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Abstract

The pedicle-screw fixation is widely used for the surgical treatment of degenerative lumbar disease. The biome-
chanical effects of the fusion on the vertebral bodies have not still been investigated in detail. In this study, we
intended to calculate the stress and strain of the vertebral bodies and intervertebral discs of the lumbar spine after
posterior pedicle-screw fixation (PPSF). A three-dimensional (3D) patient-specific finite element (FE) model of the
human L1 to L5 spine was established based on the computed tomography (CT)/magnetic resonance imaging
(MRI) images. A preload along with a sinusoidal load, were applied to the proximal end (L1). The distal end (L5) was
fixed in all directions. The highest stress and strain were observed in the intervertebral disc of L4-L5 and L1-L.2. The
stress and strain of the unilateral pedicle-screw were higher than the bilateral ones. The results suggested that the
unilateral pedicle-screw provides greater stability comparing to bilateral fixation in posterior bending position. The
results have implications not only for understanding the stress and strain of the vertebral bodies and intervertebral
discs but also, they give comprehensive information to the biomechanical and medical experts concerning the

stability of the spine in the posterior bending position.
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Introduction

The posterior pedicle-screw fixation (PPSF) uses pedicle graft
for stabilization in the lumbar vertebrae resulting in bone fu-
sion [1, 2]. The fusion of the spine is a widely used surgical
technique for the treatment of degenerative lumbar spinal dis-
ease [3, 4]. However, it has been shown that PPSF may invoke
mechanical and physiological alterations of the spine, such as
the acceleration of degeneration [5, 6], loss of motion, chang-
es in the centers of intervertebral rotation, and degeneration of
the adjacent intervertebral disc [7, 8]. It has been reported that
arigid spinal system may trigger abnormal changes in the load
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transfer and stresses following by disc degeneration and bone
remodeling [9, 10]. Biomechanical factors, such as the stress-
es and deformations, in the vertebral bodies and intervertebral
discs could be the key in investigating the pros and cons of
the PPSF using various forms of loading and boundary condi-
tions. Despite the highly importance of this issue, there is still
a lack of knowledge and biomechanical evidence in regard
of these biomechanical factors [11]. Due to the experimental
complications in calculating the stresses and deformations of
the spine after PPSF surgery, the application of the numerical
approaches, i.e., finite element (FE), is preferred [12, 13].
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A FE modeling was used to compare the application of
different materials in spacers design [14]. The mechan-
ical behavior of pedicle screws were investigated under
the fatigue [15, 16] and bending loadings [17] using FE
model of the thoracic and lumbar spines. Transforaminal
lumbar interbody fusion approach was used to compare
the pros and cons of the one lateral pedicle-screw rod im-
plant and two unilateral and bilateral pedicle-screw rods
under a bending load [18]. The role of the structure of the
rod on the load bearing of the fused spine under the fa-
tigue load was investigated [19]. A comparative FE study
has been done to compare the mechanical behavior of the
cobalt-chrome (Co-Cr) and titanium (Ti) rods [20], poly-
ether ether ketone (PEEK) and Ti [21], and ultra-high mo-
lecular weight polyethylene (UHMWPE) [22] of the lum-
bar spine under the applied load. However, so far there is
a paucity of knowledge on the stresses and deformations
in the components of the lumbar spine, i.e., vertebral bod-
ies and intervertebral discs, posteriorly fused by a set of
unilateral and bilateral pedicle screws and rods.

In this study, we intended to establish a patient-specific
FE model of the lumbar spine. We calculated the stress
and strain in the components of the area after PPSF sur-
gery procedure. The results were interpreted in terms of
the stress and strain in each intervertebral discs , pedicle
screws and rods to address the pros and cons of the PPSF
after orthopedic surgery.

2. Materials and Methods

The FE model of the lumbar spine, including the verte-
bral bodies (L1 to L5) and intervertebral discs, was es-
tablished based on the CT/MRI data as shown in Fig. 1.

Figure 1. The (a) structure and (b) 3D model of the lumbar
spine on a basis of the CT/MRI data in MIMICS software. The
model includes L1 to L5 vertebras and intervertebral discs
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The CT/MRI images were obtained from a 41-year-old
healthy male (80 Kg) individual. The experimental de-
sign was approved by our Institutional Review Board be-
fore the study was started. The written informed consent
was obtained from study participant adhered to declara-
tion of Helsinki 2008. The images were taken using the
CT data. The images were imported in MIMICS software
to establish a geometric model of the lumbar spine. The
model was reconstructed and modified in Solidworks .
Thereafter, it was assembled, meshed, and solved by
Ansys Workbench (Canonsburg, Pennsylvania, United
States). The model components including, the vertebral
bodies, intervertebral discs, unilateral & bilateral pedicle
screws and rods, and endplate, were meshed with tetrahe-
dral elements as shown in Fig. 2.

Figure 2. The meshed FE model of the lumbar spine. The
proximal end was fixed in all directions and a force was applied
to the distal end of the spine. The pedicle screw was also used
to fuse L2 and LS vertebras.

The pedicle screws and rods were designed by Solid-
works. The length, inner, and outer diameters of the ped-
icle screw were 35, 4.20, and 6.50 mm. Correspondingly,
the length and outer diameter of the rods were 46 and
5.50 mm, respectively. The mechanical properties of the
FE model as well as the number of elements and nodes
are listed in Table 1.

Table 1. Material properties and number of elements/nodes
of the FE model [22, 28-30].

Material
model

Material Properties Elements/nodes

Vertebrae Elastic E=2000 MPa, v=0.30  42671/70049

C01=3.31 MPa,

Co1=0.30 MPa 12811/21059

Intervertebral disc Hyperelastic

Endplate Elastic E=23.80 MPa, v=0.40 7227/13157

Pedicle screws and rods

(TIBA14V) 1073/2007

Elastic E=110 GPa, v=0.30

The loading and boundary conditions of the model are
presented in Fig. 2. A preload of 400 N, representing the
body weight, was applied to the proximal end of the lum-
bar spine (L1). Thereafter, a sinusoidal load, with the os-
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cillation of £40 N, was applied to represent a vibration
loading of the body with the frequency of 5 Hz. It was
applied to the same anatomical location of the body. The
distal end of the L5 was fixed in all directions. The con-
tact between the vertebral bodies and intervertebral discs
were assumed to be tie [23]. The stress and strain distri-
butions of each region of the model were computed by
Ansys Workbench. The simulations in Ansys Workbench
solver took ~ 3-5 hours.

3. Results

The stress and strain contours of lumbar spine are shown
in Fig. 3. The results showed that the highest stress is
81.863 MPa in the area where the strain was 0.0937 re-
spectively. These values belonged to the proximal end of
the lumbar spine (L1), where the load was applied to the
model.
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Figure 3. The contours of the (a) maximum von Mises
stress and (b) maximum strain of the lumbar spine under
the applied load.

The contours of the stress and strain of the intervertebral
discs are illustrated in Figs. 4 and 5, respectively. The
highest (2.02 MPa) and lowest (0.39 MPa) stresses were
observed in the L4-L5 and L3-L4 intervertebral discs,
respectively. The highest and lowest strains were also
found at the L1-L2 and L4-L5 intervertebral discs.
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Figure 4. The contours of the maximum von Mises stress
inthe (@) L1-L2, (b) L2-L3, (c) L3-L4, and (d) L4-L5 interverte-
bral discs under the applied load.

Figure 5. The contours of the maximum strain in the (a)
L1-L2, (b) L2-L3, (c) L3-L4, and (d) L4-L5 intervertebral discs
under the applied load.
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Figure 6. The contours of the maximum von Mises stress in
the (a) unilateral (left) and (b) bilateral (right) pedicle screw. The
contours of the maximum strain in the (0) unilateral (left) and (d)
bilateral (right) pedicle screw.
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The stress and strain of the unilateral (left) & bilateral (right)
pedicle screws and rods were calculated and exhibited in
Fig. 6. The stresses of 81.86 and 33.01 MPa were ob-
served in the unilateral and bilateral implants, respective-
ly. The strain in the unilateral and bilateral implants were
0.00078 and 0.00031.

4. Discussions

FE analysis enabled us to calculate the stress and strain
values in the lumbar spine under complicated loadings and
boundary conditions. Due to the importance of geometry
and structure of the model for FE analysis, application
of a patient-specific model is highly recommended. This
study also used a patient-specific FE model of the human
lumbar spine which was established according to the CT/
MRI images. The FE model was consisted of the verte-
bral bodies, intervertebral discs, and endplate. The model
was fixed posteriorly using Ti-based pedicle screws and
rods. The spinal instrumented fusion was a method for
surgical treatment of lumbar degenerative spinal diseases,
such as spinal stenosis and spondylolisthesis. Although
it is an accepted method for treatment of degenerative
lumbar diseases, other investigations have shown effects
of spinal fusion, including chronic back pain, loss of mo-
tion, and degeneration of adjacent segment [6, 24]. Due
to fusion-related problems, less rigid stabilization was
assumed to be an alternative method to avoid mentioned
problems [25, 26]. In this study, we aimed to employ a
patient-specific FE model of the lumbar spine (Fig. 1),
after PPSF surgery. We wanted to calculate the stress and
strain in the vertebral bodies, intervertebral discs, pedi-
cle screws and rods. A preload, following by a sinusoidal
load, was applied to the proximal end of the spine (L1)
and the distal end (L5) (Fig. 2). The stress and strain of
the proximal end of the lumbar spine were higher than
that of the distal part (Fig. 3). This was due to the loading
and boundary condition of the model . On the other hand,
the highest strain at the posterior side of the model was
observed in the L1 body. Investigating the distribution of
the stress (Fig. 4) and strain (Fig. 5) of the intervertebral
discs, we found out the highest stress was at the distal end
(L4-L5) while the highest strain was at the proximal end
(L1-L2). Since the lumbar spine ,under the applied load,
experienced a rollback then the concentrations of the
stress and strain were mostly located at the posterior/dor-
sal side of the intervertebral discs. The stress and strain
of 0.46 MPa and 0.02 were reported at L3-L4 interverte-
bral disc [27], which are 6% and 8% higher than that of
the concurrent study. The strain here stands for the strain
differences between two nodes at the bottom and top of
the intervertebral disc. The applied force to the posterior
side of the spine was tolerated by the Ti unilateral and
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bilateral pedicle screws and rods (Fig. 6). The unilateral
pedicle screws and rods tolerated the highest amounts of
the stress and strain. It indicated that the lumbar spine
posterior movement tolerated higher forces at the left of
the spine compared to the right side. The results suggest-
ed that the unilateral pedicle-screw provided greater sta-
bility when compared to the bilateral fixation in posterior
bending position. The average stress of the unilateral &
bilateral pedicle screws and rods have been reported to be
35 MPa [22], where the average stress of this study was
calculated 37 MPa,. This comparison maybe validated
our numerical results.

Although this study has tried to perform an accurate FE
analysis based on the patient-specific CT/MRI data of a
male , but the numerical results here are to be investigat-
ed more. The mechanical properties of the intervertebral
disc were considered to be simply isotropic, however,
it has been shown that the intervertebral disc is highly
anisotropic under the applied load. The boundary condi-
tion which was implemented into our model might not
be as similar as that of the anatomical condition of the
human body. This needs to be addressed in future studies.

5. Conclusions

In this study, we tried to calculate the stress and strains in
the components of the lumbar spine, including the verte-
bral bodies and intervertebral discs. The patient-specif-
ic FE model of a healthy male individual was used for
the analyses. A preload, following by a sinusoidal load,
was applied to the proximal end of the lumbar spine (L1)
while the distal end plate (L5) was fixed in all directions.
The results revealed a higher strain at the proximal end
of the spine model. The highest stress was found at the L4-L5
intervertebral disc, where the fixed boundary condition was
considered. In contrast, the highest strain among the inter-
vertebral discs were located at the proximal end of the model
(L1-L2). The results suggested that a load out of the weight
of the body results in a posterior rollback of the lumbar spine.
The results also implied that a rate of degeneration in the in-
tervertebral discs is higher at L4-L5. These findings have im-
plications for understanding the vulnerable sites of the lumbar
spine in terms of the stress and strain, posteriorly being fixed
by pedicle screws and rods.
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