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ABSTRACT Objective: Spinal implants have been used to stimulate
fusion by surgical adjustment and correct abnormal alignment of the
vertebral column. Spinal fusion can cause some spinal disorders and
hence describing the changes in biomechanical forces would help to
understand these complications. In this study, we used two lumbar mod-
els. One of them is used without the fixed pedicle screw system, and the
other one was used with that system. Therefore, we aimed to investigate
the biomechanical effect of a pedicle screw fixation system on the lum-
bar functional spinal unit under applied forces. Material and Meth-
ods: Computed tomography data of a scoliotic patient was used for the
construction of the lumbar models. The second and third vertebrae (L2-
L3) of the lumbar spine, two facet joints, an intervertebral disc, and lig-
aments were constructed. A screw fixation system was employed and
Von-Mises stress analysis was carried out for both models. Results:
The von Mises stress distribution results showed that the presence of
fixed implantation transmitted the compressive forces to the screws and
rods in all directions and decreased the stress levels considerably by al-
lowing to stabilize the model. The upper side of the L2 vertebra was the
most affected region in flexion and lateral bending. However, the pedi-
cle region had the maximum affected area under applied loads in ex-
tension and axial rotation. Conclusion: It was concluded that a fixed
implant system preserves the maintenance of the vertebral column and
decreases the stress on the adjacent spinal segments, especially for the
intervertebral discs.

Keywords: Spine; lumbar vertebrae;
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OZET Amac: Omurga implantlari, cerrahi miidahale ile fiizyonu hiz-
landirmalar1 ve omurganin anormal egriligini diizeltmek igin kullanil-
maktadir. Spinal fiizyon bazi spinal bozukluklara neden olabilir ve bu
nedenle fiizyon ile lomber omurlarin komsu béliimlerine uygulanan bi-
yomekanik kuvvetlerdeki degisiklikleri agiklamak, bu komplikasyon-
lar1 anlamaya yardimer olacaktir. Bu ¢alismada iki tane lomber model
kullanild1. Bir tanesi sabit pedikiil vida sistemi olmadan kullanilds, di-
geri ise bu sistem ile birlikte kullanildi. Bu sebeple, bu ¢calismada lom-
ber fonksiyonel omurga biriminde pedikiil vida sisteminin uygulanan
kuvvetler altindaki biyomekanik etkisini aragtirmay1 amagladik. Gere¢
ve Yontemler: Skolyoz bir hastanin bilgisayarli tomografi verileri lom-
ber omurganin temel birimini olusturmak i¢in kullanilmistir. Lomber
omurganin ikinci ve tigiincti omurlart (L2-L3), iki tane faset eklem, bir
tane omurlar arasi disk ve bag dokular olusturulmustur. Bir titanyum
vida sabitleme sistemi tasarlanmig ve Von Mises gerilme analizleri in-
takt (implant olmayan sistemler) ve implant olan sistemler igin uygu-
lanmistir. Bulgular: Von Mises gerilme dagilimi sonuglari, sabit
implantasyonun olmast durumunda baski yapan kuvvetlerin vidalara
ve ¢ubuklara tiim yonlerde iletildigini gostermistir ve gerilme seviye-
lerini dnemli 6l¢ilide azaltarak modelin dengede durmasina olanak sag-
lamistir. L2 omurunun en st boliminiin fleksiyon ve yana egilmede
en fazla etkilenen bdlge olmustur. Ancak uygulanan yiikler altindaki
ekstansiyon ve aksiyal rotasyonda pedikiil bolimii en ¢ok etkilenen
alan olmustur. Sonug: Sabit bir implant sisteminin omurganin biitiin-
lugiinii korudugu ve 6zellikle omurlar arasi diskler i¢in komsu bolim-
ler tizerindeki gerilmeyi azalttig1 sonucuna varilmistir.
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Scoliosis is defined as the three-dimensional de-
formity of the vertebral column.' Abnormal curva-
ture of the spine leads to the degeneration of the
intervertebral discs and facet joints in the long term of
this deformation, and the misalignment of the spine
usually causes pain, especially in the lumbar and
lower thoracic regions of the patients.’

It has been observed that the deformation of the
spine has decreased when compressive forces have
been applied across the intervertebral disc spaces, and
this has led researchers to investigate the effect of dif-
ferent corrective forces in the stabilization of the
spine.? Surgical procedure (especially, spinal fusion)
that requires correction with the attachment of rods
to the spine by using screws inserted into the verte-
bral bodies is the most preferred strategy to decrease
the pain and correct the misalignment.*

To provide stability and homogeneous load shar-
ing between anterior and posterior ligaments, a rigid
fixation system has been used in spine surgeries.>”’
While spinal fusion eliminates the relative motion be-
tween two vertebrae and may prevent back pain,
complications of spinal fusion may develop after
spinal fusion.®!'" When one or more vertebrae are
fused and no longer move in the vertebral column,
the spinal units above and below the spinal fusion
compensate for lost motion at the fused level, which
increases adjacent segments’ mobility, and hence
leads to wear and tear over the adjacent segment.
Biomechanical analysis of a spine that was subjected
to spinal fusion may provide an opportunity to better
evaluate the effect of such spinal disorders.

Accordingly, some finite element-based biome-
chanical studies have attempted to gain insight into
the effect of spinal fusion on the spine.*”!""!* For ex-
ample, several researchers studied the posterior lum-
bar interbody fusion to investigate the stress on the
nerve roots in the spine.'? Additionally, the biome-
chanical compatibility of interlaminar and inter-
spinous devices was compared in another study to
analyze the effect of the position of these instruments
in the treatment of surgical decompression.'?

The spinal motion segment, which is also known
as the functional spinal unit, describes the whole
characteristic behavior of the spinal column.' In
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order to understand the condition of the entire verte-
bral column, especially in a scoliotic spine, this
smallest segment needs to be studied to describe the
effect of fixed instrumentation on the spine. There-
fore, the objective of this study was to investigate the
biomechanical effect of a pedicle screw fixation sys-
tem on the L2-L3 lumbar spine model. A finite ele-
ment lumbar model was developed and a rigid rod
and pedicle screw fixation system were integrated
into the lumbar model to simulate the fusion process
of the lumbar spinal unit region.

I MATERIAL AND METHODS

The construction process of the model that was em-
ployed in this study was completed for each spinal
element of the model. The spinal unit of this study is
composed of two lumbar vertebrae with cortical and
trabecular regions, seven spinal ligaments [anterior
longitudinal ligament (ALL), posterior longitudinal
ligament (PLL), interspinous ligament (ISL), supra-
spinous ligament (SSL), ligamentum flavum (LF), in-
tertransverse ligament (ITL)], facet joints, and also
intervertebral discs with annulus and nucleus parts.'®

In spinal kinematics and computational spinal
research, the basic spinal unit to be studied involves
2 vertebrae and an intervertebral disc between them.!’
Therefore, in the current the development of the lum-
bar spinal unit of the L2-L3 model was completed
and von Mises stresses were calculated over the
spinal unit and the implant system.

This study complies with the Declaration of
Helsinki and was performed according to ethics com-
mittee approval. Ethical approval for this study was
taken from the Non-Invasive Clinical Research Ethics
Committee (decision number: 414) on 15 August 2018
at Istanbul Medipol University, Istanbul, Tiirkiye.

CONSTRUCTION OF THE
THREE-DIMENSIONAL MODEL

Computed tomography (CT) data from a patient with
scoliosis using a CT scanner (Siemens/Somatom Def-
inition AS) with a slice thickness of 1.50 mm was
employed for the construction of the spinal unit
model. The functional spine unit model was obtained
from these two-dimensional stacked images and then
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converted into three-dimensional (3D) objects by
using medical image processing software (Mimics,
Materialise’s Interactive Medical Image Control Sys-
tem, Belgium). Figure 1 shows the reconstruction
process in axial, coronal, and sagittal planes.

The two-motion segment (L2-L3 lumbar verte-
brae model) with all spinal components was con-
structed step by step with the help of several computer
programs Mimics and 3-matic software (Mimics, Ma-
terialise’s Interactive Medical Image Control System,
Belgium) and Ansys workbench software (ANSYS
16.0, Ansys Inc. Canonsburg, PA, USA). In order to
reconstruct the bone structure of the lumbar spine, pre-
set thresholds were used. The range of the threshold
was between 226-3071 Hounsfield Unit for the con-
struction of lumbar vertebral bones. Manual editing
tools such as cropping the mask, morphology opera-
tions, and multi-slice editing were also employed for
the rest of the spinal structures, except the ligaments.
In the end, different segmentation masks were used for
the construction of the two lumbar vertebrae, two facet

FIGURE 1: The segmentation process of the lumbar vertebrae (L2 and L3) and
also the intervertebral disc that separates them in coronal (a). axial (b), and sagit-
tal planes (c). The 3D model was obtained after the segmentation (d). 3D: Three-
dimensional.
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joints, and an intervertebral disc. All of the spinal com-
ponents were obtained and saved as stp files.

In the construction of the vertebral bodies, as a
first step, the full structure of the bodies was obtained
and then smoothed without changing the details of
the structures (Figure 1). Then stl files of the bony
structures were imported into the 3-matic software
(Mimics, Materialise’s Interactive Medical Image
Control System, Belgium). An offset value of 1 mm
was applied to all vertebral models to separate the tra-
becular and the cortical bone regions (Figure 2).!? The
stp files were then imported into Ansys workbench
software and in the Design Modeler section of this
software, the trabecular and cortical regions were se-
lected and recorded as a new part. By doing so, the
vertebral bodies involved both trabecular and cortical
sections before the finite element analysis.

In addition to this process, the intervertebral disc
was also constructed. The disc was modeled to con-
sist of two different parts, namely the annulus fibro-
sus and the nucleus pulposus (Figure 3). The nucleus
pulposus was constructed as a cylinder in the disc
structure, and the surrounding volume around the nu-
cleus was constructed as the annulus region of the in-
tervertebral disc.'®?° Like the vertebral bodies, these
two structures of the disc were saved as one part in
the “Model” section of the software (Figure 3).

CONSTRUCTION OF THE LIGAMENTS

The ligaments (anterior and posterior longitudinal,
interspinous, supraspinous, LF, and ITLs) of the L2-
L3 lumbar model were constructed as linear single-
force components. In the standing posture of the
body, the slack length of these structures was defined,
and while stretching the body these components gen-
erate a tensile force beyond this length.?!?> All the
corresponding ligaments of the lumbar model were
defined as spring units.?!*? The stiffness parameters
of the ITLs were not included in this study. These
values were taken from literature which are based on
in-vitro studies on human cadavers (Table 1).2>%

CONSTRUCTION OF THE
PEDICLE SCREWS AND RODS

For the generation of the pedicle screws, cylindrical
shapes were used with the help of the “analyze” sec-



Saliha Zeyneb AKINCI et al.

Turkiye Klinikleri J Med Sci. 2023;43(4):372-81

cortical region

FIGURE 2: The representation of the (a) trabecular (the inner shell) and cortical (the outer shell) regions of the lumbar vertebrae (L2 and L3), and (b) the 3D full structure

of the model. 3D: Three-dimensional.

FIGURE 3: The representation of the L2-L3 full intervertebral disc obtained from segmentation (a).
The annulus and nucleus regions were separated in Ansys software (b and c).

TABLE 1: Stiffness values of the ligaments that were experi-
mentally obtained.?%
Ligament Stiffness (N/mm)
ALL 20.8+14.0
PLL 36.6+15.2
ISL 9.6+4.8
SSL 24.8+14.5
LF 25.1+10.9
IT 50.0

The abbreviations for the structures are as follows; ALL: Anterior longitudinal ligament;
PLL: Posterior longitudinal ligament; ISL: Interspinous ligament; SSL: Supra-spinous
ligament; LF: Ligamentum flavum; IT: Intertransverse ligament.

tion in Mimics software. The interaction of the
screws and bones was assigned to be constrained. The
pedicle screw trajectories were adjusted on the sec-
ond (L2) and third (L3) lumbar vertebrae (Figure 4).

The length (60 mm), the operation angles, and
also the radius (2.5 mm) of the screws were all man-
ually adjusted in the software. Also, two rods were
designed with the same procedure as the pedicle
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screws. The rods had a length of 55 mm and a radius
of 1.8 mm. Titanium was assigned as the material for
rods and screws in the study.

MATERIAL PROPERTIES OF THE COMPONENTS

The modulus of elasticity and Poisson’s ratio for each
spinal unit component (including pedicle screws and
rods) were defined in the material library section of
Ansys software. Before the simulation process, the
materials were assigned to each part of the model in

the mechanical section of the software (Table
2)'12,13,16,24

MESHING

The meshing of the L2-L3 lumbar model (with/with-
out the implant) was performed using the Ansys soft-
ware (Ansys Workbench 16.0). The L2-L3 model
without any implant system involved 494,907 nodes
and 331,453 elements. The number of elements of the
model with the fixed implant system was 154,679 el-
ements and it had 238,562 nodes. In the meshing pro-
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FIGURE 4: The representation of the screw and rod trajectories in (a) coronal, and (b) axial regions of the fixed implant system, (c) that was inserted into the L2-L3 model.

TABLE 2: Material properties of the tissues and implants.

Modeled tissues and spinal devices Young’s modulus (MPa)

Cancellous bone 100
Cortical bone 12,000
Nucleus pulposus 1
Annulus ground 8
Implants (screws and rods) 110,000

Poisson’s ratio Element type Reference
0.2 10-node tetrahedral element 13,24
0.3 10-node tetrahedral element 13,16,24
0.499 10-node tetrahedral element 13,16,24
0.49 10-node tetrahedral element 12
0.3 10-node tetrahedral element 13,24

cess of all of these models, a 10-node tetrahedral
mesh was used (Table 2).

BOUNDARY AND LOADING CONDITIONS

A combination of a moment (8 Nm) and a compres-
sion force (500 N) was applied to the lumbar models
with and without a fixed implant system as the load-
ing condition. To mimic the directional movements,
the pure moment including flexion, extension, lateral
bending, and axial rotation moments were applied to
the model separately. Applied compression force was
related to the local muscle forces and the body
weight. In order to load the two-segment model, the
lowest part of the L3 vertebra was fixed, and the
loads were applied to the top section of the L2 verte-
bra.

VALIDATION OF THE FINITE ELEMENT MODEL

Validation of a finite element model by taking the ex-
perimental data into account would improve the ac-
curacy of the interpretation of the simulation results.
Accordingly, we validated the simulation results by
comparing them with the experimental results in the
literature under identical loading and boundary con-
ditions.? For the validation of the intact (without im-
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plant systems) and implanted L2-L3 finite element
models, the range of motion (ROM) in flexion, ex-
tension, lateral bending, and axial rotation were com-
pared with the published experimental data.?

I RESULTS
VALIDATION RESULTS

ROM obtained from the lumbar model used in this
study and experimental study from the literature with
and without the fixed implant system in all directions
were given (Figure 5).2° The ROM values for the L.2-
L3 model without the implant system was 2.7° for
flexion, 2.4° for extension, 3.0° for lateral bending,
and 2.6° for axial rotation in this study (Figure 5). For
extension motion, the resulting ROM values of our
model were in the range of the experimental results
from the literature.”® Similarly, for lateral bending
motion, ROM values were consistent with the in vivo
experimental results.?

The validation of the L.2-L.3 model with the fixed
implant system under flexion, extension, lateral bend-
ing, and axial rotation was also investigated. The
ROM values for the implanted model were 2.3° for
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FIGURE 5: The comparison of the ROM values of the assembly structure of the
L2-L.3 normal lumbar model with all the spinal components, and the models with
the pedicle screw fixation system. ROM: Range of motion.

flexion, 2.0° for extension, 2.1° for lateral bending,
and 2.1° for axial rotation (Figure 5). For axial ro-
tation and extension motions, ROM results were
consistent with the literature, especially for axial
motion, the results were consistent with the
experiment.”’> The computational ROM values in
the implanted system were less than those of ex-
perimentally obtained ones for flexion and lateral
bending, but generally, they were in the range of the
developed model.

von MISES STRESS DISTRIBUTION RESULTS

For all 4 movement directions, the equivalent von
Mises stresses over the intervertebral discs were cal-
culated for the models with and without spinal im-
plantation. In the finite element analysis, color
changes in the models represent the intensity of the
mechanical stress in flexion, extension, lateral bend-
ing, and axial rotation.

According to the results, the L2-L3 intervertebral
disc displayed the maximum stress in flexion with
1.67x10° MPa (Figure 6). This result is similar to the
peak stress value in extension movement. However, in
lateral bending and axial rotation, von Mises stress val-
ues of the intervertebral disc decreased to 1.47x10°
MPa and 1.28x10° MPa, respectively (Figure 6).

The stress distribution over the intervertebral
disc in the model with the spinal implantation re-
sulted in lower von Mises stress values compared to
the intact model. The maximum stress in flexion was
recorded as 1.32 MPa (Figure 7). Similar stress re-
sults were found in extension and axial rotation as
0.86 MPa and 0.88 MPa, respectively (Figure 7).
Also, the von Mises stress result was 1.04 MPa for
lateral bending with the spinal implantation system
(Figure 7).
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1,3006e6 | Laksee
111836 1 111006
9329765 22603

7 ATEEeS TS
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flexion extension
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28477 Min 01452
0.0026135 Min

lateral bending axial rotation

FIGURE 6: The representation of von Mises stress analysis of the intervertebral disc of the L2-L.3 model (without implant) under loading conditions. The physiological mo-
vements of the model as flexion, extension, lateral bending, and axial rotation were given.
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FIGURE 7: The representation of von Mises stress analysis of the intervertebral disc of the L2-L3 model (with fixed implant) under loading conditions. The physiological
movements of the model as flexion, extension, lateral bending, and axial rotation were given.

The affected regions of the L2-L3 lumbar model
without the fixed implant system were investigated
(Figure 8). According to the color-coded map of von
Mises stress results, intensity changes were seen gen-
erally in extension, lateral bending, and axial rota-
tion. Mechanical stress was recorded as much higher
in lateral bending. The upper vertebra (L2) also indi-
cated stress on its top surface, especially in lateral
bending and flexion. The pedicle regions showed
high-stress areas in extension, lateral bending, and
axial rotation with higher intensity regions than the
other sections of the model (Figure 8).

The affected regions of the L2-L.3 lumbar model
with the pedicle screw implant system under loading
and boundary conditions and the stress values were also
studied (Figure 9a). Stress distribution according to the
color-changing areas was also recorded on the screws
and rods during flexion, extension, lateral bending, and
axial rotation (Figure 9b). Unlike the model without the
spinal implantation, no significant stress values were
noted on the pedicle screws for all movement directions
with the fixed spinal implantation. Besides, the color-
coded map indicated that intensity changes were seen
higher in axial rotation and flexion, and these intensity
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B

flexion

4

axial rotation

extension

lateral bending

FIGURE 8: The affected regions of the L2-L3 lumbar model (without the implant
system) under loading and boundary conditions for flexion, extension, lateral ben-
ding, and axial rotation.

changes were found in all screws and rods of the sys-
tem. Additionally, lower stress distribution was ob-
served during extension and lateral bending (Figure 9).
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FIGURE 9: The affected regions of the (a) L2-L3 lumbar model (with the pedicle screw implant system) under loading and boundary conditions and the stress values
distributed on the (b) screws and rods during flexion, extension, lateral bending, and axial rotation.

I DISCUSSION

In this study, a detailed 3D finite element lumbar
model was developed for a patient suffering from
adolescent idiopathic scoliosis. We studied the
biomechanical behavior of a fixed traditional titanium
screw-rod system and analyze the influence of the im-
plant system over the whole spinal elements in the
model including vertebrae, intervertebral disc, screw,
and rod models in terms of von Mises stress distribu-
tion. Compression load and pure moments were ap-
plied in 4 directions including flexion, extension,
lateral bending, and axial rotation.

The L2-L3 lumbar model of the current study
was validated by comparing the simulation results
with the experimental data in the literature (Figure 5).
The ROM results reported in the current study were
generally consistent with the experimental data taken
from the literature, especially in extension and axial
rotation.>* Also, slightly different values of ROM
were found in flexion and lateral bending but these
values were similar to the previous studies reported in
this study (Figure 5).

Additionally, the von Mises stress distribution
results on the intervertebral without the implantation
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system were compared for the two models. The com-
parison of the finite element analysis results of the
two models indicated that in all four movement di-
rections including flexion, extension, lateral bending,
and axial rotation, there were higher stress results on
the L2-L3 intervertebral disc without the pedicle-
screw implantation system (Figure 6). However, von
Mises stress analysis results on the other model with
the implant system recorded lower stress values on
the intervertebral disc (Figure 7).

The stress on the whole functional spinal unit
(the L2-L.3 model) indicates that the upper side of the
L2 vertebra was the most affected region in flexion
and lateral bending (Figure 8). However, the pedicle
region had the maximum affected areas under com-
pressive loads and moments in extension and axial
rotation (Figure 8).

In the current study, the axial compression force
and moment were applied to the finite element mod-
els with and without the fixed pedicle-screw implan-
tation system. And these applied forces were
transferred through the L2-L3 lumbar spine model
with titanium rods and screws. According to the re-
sults, the existence of the screw-rod fixation system
on the model reduced the equivalent von Mises stress
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values. The maximum stress was transferred to the
rods in each movement of the model, but the highest
values of stress were recorded in flexion, lateral bend-
ing, and axial rotation (Figure 9). The results showed
that the fixed implant had the maximum stress on
rods, especially in flexion, extension, and axial rota-
tion. The smallest von Mises equivalent stress of the
implant appeared in extension. The stress distribution
of the titanium implants in various motions indicated
that the ROM is less in the implanted model when
compared with the intact model (Figure 9). This re-
sult showed that the fixed implant system led to a stiff
lumbar model and thus, the stress values were below
those of the model without the implant system. Ac-
cording to the finite element analysis with the fixed
implant system, the total deformation and stress val-
ues were decreased on the L2-L3 intervertebral disc
when compared with the model without the implant
system. The maximum stress values were recorded
especially on the rods and also on the screw-rod in-
terfaces in all models (with/without implant system).
Furthermore, in both of these models, the fixation
system allowed the stabilization of the L2-L3 lumbar
spine model. Therefore, the whole model with the im-
plant system showed lower von Mises stress results
on the L2-L3 intervertebral disc, and it was observed
that the rods and the screws were the most affected
parts of the model. When the comparison was done,
the model without the implant system displayed
higher stress distribution, especially in the interver-
tebral disc and the pedicle regions of the vertebrae.

This study includes several limitations. One of
them was the lack of collagen fibers in the annulus
region of the intervertebral disc. Additionally, the
material properties of the nucleus pulposus were
taken as isotropic and elastic in the simulation. If the
disc structure was modeled with these fibers, along
with the hyperelastic material properties, the finite el-
ement model could have more reflected the actual
structure. However, the fact that such modeling pref-
erences are almost unobtainable experimentally lim-
its their use. Another limitation was related to the
construction process. Our study has patient-specific
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characteristics, thus the CT scan data of one patient
was used in all construction and simulation processes.
The other limitation was the absence of muscle tis-
sues in the whole lumbar model. If the muscles were
included in the model, the finite element analysis
could be enhanced in the study. However, since it is
technically not appropriate to model muscles from
CT scan data, we could not model muscle tissues.

I CONCLUSION

It was concluded that a fixed implant system pre-
serves the maintenance of the vertebral column and
decreases the stress on the spinal unit, especially for
the intervertebral disc. This study is expected to con-
tribute to future biomechanical studies including the
effects of modeling strategies and features of the
spinal implantations to the finite element models for
further mechanical analysis.
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