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Abstract: Combining a high resolution cochlear finite element model with a
patient low resolution CT scan could provide benefits for the use and implanta-
tion of cochlear implants. In order to do so requires a cochlear statistical shape
model to drive the deformation fitting process. In this study we explore what
happens with the finite element mesh quality under these deformations. We
search for a way of sanity checking the geometry of the mesh prior to running
finite element simulations.

1 INTRODUCTION

The Cochlear Implant (CI) is an established technology that can recover lost
auditory sensation in patients suffering from a range of severe hearing disabil-
ities, whether these impairments were congenital or acquired. This is achieved
by mimicking the elegant relationship between spatial locations in the cochlear
and the frequency of perceived sound waves, which is known as the tonotopic
map. The cochlear is a spiral-shaped and fluid-filled structure and within lies
the basilar membrane (see Figure 1). The membrane has an increasing width
and elasticity as it spirals upward from the basal turn towards the apex[1]. The
fluid is set in motion in accordance with the impending sound wave frequency
via mechanical vibrations of the ossicles of the middle ear. Due to the spatially
varying properties of the basilar membrane, it will resonate and trigger a nerve
impulse at different spatial locations dependent on the frequency. The cochlear
implant takes advantage of this tonotopic map. The external part of the CI
records and analyses sound wave frequency. The internal part then stimulates
the auditory nerve at the corresponding locations in the cochlear via a surgically
inserted array of electrodes[2].
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While the benefits are clear, the hearing restoration outcomes are greatly vary-
ing between patients[3]. This variability can be contributed to many different
factors. Individual differences in both anatomy, genetics and socio-economics,
the duration of time spent with severely impaired hearing, the CI surgical pro-
cedure itself, the general design of the CI, age of implantation in infant/children
CI cases etc.

Methods for personalizing the design and use of the CI to the specific patient
could provide higher stability in hearing restoration outcomes, and perhaps even
push the capabilities of the CI technology to higher levels. A recent study [4] has
demonstrated this. It was shown that by estimating the CI electrode positions
relative to the tonotopic map of the cochlear and readjusting the CI software
accordingly can improve the hearing capabilities.

Another path that we find worth exploring is to create patient-specific cochlear
Finite Element Methods (FEM) models. These will allow us to simulate the
cochlear fluid dynamics, interactions between cochlear structures etc. We be-
lieve it is a source of valuable information regarding the individual physiological
situation of the patient, and has the potential to improve prediction of the out-
come of CI surgery, optimize the implantation procedure and help fitting the
CI software controlling the artificial hearing.

However, the main issue is the very limited availability of detailed anatomical
information of the patient. Prior to the CI surgery, patients receive a clinical
CT scanning. It has a limited resolution compared to the size of the cochlea
(minimum bounding box roughly 10x7x4 mm on average[5]), and provides only
gross anatomical information that can help the surgeon plan the procedure,
but it is worthless for our purposes for creating models/meshes for finite ele-
ment methods. A sufficiently high resolution for finite element methods can
be achieved with micro-CT scanning (µCT). However, these scanners can only
image limited sample volumes, and therefore it is only possible to acquire these
scans of cochlea ex-vivo.

Realization of patient-specific cochlear FEM requires that the high resolution
µCT FEM model from an unknown person can be combined with the low reso-
lution clinical CT of the specific patient. The variation in the human cochlear
anatomy is large enough that an unconstrained deformable registration between
the two datasets is not appropriate. Anatomical studies have shown that cochlea
vary in both total length and amount of coiling[5], which would be difficult to
capture with local deformations of such a registration without some form of
regularization. A suitable approach for such regularization is to use a cochlear
Statistical Shape Model (SSM)[6], that allows us to deform the FEM model
to fit the clinical CT scan of the patient taking the anatomical variation into
consideration.

This leads to the question and the purpose of this study. When these SSM-
driven deformations are applied to the FEM model a degeneration of the mesh
elements will take place. A too degenerate mesh would compromise the validity
of the biomechanical simulations, and it would then be required to either re-
mesh the structure or re-build it. The work-flow could be greatly simplified if
we can identify cases where the mesh quality is preserved sufficiently.
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In this study we investigate how a cochlear finite element mesh behaves under
SSM-driven deformations from a geometric point of view. We abstain from doing
finite elements simulations for this study, and instead explore an approach for
sanity checking the mesh. Using a quantitative mesh quality metric, is it then
possible to estimate or find the limits of allowable SSM-driven deformations?

2 MATERIALS AND METHODS

This study involves different datasets and meshes. The details are explained in
this section.

The cochlear finite element mesh:
A µCT scan of a dried human temporal bone was acquired using a Scanco
µCT 100 system (Scanco Medical AG, Switzerland) to obtain a dataset with an
isotropic voxel size of 0.0245 mm.

The cochlear scalae (scala vestibuli and scala tympani) and the lamina spiralis
were segmented from the images using a semi-automatic level-set approach[7]
and additional manual corrections (Figure 1, left). The basilar membrane was
not visible due to the nature of the cadaveric sample preparation, and this
crucial anatomical structure was then manually fitted into the data, using the
lamina spiralis as an anchor/reference point.

From this data the finite element mesh was constructed using the ICEM-CFD
(ANSYS) software. The mesh consists of both 1.3e6 tetrahedrons representing
the volume of basilar membrane and the fluid in the scalae and 1.3e5 triangles
representing the surface of the cochlear and the basilar membrane (Figure 1,
right).

The cochlear statistical shape model
For the construction of a statistical shape model seven segmented clinical CBCT
scans with point correspondence were available. Each dataset had an isotropic
voxel size of 0.15 mm. Due to this low resolution it was only possible to have
a segmentation of the cochlear surface. The data was built into a classic point
distribution Statistical Shape Model (SSM)[6], capturing some of the very gross
anatomical variation.

SSM-driven deformations of the FEM model
New instances of the SSM were created by deforming the mean shape along the
three first principal modes of variation. These three components account for 90%
of the variance (respectively 47.1%, 30.6% and 13.3%) explained by the model.
The shape space of the three modes can be represented as a 3-D Cartesian grid
(x1, x2, x3). Two octants of this space were explored by synthesizing instances of
the SSM corresponding to the following points in shape space, x1 ∈ {0, 0.5, ..., 2},
x2 ∈ {−3,−2.5, ..., 3} and x3 ∈ {0, 0.5, ..., 2}. The distance is measured as
standard deviations along the respective principal mode.

The B-spline deformation field that could be applied to mimic the transforma-
tion between the mean shape and each of these 324 new instances was calculated
using VTK[8]. The deformation field was then applied to the vertices of the FEM
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Figure 1: Left: The segmentation of cochlear scalae (blue) and lamina spiralis
(red) of the µCT dataset.
Right: The constructed finite element mesh. The fluid-filled scalae
(green) are separated by the basilar membrane (red) except at the
apex where they merge. The two colored circles represent the round
and oval window membranes. They would serve a purpose in FEM
simulations, but for this study they are just included as surface
triangles.

model after it had been manually registered (rigidly) to the mean shape of the
SSM. The face/edge element structure was kept unaltered.

This process results in 325 high resolution cochlear finite element models (the
original and the 324 incrementally deformed meshes). Note that this is not
the actual process of fitting the FEM model to a patient CT, but merely a
simulation of possible deformations used in such a fitting process.

Mesh Quality
The quality of each triangle and tetrahedron element of these meshes were eval-
uated using the following metrics[9]:

QTRI =
4√
3

A
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i )(3/4)

(2)

The quality of the triangle is the area, A, over the product of the side lengths, li,
scaled in such a way that an equilateral triangle has a quality of 1. A degenerate
triangle for example if very thin and elongated will approach 0 quality.

The quality of the tetrahedron is defined as the volume, V , over the sum of
squared face areas, Ai, and scaled similarly to the triangle case. A regular
tetrahedron has a quality of 1 and degenerate tetrahedra like slivers approach
a quality of 0.

Finally, the relevant mesh quality statistics (mean, min, max and histograms)
were gathered.

4



3 RESULTS

Visual quality: In order to get a grasp of the mesh quality degeneration in
a spatial context, the triangle quality is illustrated (Figure 2) as the mesh is
gradually deformed. The overall behavior is a decrease in quality, especially
at certain spatial locations that intuitively corresponds well with the mode of
variation.

Figure 2: The degeneration of triangle mesh quality. From left to right: Mean
shape and deformations corresponding to respectively 1 and 2 stan-
dard deviations along the 2nd mode of variation.
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Figure 3: The degeneration of triangle and tetrahedral quality. The whiskers
of the box represent the minimum and maximum value.

Statistics: Figure 3 shows the mesh quality statistics as the mesh is deformed
along the 2nd principal mode. A similar behavior was observed for the remain-
ing tested principal modes. Tetrahedral quality is observed (Figure 3) to be
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more sensitive to the deformations than the triangle quality. A minority of
the elements have a significantly lower quality in all stages of deformations. It
appears that the minimum quality would continue to drop with a steady rate.

Figure 4 presents the overall minimum tetrahedral quality as deformations are
applied along both 1st, 2nd and 3rd mode of variation. The quality drops
gradually as the distance from the origin increases. The influence of the 3rd
mode is illustrated as two arbitrarily chosen isosurfaces.

Figure 4: The minimum tetrahedral quality as the mesh is deformed along the
first three principal modes. The axis units are standard deviations
along the respective mode. The sampling density of the shape space
is illustrated with the measuring points (red markers) in the plane.
The red and blue isosurfaces correspond to a mesh quality of 0.43
and 0.25 respectively.

4 DISCUSSION

Several other mesh quality measures could have been used. These two were
chosen since the measures are in a range of [0,1], with 0 being a degenerate
element and 1 means equilateral triangle and regular tetrahedron respectively.
This provides for an easy interpretation, and the metrics are quite simple to
estimate. These are not necessarily desirable properties. It would be more
appropriate to choose metrics that are relevant for prediction of simulation
quality.

The tested deformations (Figure 4) represents only a part of what could have
been tried. The shape space could have been more densely sampled, expanded
to the missing octants or the 4th principal mode included. However, the amount
of computations will quickly grow to unmanageable sizes, and from this limited
search the mesh quality behavior seems regular. Deforming purely along the
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1st mode gives a faster degeneration compared to purely moving along the 2nd
or 3rd mode. This is simply explained by the fact that the 1st mode has a
greater variance. Similarly by deforming along multiple modes gives an even
faster decay, but this also represents a greater traveled distance in shape space.

It is not clear which threshold of the mesh quality that would be appropriate
to accept as a boundary, since this will depend on the mesh quality metric, the
desired type and accuracy of the simulation etc. But the described behavior
suggests that one could find a limit or boundary. So that if the anatomy of
the patient is far (distance in shape space) from the mean shape and the shape
represented in the FEM model, then we can judge whether to re-mesh/re-build
the FEM model.

For future work the more specific acceptable limits should be tested and found,
and it would further be interesting to test one or more re-meshing strategies to
quantify what kind of the mesh improvement can be gained.

Limitations: The data used for this study does have some limitations that
deserves to be addressed.

The finite element mesh: The basilar membrane structure is manually fitted
into the data and can only be considered an approximation. In order to correct
for this, the cadaveric specimen would have to be prepared in another way and
should possibly be imaged in a higher resolution. None of the segmentations
are validated, but for the extent of studying mesh quality, these limitations are
considered acceptable, since the overall structure and geometry would not be
subject to any major changes.

The statistical shape model: Having only seven shapes is not enough to capture
the entire variation in a population. This model captures some of the gross
variability, and serves as a decent way to drive the deformations in a realistic
way. Having more data for the SSM could alter the modes of variation and the
amount variance they represent. However, applying the deformations would still
be the same, and as such a similar mesh quality behavior would be expected.

Ideally the SSM would be based upon a large number of µCT datasets. These
kind of data are not readily available, and it is an ongoing process of acquiring
these for future work.

5 CONCLUSION

We have studied the mesh quality and integrity of a cochlear finite element
model as this undergoes deformations driven by a cochlear statistical shape
model. It was found that certain spatial locations degenerate to a larger degree,
in accordance with that particular mode of variation. It was further shown that
the mean mesh quality behaves in such a regular manner that it seems possible
to find boundaries in the shape space where meshes will become too degenerate
for further finite element simulations.
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