, respectively.

Three stimulation protocols can be set up in a cochlear implant according
to the electrode configuration. In this work, we have used the monopolar (MP)
stimulation (Fig.3). In this configuration, one electrode is activated emitting
current while the bone surrounding the cochlea has been set to ground. For
all models, the value of the current stimulation was 1mA [2]. The conductivity
parameters of the cochlea structures defined for the electrical simulation were
chosen according to [13]. Each simulation was run in steady state formulation and
comprised one activated electrode, thus resulting in 12 simulations per virtual
patient.

Fig. 3. Illustration of the monopolar stimulation. The first electrode has been activated
and the volume current direction is shown.

4 Results

A total of 30 virtual patients were sampled randomly from the SSM and studied
under a MP stimulation. The electrical simulation framework was run automat-
ically, thus 30 electrical simulations were finally obtained. Since the cochlear
shape varies between patients, different lengths of virtual insertion depth were
obtained. The length obtained was 25.2 + 1.2 mm with a number of turns of 1.56
=+ 0.04, corresponding to 563 £ 15°. The virtual insertion algorithm was success-
fully run in all cases. However, changes in the element area of the electrode array
mesh were observed, which prompted us to further quantify these local geometry
changes (see Fig.4). The average changes of element area for all virtual patients
evaluated were -4.6 + 3.9%. The generation of the computational CI model took
228 + 18 seconds, obtaining a volumetric mesh of 1.2x10% + 7x10* of tetrahe-
dral elements with a mesh quality of 0.785 + 0.001. The mesh quality of each
model was assessed by computing the aspect ratio of each element, expressed
in a range from 0 to 1, corresponding to nearly degenerated mesh element and
regular tetrahedral one, respectively [7].
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Fig. 4. Local changes on the area of each electrode mesh element after the deformation
by the virtual insertion. (a) Changes are represented over the surface of the electrode
in a scale of -1 to 1, being the maximum decrease and increase, respectively, compared
to the area before the deformation. (b) Central mark of the box is the median and
its edges the 25th and 75th percentiles of the element area changes of each of the 30
virtual patients.

12 electrical simulations were run for each model, for a total of 360 runs.
Figure5 shows the electric field for each nerve fiber under the stimulation of
the 12 MP stimulation protocols. It can be observed that some zone with a
high voltage spread are located far from the perfect diagonal. This implies that
each electrode does not exclusively activate the most nearby nerve fiber. This
effect is called cross-talk and it is a reason of discrepancy between electrical
hearing perceptions in patients with a cochlear implant and normal acoustical
hearing. All these virtual patients have in common the cross-talk presented in
the apical part of the cochlea. Therein, the nerves located in the basal part
are nonspecifically activated by electrodes number 10 to 12 (see Fig.5). This
corresponds to cross-turn stimulation. We show in Fig. 6(a) the mean excitation
spread along the spiral ganglion (anatomical structure composed of soma for all
neural fibers). Each curve corresponds to one of the 12 MP stimulation protocol.
Figure 6(b) shows in detail the excitation spread of the MP stimulation 6 for all
30 patients, where the sixth electrode has been activated.
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Fig. 5. Potential (V) generated for each stimulation protocol (horizontal axis) in each
nerve fibers (vertical axis). (a) Mean and (b) standard deviation of the voltage spread
for all virtual patients evaluated. (¢) Examples of the voltage spread for a single patient,
where differences can be appreciated due to changes in cochlear anatomy. Patient ID
shown in (c) are respectively 1,2,9,11,15,17,23 and 30.
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Fig. 6. (a) Mean excitation spread measured along the spiral ganglion. (b) Excitation
spread of MP stimulation protocol 6 for all virtual patients.
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5 Discussion and Future Work

The main contribution of this work is the CI assessment on a population of vir-
tual patients sampled from a SSM. As far as we know, this is the first population-
based study to evaluate the results of a CI electrical simulation. Additionally, we
have improved the CI model with respect to our previous work [2], providing a
more realistic finite element model based on high-resolution data, real electrode
array design and virtual surgical placement. The virtual insertion has proved to
be consistent in all cases tested, so a realistic mesh deformation after the virtual
insertion is obtained. Simulations have been run successfully in all cases, obtain-
ing results in agreement with previous reported clinical results [15], including
the cross-talk zones [5].

Nonetheless, our work has some limitations. The mean excitation spread eval-
uated along the spiral ganglion has some discrepancies compared to literature
[13]. Even though the behaviour is similar and shows a general tendency, we
believe that some work needs to be done regarding the geometrical nerve gener-
ation since their position could modify the results obtained from the electrode
stimulation. Despite this, we do believe that this work is a step closer to the
accurate prediction of the nerve activation.

The results obtained help to better explain the behaviour of the excitation
spread within a group of patients, observing the variations obtained accounting
for the inter-patient anatomy variability. This framework has promising potential
to optimize stimulation parameters and electrode placement that better fit the
anatomy and level of impairment of each patient. Therefore, we could provide
the best functional outcome possible. In future work, other sources of variability
will be taken into account. For example, the implant placement or the electrode
array configuration which would provide additional valuable information in the
process of optimizing the CI.
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