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Abstract: Objective: To establish and verify the validity of a three-dimensional finite element model of the thora-
columbal segments T12-L2; the stress distribution of the model was analyzed, providing a theoretical basis for
finite element analysis of thoracolumbal segment fracture as well as a surgical model. Methods: A healthy female
volunteer with no history of lumbar spine injury was selected to obtain CT scan data of the T12-L2 vertebral bodies.
Mimics 3D reconstruction software was used to generate the T12-L2 3D model, and surface mesh and body mesh
were generated by smoothing treatment and mesh division. The normal finite element model of the T12-L2 vertebral
bodies and the finite element model of osteoporosis were established with Ansys finite element software. Under a
loading force of 500 N vertically downward and a load of 7.5 N e m bending moment, seven operating conditions
were simulated to analyze the displacement and stress distribution of each vertebral body and intervertebral disc,
and to verify the effectiveness of the model. Results: There were 31,901 nodes and 64,244 elements in the thora-
columbar T12-L2 three-dimensional finite element model. These results were similar to the conclusions found in a
review of the domestic and global literature, and the finite element model was validated. Conclusions: The results
of this experiment can provide a practical reference for clinical work and help to establish a three-dimensional finite
element model of the thoracolumbar junction.
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Introduction

Vertebral compression fractures usually occur
at the thoracolumbar junction (T11-L2 level),
which can lead to kyphosis at the site of spinal
fracture, and in severe cases it affects func-
tion and quality of life [1]. The traditional meth-
od of measuring spinal biomechanics with
cadaver specimens is useful for understanding
displacement of certain structures, but the
stress changes to the internal structures and
fixators are difficult to measure. Animal experi-
ments can be used to evaluate the stability of
bone graft fusion segments, but the results do
not completely apply to humans.

In recent years, quantitative CT (QCT) examina-
tion of lumbar vertebra specimens and finite

element models have been used to simulate
and calculate vertebral bone strength. Com-
pared with experimental results from biome-
chanical testing of vertebral bodies, the PEA
model derived from QCT images may improve
the predictive ability for vertebral strength [2,
3]. Belytschko et al. first proposed the applica-
tion of the finite element method using comput-
er technology to biomechanical study of the
spine [4]. Further studies have applied the finite
element method to study spine biomechanics,
achieving successful results [5, 6].

Chen et al. performed a biomechanical study of
interbody fusion through a foraminal approach
with unilateral and bilateral pedicle screw fixa-
tion using a three-dimensional finite element
method [7]. Goel and Gilbertson used the finite
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Table 1. Material properties of the osteoporotic T12-L2 finite element

illness. The patient and

model her family agreed to par-
Material Elastic modulus, E  Poisson  Stiffness Status ti.cipate in t.he study and
(MPa) ratio, u  Coefficient signed the informed con-
Cortical bone 8040 (67% normal) 0.3 - Osteoporotic sent, and the experimen-
Cancellous bone 34 (34% normal) 0.2 - Osteoporotic tal protocol wa.s aper)v—
Bony endplate 670 (67% normal) 0.4 - Osteoporotic ed by .our hospital ethics
Posterior structure 2345 (67% normal) 0.25 - Osteoporotic committee. Th,e lumbar
) vertebral bodies were
Annulus fibers 455 0.3 - Normal . .
scanned with Siemens
Nucleus pulposus 0.4 0.499 - Normal 64-slice spiral CT at 140
Facet cartilage 10 0.4 - Normal KV, 200 mA, and 0.625
Anterior longitudinal 20 0.3 33.0 Normal mm thickness. CT data
Posterior longitudinal 70 0.3 20.4 Normal were extracted in 512x
Interspinous 28 0.3 11.5 Normal 512 pixel DICOM format.
Supraspinous 28 0.8 23.7 Normal
Ligamentum flavum 50 0.3 27.2 Normal Methods
Intertransverse 50 0.3 15.0 Normal

element method to study the biomechanics of
the thoracolumbar spine [8]. Although the use-
fulness of spinal finite element analysis has
been demonstrated in many studies [9-13],
accurate three-dimensional finite element
models of the thoracolumbar segment are rare-
ly reported.

In the current experiment, the thoracolumbar
T12-L2 three-dimensional finite element model
was used to simulate seven operating condi-
tions (axial direction, anteflexion, rear protrac-
tion, left side and right side bending, and left
and right rotation) under a loading force of
500 N vertically downward and a load of 7.5
Nem bending moment. The stress distribution
for each vertebral body and intervertebral disc
was analyzed, and the validity of the model was
verified. The results provide a theoretical basis
for finite element analysis of thoracolumbar
fractures and a surgical model.

Materials and methods

Design

Finite element analysis experiment.
Data collection

A healthy 65-year-old female volunteer with no
significant abnormalities in vertebral body mor-
phology was scanned, and T12-L2 CT data
were obtained. The volunteer was screened for
cardiovascular and cerebrovascular diseases,
severe liver or renal impairments, and mental
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Establishment of the T12-
L2 three-dimensional fini-
te element model for normal and osteoporosis
thoracolumbar segments: The CT data of the
volunteer was imported into the Mimics 20.0
software. According to the gray value of each
tissue structure, the threshold was divided,
and models of different parts of the lum-
bar spine were established. The regions of
interest were segmented by image cutting
tools, and the models were preliminarily pro-
cessed by filling, wrapping, smoothing, and
other tools. The resulting geometric model of
T12-L2 vertebral body and intervertebral disc
was established and exported in STL format.
The three-dimensional model of the lumbar
spine was imported into 3-matic 12.0 in STL
format, and the surface of the lumbar spine
was smoothed and measured through mesh
diagnosis, treatment of poor mesh, surface
parameter fitting, and other operations. The
vertebral body was simulated as the inner core
of the spongy bone surrounded by cortical
bone, with the disc covered with cartilage
endplates [14]. Intervertebral discs are com-
posed of an outer annulus fibrosus and an in-
ner nucleus pulposus, and the cross-sectional
area of the nucleus pulposus accounts for
43% of the intervertebral disc cross-sectional
area [15]. The interaction between joints was
simulated by nonlinear surface-bound contact.
Ligaments were simulated by a 2-node nonlin-
ear spring element. After ensuring that all sur-
face meshes were qualified, the body meshes
of the lumbar spine model were generated.
Finally, the entire model was generated.
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Figure 1. T12-12 Three-dimensional finite element model of thoracolumbar
segment. A. Threshold extraction; B. Smooth processing; C. Meshing; D. Sol-
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id model; E. Spring simulation ligament; F. Finite element model.

Table 2. Range of motion of finite element model of T12-L2 and
comparison with previous research result (°)

Operating Condition

The Present

[21]

(23]

[24]

The Present

Research OP Model
Ante-flexion 6.8+2.15 70 78 79 6.9
Rear Protraction 5.0+1.34 45 55 6.8 4.8
eft Left Side Bending 5.5+1.75 75 81 73 5.7
Right Side Bending 5.3+1.44 - - 8.0 5.5
Left Rotation 2.2+1.42 31 26 28 2.6
Right Rotation 2.5+1.36 - - 3.3 2.7

Axial Direction

® T12 Centrum

1.40
1.20
1.00
0.80
0.60

Max deformation (mm)

N

3
<§;
v

¢

&

Figure 2. Deformation results of T12-L2 finite element model of thoracolum-
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The model was imported into
Mimics 20.0, and the elastic
modulus, Poisson’s ratio and
other material coefficients
and characteristic values of
the materials in each area
were input into the model to
set the material properties. In
this study, in order to stream-
line the calculation process,
the material properties were
simplified in the mechanical
analysis. Only the mechanical
properties of the bone struc-
ture within the elastic range
were considered, and the iso-
tropic, uniform, and continu-
ous elastic material model
was used to characterize the
bone structure. According to
previous reports [16-20] we
characterized the specific ma-
terial parameters (Table 1).

Validation of the model: After
completing the assignment of
the material attributes, the
lower endplate of the L2 ver-
tebral body was set as the
fixed surface, and the load
was allocated from the upper
endplate of the T12 vertebral
body according to the theory
of the three columns of the
spine, in which 85% of the
load was carried by the ante-
rior midcolumn and the
remaining 15% of the load
was carried by the elements
behind the vertebrae [21, 22].
All models were subjected to
a vertical downward load of
500 N and a torque of 7.5
Nem to simulate the physio-
logical activity of the lumbar
spine under the seven rota-
tional directions (axial direc-
tion, anteflexion, rear protrac-
tion, left side and right side
bending, and left and right
rotation).

Observational index

The deformation and von-Mis-
es stress distribution for each

Am J Transl Res 2022;14(3):1606-1615
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Figure 3. Three-view results of deformation distribution of T12-L2 finite element model in thoracic and lumbar seg-
ments in Axial Direction, Ante-flexion and Rear Protraction. (A1) Axial Direction-front view, (A2) Axial Direction-side
view, (A3) Axial Direction-top view; (B1) Ante-flexion-front view, (B2) Ante-flexion-side view, (B3) Ante-flexion-top view;
(C1) Rear Protraction-front view, (C2) Rear Protraction-side view, (C3) Rear Protraction-top view.

vertebral body and intervertebral disc were
observed in the thoracolumbar T12-L2 finite
element model under seven working condi-
tions: axial direction, anteflexion, rear protrac-
tion, left side and right side bending, and left
and right rotation.

Results

T12-L2 three-dimensional finite element mod-
el structure of thoracolumbar segment

A 3D finite element model of the thoracolumbar
T12-L2 segment was established. The model
simulated the three-dimensional structures of
cortical and spongy bone, annulus fibrosus
and nucleus pulposus, facet joint, pedicle, lam-
ina, spinous and transverse processes, and
the intertransverse process, interspinous, and
supraspinous ligaments. After non-popular
assembly node sharing and standardized grid
processing, the complete final model had
31,901 nodes and 64,244 cells (Figure 1).
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Validation results of the model

In this study, the loading analysis of normal
and osteoporotic lumbar finite element model
under seven working directions (axial direction,
anteflexion, rear protraction, left side and right
side bending, and left and right rotation) was
conducted, and the range of motion (ROM) of
the joint under various working conditions was
measured. The results obtained were highly
similar to published findings in the domestic
and global literature [21, 23, 24] (Table 2), and
the finite element model verifies the validity.

Deformation and von-mises stress distribu-
tion of the T12-L2 finite element model in the
thoracolumbar section under seven working
conditions

We obtained deformation results of the T12-L2
finite element model in the thoracolateral sec-
tion under seven working conditions (Figure 2).
The degree of deformation was in the order of

Am J Transl Res 2022;14(3):1606-1615
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Figure 4. Results of deformation distribution of the T12-L2 finite element model in the thoracic and lumbar seg-
ments in three views under the states of Left Side Bending, Right Side Bending, Left Rotation and Right rotation.
(A1) Left Side Bending-front view, (A2) Left Side Bending-side view, (A3) Left Side Bending-top view; (B1) Right Side
Bending-front view, (B2) Right Side Bending -side view, (B3) Right Side Bending-top view; (C1) Left Rotation-front
view, (C2) Left Rotation-side view, (C3) Left Rotation-top view; (D1) Right rotation-front view, (D2) Right rotation- side

view, (D3) Right rotation-top view.

anteflexion/rear protraction > side bending >
rotation > axial direction. Under each condition,
the degree of deformation gradually decreased
from the upper endplate of T12 to the lower
endplate of L2. We obtained three-view results
of the deformation distribution of the T12-
L2 finite element model in the thoracic and
lumbar segments in axial, bending, and stretch-
ing states (Figure 3) and in the states of left
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and right bending, and left and right rotation
(Figure 4).

We measured the stress distribution of the
T12-L2 finite element model in the thoracolat-
eral section under seven working conditions
(Figure 5). The stress of the disc under various
working conditions was significantly less than
that of the vertebral body, and the stress distri-
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Figure 5. von-Mises stress distribution results of T12-L2 finite element mod-
el in thoracic and lumbar section under seven working conditions.

bution was T12>L1>L2. The stress on the ver-
tebral body under flexion, extension, and lateral
bending conditions was significantly higher
than under the rotation and axial conditions.
We obtained three-view results of stress
distribution of the T12-L2 finite element model
in the thoracic and lumbar segments in axial,
bending, and stretching states (Figure 6) and
with the conditions of left and right bending,
and left and right rotation (Figure 7).

Discussion

Previous applications of finite elements in the
spine

Geometry, material properties, and appropriate
loads are the key elements in validation of
the finite element model of the spine [25, 26].
With advances in technology, finite element
models are now used in various studies of
spinal dynamics, kinematics, and stress and
strain within the vertebrae and intervertebral
discs [27-31]. Recent improvements to soft-
ware technology and computing capability have
enabled reconstruction of three-dimensional
models of irregular spinal bone structure using
CT technology [32, 33]. The current study is
also based on the use of CT data for 3D
reconstruction.

In a previous study, Giambini et al. applied the
finite element method to predict vertebral frac-
ture characteristics [34]. From three cadaver
specimens, the L3 vertebral bodies were
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excised. The vertebrae were
scanned with CT to establish
the computational model and
then subjected to mechanical
compression tests to mea-
sure failure loads and stiff-
ness, and to observe fracture
locations. A vertebra was
used to calibrate the material
properties based on the
experimental results and CT
gray values. The other two
& samples were used to evalu-

ate model predictions. The
finite element model of the
calibrated sample had an
error of 2% in stiffness and of
4% in failure load. The predict-
ed failure loads for the other
two vertebrae were greater, with stiffness dif-
ferences of 129% and 40% compared to the
measured values. The predicted fracture pat-
tern was in agreement with the observed exper-
imental cracks. Thus, the finite element meth-
od can be used to predict vertebral fracture
characteristics.

®

Xu et al. compared the biomechanical differ-
ences between posterior lumbar interbody
fusion (PLIF) and transforaminal lumbar inter-
body fusion (TLIF) by using the finite element
method [5]. Three L3-L5 lumbar segment fini-
te element models (complete, PLIF, and TLIF
models) were established. To analyze the bio-
mechanical properties of these models, a
torque of 7.5 Nem was applied to the upper
surface of the L3 vertebral body with a com-
pressive preload of 400 N. Compared with the
full model, the PLIF and TLIF models had a
reduced range of motion at the L4-L5 level
under all loading conditions, although when
PLIF and TLIF were less than 1 degree, there
was no significant difference in the range of
motion. That study concluded that TLIF surgery
could reduce the risks and limitations associ-
ated with PLIF and provide a suitable alterna-
tive to PLIF surgery.

Baroud et al. quantified and compared the
stiffness and load response of adjacent
enhanced discs before and after enhancement
by establishing a finite element model of the
lumbar motor segment (L4-L5) [17]. The results
showed that the cement under the endplate

Am J Transl Res 2022;14(3):1606-1615
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Figure 6. Three-view results of von-Mises stress distribution of T12-L2 finite element model in thoracic and lumbar
segments in Axial Direction, Ante-flexion and Rear Protraction. (A1) Axial Direction-front view, (A2) Axial Direction-
side view, (A3) Axial Direction-top view; (B1) Ante-flexion-front view, (B2) Ante-flexion-side view, (B3) Ante-flexion-top
view; (C1) Rear Protraction-front view, (C2) Rear Protraction-side view, (C3) Rear Protraction-top view.

acted as an upright strut and significantly
reduced the convexity of the reinforced end-
plate. The bulge of the thickened endplate was
reduced to 7% of its pre-thickening level, and
the whole motion segment hardened by approx-
imately 11%.

Noailly et al. applied finite element analysis to
study the effect of prosthetic replacement of
the physiological L4-L5 intervertebral disc on
biomechanical changes of the L3-L4 lumbar
segmental model [19]. Biomechanical analysis
was performed by substituting L4-L5 discs in
the L3-L5 lumbar segmental physiological
model to simulate the role of loads in physio-
logical states of compression, bending, exten-
sion, and axial rotation. The disc replacement
model was found to be more rigid than the
physiological model. When placed in perfect
contact with the adjacent vertebra, the im-
planted disc is able to function, following the
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biomechanics of the surrounding motion seg-
ment. Although the trauma load within adjacent
vertebrae was not calculated, bone remodel-
ing was expected in the trabeculae. Using
numerical methods, this study allows for pre-
diction of the static mechanical behavior of
new devices within the lumbar spine structure,
which can be useful for clinical studies.

Characteristics in this research

The 3D finite element model of this experiment
had the following characteristics: 1) CT data
for the thoracolumbar T12-L2 segment were
obtained from a 65-year-old female volunteer.
ANSYS finite element software was used for
analysis, each structure of the thoracic and
lumbar T12-L2 segment was simulated, and
the model was realistic. 2) Compared to biome-
chanical analysis of cadaver specimens, the
finite element software used in this study was

Am J Transl Res 2022;14(3):1606-1615
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Figure 7. Results of von-Mises stress distribution of the T12-L2 finite element model in the thoracic and lumbar
segments in three views under the states of Left Side Bending, Right Side Bending, Left Rotation and Right rotation.
(A1) Left Side Bending-front view, (A2) Left Side Bending-side view, (A3) Left Side Bending-top view; (B1) Right Side
Bending-front view, (B2) Right Side Bending -side view, (B3) Right Side Bending-top view; (C1) Left Rotation-front
view, (C2) Left Rotation-side view, (C3) Left Rotation-top view; (D1) Right rotation-front view, (D2) Right rotation- side

view, (D3) Right rotation-top view.

easy to operate and repeatable. 3) The model
in this study adopted the method of assembly
node sharing, and the complete model had
31,902 nodes and 64,244 cells. Without
affecting experimental results, the number of
grids was simplified and the calculation time
was reduced. 4) Various conditions can be sim-
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ulated in clinical practice by adjusting the mate-
rial properties of each structure in the model.

Limitations in this research

This study, while robust, has some limitations.
1) The physiological activity states of only 7 ver-

Am J Transl Res 2022;14(3):1606-1615
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tebral bodies were simulated, while a living
human spine is larger and more complex. 2)
Only finite element analysis software was test-
ed, which limited comparisons with biomechan-
ical test results of cadaver specimens. 3)
Although the structure of each part of the
thoracic and lumbar segment was accurately
simulated with software, living human anatomy
also contains skin, muscle, nerve, blood ves-
sels, and other structures which cannot be sim-
ulated effectively.

Conclusions

Our experimental results provide a reference
for clinical work and help to establish a three-
dimensional finite element model of the thora-
columbar segment. In future studies, we aim to
provide finite element analysis results that
even more accurately represent normal and
clinical cases.
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