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1 INTRODUCTION

The aim of this project is to develop a novel approach for
continuum mechanical simulation where the domains and
the coefficients of the problem are described or derived
from image data. Special emphasize is on 3D medical ap-
plications.
The approach presented here avoids several critical steps of
common applied methods. There is no explicit 2D mesh-
ing of 3D segment boundaries and no 3D grid generation
for the interior of the segment domains.
Instead, on a suitable fine grid level basis functions are to
be defined which represent the domain boundaries and the
possiblyjumping coefficientson interior interfaces appro-
priately. These basis functions are linked to grid nodes on
an adaptive regular grid. Using Galerkin projection, a hier-
archical basis is to be considered which enables efficient
multilevel methods. Furthermore a posteriori error esti-
mates which measure the approximation quality in terms of
domain uncertainty and errors in the coefficients and their
distribution should be derived.

Depending on the local intersection of the domain
boundary∂ω a hexahedron is subdivided. Here different

topological configurations from a look up table are
depicted.

2 IMAGE PREPROCESSING

• Image segmentation.Starting from a selected seedpoint
a region keeps growing as long as certain local homoge-
neous criteria are fulfilled. The application of the theory
of curve and plane evolution to segmentation has led to
so–calledsnakesandactive contour models. The solu-
tion is based on the computation of theEikonalequation,
in which the evolving curve or plane is represented as a
level–set of the image.

• Image denoising. Many medical, densiometric and MRI
images are noisy due to measurement errors and uncer-
tainties. To prepare a reliable segmentation an edge en-
hancing and denoising step in unavoidable. Here PDE
methods based on nonlinear, anisotropic diffusion have
proven to be very effective.

• Image registration. This methodology is important
if data from different images should be overlayed to
strengthen the criteria for a robust segmentation. In
our context it is used especially to evaluate densiomet-
ric CCT image data at the right position on segmented
bones. One aims to correlate two images via an energy
relaxation over a set of in general non rigid spatial de-
formations. We use a registration method based on the
morphological of the images.

Segmentation results of a human skull given by a level
set function which can be used directly for composite FE

computations.

3 SIMULATION OF BONE

ELASTICITY

The aim of this project is to develop a novel approach for
continuum mechanical simulation where the domains and
the coefficients of the problem are described or derived
from image data. As an application we are planning to con-
sider the simulation ofelastic stresses and elastic deforma-
tions in human bones, especially in the vertebral bodies of
the lumbar spine. Special emphasize is on elastic deforma-
tions φ on domainsΩ representing bone structures in 3D
medical applications controlled by the Lame-Navier equa-
tions of linearized elasticity:

−2µdivE(u)− λ grad divu = f

Hereu(x) = φ(x) − x is the displacement,E is the strain
tensor,f the force andµ(x), λ(x) are the Lame Navier
coefficients representing the material properties. The chal-
lenges of the problem are thecomplex shape of the domain
Ω and the fact that the Lame Navier coefficients are char-
acterized byjumps of orders of magnitudeat interfaces in
the interior of the domainΩ.

From left to right the DXA image of the femural neck, the
generated Delaunay grid (boundary smoothing is still

work in progress), and the color coded distribution of the
maximal strain (one of the indicators) are displayed.

4 COMPOSITEFE APPROACH

We will assume that the interior interfacesγi can be iden-
tified from previous segmentation calculations on the 3D
CCT, DXA or MRI images and can be represented by dis-
crete implicit functions. I.e. we suppose the subdomainsωi
of Ω to be given in the form

ωi = {x ∈ Ω |φi(x) < 0}
γi = {x ∈ Ω |φi(x) = 0}.

One key issue of this project is the proper coding of the
jumps of the coefficientsµ(·),λ(·) in the basis functions of
a finite element space on the finest grid level of a possi-
bly adaptive hexahedral grid. We are going to construct
suitable basis functions which carry the proper jumps in
the normal derivative at the interfacesγi intersected by the
basis function’s support. Using Galerkin projection a hi-
erarchical basis is to be considered which enablesefficient
multilevel methods. Furthermorea posteriori error esti-
mateswhich measure the approximation quality in terms of
domain uncertainty and errors in the coefficients and their
distribution should be derived.

Level set function of a segmented vertebra.

Thus, the approach presented here avoids several critical
steps in frequently used methods. There isno explicit 2D
meshing of 3D segment boundaries and no 3D grid gener-
ation for the interior of the segment domains.

Image acquisition, segmentation and basic examplaric val-
idation via stress measurements are part of the project.

The aim of the project is the development of the new math-
ematical tools and the study of the corresponding numer-
ical analysis on the background of real medical applica-
tions. Furthermore, bones are known to be very complex
anisotropic structures on the microscopic level. Hence, the
Lamé–Navier equations are a very coarse approximation of
reality. Nevertheless, we are convinced that the proposed
project is the first step towards a novel, effective and effi-
cient medical simulation tool which will be capable to al-
low rapid simulation and diagnosis support for individual
human bone structures in the future.

5 MEDICAL APPLICATION

AND VALIDATION

The clinical collaborators in this project do not have a spe-
cific background with regard to FE simulation of the spine.
However two important prerequisites for a collaboration
exist.

(A) They have extensive expertise in spinal surgery with a
case-load of approx. 250 stabilizing procedures a year and
they are active in clinical research in this field. Knowledge
and collaboration with biomechanical testing also exist.

(B) In close collaboration a previous project has been suc-
cessfully completed regarding the clinical application of an
adaptive level set method for image segmentation in cere-
bral gliomas.


