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Subject Specific Modeling of the Forefoot 
Based on CT 3D Reconstruction
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Introduction: Developing new surgical procedures and prototyping implants requires a real or adequate virtual testing environment to work 
in. Due to the unique architecture of the human foot interventions and implants can be tested only on patients and cadavers. We present our 
own approach for creating the geometrical model based on 3D CT reconstruction. 
Material and methods: For the model construction we used the CT data from the foot of a healthy, young patient. The input data consisted 
from 56 sections from the talar dome to the plantar surface. The slices were segmented, boundary detection was performed, the boundaries 
were smoothed, NURBS interpolation was performed to obtain 3D surface. The surfaces were closed to solids and the solids edited to obtain 
the virtual anatomical structures. 
Results: Our model is geometrically accurate in the limits of resolution that were given by the CT examination. 
Conclusions: Now that we have an available model construction method we can begin enclosing the geometrical model into mathematical 
environments for finite element analysis. Also, scanning and reconstructing multiple feet with different conditions will help us to understand 
illnesses and develop new operative techniques and implants.
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Introduction
Pain free healthy feet are a key to a person’s independence. 
Many foot problems don’t respond to conservative treat-
ment, surgical treatment is required. More than 130 opera-
tions have been described only for the treatment of hallux 
valgus. Diagnosing the problems and determining which 
technique to use can be difficult. Treatment which is poorly 
planned or executed leads to high levels of patient dissatis-
faction [1]. Anatomically, the foot is a complicated struc-
ture with many joints and movements. The foot contains 
26 bones, 33 joints, 107 ligaments and 19 muscles [2]. 

Developing new surgical procedures and prototyping im-
plants requires a real or adequate virtual testing environment 
to work in. Due to the unique architecture of the human foot 
interventions and implants can be tested only on patients 
and cadavers. With the developing of computers and 3D 
modeling techniques several more or less adequate forefoot 
models have been developed. The first step for creating such 
a model is to define and replicate the geometrical conditions. 
We would like to present our own approach for creating the 
geometrical model based on 3D CT reconstruction.

Material and method
For the model construction we used the CT data from 
the foot of a healthy, young patient. The input data con-
sisted from 56 sections from the talar dome to the plantar 
surface. The sections were taken at 3 mm distance in the 
Z plan. The planar resolution was 0.796875 x 0.796875 
mm/pixel with 8 bit color depth (256 gray scale). 

The first step was the selection of the slices which we 
have done with the help of MicroDicom software. 

The selected images were opened in ImageJ freeware 
image processing software written in Java (present work 
uses ImageJ 1.44p together with Java 1.6.0_20) [3,4]. 

With the formula I = (I0-250)/2 we have eliminated the 
image intensities under the values of bone tissue intensi-
ties. In this formula I is the final intensity and I0 is the 
original intensity of the pixel.

With Canny edge detector algorithm we had identi-
fied the contours of the different objects, then eliminated 
those that were outside the studied area (opposite foot) and 
saved the contours in a binary file.

We have superimposed the binary contours on the 
original CT images using our own software, manually cor-
rected and closed them to boundaries. We used separate 
names and color for each bone, and marked the cortical 
and the cancellous layers (Figure 1). The boundaries were 
exported into binary files grouped by objects.

The boundaries where smoothed with an algorithm Cx,y 
= 0.25*Cx-1,y-1 + Cx,y + 0.25*Cx+1,y+1 where Cx,y are the co-
ordinates of boundary points. NURBS interpolation was 
conducted on the boundary points, the resulting NURBS 
were simplified (Figure 2). A NURBS surface was gener-
ated on the closed contour curves (Figure 3). The surface 
was edited with the help of Autodesk Inventor 2009 then 
closed to a solid (Figure 4). Solids were intersected and 
combined to obtain the cortical, trabecular bone and the 
hollow medullary canal [5]. Every articular distance was 
measured divided by 2 and the articular surface was thick-
ened by the resulting distance to obtain the articular car-
tilage (Figure 5). Ligaments and muscles were edited as 
simple bands based on the anatomical data.

The above described process was repeated but this time 
the segmentation threshold was set for tissue level intensity 
to obtain the skin surface.
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Results
Our model is geometrically accurate in the limits of resolu-
tion that were given by the CT examination. Creating a 
model usually takes 40 work hours which – considering 
the fact that we have to model 26 bones + cartilage and soft 
tissue – in our opinion is fast. Our designed algorithms for 
boundary detection and smoothing as well for 3D surface 
interpolation performed well. For testing the accuracy of 
the model we have performed a virtual “CT scan” – we’ve 
sliced the model in several places according to the real CT 
scan superimposed the images and we were satisfied with 
the results (Figure 6). We hope that our method for gen-
erating cartilage will prove right during the finite element 
analysis. We have built a model that we believe is suitable 
for studying forefoot conditions.

Discussion
Using NURBS for surface reconstruction is not yet wide-
spread in the medical modeling although in civil engineer-
ing it is [6]. We think that a good model should be scalable 
and the curvature should be accurate. The algorithms used 
on big bones cannot be successfully applied to small bones 
therefore higher accuracy and low levels of smoothing al-

gorithms are required. Some errors and imperfections oc-
cur in the boundary detections due to resolution problems 
in manual mode and detection algorithms in automatic 
mode [7]. The geometrical accuracy of our modeled bones 
is though sufficient for mechanical modeling; we consider 
it superior than the models used in the literature [8,9]. Be-
cause its radio transparent cartilage is not visible on the CT 
scan, micro CT or MRI would be mandatory to obtain 
cartilage data [10]. However the thickening the articular 
surface – and not filling the gap between bones we think 
will create an optimal replacement for articular cartilage 
for finite element analysis. A fault of the model found also 
in the literature is the lack of infrastructure for performing 
CT examination for loaded foot [11]. Even in 2D plain 
radiographic examination of the foot the base rule is always 
perform it unloaded and loaded. Some authors are experi-
menting with acrylic plates and slings [12] we also con-
sidered using a radio-transparent well worked shoe of the 
patient. Making our model ready for mechanical analysis, 
defining the right boundary conditions and validating the 

Fig. 1.  From CT to boundary

Fig. 3.  Primary bone surfaces

Fig. 5.  Final model of the M1 metatarsal

Fig. 2.  Smoothing and simplifying algorithms

Fig. 4.  Cleaned up solids with soft tissue

Fig. 6.  Virtual CT slice at 133 mm, yellow is resulted boundary
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mathematical model will be a serious challenge considering 
the number of geometrical bodies but based on literature 
data our model should behave well [13,14].

Conclusions
The methodology presented in this paper lays the founda-
tion for further research. Our goal was the development of 
a virtual testing environment for simulation and static-me-
chanical testing of different treatment methods of various 
diseases of the forefoot – hallux valgus, claw toes, flatfoot 
and more. For that we have developed an available and 
reliable geometrical model construction method based on 
practically any type of planar sectional data (CT, MRI). 
The resulted geometrical model can be edited easily to cor-
rect or produce various forefoot deformities, simulate oste-
otomies and osteosyntheses. The edited geometrical mod-
els can be enclosed into mathematical environments for 
static or/and dynamic finite element analysis. We believe 
that scanning and reconstructing a large number of feet 
with different conditions (mandatory diagnostic examina-
tion) will help us to understand illnesses and develop new 
operative techniques and implants.
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