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SUMMARY
Over the last decades, the biomechanical community invested 
efforts to develop patient specific models. The objective is to 
enable the surgeon to  plan the surgery, select the appropriate 
implant  and  position  or  optimize  the  surgical  techniques. 
However, results of these development failed to spread widely 
in  the  medical  practice  due  to  the  large  amount  of  time 
required to setup the numerical model and perform the finite 
element calculations.  The purpose of the present work is to 
propose a possible technique to reduce the computational time 
for patient specific model. The proposed method relies on a 
combination  of  statistical  shape  model  and  finite  element 
analysis. Preliminary results based on a limited training data 
set indicates that this approach could be a valid alternative to 
the current procedure.

INTRODUCTION
Finite element models developed from CT data are commonly 
used  to  evaluate  the  mechanical  performance  of  the  bone 
[6,11], load transfer from implant to bone [4], bone–cement 
interface mechanics [8] and evaluation of fracture risks [2,9]. 
However, the construction of a numerical model for a specific 
patient  involve  many  steps  and  is  time  consuming.  The 
generation  of  such  a  model  requires  segmentation  and 
parametrization of  the relevant  patient  structures,  generation 
of  a  volume  mesh  and  allocation  of  appropriate  material 
properties and boundaries to finally solve the finite element 
problem.  This  limitation  prevents  a  day-to-day  use  of 
biomechanical findings in the clinical routine and limits this 
approach to a limited number of specific cases.

Statistical shape analysis has been used to represents human 
bone anatomy.  This  method enjoys  a remarkable  popularity 
within  the  medical  image  analysis  community.  Since  its 
invention, many groups worldwide started to investigate the 
capabilities of these techniques to study human anatomy and 
to  model  its  variability.  Statistical  shape  model  are  widely 
used for both, as basis for image segmentation and to study 
and interpret complex anatomical structures.

In this work, we propose to combine a statistical shape model 
with  finite  element  to  reduce  the  time  required  to  obtain 
patient-specific  finite  element  calculations.  First  a  statistical 
model of the anatomical structure is developed. The model is 
then  used  to  generate  new  bone  instances  representing  a 
known percentage of the target population and perform finite 

element  calculations  on  this  generated  models.  Finally,  the 
database  of  pre-calculated  finite  element  results  is  used  to 
estimate the stress distribution corresponding to the bone of a 
specific patient.

METHODS
The  first  step  is  to  build  a  statical  shape  model  of  the 
anatomical  structure  of  interest.  Six  post-mortem full  body 
Computed Tomography image data sets from 3 male and 3 
female subjects of age between 22 and 90 years  (22y,  56y, 
77y, 88y, 89y, 90y) were used. The subjects left femurs were 
segmented  out  of  the  image  stack  using  AMIRA  (Visage 
Imaging)  using  a  semi-automatic  procedure.  The  resulting 
bone segmentation were then exported to a 3D STL objects. 
One reference bone was selected from the training data set and 
was  meshed  with  4-nodes  tetrahedral  finite  elements.  The 
reference  mesh  consisted  of  26'435  elements  and  42'145 
nodes.

A morphing procedure was used to establish correspondence 
between the bones of the training data set. For each femur, a 
set of 10 anatomical landmarks were recorded. The landmarks 
were  used  by  the  morpher  tool,  which  uses  radial  based 
function  in  3D  and  projection  on  the  STL  surface  for 
morphing, to ensure the non-rigid alignment and shape vector 
generation  [7]. Subsequently,  the  generated  volume meshes 
with  established  correspondences  were  aligned  by  a 
Procrusters  analysis.  The  statistical  shape  model  was 
constructed  with  five  femur  using  a  principle  component 
analysis (PCA) [3]. From this shape representations seven new 
femur instances were generated by: 

First,  five  femurs  instances  were  generated  along  the  first 
principle mode of variation  (b = {-0.6, -0.3, 0, 0.3, 0.6}).  In 
addition, a control femur with first mode parameter (b = 0.4) 
have been generated. 

A finite element model of the femur with a loading situation 
corresponding to a normal walking was designed according to 
the  literature  [1,5,10].  The  model  included  a  hip  force  of 
836N, muscle forces for the abductor group, the tensor fasciae 
latae  and  vastus  lateralis  [5].  To  define  directions  of  the 
boundary conditions and loadings a local  coordinate system 
was introduced according to Speirs [10] where the x-axis of 

X= X∑ b iii



this local coordinate system goes from the hip contact point of 
application  towards  the  center  of  the  knee.  This  coordinate 
system is used to constraint joint contact force to be applied 
toward this axis (Figure 1). The bone material was considered 
homogeneous and purely elastic (E = 5GPa, υ = 0.3).

Figure 1:  Loading  situation (left  side)  and local  coordinate 
system introduced (right side).

The  results  of  this  finite  element  calculations  form  the 
database of numerical results used to obtain fast finite element 
results  for  new  bone  instances.  In  order  to  evaluate  the 
predictive power of the method, prediction of the model for a 
the control bone were compared to the results of a direct finite 
element calculation on the same bone instance. A path along 
the femoral neck and medial shaft was used to record stress 
and  displacement.  The  results  for  the  five  generated  femur 
instances  were  combined  by  interpolation  and  polynomial 
fitting to the a statistical finite element model. To assess the 
statistical finite element model, result from the control femur 
were  compared  to  the  corresponding  predictions  along  this 
line. 

RESULTS AND DISCUSSION
The calculated  prediction  from the  statistical  finite  element 
model of Mises stress along the medial shaft and femoral neck 
were in good agreement with the result of the CF calculation 
(Figure 2). The maximum relative error occurred in the region 
of  highest  deflection  and  was  about  12.7%  and  with  an 
absolute error of magnitude 4.26 MPa.

Figure 2:  Mises stress along the path: Calculated values (A) 
and the simulation results (B)

The  femur  model  itself  has  limited  validity  because  of 
constant young modulus and relatively low number of linear 

tetrahedral elements. However, efforts can be made to increase 
training set, assign intensity based material  properties to the 
nodes and elevate the number of elements to create a valuable 
femur  model.  Despite  the  limited  training  data  for  the 
statistical  finite  element  model,  these  preliminary  results 
indicates the feasibility of the method to predict bone stresses. 
Additionally, this method can be extended to non linear cases 
by  use  of  more  advanced  interpolation  techniques  like 
neuronal networks. 

The  major  benefit  of  this  approach  is  that  it  shifts  the 
calculation effort  in a early phase of the development.  This 
very time consuming task can be achieved in advanced using 
parallel  high computational  resources.  On the user  side,  the 
calculation  effort  is  minimal  resulting  in  real  time  output, 
which is appropriate for clinical application.

CONCLUSIONS
In  this  work,  we  proposed  a  feasible  method  for  a  pre-
computed  patient  specific  model,  hence,  reducing  time and 
complexity  for  future  applications.  We  believe  that  this 
method  has  the  potential  to  bring  recent  advances  in 
biomechanics to clinical practice.
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