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1. Introduction

Lumbar spinal fusion is a surgery to permanently join, or
fuse, two or more vertebrae in the human spine eliminating
motion between them. It is currently considered as one of
the most successful surgical treatment in patients with spi-
nal deformity, degenerative disk diseases, and degenerative
spondylolisthesis (Bashkuev and Checa 2015). However,
pain at the bone, non-fusion, breakage of metal implants,
infection may appear and lead to its failure (Chou and
Loeser 2009). Its success depends critically on the geomet-
rical design of the interbody cages and the material prop-
erties (Noailly et al. 2014). An appropriate design resulting
from the real morphology of the patient can provide ade-
quate primary stability and greatly avoid fixation problems,
stress-shielding effects, and load transfer.

The main objective of this work is to introduce a sys-
tematic design process of custom-fitted interbody cages
for lumbar spinal fusion, based on anatomical reverse
engineering (ARE) techniques such as magnetic reso-
nance imaging (MRI) and 3D reconstruction. Finite ele-
ment analysis (FEA) was used to evaluate and compare the
stress distribution for the optimization of the cage design.

2. Methods
2.1. MRIscan data and segmentation

A stack of 2D image slices for the region of interest (ROI)
including lumbar spine was obtained using a clinical MRI
scanner (GE Signa HDxt 1.5T) with a slice thickness of
0.625 mm, a 512 x 512 pixel resolution (320 x 320 mm?).
The software BiolmageXD was used to perform the seg-
mentation process and extract the 3D cloud point of the
second and third lumbar vertebrae (L2 and L3).

2.2. 3D reconstruction and CAD modelling

The cloud point was imported in SolidWorks® using
ScanTo3D tool which allows noise removing, realign-
ment, extraneous deleting, curves generating and mesh

smoothing. Finally, 3D CAD model of the lumbar vertebra
was created and exported (Figure 1). In order to ensure
a good morphological and morphometric reproducibil-
ity of the reconstructed model, a deviation analysis was
performed to compare between the cloud point model
(initial) and the smoothed model (final) in the reconstruc-
tion process.

2.3. Design of interbody cage

In order to sketch the outer surface profile as close as possible
to the two lumbar vertebrae (L2 and L3), a specific adapta-
tion algorithm was developed using Macro tool, as a result,
two profile type of interbody cage were created. For each
profile, geometrical parameters were introduced to generate
different possible cage dimensions as shown in Figure 2.

2.4. Finite element analysis and design
optimization

Stress-shielding is considered as one of the main reason lead-
ing to the failure of lumbar spinal fusion. Stress distribution
in the regions surrounding the interbody cage must be max-
imum in order to enhance the mechanical stimulus required
for bone formation and avoid stress-shielding effects.

For this, a parametric finite element study was performed
using ANSYS Workbench software. The 3D model consists
of the two lumbar vertebral bodies (bone) and the inter-
body fusion cage (Titanium alloy Ti6Al4 V). A distributed
load corresponding to a 600 N axial compressive force was
applied at the top of the upper vertebral body. The average
equivalent von-Mises stress within the fusion zone which
represents the objective function of optimization was esti-
mated for 14 scenarios representing the variation of the three
geometrical parameters of the first design profile (x1, x2
and x3) and 08 scenarios representing the variation of the
one geometrical parameter of the second design profile (Y).
The geometrical parameters of cages represent optimization
variables which affect the objective optimization function.
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Figure 1. 3D reconstruction steps.
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Figure 2. Closest profiles generated (a): first profile type, (b):
second profile type.

3. Results and discussion

The average von-Mises stress observed within the fusion
zone of all models was widely below the reported ultimate
strength for cortical and cancellous bone under compres-
sion (139.5 and 35.95 MPa respectively, Cory and Nazarian
2010), thereby eliminating overloading risks. The purpose
of the FE parametric study is to examine and compare the
stress distribution for different designs in order to be able
to select the profile and the geometrical parameters lead-
ing to minimize stress-shielding effects. Some FE results
are presented in Table 1 for the first generated design and
Table 2 for the second generated design.

The comparison showed that on the one hand, the
stresses in the first interbody cage profile are higher than
the second. On the other hand, the stress in the same pro-
file increases with the geometrical parameters increasing
the contact area between the cage and two vertebras. Note
that a function minimizing the weight has been integrated
to control the dimensions.

The increase of the contact surface leads to a good load
transfer between the cage, therefore this will minimize
stress-shielding risks.

4. Conclusions

On the basis of the anatomical reverse engineering tech-
niques, a systematic process has been carried out for the
design of a custom-fitted interbody cage for lumbar spinal
fusion. The proposed custom design process starts from
the patient morphology which allows the measurement
of the vertebra dimensions and extracting the closest
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Figure 4. Von Mises stress distribution in second cage.

possible profile for the fusion cages design. Using the finite
element concepts, geometrical parameters compromising
stress-shielding effects and the cage weight has been cal-
culated. However, the results must be validated in a future
works and other important phenomena must be taken
into account such as bone stimulation, wear resistance
proprieties and the hostile physiological environment.
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