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ABSTRACT
AIM: To investigate the biomechanical comparison of thoracic transpedicular screw trajectories on the sagittal plane.
MATERIAL and METHODS: A three-dimensional, non-linear finite element analysis (FEA) model of T8 through T9 was used.
Anatomic trajectory (AT) and Straightforward trajectory (ST) models of the transpedicular screws were used in the intact FEA model.
The von-Mises stress and range of motion (ROM) of the transpedicular screws were evaluated.
RESULTS: The difference in ROM between both techniques was negligible. In lateral bending and axial rotation, FEA showed
decrease in stress by 25% and 8%, respectively, when pedicle screws were placed using AT.
CONCLUSION: AT decreased the von-Mises stress of the pedicle screws, thereby reducing the rates of screw breakage and fatigue
risks. In addition, we believe that AT could protect against screw loosening because the von-Mises stress of the internal fixation
was scattered.
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INTRODUCTION

S

ince the first use of the pedicle screw in 1959 by Boucher
(6), transpedicular screw fixation of the spinal column
has become a popular and effective method to treat
spinal disorders, such as tumors, spinal instability, fractures,
scoliosis, infections, and degenerative spinal disorders
(2,4,7,25,23,27). Pedicle screw instrumentation of the spinal
column provides superior fusion rates, three-dimensional
correction of the deformities, and fixation of the three column
of the spine. However, some drawbacks, such as screw
malposition, damage to intimately related structures, screw
loosening, pullout, and screw breakage, do exist (5,22).
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Although several publications about pedicle screw insertion
techniques exist in the literature, there is no consensus on how
to insert pedicle screws correctly. Herein, we investigated the
biomechanical comparison of thoracic transpedicular screw
trajectories. We developed a finite element analysis (FEA)
model of the intact T8 and T9 vertebrae. Anatomic trajectory
(AT) (3), and straightforward trajectory (ST) (29) models of the
transpedicular screws were used in the intact FEA model.
The von-Mises stress and range of motion (ROM) of the
transpedicular screws were evaluated. The breakage risk and
loadings in the pedicle screw fixation were analyzed using
the FEA method for different trajectories of the transpedicular
screws on the sagittal plane. To our knowledge, this is the first
study to evaluate the effect of transpedicular screw insertion
trajectories on the thoracic spine by FEA.
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MATERIAL and METHODS

Development of FEA Model of the Intact Thoracic Spine
(T8-9 Segments)
A three-dimensional, non-linear FEA model of T8 through T9
was used in this study. Computed tomography (CT) scan data
of a 35-year-old healthy male was used to develop the model.
The FEA thoracic model is asymmetric across the mid-sagittal
plane and the model was developed as a sequence of steps as
explained in our previous study (13). Briefly, image processing
software (Mimics® Version 14.1; Materialise, Inc., Leuven,
Belgium) was used to process CT scan data of the thoracic
spine. Intervertebral discs were created manually because CT
scan data could not identify spinal intervertebral discs. After
the T8-9 thoracic spine with accompanying discs had been
created, mesh was created on the surfaces using IA-FEMESH
software (University of Iowa, Iowa City, IA, USA). Hexahedral
mesh was generated on the previously created vertebra and
disc surfaces. Radial mesh was created for the anterior part
of the vertebra and intervertebral discs. Finally, the hexahedral
mesh was imported to (ABAQUS®, Version 6.10-2; Abaqus,
Inc., Providence, RI, USA). All thoracic segments were merged
with each other, and facet joints and ligaments were attached
to the FE thoracic spine model.
Instrumentation with Pedicle Screws
The transpedicular screw stabilization system was used for
stabilization. The intact spine model was instrumented at the
T8 and T9 levels with different trajectories of pedicle screws
on the sagittal plane. Pedicle screws were directed parallel
to the superior end plate (ST; Figure 1) and directed parallel
to the pedicle (22° to the caudal; AT; Figure 2). Screws were
inserted carefully in appropriate position.
Boundary and Loading Conditions
The inferior surface of T9 was fixed, a 10 Nm bending moment
was applied to the superior surface of the T8 vertebra in the
intact spine, and the segmental and overall ROM was obtained
in flexion, extension, axial rotation, and lateral bending.
Follower load concept was used to apply 400 N as the body
weight in each segment.
█

RESULTS

Range of Motion
For intact spine, AT model, and ST model, the T8-9 segmental
ROM was 3.2349°, 3.8944°, and 3.4941°, respectively, in

flexion motion; 3.3013°, 3.9982°, and 3.3017°, respectively, in
extension motion; 3.2967°, 2.7434°, and 4.8082°, respectively,
in the right lateral bending motion; and 4.1376°, 2.8988°, and
3.7398°, respectively, in the right axial rotation motion (Figure
3).
Von-Mises Stresses
The von-Mises stress is often used to determine whether
an isotropic and ductile metal will yield when subjected to a
complex loading condition. In addition, the structural safety for
many engineering materials showing elasto-plastic properties
(for example, steel or aluminum alloy) can be evaluated using
von-Mises stress (28,31).
The maximum von-Mises stresses in transpedicular screws
in MPa are presented in Table I for ST and AT models. In
lateral bending motion, maximum von-Mises stress on screw
tails in ST and AT models were 171.112 and 128.614 MPa,
respectively. In axial rotation motion, maximum von-Mises
stress on screw tails in ST and AT models were 248.050 and
228.437 MPa, respectively.
Both techniques showed different stress responses under
physiological loadings. When pedicle screws were placed using
AT, the maximum von-Mises stress in flexion and extension
motions were decreased by 1.4% and 4%, respectively. The
difference between both techniques was negligible in flexion
and extension motions.
However, in lateral bending and axial rotation, FEA showed
decrease in stress by 25% and 8%, respectively, when pedicle
screws were placed using AT (Figure 4).
█

DISCUSSION

Transpedicular screw fixation of the thoracic spine has been
used for various pathologies, such as trauma, tumor, deformity,
infections, and degenerative diseases.
With wide application of the pedicle screw, clinical concerns
have focused on the accurate placement of the screws. The
majority of biomechanical studies have emerged detailing the
accuracy and safety of transpedicular screw application in the
thoracic spine. Unfortunately, when we reviewed the literature,
we recognized that the majority of pedicle screwing technique
studies have been performed on the lumbar spine.
There are several investigation methods for the biomechanical
study of the spine, such as using cadaveric spine, animal
spine, and polyurethane foams. The finite element model is

Table I: Maximum Von-Mises Stresses in Pedicle Screws (in MPa)

MPa

Straight-forward Trajectory

Anatomic Trajectory

Flex

124.012

122.226

Ext

73.0679

70.1532

LB

171.112

128.614

AR

245.05

228.437

Flex: Flexion, Ext: Extension, LB: Lateral bending, AR: Axial rotation.
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a valid and reproducible procedure for analyzing and saving
the time, expenses, and effort of repeated biomechanical
tests (8,17). Therefore, we used the finite element model in the
present study.
There are varied techniques of pedicle screw insertion in
the thoracic segment of the spinal column. In our study,
we biomechanically evaluated the behaviors and stress
responses of pedicle screws’ ATs and STs. AT and ST are
two popular trajectories of pedicle screw insertion. In the AT
model, pedicle screws were inserted parallel to the pedicle
on the sagittal plane. Conversely, in the ST model, pedicle
screws were inserted parallel to the superior endplate on
the sagittal plane. To the best of our knowledge, this is the
first comparative FEA model study on the different insertion
trajectories of pedicle screws in the thoracic spine.

Success of pedicle screw-based fusion depends on
biomechanics and characteristics of the screw; insertion
technique, such as screw trajectory; pedicle and vertebral
anatomy; and patient’s bone quality (9). Many studies have
reported major complications related to pedicle screwbased instrumentation, such as loosening, breakage, and
pullout of the rods and screws. Several reports stated that
the incidence of metallic failure was 4%–25% (10,23,24,34).
At present, using the titanium instrumentation reduced the
percentage of the complications related to the instruments
(30). However, instrument-related complications with pedicle
screws remain very crucial in spinal fusion surgery (1,18,19).
In particular, screw loosening is one of the most important
factors that may cause failure of the fixation system. In the
literature, the loosening rates of the pedicle screw range
widely. The loosening rate was reported as 1%–15% in nonosteoporotic and 60% in osteoporotic patients (23). Screw

Figure 1: StraightForward Trajectory:
FEA model of the
T8-9 thoracic spine
with pedicle-based
posterior stabilization
system; pedicle
screw trajectory
parallel to end plates.

Figure 2: Anatomic
Trajectory: FEA model
of the T8-9 thoracic
spine with pedicle
based posterior
stabilization system;
pedicle screw
trajectory parallel to
pedicle.
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loosening may be related to several factors, such as stress
shielding, imbalance of the load sharing between columns,
microfractures of the bones due to excessive loads, and high
strains at the screw/bone interface due to insufficient support
of the anterior column (12,16,25,26,30). Law et al. indicated the
importance of vertical compressive loadings in transpedicular
screw loosening (20). Distribution of the compressive loads is
shifted toward the posterior of the spinal column by pedicle
screw instrumentation and shielding the anterior vertebral
column from physiologic compressive loads (15). Shifting
of the compressive forces more posterior concludes higher
stresses on pedicle screws and rods (15). In the present study,
we evaluated the von-Mises stresses on the screw tails in the

different screw trajectory models. In lateral bending and axial
rotation, von-Mises stress on the screw tails decreased by
25% and 8%, respectively, when pedicle screws were placed
using AT; consequently, insertion of the pedicle screw parallel
to the pedicle provides less stress on the screw tail. Therefore,
insertion of the transpedicular screws parallel to the pedicle
could potentially prevent screws from loosening.
Lehman et al. investigated two different insertion techniques
by ATs and STs of transpedicular screws (21). They concluded
that ST provided 27% higher pullout strength and 38% higher
maximum insertion torque than AT. They advocated that ST
is biomechanically superior to AT (21). However, Dhawan et

Figure 3: ROM of intact and
intact with instrumented FEA
(degrees). Int: Intact spine,
AN: Anatomic trajectory,
SN: Straight-forward trajectory,
Flex: Flexion, Ext: Extension,
RLB: Right lateral bending,
RAR: Right axial rotation.

Figure 4: Maximum von-Mises
stress on the screw tails.
AN: Anatomic trajectory,
SN: Straight-forward trajectory,
Flex: Flexion, Ext: Extension,
RLB: Right lateral bending,
RAR: Right axial rotation.
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al. reported on trajectories and starting points of the thoracic
pedicle screw and concluded that AT has several advantages
in the thoracic spine (11). They reported that AT of the pedicle
screw provides a 20% larger effective pedicle diameter in
the sagittal plane; moreover, maximum insertional arc was
obtained with AT. In contrast, a recent study concluded that
different trajectories (sagittal-parallel versus non-parallel) of
the pedicle screws showed no statistically significant
differences in a calf lumbar spine model (14).
This difference may be explained by the fact that the human
spine is not a homogeneous structure. The cervical, thoracic,
and lumbar sections of the spine differ significantly from
each other. In particular, characteristics of the vertebrae
and positioning of the pedicles affect the load sharing of the
vertebral column. Therefore, pedicle screw trajectory studies
in different segments of the vertebral column do not exhibit
similar results. The present study found that appropriate
load sharing in the thoracic spine could be provided by
pedicle screws inserted parallel to the anatomic load-bearing
structures (AT). Thereby, stress on the pedicle screw tail and
the rates of the pullout and breakage could be decreased.
█

CONCLUSION

AT resulted in 25% and 8% less von-Misses stress on
the screw tail in lateral bending and axial rotation motions,
respectively. AT reduced the von-Mises stress on the pedicle
screws, thereby reducing the rates of screw breakage and
diminishing fatigue risks. In addition, we believe that AT could
buffer against screw loosening because the von-Mises stress
of the internal fixation was scattered.
█
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