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6 Scanco Medical AG, Brüttisellen, Switzerland

Abstract. We present an innovative image analyisis pipeline to perform
patient-specific biomechanical and functional simulations of the inner hu-
man ear. A high-resolution, cadaveric, μCT volumetric image portraying
the detailed geometry of the cochlea is converted into a mesh in order to
build a Finite Element Method (FEM). The constitutive model for the
FEM is based on a Navier-Stokes formulation for compressible Newto-
nian fluid, coupled with an elastic solid model. The simulation includes
fluid-structure interactions. Further to this, the FEM mesh is deformed
to a patient-specific low-resolution Cone Beam CT (CBCT) dataset to
propagate functional information to the specific anatomy of the patient.
Illustrative results of how the FE-model responds to various acoustic
stimuli are shown by analyzing the tonotopic mapping of the cochlear
membrane vibration.

1 Introduction

Hearing impairment or loss is among the most common reasons for disability.
Worldwide, 27% of men and 24% of women above the age of 45 suffer from
hearing loss of 26dB or more [1]. A cochlear implant (CI) is a surgically placed
device that converts sounds to electrical signals, bypassing the hair cells and
directly stimulating the auditory nerve fibers. Extreme care has to be taken when
inserting the CI’s electrode array into the cochlea to obtain the best possible
improvement in hearing while not damaging residual hearing capabilities [2].

The HEAR-EU project aims at reducing the inter-patient variability in the
outcomes of surgical hearing restoration by improving CI designs and surgical
protocols. In this context, we propose that the availability of an accurate func-
tional model of the cochlea can improve implant design, insertion planning and
selection of the best treatment strategy for each patient.



The cochlea is a spiral shaped structure, wrapped around a conical bone
(modiolus) with a characteristic indentation in its inner side (bony spiral lam-
ina) [3]. Attached to the bony spiral lamina is the basilar membrane, that sep-
arates the cochlea into two scalae, scala tympani and scala media. The third
cochlear scala is called scala vestibuli and is separated from scala media by the
Reissner’s membrane. When a sound wave is propagated through the fluid that
fills the cochlea (perilymph) the complex oscillatory pattern of the basilar mem-
brane separates the frequencies of a propagating sound, acting as a mechanical
spectrum analyzer. This is caused by the variation of the mechanical properties
of the basilar membrane along its length: at the apex it is large and elastic while
at its base it is thin and stiff. Due to this, low frequencies are keener to res-
onate on the membrane at the apex of the cochlea, while higher frequencies at
the base. This is known as tonotopic mapping of the frequencies in the cochlea.
Mechanical vibrations are translated into electrical stimulation of the auditory
nerve in the organ of Corti, a cellular structure located on the top of the basilar
membrane and containing sensory cells, called hair cells [3].

We present in this paper a simulation model of the interaction between fluid
and structure in the human cochlea. A finite element model (FEM) is built
from μCT data, incorporating bone, fluid and an elastic membrane with variable
stiffness. Regarding related work on the simulation of cochlear function, Edom
et al. [4] present a computational model for dynamical phenomena in the cochlea
with viscous effects and cochlear responses to non-harmonic stimuli. Their work
uses a simplified, non-anatomical geometry, and is based on finite volume (FV)
simulations [5]. Because of the coupling with elastic structural equations in fluid-
structure interaction, a FEM approach such as ours is more natural and thus
preferred over the FV method.

Propagating the FEM model built from μCT data to clinical Cone Beam CT
(CBCT) data allows to obtain patient-specific simulations of the mechanics of
the cochlea, which in turn is of great interest for the optimization of the implant.

The rest of the paper is structured as follows: Section 2 describes image ac-
quisition and processing, Section 3 describes the FE model and its use in cochlear
function simulation. Results are reported in Section 4. Finally, discussion and
directions for future work are provided in Section 5.

2 Imaging and segmentation

A cadaveric sample of the temporal bone region was scanned with a high-
resolution Scanco µCT 100 system (Scanco Medical AG, Switzerland). The
dataset has a nominal isotropic resolution of 24.5 µm. The other available data-
sets consist of a cone-beam CT (CBCT) scan with a nominal resolution of 150
µm. Segmentation and creation of the FE model was performed on the µCT
dataset to exploit the superior anatomical details. We use a CBCT scan as a
patient-specific dataset because µCT scans cannot be taken on living patients
due to the high amount of radiation involved and the small sample size allowed,
while the CBCTs are appropriate for clinical use in patients. Even in the µCT



dataset the resolution was not sufficient to detect Reissner’s membrane and we
consider scala media and scala vestibuli as a single scala.

Fig. 1. a) Segmented transversal slice of the µCT, showing the cochlea (blue) and the
spiral lamina (red). b) Surface reconstruction of the cochlea, built from the µCT data.

The µCT dataset was segmented using a semi-automatic level-set method [6]
and manual corrections. Fig. 1a shows a transversal slice of the µCT image,
where the cochlea is segmented in blue and the spiral lamina in red. The resulting
surface segmentation was regularized with a surface reconstruction technique [7]
to obtain a surface more suited for generating a FEM mesh. Fig. 1b shows a 3D
surface reconstruction based on the µCT data.

3 Finite Element Model

The FEM mesh is built from the segmented µCT dataset. The basilar membrane
was only partly visible in the dataset, and severely damaged due to the sample
preparation process. Therefore, an approximating surface was manually fit to
the remaining portions of the bony spiral lamina of the cochlear wall (Fig. 2a).
The software ICEM-CFD (ANSYS) was employed to build a tetrahedral mesh
model with two different domains, one for the membrane and another for the
cochlear scale (Fig. 2b).

For the fluid domain we use the general formulation for Newtonian fluid [8]:

ρ

(
∂u

∂t
+ u · ∇u

)
= −∇p+∇ ·

(
µ(∇u + (∇u)T )

)
+∇ (λ∇ · u) + ρg (1)

where u models the velocity of the fluid, µ is the dynamic viscosity coefficient, p
is the thermodynamic pressure, λ the volume viscosity, ρ the density and g repre-
sents the gravity force. In current model we do not consider the effects of volume
viscosity. Numerical values for the required parameters are ρ = 998.3 Kg/m3 and
µ = 1.002e−3 Pa · s.



Fig. 2. a) Geometry of the FEM of the cochlea. Different colors represent the boundary
conditions: violet (walls), blue (inlet), pink (outlet), green (lateral wall of the basilar
membrane), red (base of the basal membrane). b) Tetrahedral mesh of the cochlear
structures with visible boundary conditions. Internal structures of the basilar mem-
brane are not visible.

In the solid domain, we are modeling biological soft tissues with possibly
large deformation. To this end, we use the finite deformation formulation [9]

ρ0ü−∇ · S = ρ0b0

S = FS̄(C)

F = I +∇u
C = FTF

(2)

where ρ0 is the density of the body in the reference position, S is the first Piola-
Kirchhoff stress tensor, and b0 = b0(x(p, t), t) is the body force measured per
unit mass. The response function S̄(C) characterizes the second Piola-Kirchhoff
stress as a function of the right Cauchy-Green tensor C. Here we use:

S̄ = λTr(E)I + 2µE (3)

where E is the strain tensor:

E =
1

2
(C − I). (4)

and I the identity matrix. In order to obtain a tonotopic frequency response as
per Greenwood’s model [10,11], the basilar membrane is modeled as an elastic
solid with a stiffness s(x) variable along its length:

s(x) = mω2(x), (5)

w(x) = 2πfr(x) = 2πA(102.1−60x − kG) (6)



where A and kG are two parameters used to fit the model to experimental data.
Here we use values A = 165.4 and kG = 0.85 as suggested in [11]. However, in
this formula x refers to the linear distance from the base, which is not easily
obtained from the geometry of the coiled cochlea. To overcome this problem, we
parameterized the surface of the membrane using the arrival time of an Eikonal
equation as the distance from the base. The Eikonal equation was solved with a
fast marching scheme [12].

We implemented the FEM using the Elmer open-source solver [13]. We con-
sidered a fluid-solid interaction at low Reynolds’s number because of the small
velocity of the fluid in the cochlear partition and its low viscosity [4,14]. To apply
the pressure stimuli, a transient sinusoidal boundary condition of 1 Pa is applied
between the inlet and the outlet. In order to solve the fluid-structure interaction
we use an alternating optimization heuristic where the Navier-Stokes equations
for the fluid domain are solved first and under the assumption of a constant ge-
ometry; then, the surface forces acting on the solids are calculated and utilized
to calculate stress and displacement of the elastic structure. Eventually, the fluid
domain is solved again, this time using the resulting displacement velocities as
fixed boundary conditions. This procedure repeats until the solution converges.

4 Results

Figure 3 shows the Eikonal parameterization (left) and the resulting stiffness
calculated with Eq 6. For this initial comparison, we selected four frequencies
inside the human hearing spectrum (20kHz, 2kHz, 200Hz, 20Hz) and simulated
the response of our FE-model to that stimulus.

Fig. 3. Models of the basilar membrane: (left) parameterization with the Eikonal equa-
tion. Notice how the isothermal surfaces in black are evenly spaced; (right) stiffness
of the membrane as calculated from the Greenwood model in logaritmic scale. Notice
how the membrane is stiffer at the base than in the apex.

A separate simulation was run for each stimulation frequency. In order to
set the desidered time resolution, we considered that our highest stimulation



frequency (20kHz) corresponds to an oscillation period of 50 µs. Thus we chose
a time step of 1 μs. In order to increase the robustness of the estimations, we
observe at least 10 periods of each oscillations, for a total simulation time of
500 µs or 500 time-steps.

Each simulation took approximately 60 minutes on an HP Z620 workstation
with 10 cores and 16 GB of RAM with OpenMPI [15] enabled. We observe that
the peaks of oscillations of the basilar membrane are distributed according to
Greenwood’s model (Fig. 4). This effect is of great interest for the optimization
of electrode placement in hearing-impaired subjects.

Fig. 4. Agreement of the simulated model (points) with the Greenwood model (con-
tinue blue line).

5 Discussion and Future Work

We presented an innovative image analyisis pipeline to perform patient-specific
biomechanical and functional simulations of the human ear. The framework is
capable of deforming the mesh created from high-resolution μCT images to a
clinical CBCT scan, thus transferring the results of the simulations to a real
patient anatomy. This enables the direct comparison of peaks location between
different patients and can be of great use for implant optimization.



Future works include using many μCT images to capture more anatomical
details for the FE-model. Work is already in progress to obtain a large amount
of high-resolution μCT cadaveric scans. In addition, the constitutive models
and boundary conditions used in our experiments will be refined as new ex-
periments are carried out, in order to ensure full physiological compliance. On
the methodological side, we are also working on extending this framework to
create a statistical shape model (SSM) to study the effects of population vari-
ability on simulation results and to explore the design parameter space in order
to find optimal values for a design fitting the whole population. This work is
a step forward towards a complete personalization of CI surgery where array
insertion strategy and expected response could be planned well ahead of the
surgery. Virtual testing of new implants will in the future help surgeons to select
the best implant accordingly to the anatomy of the patient. Further, being able
to study the whole range of cochlear shapes and frequency distribution of the
target population will lead to better fitting implants, as well as a considerable
cost reduction in the design process. In order to assess the appropriateness of
an implant, further development should be done to define the different scenar-
ios of the implant, in terms of positions where it is likely to be placed and the
percentage of residual hearing preserved.
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