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The goal of this study was to generate a realistic 3D FE model of the seven level thoracolumbar spine. This research focused on the
development of a robust and efficient procedure for generating anatomical 3D FE models, directly from a series of medical images, i.e.,
CT data. A complex model of the spine was created by combining two different modelling approaches, namely the CAD and STL-CAD
methods. In addition, the entire meshing procedure for the vertebrae was significantly speeded up by combining 3D tetrahedral elements
with brick elements, relative to conventional mapped mesh generation procedures. The resulting model generation method allowed for
flexibility in element choice and in element type combinations. The model was subjected to various compressive loads to asses the over-
all behaviour of the spine. This case study was performed to illustrate the usefulness of the FE model. In the authors’ opinion, the model
presented is an important tool in computational spine research as it can provide general information on spinal behaviour under various
loading conditions whether healthy, diseased or damaged.
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1. Introduction

The human spine is a complex structure whose
principal functions are to protect the spinal cord and
transfer loads from the head and trunk to the pelvis. In
recent years, computational modelling, especially
Finite Element Analysis (FEA) has made an important
contribution to the study and understanding of the
behaviour of the spine. This method seems to be the
most suitable approach to study spinal biomechanics
due to the 3D irregular geometry, non-homogenous
material arrangement, large complex loading and
movement, and non-linear response including contact
at facet joints [1]. As computing power and software
capabilities have increased over the years, more com-
plex models and spinal problems can be analysed and
investigated. According to FAGAN et al. [2], FEA has

been used in spine research for a number of reasons:
(i) to examine biomechanical behaviour of the healthy
spine, (ii) to assess the spinal performance when af-
fected by disease, degenerative changes, trauma, age-
ing or surgery, (iii) to investigate the influence of
various spinal instrumentation on spine behaviour,
and (iiii) to assist in the design and development of
new spinal implants.

Various FE models of the spine, especially the
lumbar spine, have been proposed and reported in the
literature in recent years. This is understandable
given the prevalence of low back pain. In order to
examine the effects of material property variation for
the different spinal components, both simple and
complex FE models of single vertebrae [3], [4], mo-
tion segments [5], [6], multimotion segments [7], [8]
and the whole lumbar spine [9]–[11] have been pro-
posed. However, similar investigations for the ex-
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tended thoracolumbar region have been rarely re-
ported [12].

To date, the motion segment, consisting of two
vertebrae and the disc that separates them, is a basic
unit of study in spinal kinematics and commonly used
in computational spinal research. However, in the
authors’ opinion multisegmental FE models of the
spine have advantages over short “specimens” and can
contribute more significantly to quantitative spinal
biomechanical investigations. These models give more
information on the condition and performance of the
spine under different loading conditions. Moreover,
they allow for the study of the load transfer mecha-
nisms along the spine, and for the determination of the
stress and strain distributions in the spinal column. The
regions of the spine that are more susceptible to injury
can be identified as the intersegmental results can vary
for different motion segments. In addition to this, the
general kinematics of the healthy spine can be exam-
ined, and the effect of various diseases (osteoporosis,
degeneration of the intervertebral disc, etc.) on the
flexibility of the spine can be investigated using this in-
depth anatomically relevant approach.

The geometry of the majority of recently built 3D
models of the spine has been derived from CT data [4],
[6], [7], [9], [13], [14]. The main advantage lies in the
fact that CT images provide very accurate and precise
information on bone geometry [15]. In the majority of
computational studies, e.g., [6]–[8], [10], [11], the global
geometry of a FE model of a motion segment or of
a multisegmental spine is based on the reconstruction of
only one vertebra [7], due to the extremely complex
vertebral geometry. Usually, the CAD or FE model of
a given vertebra is copied and scaled to mimic the differ-
ence in size of each vertebra . The final FE model of the
multisegmental spine is created by stacking the vertebrae
on top of each other. The mean dimensions and shapes
of additional spinal components, such as intervertebral
discs, are defined according to the anatomical data pro-
vided in the literature and histological observations [7].

In contrast to many studies reported in the literature,
the aim of this research is to create a patient specific
complex 3D FE model of the thoracolumbar spine using
commercial CAD/FE software and CT scans. The em-
phasis is placed on ensuring geometrical precision in the
representation of the bone. In this context, the first main
objective of the paper is to present the development of
a model generation method. To this end, a robust, semi-
automatic procedure for the generation of FE models
directly from CT data is introduced. This procedure al-
lows highly anatomically accurate FE representations of
each vertebra in the thoracolumbar spine to be generated,
using CT images of a specific thoracolumbar spine

specimen. The second main objective of the paper is to
present the results of a computational study, performed
using the generated model, where loading conditions on
the thoracolumbar spine are varied. This study demon-
strates the capabilities of the model and also specifically
demonstrates the sensitivity of the biomechanical be-
haviour of the thoracolumbar spine to variations in the
applied loading conditions.

2. Reconstruction of the vertebrae

2.1. CT image processing

The generation of 3D FE models of bone from CT
scans involves two main steps. These are geometry
definition and the application of a specific meshing
procedure. In order to generate an FE model of the
bone structure, CT data has to be processed to extract
the desired information such as bone geometry and
tissue density.

Fig. 1. 3D visualisation (MIMICS) of the thoracolumbar spine
based on CT data obtained from Rice University: (a) side view,
(b) front view, (c) back view. Vertebrae Th11–L5 are indicated

In this study, the geometry of each thoracolumbar
component (Th11–L5) was derived from a series of
CT scans from a 63 year old male cadaver (Figure 1).
The medical images were obtained from Rice Univer-
sity, USA. The specialist software MIMICS (© 2004,
Materialise NV) was used to process the medical im-
ages and derive the geometry. In order to define an
accurate geometry of each vertebra in the thoracolum-
bar column, the bone tissue was segmented by thresh-
olding and the pixels having grey values in the thresh-
old range were treated as bone tissue and collected in
a segmentation mask. The segmentation mask was
automatically three dimensionally reconstructed using
a region growing function available in MIMICS (Fig-
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ure 1). This option allowed one to assess the quality of
the segmentation mask and the visualisation of an
entire bone structure directly from 2D CT images
(Figure 1). One of the most important requirements
which must be satisfied during image processing was
that the segmentation mask had to make a closed vol-
ume. Thus, in many regions, it was necessary to edit
the segmentation mask manually to make a closed
volume, by including a single pixel or group of pixels
to the segmentation mask.

After processing the CT images, two different
modelling procedures, namely the CAD based method
and the STL-CAD based method, were applied to
define an accurate geometry for each vertebra in the
seven-level thoracolumbar spine.

2.2. Surface representation
of the thoracolumbar spine

2.2.1. CAD based approach

In the context of the present work, the CAD based
approach can be defined as a process of model gen-
eration where emphasis is placed on preparation and
manipulation of the bone geometry based on a series
of contour lines and surfaces.

One of the many advantages of MIMICS software
is that the MedCAD module allows one to generate
the surface representation of a given object in a fully
automated way. However, in the case of the spine, it
was not possible to generate a single surface due to
the extremely complex geometry of the vertebra.

In order to speed up the reconstruction process, the
vertebral bodies and posterior elements (Figure 1)
were modelled separately. This decision was based on
the fact that the geometry of the vertebral body is
simple relative to that of the bony ring and its surface
representation could be generated easily in MIMICS.
The vertebral bodies were separated from the poste-
rior elements by deleting rows of pixels from each
cross-sectional slice. The posterior elements them-
selves were then split into five separate segments to
further reduce geometrical complexity. Following
this, seven segmentation masks were applied: two for
the vertebral body (cortical shell and trabecular core)
and five for the posterior element segments. This is
illustrated in Figure 2.

Following the image processing steps performed
in MIMICS, sets of contour lines that bordered the
specified bone tissue were determined for each slice,
in order to transfer the reconstructed images of the
lumbar spine into a CAD/FE environment.

Fig. 2. Schematic representation of the CAD based method

2.2.1.1. Vertebral body

For the vertebral body, the surface representation
was generated using the MedCAD module via the
CAD based method (Figure 2). A set of contours that
bordered the external cortical shell and the inner trab-
ecular core were automatically determined in each
slice. These lines served as the basis for further con-
struction of a geometrical model. In order to speed up
the geometry definition process, a group of surfaces
was fitted automatically to the newly generated con-
tours. The vertebral bodies were represented by large
smooth surfaces that bordered the cortical and trab-
ecular bone.

2.2.1.2. Posterior elements

The CAD based approach was initially used to
model the posterior bony processes of the L5 vertebra
using the steps illustrated in Figure 2. As mentioned
above, the basic segmentation mask describing the
posterior elements of the vertebra was divided into
five distinct parts. This was done by deleting rows of
pixels from each cross-sectional slice. Following this,
a set of five unconnected segmentation masks was
applied. Each mask represented a different process or
group of processes in the bony ring: two for the trans-
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verse processes, two for the articular processes and
one for the spinous process (Figure 2). A group of
surfaces that represented the different processes was
then fitted automatically to the contour lines.

2.2.1.3. Whole vertebra

The surface representation of the whole vertebra
(vertebral body and posterior elements) was exported
as an IGES file into the ANSYS (©2003, ANSYS
Inc.) package. Using the Pre-Processor module in
ANSYS each surface was divided into smaller seg-
ments in order to create new areas and to fill the gaps
between the original adjacent surfaces. Once the sur-
face sections for a given vertebra were completely
joined together, the result was considered as a solid
model of the vertebra. This was a labour intensive
process, chiefly due to the geometrical complexity of
the posterior elements.

2.2.2. STL-CAD based approach

The CAD based solid model generation procedure
gave very good results but was rather time consuming
(up to 100 hours to generate a solid model of the ver-
tebrae) and was insufficiently robust to be relied upon
exclusively for developing patient specific FE models
of the thoracolumbar spine. Therefore, an alternative
procedure was considered, that presented the possibil-
ity of a certain degree of automation. This alternative
procedure was particularly useful for dealing with the
bony processes.

The development of a faster and more robust ge-
ometry definition method evolved from Rapid
Prototyping (RP) technology and the Stereolitography
(STL) file format. In the STL file format a 3D object
is represented by sets of triangles that form the outer
shell of a volume, where the triangles share common
sides and vertices.

In the context of the present work, the STL-CAD
based method can be defined as a process of model
generation where emphasis is placed on manipulation
and modification of triangular STL geometrical mesh
representations of an object, to convert it into a closed
surface, resulting in a solid model.

2.2.3. CAD + STL-CAD combination

In the present work, the final solid models of the
vertebrae were generated using a combination of the
CAD and the STL-CAD approaches, with the CAD
based method being used for the vertebral bodies and
the STL-CAD based method being used for the geo-

metrically complex posterior elements. The combined
process is illustrated in Figure 3. For the posterior ele-
ments, an intact segmentation mask representing the
whole of the posterior bony processes was generated in
MIMICS and automatically converted into the STL
format. The software module STL+ within MIMICS
was used to generate the triangular mesh representation
and to transfer it to HyperMesh (© 2004, Altair Engi-
neering, Inc.) software as an STL file. The special
“FE → Surf ” panel in HyperMesh was used to auto-
matically convert the irregular, triangular mesh repre-
sentation of each bony ring into a closed surface that
closely fitted the triangular surface mesh.

Fig. 3. Schematic representation of a combination of the CAD
and STL-CAD based methods

In order to generate the complete solid model of
the vertebra, the surface representation of the vertebral
body generated using the CAD based method as de-
scribed above and saved in IGES format was imported
into HyperMesh. Using the geometry module in Hy-
perMesh, the surfaces were manually corrected to
smooth irregular areas and to join the vertebral body
surface to the bony ring surface, resulting in a solid
model of the vertebra. The final solid models for each
of the T11–L5 vertebrae are shown in Figure 4.
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Fig. 4. Solid models of the seven anatomically
different vertebrae

This combination of methods was found to be
most appropriate for the vertebrae and the genera-
tion of the solid model of the single vertebrae was
speeded up by a factor of ~5 in comparison to CAD
based modelling alone. The CAD based method
produced very accurate representations of the corti-
cal tissue and trabecular core and was the most ef-
fective for dealing with the geometrically simple
vertebral bodies, while the STL-CAD based method
was faster and more effective for dealing with the
bony processes, due to their extremely complex
geometry.

3. Finite element model
of the thoracolumbar spine

After geometry definition, the next step in gener-
ating a 3D FE model is the application of a specific
meshing procedure. Several techniques for generating
meshes for bone structures have been developed [16]–
[23], however geometry based meshing is the most
commonly reported technique in the literature.

In general, geometry based meshing in orthopae-
dic FE modelling can be defined as a process of
mesh generation where emphasis is placed on ma-
nipulation of the surface/volume representation of
bone geometry, to make it suitable for easy mesh
construction, using conventional meshing tech-
niques. The most popular are the mapped and free
mesh methods available in most commercial finite
element packages, e.g., ANSYS, ABAQUS CAE,
PATRAN and HyperMesh.

3.1. Meshing procedure

In order to examine the biomechanics of the seven
level thoracolumbar spine, a complex 3D non-linear
FE model that included soft tissue such as interverte-
bral discs and spinal ligaments was created. The solid
models of the seven anatomically different thoraco-
lumbar vertebrae shown in Figure 4 were used to cre-
ate the FE model. HyperMesh was used in FE mesh
generation and the commercial code ABAQUS (©
2004, ABAQUS, Inc.) was used for solving boundary
value problems with the mesh.

In order to create the spinal column, all seven
vertebrae were stacked one on top of the other. As the
entire geometry was derived from a series of CT im-
ages, the distances between the vertebral bodies and
facet joints, and the anatomical spinal curvatures,
were preserved. Using the geometry module in Hy-
perMesh, additional spinal components such as soft
tissues were modelled.

In order to fill spaces between adjacent vertebral
bodies, six intervertebral discs were created. From CT
data the exact internal structure of the disc was not
known, so using data from the literature, it was as-
sumed that the nucleus pulposus filled 45% of the
total disc area in cross-section and that its position
was more posterior than central [27]. The cartilage
and bony end-plates were also included in the solid
model of the thoracolumbar spine. The volume of
each of the thoracolumbar vertebrae was split into two
subvolumes, namely vertebral body and posterior
bony ring, and these subvolumes were meshed sepa-
rately.

3.1.1. Spinal column

The vertebral bodies and the intervertebral discs
were meshed using the mapped mesh approach. 3D,
isotropic, 8-noded solid/brick elements were used in
the modelling of the cortical shell, trabecular core,
bony and cartilaginous end-plates, and the annulus
matrix of the intervertebral disc. The thickness of the
cortical shell varied for each vertebral body and was
set to range from 1.5 to 2 mm. These values were
based on the CT scan measurements.

A combination of element types was used for the
intervertebral discs (Figure 5a). The annulus fibrosus
was defined by three radial layers and modelled as
a composite material consisting of fibres embedded in a
ground substance. For the fibres, 3D truss elements were
aligned in layers to form a criss-cross pattern placed at
an average angle of 40° to the horizontal plane of the
disc. The nucleus pulposus was simulated as an incom-
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pressible material and represented by 8-noded hybrid
solid elements with a low Young’s modulus and a Pois-
son’s ratio close to 0.5 [5], [25]. The ground substance of
the annulus fibrosus (the annulus matrix) was repre-
sented by 8-noded solid/brick elements.

Fig. 5. Mesh of typical vertebra (a), structure of intervertebral
disc (b), and complete model with three different views shown (c).

Some of the spinal ligaments included in the model
are also shown in (c)

3.1.2. Posterior processes

Due to the extremely complex geometry of the poste-
rior part of the lumbar vertebrae, it was difficult to mesh
the bony rings using the mapped mesh approach. There-
fore, in order to speed up the meshing process and pre-
serve the detailed geometry of the posterior spinal com-
ponents, a different approach was considered. Instead of
the 8-noded brick elements, 4-noded tetrahedral ele-
ments were used (Figure 5b). Combining tetrahedral
elements with brick elements speeded up the entire
meshing process for the vertebrae, relative to the previ-
ously considered methods. Moreover, the tetrahedral
elements were able to give very accurate rendition of the
bony ring surface geometry (Figure 5b). However, with
this approach, only first order elements could be used to
preserve the compatibility between the tetrahedral and
brick elements. In the case of second order elements, the
tetrahedral mesh (middle node) would not match up the
higher order brick elements.

A preliminary FE analysis was carried out to study
the effects of the mesh density and the combination of

the different element types on the stress distribution. To
analyse the effect of mesh density, a single motion
segment (L4L5) was considered and a bending moment
of 7.5 Nm was applied. The results from the mesh
shown in Figure 5b were compared to those produced
by a mesh that was approximately three times as dense.
There was no appreciable difference in the stress distri-
butions, leading to the conclusion that the mesh shown
in Figure 5b was sufficiently accurate. To investigate
the combination of the brick and tetrahedral elements,
a single vertebra was subjected to a compressive load
along the spinal column direction. The results clearly
showed that the combination of elements did not pro-
duce discontinuities in stress distribution; a smooth
stress transition between the vertebral body and the
posterior processes was observed.

3.1.3. Facet joints

The facet joints were modelled as a 3D frictionless
contact problem using interface GAP elements to simu-
late the contact between the articulating faces. The ar-
ticulating faces were represented by series of convex and
concave surfaces. The initial gap between the two facet
surfaces was based on the CT scan measurements and
was about 0.8 mm. An average of 25 GAP elements
were used to model each facet joint contact.

3.1.4. Spinal ligaments

Seven spinal ligaments, namely the anterior lon-
gitudinal ligament, posterior longitudinal ligament,
ligamentum flavum, intertransverse ligament, cap-
sular ligament, interspinous ligament and supraspi-
nous ligament were considered in the model (Figure
5c ). In order to mimic anatomical observations, the
points of ligament attachment to the bone were cho-
sen from anatomy textbooks [26]–[28]. The spinal
ligaments were modelled using two different ele-
ments, namely non-linear springs and truss elements.
It has been reported in the literature [24] that the
ligamentum flavum and anterior and posterior lon-
gitudinal ligaments have a pre-tension in the neutral
position of the spine. Based on data from the litera-
ture [24], the initial pre-tension values for non-linear
spring elements (ABAQUS-SPRINGA) representing
these ligaments were calculated, and were set to
14 N, 2 N and 1.5 N for the ligamentum flavum,
anterior longitudinal and posterior longitudinal liga-
ments, respectively.

On the basis of the physical properties of spinal
ligaments in general [24], 3D truss elements (ABAQUS-
T3D2) were chosen to simulate the remaining four liga-
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ments. This decision was based on the fact that this type
of element could be used in 3D to model slender, line-
like structures that support loading only along the axis or
the centreline of the element [29]. The completed FE
model of the thoracolumbar spine consists of 211 035
elements and 86 875 nodes (Figure 5c).

The assignment of material properties for all bony
spinal components and intervertebral discs was based
on literature studies [3], [5]–[7], [30] and the different
materials were assumed to be linear, homogeneous and
isotropic (Table 1). All the physical and material prop-
erties of the spinal ligaments were also derived from
the literature [6], [24], [31] and are given in Table 2.

4. Effect of the various
loading conditions on

the behaviour of
the thoracolumbar spine

The FE model was employed in the series of
loading simulations described below. The purpose of

the simulations was to demonstrate the capabilities
and uses of the model in illustrating the biomechanical
behaviour of the thoracolumbar spine and also to
demonstrate the sensitivity of this behaviour to varia-
tions in the applied loading conditions. The FE model
of the thoracolumbar spine was subjected to axial
compression (along the Z-axis shown in Figure 6) and
loaded to 1000 N. This static load simulated standing
or walking situation for a person with a weight of
70 kg [24]. Given that high local strains and stresses
were expected in the simulations, large strain kine-
matics were assumed using the NLGEOM keyword in
ABAQUS. Three specific loading conditions were
considered. In the first model (LC1), the load was
applied to a rigid plate located on the top of the first
vertebra (Th11) in the spinal column (Figure 6a). The
model was rigidly fixed on the bottom and all nodes
attached to the end-plate of the L5 vertebra were re-
strained in all directions. In addition, to model support
from the sacrum bone at the base of the spine the
nodes on the surface of the lower facet joints of L5
vertebrae were also restrained.

The load acting on the spine is shared between
the intervertebral discs and facet joints and this

Table 1. Material properties and material specifications for the bony parts of the spine
and the intervertebral discs

Elements Material properties
[5], [6], [13], [41]Component

Type Number E(MPa) ν
Bony endplate 8-noded brick 384 1000 0.3
Cortical shell 8-noded brick 672 12000 0.3
Trabecular core 8-noded brick 3936 344 0.2
Bony ring 4-noded tetra 17242–33226 3500 0.3
Cartilage endplate 8-noded brick 384 24 0.4
Nucleus 8-noded brick 864 1.0 0.499
Annulus matrix 8-noded brick 672 4.2 0.45
Fibres 2-noded truss 448 500 0.3

Table 2. Material properties and element specification for the spinal ligaments

Element Area Material properties
[3], [5], [6], [10], [11], [13], [41]

Type Number mm2 E (MPa) ν
ALL SPRINGA 1032
PLL SPRINGA 258
LF SPRINGA 9

Non-linear force-deflection response
determined from [27]

ITL T3D2 1 5.0 54.4 0.3
CL T3D2 26 48.4 24.4 0.3
ISL T3D2 12 42.7 16.9 0.3
SSL T3D2 150 38.9 34.1 0.3

(ALL) anterior longitudinal ligament, (PLL) posterior longitudinal ligament, (LF) ligamentum
flavum, (ITL) intertransverse ligament, (CL) capsular ligament, (ISL) interspinous ligament, (SSL)
supraspinous ligament.
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distribution varies depending on the spinal posture.
In a normal healthy spinal unit, the disc is the major
anterior load bearing structure. It has been reported
in the literature that the facet joints can carry 3 to
25% of total loading, and this could increase up to
47% if the facet joint is arthritic [24]. Therefore, in
the second model (LC2), the 1000 N was applied
along the Z-axis to the upper vertebral body and to
the facet joint of the Th11 vertebrae (Figure 6b). In
this case, the compressive force was divided: 75%
acted on the upper vertebral body and 25% acted on
the facet joint.

The third model (LC3) was similar to LC2
model and 75% of the axial compressive load was
applied along the Z-axis to the top of Th11 verte-
brae (Figure 6c). It has been reported in the litera-
ture that the orientation of the facet joints depends
on the specific region of the spine and also varies
between different individuals [24]. Typically, in the
thoracic region, the facet joints are oriented at an
angle to the vertical direction, whereas the orienta-
tion of the lumbar facet joints is almost parallel to
the vertical direction. Therefore, to mimic the inter-
action between facet joints of thoracolumbar spine,
in the LC3 model, the 25% of the total loading was
applied to the facet joints at an angle of approxi-
mately 50° to the Z-axis.

4.1. Results

The effect of the compressive load on the changes
in compressive stiffness and stress distribution
within the thoracolumbar spine was investigated.

4.1.1. Compressive stiffness

The apparent compressive stiffness of the FE models
was calculated by dividing the axial compressive load of
1000 N by the maximum vertical displacement meas-
ured at the point located on the top of the thoracolumbar
column. In order to determine the effect of the three
boundary conditions on the compressive stiffness of the
spine, the results obtained from LC2 and LC3 were
compared with those of the first loading case (LC1). The
results showed that the apparent compressive stiffness of
the thoracolumbar spine depended on the assumed
loading conditions (Figure 7). The lowest compressive
stiffness was noticed when the external load of 1000 N
was applied only to the top of the spinal column. By
sharing the compressive load between the spinal column
(75%) and bony processes (25%) an increase in the
compressive stiffness was produced: 12% more than
LC1 for the LC3 case and 4.6% more than LC1 for the
LC3 case. Clearly, moving the load in the posterior di-
rection significantly increased the apparent compressive
stiffness of the spine. This makes sense when one con-
siders that load transfer down the anterior part of the
spine involves load transfer through the intervertebral
discs (that are relatively compliant). Moving the load in
the posterior direction means that a greater proportion of
the load is carried by the posterior elements through the
facet joints (that are stiff relative to the intervertebral
discs).

4.1.2. Stress distribution

The von Mises stress distributions for all the FE
models of the thoracolumbar spine are shown in Figures
8–10. As is clear from Figure 8, the vertebral bodies
were most highly stressed in the upper mid section of the
thoracolumbar spine, in particular for L1. This is an

Fig. 7. Changes in the compressive stiffness calculated
for all three FE models. The highest difference

between results was found between the LC1 and LC2 cases

Fig. 6. Loading conditions assumed in three FE models
of the thoracolumbar spine: LC1 (a), LC2 (b), and LC3 (c).

All models were restrained at the bottom and inferior
articular processes of the L5 vertebrae
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interesting result and it could be concluded that this re-
gion of the thoracolumbar spine carries the highest risk
of injury (fracture). This is in good agreement with the
clinical observations reported in the literature [32], [33].

As regards load case dependence, the highest vertebral
body stresses were observed for LC1 (maximum stress
values ranged from 5.8 to 10.5 MPa), followed by LC3
(maximum stress values ranged from 5.8 to 8.2 MPa),

Fig. 8. The overall von Mises stress (MPa) distribution in the three FE models
of the thoracolumbar spine under the compressive load of 1000 N: LC1 (a), LC2 (b), and LC3 (c) load cases

Fig. 9. The von Mises stress (MPa) distribution in the posterior bony rings for:
LC1 (a), LC2 (b), and LC3 (c) load cases

Fig. 10. The von Mises stress distribution (MPa) within the spinal column of the thoracolumbar spine
(cross-section in X–Z plane) for the three FE models with different loading conditions: LC1 (a), LC2 (b), and LC3 (c)
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with the lowest stresses observed for LC2 (maximum
stress values ranged from 4.3 to 7.4 MPa). This is con-
sistent with the shift in the applied load in the posterior
direction, reducing the vertebral body loading, and also
the lower changes in spinal curvature under load for the
LC2 case.

Stresses in the posterior elements are shown in
Figure 9. High stresses were observed close to the
facet joints. Across the three loading cases the most
highly stressed facet joints were for the Th11–Th12
and the L2–L3 vertebrae.

Finally, the overall stress distributions within the
vertebral bodies were examined for the three loading
cases (Figure 10). The results showed that the trab-
ecular cores experienced much lower stresses than the
cortical shells. However, the largest areas with high
stresses in the trabecular cores were still observed in
the upper part of thoracolumbar spine (Th12–L2),
which correlates with the observations for cortical
shell stresses (Figure 8). In these regions, stress mag-
nitudes between 1.2 and 1.5 MPa were observed for
the LC1 and LC3 load cases (Figure 9a, c) and lower
stress magnitudes of 0.8 to 1.2 MPa were observed for
the LC2 load case. For all vertebrae, the lowest stress
values were observed in the central (midtransverse)
part of the trabecular core. This was in agreement with
observations reported in the literature that the contri-
bution of trabecular bone to the total load carrying
function of the vertebral body depends on its location
within the vertebral body [5], [34], [35].

Another interesting observation is the difference
between the LC2 and LC3 load case results; clearly
the LC2 load case, where the posterior part of the load
was applied vertically, had a more significant effect
on the results, relative to the LC1 load case, than the
LC3 load case, where the posterior part of the load
was applied at an angle. This could be related to the
fact that in applying the load at an angle the vertical
component of the load was lowered. One final overall
observation is significant lack of symmetry in the
stress distributions between the right side and the left
side of the spine, which could be attributed to the cur-
vature of this specific spinal specimen.

5. Summary and conclusions

The model building strategy to identify an efficient
and robust finite element model generation method for
the complex spine system has been presented. Two
different modelling procedures were considered: CAD
based and STL-CAD based. In the authors’ opinion,

the CAD based method produced very accurate repre-
sentations, but was time consuming and required a lot
of manual effort for complex geometries. The STL-
CAD approach was a faster and more robust approach
for dealing with very complex geometries. Based on
the extensive model generation work performed in
this research, it is concluded that for anatomical
structures such as the vertebra, which consist of sim-
ple and complex geometry regions, the optimum
method for solid model generation involves the com-
bination of these two approaches. In addition, the
entire meshing procedure for the vertebrae was sig-
nificantly speeded up by combining 3D tetrahedral
elements with brick elements, relative to conventional
mapped mesh generation procedures. The resulting
model generation method allowed for flexibility in
element choice and in element type combinations. The
computational results presented here clearly indicated
that the combination of 3D tetrahedral and brick ele-
ments did not produce discontinuities in stress distri-
bution. A smooth stress distribution between the ver-
tebral bodies and anterior processes was observed.

The combination of two modelling and meshing
approaches allowed the creation of a patient specific
3D FE model of the thoracolumbar spine. In contrast
to many studies [7], [11], [36], [37] where the global
geometry of the lumbar spine was derived from CT
scan based  reconstructions of only one vertebra, here
seven detailed 3D CAD solid models of the anatomi-
cally different Th11–L5 vertebrae were created.

The FE model was subjected to various compres-
sive loads to assess the overall behaviour of the thora-
columbar spine. The purpose of this case study was to
illustrate the usefulness of the model in illustrating the
mechanical behaviour of the spine and also to demon-
strate the sensitivity of this behaviour to variations in
the applied loading conditions. In general, the results
showed that the model was capable of giving very
detailed quantitative information on the mechanical
behaviour of the spine, and as such could be consid-
ered to be a very useful spinal analysis tool. In spe-
cific terms, for example, there was a significant lack
of symmetry between the left and right side stress
levels. Such issues are of clinical relevance; in par-
ticular the locations of high stress indicated sites
where fracture or degenerative changes are likely to
occur. Indeed, the predicted locations of the most
highly stressed vertebral bodies correlate well with
clinical data on locations of spinal fracture [32], [33].

The results clearly showed that the specific load-
ing conditions applied in the computational study had
a strong impact on the stress patterns of the spine.
Even though the load cases were restricted almost
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exclusively to axial compressive loading, the move-
ment of part of the load from the anterior (vertebral
body) to the posterior elements resulted in a signifi-
cant increase in apparent compressive stiffness (12%)
and caused changes in stress levels. It was also ob-
served that these effects seem to have been weaker for
the case where the posterior load was applied at an
angle. One main conclusion from this is that the
model predicts that the biomechanical response of the
spine is very sensitive to relatively small changes in
the loading condition. Once again, this has important
clinical implications, for example, in terms of the
relationship between bodily posture and the risk of
spinal damage.

Due to fact that FE models are mathematical ap-
proximations of reality they require through experi-
mental validation. In a follow-on article, the perform-
ance of the model presented in this paper is assessed
relative to experimental mechanical test data for an
equivalent thoracolumbar spine.

In the authors’ opinion, models, such as the one pre-
sented in this study, are important tools in computational
spine research and clinical studies. First of all, a FE al-
lows one to create a variety of models that can be ex-
amined under different physiological loading conditions.
Moreover, computational simulations provide informa-
tion that cannot be easily obtained from experimental
studies, such as the stress distribution within the verte-
brae and intervertebral discs. Looking to the future, the
model generated in this study, could serve as valuable
tool for spinal implant design, as the detailed effects of
an implant on the biomechanical response of a specific
spine could be examined in a “pre-clinical” setting.
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