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Abstract: Objective: To verify the results of three-dimensional fracture mapping of T12-L2 compression fractures by 
the finite element method from a biomechanical point of view, and to provide clinical reference. Methods: This study 
is a retrospective study. By collecting 150 patients’ computerized tomography (CT) data with thoracolumbar com-
pression fractures (T12-L2) with AO type A. Mimics was used for three-dimensional (3D) reconstruction, and 3-Matic 
was used to mark fracture lines in stereo images. After standardized treatment, all fracture lines were drawn in the 
same 3D image, and finally fracture lines and fracture map were drawn. Constructing a 3D finite element model of 
thoracolumbar segment to verify the fracture thermogram results from the perspective of biomechanics. Results: 
From the fracture map, fracture lines were mainly distributed in the upper part of the vertebral body, the leading 
edge of the anterior column (AC), and the lateral margin of the middle column (MC). In the finite element analysis, 
the stress mainly was concentrated on the edge of the anterior and middle column of the vertebral body and the 
upper part of the vertebral body, and the stress gradually decreased from the upper endplate to the endplate, and 
the stress was the least in the posterior column (PC) of the vertebral body. Conclusion: The results of finite element 
analysis further confirm the accuracy of fracture mapping and explain the distribution characteristics of fracture 
lines. This will provide theoretical support for the selection of clinical fracture treatment, intraoperative implants, 
and for a standard fracture model.
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Introduction

Vertebral compression fractures often occur in 
the thoracolumbar segment (T11-L2), account-
ing for about 90% of spinal fractures [1]. 
Kyphosis at the site of spinal fracture can 
result, and in severe cases, normal work and 
life quality can be affected [2]. Due to the com-
plex structure and biomechanical mechanism 
of thoracolumbar injury, it is often difficult to 
determine its stability after injury, which com-
plicates accurate clinical treatment. Denis et 
al. [3] proposed the “three-column theory” of 
the spine by studying the mechanism of spinal 
injury. Vaccaro et al. [4] proposed the classifica-
tion theory of thoracolumbar injury, which ben-
efitted diagnosis and surgical planning. Despite 
their utility, both injury classification theories 

have disadvantages. However, the damage 
mechanism was not analyzed from a mechani-
cal point of view in their study.

In recent years, digital orthopedics has led to 
widespread use of three-dimensional printing 
technology, finite element analysis (FEA), and 
fracture map technology by clinical researchers 
[5, 6]. Among them, fracture mapping shows 
unique advantages in morphological studies  
of fracture [7-9]. Fracture mapping, also known 
as “fracture line distribution mapping”, was  
first proposed by the orthopedic team of the 
University of Minnesota in 2009. Armitage et al. 
[10] described the distribution of fracture lines 
for the first time by describing 90 patients with 
scapula fracture and superimposing the frac-
ture lines to form a fracture map. Subsequently, 
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scholars have applied fracture mapping tech-
nology to clinical research. Liu et al. [11] drew 
fracture lines of 100 patients with intertrochan-
teric fractures of the femur and spread out the 
fracture map with map projection technology, 
clearly showing the frequency of fracture at 
each part of the proximal femur. By drawing a 
fracture map, morphological characteristics of 
fracture line can be visualized, thus providing a 
new research method for fracture diagnosis, 
fracture classification, treatment plan selec-
tion, surgical fixation design, fracture prone site 
statistics, and the formulation of a standard-
ized fracture model.

Domestic and foreign studies have been con-
ducted on fracture heat-map, including scapula 
fracture, proximal humerus fracture [12], radial 
head fracture [13], distal radius fracture [14], 
ulna fracture [15], intertrochanteric lateral wall 
fracture, tibial plateau fracture [16], Pilon frac-
ture [17], posterior malleolus fracture [18], and 
acetabular fracture [19]. Few studies have 
applied fracture map projection to the analysis 
of thoracolumbar fractures. In previous stud-
ies, only the phenomenon of fracture occur-
rence was described, and the reasons for frac-
ture occurrence were not analyzed from the 
perspective of biomechanics with the method 
of finite element analysis. 

We collected clinical data of 150 patients with 
T12-L2 compression fractures that were AO 
type A. Mimics were used for three-dimensional 
reconstruction, and 3-Matic was used to mark 
fracture lines in stereo images. After standard-
ized treatment, all fracture lines were drawn in 
the same three-dimensional image, and finally 
fracture lines and a fracture map were drawn. A 
three-dimensional finite element model of the 
thoracolumbar segment was constructed to 
verify fracture heat-map results from the per-
spective of biomechanics.

Materials and methods

In order to better realize our idea, 150 gerontal 
patients were selected and their CT data of tho-
racolateral segment were obtained. Of course, 
these patients were not selected randomly, but 
were screened according to certain criteria. In 
order to better understand the situation of 
these patients, we provide the fracture sites, 
scan conditions and other information of these 
patients. Then, three-dimensional reconstruc-
tion software was used to draw the fracture 

mapping, and finite element analysis software 
was used to establish the thoracolumbar 
model. We developed a number of indicators to 
facilitate our understanding of the results.

Inclusion and exclusion criteria

Inclusion criteria: (1) T12-L2 vertebral body 
type A fracture [20]; (2) patients aged 60-85 
years; (3) bone mineral density examination 
identified patients with osteoporosis; and (4) 
CT data met the requirements for three-dimen-
sional reconstruction.

Exclusion criteria: (1) CT data cannot meet the 
requirements of three-dimensional reconstruc-
tion; (2) patients with a history of thoracolum-
bar fracture surgery; (3) comminuted fractures, 
leading to fracture blocks that cannot be 
reduced; and (4) abnormal anatomic structure 
of the thoracolumbar spine.

Materials

This study was a retrospective study. According 
to inclusion and exclusion criteria, CT data were 
collected from 150 patients with thoracolum-
bar compression fractures (T12-L2) that were 
AO type A from January 2021 to June 2023 at 
Puren Hospital. Among them, 72 were male 
and 78 were female, with ages ranging from 60 
to 85. There were 51 T12 vertebral fractures, 
54 L1 vertebral fractures, and 45 L2 vertebral 
fractures.

A 65-year-old healthy female volunteer and 
150 geriatric patients signed informed con-
sents, and the experimental plan was approv- 
ed by the hospital ethics committee. Among 
them, the thoracolumbar CT data of a 65-year-
old female volunteer was used to establish a 
thoracolumbar finite element model. CT data 
from 150 geriatric patients were used to gener-
ate fracture heat-map. So make a distinction 
between them. A Siemens 64-slice helical CT 
scanner (Siemens AG, Germany) was used to 
scan the thoracolumbar vertebral body at 140 
kV, 200 mA, and 0.625 mm thickness. CT  
data were extracted in 512×512 pixel DICOM 
format.

Fracture heat-map

Step 1: Thoracic and lumbar CT data of 150 
patients were imported into Mimics 20.0 
(Materialise NV, Leuven, Belgium, 2017) for 
three-dimensional reconstruction to generate 
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three dimensional stereo images. Then, 3-Matic 
12.0 (Materialise NV) software was used to 
mark the fracture lines and store them.

Step 2: The thoracolumbar CT data of a healthy 
female volunteer were imported into Mimics for 
three-dimensional reconstruction as in step 1, 
and then imported into 3-Matic for smooth  
processing to obtain three-dimensional recon-
struction images of normal thoracolumbar ver-
tebral bone structure as a standard view.

Step 3: Images from 150 patients with fracture 
lines drawn were registered with the standard 
view, and then all three-dimensional fracture 
lines of thoracolumbar fractures were summa-
rized on the same standard view. The aggre-
gated standard view of fracture lines was then 
transformed into fracture maps. The transfor-
mation was based on the frequency of the frac-
ture line of the thoracolumbar spine compres-
sion fracture appearing at various positions on 
the three-dimensional image.

Establishment and analysis of three-dimen-
sional finite element model of the thoracolum-
bar segment

The three-dimensional model of the thoraco-
lumbar segment of the volunteers in step 2 
above was imported into 3-Matic in STL format 
to process the grid, in which the vertebral body 
was simulated as cortical bone surrounded by 
an inner spongy bone core, and the cartilage 
end plate was covered above and below the 
disc [21]. The intervertebral disc consists of the 

annulus fibrosus and the nucleus pulposus, 
and the cross-sectional area of the nucleus 
pulposus accounts for 43% of the interverte-
bral disc cross-sectional area [22]. A solid 
model was then generated.

In order to simplify the calculation process, only 
the mechanical properties within the elastic 
range were considered for bone structure, and 
an isotropic, uniform, and continuous elastic 
material model was used to represent the bone 
structure. According to literature reports [23, 
24], specific material parameters were set 
(Table 1).

After material assignment was completed, the 
lower endplate of the L2 vertebral body was 
fixed, and loads were applied to the upper end-
plate of the T12 vertebral body. According to 
the principle of the three-column theory of the 
spinal column, the front column and middle col-
umn bear 85% load and the back column bears 
15% load to distribute the load [25, 26]. A verti-
cal downward load of 400 N and a torque of 7.5 
N•m were applied to all models to simulate the 
thoracolumbar movement under seven states 
(axial, forward, extension, left bend, right bend, 
left rotation, and right rotation) (Figure 1). Then, 
the validity of the model was determined [27].

Observational index

According to the three-column theory proposed 
by Denis in 1983 [3], each vertebral body was 
divided into AC, MC, and PC. The AC includes 
the anterior longitudinal ligament, the anterior 

Table 1. Material properties of the osteoporotic T12-L2 finite element model
Material Elastic modulus, E (MPa) Poisson ratio, μ Stiffness Coefficient Status
Cortical bone 8040 (67% normal) 0.3 - Osteoporotic
Cancellous bone 34 (34% normal) 0.2 - Osteoporotic
Bony endplate 670 (67% normal) 0.4 - Osteoporotic
Posterior structure 2345 (67% normal) 0.25 - Osteoporotic
Annulus fibers 455 0.3 - Normal
Nucleus pulposus 0.4 0.499 - Normal
Facet cartilage 10 0.4 - Normal
Anterior longitudinal 20 0.3 33.0 Normal
Posterior longitudinal 70 0.3 20.4 Normal
Interspinous 28 0.3 11.5 Normal
Supraspinous 28 0.8 23.7 Normal
Ligamentum flavum 50 0.3 27.2 Normal
Intertransverse 50 0.3 15.0 Normal
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Figure 1. Simulation diagram of boundary conditions and 7 working condi-
tions. A. An axial load of 400 N was applied vertically downwards; B. Six 
physiological states of the thoracolumbar segment were simulated (ante-
flexion, rear protraction, left side bending, right side bending, left rotation 
and right rotation), and 7.5 N•m torque was applied.

half of the vertebral body, and the interverte-
bral disc. The MC includes half of the vertebral 
body and intervertebral disc, and the posterior 
longitudinal ligament. The PC consists of the 
pedicle, ligamentum flavum, articular process, 
spinous process, interspinous ligament, and 
supraspinous ligament. The three-dimensional 
distribution of fracture lines in the AC, MC, and 
PC were observed to understand the central 
tendency of the three-dimensional distribution 
of fracture lines (Figure 2).

T12 was used as the representative vertebral 
body to observe the stress distribution of a  
vertebral body in the thoracolumbar segment 
finite element model under the seven working 
conditions.

Results

Fracture mapping results were as follows. 
Because the finite element model was used in 
the study, the establishment of the finite ele-
ment model was verified, and the stress distri-
bution characteristics of the thoracolumbar 
spine in the model were explained.

Analysis of fracture map results 

Figure 3 shows the three-dimensional fracture 
line distribution of the thoracolumbar spine 
(T12-L2), which intuitively reflects the fracture 
line distribution characteristics of the three 
segments. In each vertebra, fracture lines are 
mainly concentrated in the upper portion, and 
there are sparse fracture lines in the lower part, 
forming a sharp contrast from upper to lower. 
From the side view, fracture lines are mainly 
concentrated in the AC of each vertebral body; 

fracture lines in the MC are 
mainly distributed on both 
sides of the vertebral body 
and gradually become sparse; 
and there are almost no frac-
ture lines in the PC. From the 
top view, fracture lines are 
mainly concentrated in the 
leading edge of the vertebral 
body and the lateral edge, fan-
ning out, with sparse fracture 
lines in the middle part of the 
vertebral body. From the bot-
tom view of each vertebra, 
there are only a few scattered 
fracture lines.

Validation results of the model

In this study, the T12-L2 three-dimensional 
finite element model was loaded under seven 
working conditions, and the range of motion of 
joints under various working conditions was 
measured. The results obtained were highly 
similar to published findings in the domestic 
and global literature [25, 28] (Table 2), and the 
finite element model verifies the validity [29].

Finite element analysis of T12 vertebral body

Figure 4 shows the finite element model of the 
thoracolumbar spine (T12-L2) and the stress 
distribution view of the T12 vertebral body 
under axial, forward, and extension working 
conditions. Figure 5 shows the stress distribu-
tion view of T12 vertebral body under left  
bend, right bend, left and right rotations. As 
can be seen from the figure, in six views of the 
thoracolumbar segment finite element model, 
the stress gradually decreased from the T12 
vertebral endplate to the L2 vertebral lower 
endplate. 

With T12 as the representative vertebra, the 
stress under the seven working conditions is as 
follows: axial (25 MPa), forward (74 MPa), exten-
sion (73 MPa), left bend (67 MPa), right bend 
(66 MPa), left rotation (29 MPa), and right rota-
tion (28 MPa). The stress is larger in forward, 
extension, left bend, and right bend.

From the top view, stress in the axial state is 
mainly concentrated in the center of the upper 
endplate of the vertebral body, that is, the pos-
terior part of the AC and the MC. Stress is main-
ly distributed at the edge of the upper endplate 
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Figure 2. Schematic diagram of three-column theory. A. Area division of three columns in side view of 3D model: AC, 
MC and PC; B. Area division of three columns in side view of fracture map; C. Area division of three columns in top 
view of the 3D model; D. Area division of three columns in top view of fracture map.

Figure 3. The 3D fracture line distribution of the thoracolumbar spine (T12-L2). (A) is T12 vertebral body view: (A1) 
Front view; (A2) Side view; (A3) Top view; (A4) Bottom view; (B) is L1 vertebral body view: (B1) Front view; (B2) Side 
view; (B3) Top view; (B4) Bottom view; (C) is L2 vertebral body view: (C1) Front view; (C2) Side view; (C3) Top view; 
(C4) Bottom view.

of the vertebral body in forward, extension, and 
left and right bend states. In the front view, 
stress is mainly concentrated in the upper part 
of the anterior vertebral body under the seven 
working conditions. From the left, right, and 

bottom views, the stress gradually decreases 
under the seven working conditions, and the 
stress on the side of the vertebral body. Stress 
in the lower part in front of the vertebral body 
and the bottom of the vertebral body is signifi-
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Table 2. Range of motion of finite element model of T12-L2 and comparison with previous research 
result (°)
Operating Condition The Present Research [25] [28] The Present OP Model
Ante-flexion 6.8±2.15 7.0 7.9 6.9
Rear Protraction 5.0±1.34 4.5 6.8 4.8
Left Side Bending 5.5±1.75 7.5 7.3 5.7
Right Side Bending 5.3±1.44 - 8.0 5.5
Left Rotation 2.2±1.42 3.1 2.8 2.6
Right Rotation 2.5±1.36 - 3.3 2.7
Axial Direction - - - -

cantly lower than on the upper endplate in front 
of the vertebral body. From the rear view, the 
vertebral body is subjected to the least stress.

In summary, stress was mainly concentrated at 
the edge of the AC and MC of the vertebral body 
as well as the upper half of the vertebral body. 
The stress gradually decreased from the upper 
endplate to the endplate of the vertebral body, 
and the stress was lowest in the PC of the ver-
tebral body.

Discussion

By observing the results of fracture mapping 
and finite element analysis, we clearly know the 
distribution law of a fracture line. Combining 
this with finite element analysis, we can see 
why the fracture line is distributed like this.

Figure 3 shows that fracture lines were mainly 
distributed in the upper part of the vertebral 
body, the leading edge of the AC, and the lateral 
margin of the MC. Therefore, we can infer that 
the force is mainly concentrated in the upper 
part of the vertebral body and the AC, which 
shows a trend of gradually weakening from the 
AC to the MC and the PC. The tendency is to 
gradually weaken from the upper endplate of 
the vertebral body downward. By finite element 
analysis, stress is mainly distributed at the 
edge of the upper endplate of the vertebral 
body in forward, extension, and left and right 
bend states. Considering the complexity of the 
actual activity state of the human body, the 
possibility of fracture is greater with the combi-
nation of forward, extension, left bend, and 
right bend.

From Figures 4 and 5, we conclude that stress 
was mainly concentrated in the center of the 
vertebral endplate, on back, and in the column 
part of the AC. This has to do with the Denis 

three-column theory [3]: stele function directly 
in maintaining stability, and damage to more 
than two columns results in unstable fractures. 
The stress mainly concentrates on the edge of 
the AC and MC and the upper part of the verte-
bral body. Stress gradually decreases from the 
upper endplate to the endplate of the vertebral 
body, and the stress is lowest in the PC of the 
vertebral body. This is consistent with the con-
clusion that fracture lines were mainly distrib-
uted in the upper part of the vertebral body, the 
leading edge of the AC and the lateral edge of 
the MC in the fracture map. In the fracture map, 
fracture lines gradually weakened from the 
upper endplate to the endplate of the vertebral 
body on the whole, and there were almost no 
fracture lines in the PC of the vertebral body.

This study has some shortcomings, including: 
(1) The number of clinical cases included was 
small, resulting in a certain degree of bias. (2) 
Only the osseous structure of the thoracolum-
bar segment was studied, but the surrounding 
ligaments and posterior structures were not 
analyzed. In practice, the ligaments and poste-
rior structures around the vertebral body are 
essential in the stability of thoracolumbar seg-
ment. (3) For the structure of each part of the 
thoracolumbar segment, although it can be 
simulated by software, there were differences 
from the real situation. (4) Linear elastic simpli-
fied model.

Conclusion

Through finite element analysis, we determined 
the distribution characteristics of fracture lines 
in a fracture heat map from the perspective of 
biomechanics. These data further confirmed 
the reliability of fracture heat map drawing, and 
provided a theoretical basis for the occurrence 
of spinal thoracolumbar fractures in real life. 
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Figure 4. Finite element model of the thoracolumbar spine (T12-L2) and the stress distribution view of the T12 vertebral body under axial, forward, and extension 
working conditions. (A) is the overall model view of thoracolumbar segment: (A1) Right view; (A2) Front view; (A3) Left view; (A4) Rear view; (A5) Top view; (A6) Bot-
tom view; (B) shows the view of the T12 vertebral body in the axial state: (B1) Right view; (B2) Front view; (B3) Left view; (B4) Rear view; (B5) Top view; (B6) Bottom 
view; (C) shows the view of T12 vertebral body in the forward state: (C1) Right view; (C2) Front view; (C3) Left view; (C4) Rear view; (C5) Top view; (C6) Bottom view; 
(D) shows the view of the T12 vertebral body in the extension state: (D1) Right view; (D2) Front view; (D3) Left view; (D4) Rear view; (D5) Top view; (D6) Bottom view.
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Figure 5. Stress distribution view of T12 vertebral body under left bend, right bend, left and right rotations. (A) shows the view of the T12 vertebral body in the left 
bend state: (A1) Right view; (A2) Front view; (A3) Left view; (A4) Rear view; (A5) Top view; (A6) Bottom view; (B) shows the view of the T12 vertebral body in the right 
bend state: (B1) Right view; (B2) Front view; (B3) Left view; (B4) Rear view; (B5) Top view; (B6) Bottom view; (C) shows the view of T12 vertebral body in the left rota-
tion state: (C1) Right view; (C2) Front view; (C3) Left view; (C4) Rear view; (C5) Top view; (C6) Bottom view; (D) shows the view of the T12 vertebral body in the right 
rotation state: (D1) Right view; (D2) Front view; (D3) Left view; (D4) Rear view; (D5) Top view; (D6) Bottom view.
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Our results will provide theoretical support for 
selecting clinical fracture treatment, the design 
of intraoperative plans, and the design of a 
standard fracture model.
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