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A B S T R A C T   

Purpose: This study aimed to compare the biomechanical effects of different bone cement dis-
tribution methods on osteoporotic vertebral compression fractures (OVCF). 
Patients and methods: Raw CT data from a healthy male volunteer was used to create a finite 
element model of the T12-L2 vertebra using finite element software. A compression fracture was 
simulated in the L1 vertebra, and two forms of bone cement dispersion (integration group, IG, and 
separation group, SG) were also simulated. Six types of loading (flexion, extension, left/right 
bending, and left/right rotation) were applied to the models, and the stress distribution in the 
vertebra and intervertebral discs was observed. Additionally, the maximum displacement of the 
L1 vertebra was evaluated. 
Results: Bone cement injection significantly reduced stress following L1 vertebral fractures. In the 
L1 vertebral body, the maximum stress of SG was lower than that of IG during flexion, left/right 
bending, and left/right rotation. In the T12 vertebral body, compared with IG, the maximum 
stress of SG decreased during flexion and right rotation. In the L2 vertebral body, the maximum 
stress of SG was the lowest under all loading conditions. In the T12-L1 intervertebral disc, 
compared with IG, the maximum stress of SG decreased during flexion, extension, and left/right 
bending and was basically the same during left/right rotation. However, in the L1-L2 interver-
tebral discs, the maximum stress of SG increased during left/right rotation compared with that of 
IG. Furthermore, the maximum displacement of SG was smaller than that of IG in the L1 vertebral 
bodies under all loading conditions. 
Conclusions: SG can reduce the maximum stress in the vertebra and intervertebral discs, offering 
better biomechanical performance and improved stability than IG.   
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1. Introduction 

Osteoporosis is a metabolic skeletal disease that affects the entire body and is characterized by a decline in bone mass and dete-
rioration of bone microstructure [1–3]. This leads to increased bone fragility and a higher risk of fractures. The clinical manifestations 
primarily include muscle and bone pain, decreased height, spinal deformities, and fractures [4]. Osteoporotic vertebral compression 
fractures (OVCF), a prevalent type of fracture associated with osteoporosis, are a significant health concern in the elderly population 
[5,6]. It is estimated that 30%–50% of the population over 50 years of age worldwide are at risk of OVCF, with an average of one case 
occurring every 3 s [7,8]. This poses a severe threat to the overall health and significantly affects the quality of life of older adults [9, 
10]. 

Currently, percutaneous vertebroplasty (PVP) is one of the primary treatment methods for OVCF [11,12]. It involves injecting bone 
cement into the vertebral body to stabilize the fracture, restore vertebral biomechanical properties, prevent further compression 
fracture progression, alleviate pain, and enable patients to recover normal functionality within a short period of time [13]. 

However, with the widespread application of PVP technology, concerns have been raised regarding the increased risk of adjacent 
vertebral fractures and the potential for reinforced vertebral re-collapse [7,14,15]. Studies have indicated that approximately 20% of 
patients who undergo vertebral augmentation procedures experience vertebral fractures within one year, with 50%–67% of these 
fractures occurring in the adjacent vertebra [2,16]. In a retrospective study, Tseng et al. [17] found that 58.8%–63.8% of non-operative 
vertebral fractures were adjacent to the surgical site, and adjacent vertebral fractures occurred earlier than non-adjacent fractures, 
significantly affecting long-term effectiveness and patient satisfaction with PVP. Additionally, research has found that the distribution 
of cement within the vertebra greatly influences surgical outcomes, such as pain relief, adjacent vertebral fractures, and reinforced 
vertebral re-collapse [18]. Although biomechanical research on adjacent vertebral fractures and reinforced vertebral re-collapse is not 
comprehensive, it is widely accepted that the distribution of bone cement within the vertebral body is a crucial influencing factor [19, 
20]. However, relevant biomechanical studies to elucidate the underlying mechanisms are lacking. 

Compared with traditional cadaveric specimen studies, the application of finite element analysis (FEA) in spinal biomechanical 
research is becoming increasingly widespread [21–23]. FEA offers advantages such as low cost, short time requirements, and good 
repeatability [24,25]. It has become an essential component in studying the biomechanics of the human body and has extensive 
applications in areas such as the cervical spine, lumbar spine, and joints [26–28]. Meanwhile, previous studies have mostly focused on 
differences in overall strength, stiffness, and vertebral height recovery with or without bone cement [29]. However, there is currently a 

Fig. 1. L1 vertebral fracture model.  
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lack of biomechanical research specifically addressing connected and unconnected types of bone cement within the vertebral body. 
Therefore, this study utilized FEA to compare the biomechanical differences between different distributions of bone cement on the 

vertebral body and intervertebral discs. This study aimed to provide a theoretical basis for achieving better surgical outcomes and 
minimizing complications as much as possible. 

2. Materials and methods 

2.1. Patient data collection and construction of finite element model 

The research protocol has been approved by the hospital’s ethics committee (NO. [2022]080,701). Additionally, informed consent 
from the patients has been obtained. A healthy adult male volunteer with no relevant medical history were selected. After signing the 
informed consent form, the volunteer underwent X-ray, CT, and clinical examinations to exclude any spinal injuries, tumor metastasis, 
or pathological deformities. A 64-slice spiral CT scanner (GE Company) was used for scanning, covering the range from T11 to L2. The 
scanning parameters were set as follows:140 kV, 200 mA, slice thickness of 0.625 mm, and no interval [30,31]. The images were saved 
in the Digital Imaging and Communications in Medicine (DICOM) format and imported into Mimics software (version 21.0, Materialise 
Company, Leuven, Belgium). Based on the grayscale differences of different tissues, a three-dimensional model of T12 to L2 was 
constructed using thresholding and the corresponding erasing operations. The model was exported in STL format and imported into the 
Geomagic Studio 2013 software (Geomagic, USA) for optimization, including smoothing, artifact removal, hole filling, contour editing, 
surface and lattice construction, and surface fitting. The generated geometric model was saved in STP solid format. Subsequently, the 
STP 3D model file was imported into the SolidWorks 2018 software (Dassault Systemes Company, USA) to perform feature recognition, 
surface diagnostics, and surface repair on the geometric model. The articular cartilage, upper and lower endplates, and intervertebral 
discs were constructed. The intervertebral disc is composed of two main components: the nucleus pulposus and the annulus fibrosus. 
The nucleus pulposus occupies 43% of the total disc area [32]. 

2.2. Construction of vertebral fractured model 

To simulate osteoporosis, the elastic modulus of the vertebral bodies was reduced by specific amounts [33–35]. A previously re-
ported method was utilized to simulate an L1 vertebral fracture, where a fracture line of 0.5 mm was created by cutting the vertebral 
body [36,37]. The fissure penetrated the vertebral body horizontally through the center of the anterior portion, with 22.5 mm. The 
depth, width, and height of the fissure were approximately 22.5 mm, 42.5 mm, and 0.5 mm, respectively [10] (Fig. 1). 

2.3. Construction of bone cement distribution model 

One or two simulated bone cement cylinders were implanted into the fractured vertebral body to simulate the distribution of bone 
cement within the vertebra [10]. A bone cement cylinder was inserted vertically into the central region of the fractured vertebral body 
to simulate the block distribution of bone cement (integration group, IG) (Fig. 2A). Additionally, two bone cement cylinders of the 
same volume were inserted vertically on both sides of the fractured vertebral body to simulate the bilateral distribution of bone cement 
(separation group, SG) (Fig. 2B). The volume of the bone cement cylinders in both distribution groups was 4 ml. 

Fig. 2. Bone cement distribution model (A: IG; B: SG), IG, integration group; SG, separation group.  
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2.4. Construction of the complete model 

The complete 3D model was imported into ANSYS 19.0 software for FEA. Based on the literature [10,34,38], the material properties 
were assigned to different components in the analysis material library, including the cortical bone, cancellous bone, post-fracture 
cortical bone, post-fracture cancellous bone, articular surfaces, nucleus pulposus, annulus fibrosus, and bone cement. The material 
parameters are listed in Table 1. Additional components included the anterior longitudinal ligament (ALL), posterior longitudinal 
ligament (PLL), ligamentum flavum (LF), interspinous ligament (ISL), supraspinous ligament (SSL), capsular ligament (CL), and 
intertransverse ligament (ITL) (Fig. 3A). The contact between the superior and inferior facets was defined as frictional contact, with 
coefficients of friction of 0.1 [39,40]. All other contacts were defined as bonded. The model was then meshed with control over the type 
and size of the mesh to ensure that the computational accuracy satisfied the analytical requirements. The mesh size for all the elements 
was set to 2.0 mm [8,41] (Fig. 3B). 

2.5. Boundary conditions and load settings 

Considering the influence of the paraspinal muscles and intra-abdominal pressure, all the models were fixed at the lower surface of 
the L2 vertebral body. A vertical load of 400 N was applied to the upper surface of the T12 vertebral body to simulate standing posture 
[46,47]. Additionally, different directions of moment forces of 10 N m were applied to the upper surface of the T12 vertebral body to 
simulate six types of motion: flexion, extension, left/right bending, and left/right rotation (Fig. 4 A, B). According to the three-column 
theory of the spine, 85% of the applied load is distributed on the anterior and middle columns, whereas 15% is distributed on the 
posterior column [42]. 

2.6. Observation indicators 

The Von Mises stress of the L1 vertebral body, adjacent vertebral bodies, and intervertebral discs, as well as the displacement of the 
L1 vertebral body, were observed. The von Mises stress has been proposed as a parameter to assess fracture failure [48,49], while the 
maximum displacement is an indicator of stability [50]. 

3. Results 

3.1. Validation of the model 

Different loading directions of flexion, extension, left/right bending, and left/right rotation were applied to the vertebral body 
models to obtain the range of motion data for the T12-L2 segment. The results were compared with biomechanical experimental data 
from previous literature [44,51] showed good consistency (Fig. 5). This confirms the accuracy and reliability of the model and 
demonstrates its suitability for subsequent simulation studies. 

3.2. Von Mises stress change of the L1 vertebral body 

In the L1 vertebral body, compared to the non-injected group (NG), the maximum stresses of IG and SG decreased under the six 
loading conditions. Compared with IG, the maximum stress of SG decreased during flexion, left/right bending, and left/right rotation, 

Table 1 
Material parameters of the finite element model.  

Parts Young modulus/MPa Poisson’s ratio Sectional area/mm2 References 

normal cortical bone 12,000 0.3  Zhang et al. [42] 
osteoporotic cortical bone 8040 0.3  Liang et al. [37] 
normal cancellous bone 132 0.2  Zhang et al. [42] 
osteoporotic cancellous bone 34 0.2  Zhao et al. [29] 
normal endplate 1000 0.4  Bereczki et al. [34] 
osteoporotic endplate 670 0.4  Salvatore et al. [35] 
nucleus pulposus 1 0.499  Zhang et al. [43] 
annulus fibrosus 4.2 0.45  Zhang et al. [43] 
ALL 20 0.3 60 Huang et al. [44] 
PLL 20 0.3 21  
LF 19.5 0.3 40  
SSL 15 0.3 30  
ISL 12 0.3 40  
ITL 50 0.3 10  
CL 7.5 0.3 67.5  
Bone cement 3000 0.4  Yang et al. [45] 

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; SSL, supraspinal ligament; ISL, interspinous lig-
ament; ITL, intertransverse ligament; CL, capsular ligament. 
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and the maximum stress during extension was basically the same. The maximum IG stresses under the six loading conditions were 
136.87, 31.49, 183.71, 112.26, 87.436, and 78.31 MPa, respectively. The maximum stresses of SG under the six loading conditions 
were 71.257, 31.479, 115.42, 56, 58.073, and 50.402 MPa (Fig. 6A and 7). 

3.3. Von Mises stress changes of T12 and L2 vertebral body 

In the T12 vertebral body, compared with NG and SG, the maximum stress of IG increased significantly during flexion and right 
rotation, and the other loading conditions were basically the same. The maximum IG stresses under the six loading conditions were 
43.724, 40.121, 37.990, 35.322, 19.317, and 24.586 MPa, respectively. The maximum stresses of SG under the six loading conditions 
were 39.474, 39.505, 37.963, 34.705, 19.225, and 19.711 MPa, respectively. (Fig. 6B and 8). 

In the L2 vertebral body, the maximum stress of SG was the smallest under all six loading conditions. (Fig. 6C and 9). 

Fig. 3. T12-L2 finite element models (A: Three-dimensional solid Model; B: Mesh division of the finite element model).  

Fig. 4. A: Applying fixed constraints to the lower surface of L2; B: Applying a vertical load of 400 N and moment forces of 10 N m to the upper 
surface of T12. 

Fig. 5. Comparison of the Range of Motion (ROM) of T12-L2 in the model developed in this study with previously reported data.  
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3.4. Von Mises stress changes of the intervertebral disc 

In the T12-L1 intervertebral disc, compared with NG and IG, SG decreased in flexion, extension, and left/right bending, and was 
basically the same in left/right rotation (Fig. 6D and 10). 

In the L1-L2 intervertebral disc, the maximum stresses of both IG and SG under the six loading conditions decreased compared with 
NG. However, compared with IG, the maximum stress of SG increased in the left/right rotation. (Fig. 6E and 11). 

3.5. Maximum displacement of L1 

Under the flexion load, the maximum displacements of the L1 vertebral body in NG, IG, and SG were 3.5684, 1.6353, and 1.4316 
mm, respectively. Similar trends were observed under the extension, left/right bending, and left/right rotation loads (Fig. 6F and 12). 
Therefore, compared to NG and IG, the distribution of bone cement in SG reduced the maximum displacement of the L1 vertebral body. 

Fig. 6. Maximum Von Mises stress of the vertebra and intervertebral discs, and maximum displacement of L1. NG, non-injected group; IG, inte-
gration group; SG, separation group. 

Fig. 7. Stress cloud pictures of the L1 vertebral body. Stress cloud pictures of the L1 vertebral body in NG, IG, and SG during flexion, extension, left/ 
right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 
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4. Discussion 

OVCF commonly occur in the thoracolumbar segment, with the T12 and L1 vertebra particularly susceptible to fractures, which can 
contribute to the development of kyphotic deformity [52]. Therefore, in this study, we used CT scan data from outpatient volunteers in 
the thoracolumbar segment to establish a finite element model. Based on previous literature, we modified the material parameters of 
the skeletal components and assigned different material properties to different regions, allowing us to establish a T12-L2 osteoporotic 
three-dimensional finite element model. This model effectively simulates fracture models under osteoporotic conditions. 

The FEA results showed that the stress of the L1 vertebral body increased significantly after the fracture, whereas it decreased 
significantly after the injection of bone cement. This indicates that injection of bone cement can significantly reduce stress on the 
fractured vertebral body. Additionally, in the L1 vertebral body, the maximum Von Mises stress of SG was lower than that of IG under 
the six loading conditions. This could be attributed to the uniform injection of bone cement on both sides of the vertebral body in a 

Fig. 8. Stress cloud pictures of the T12 vertebral body. Stress cloud pictures of the T12 vertebral body in NG, IG, and SG during flexion, extension, 
left/right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 

Fig. 9. Stress cloud pictures of the L2 vertebral body. Stress cloud pictures of the L2 vertebral body in NG, IG, and SG during flexion, extension, left/ 
right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 
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separate distribution, resulting in a more symmetrical stiffness distribution. This symmetry leads to a better balance of stress within the 
vertebral body, thereby reducing maximum stress levels. Hou et al. [53] discovered that achieving symmetrical distribution of bone 
cement could effectively decrease the occurrence of recompression in the injured vertebral body. However, owing to the insufficient 
distribution of cement in the vertebral body, the block shape cannot provide mechanical support for the collapsed vertebral body and 
the stability of the spine cannot be well restored. Therefore, it is easy to cause a refracture of the operated vertebral body [14,54]. Ha 
et al. [55] found through FEA that when bone cement is distributed in a block shape, the unfilled part of the bone cement has a stress 
shielding effect, which can further reduce trabecular bone and accelerate bone loss. 

Studies have indicated that load transmission along the longitudinal axis of the spine to the neighboring vertebra is a crucial factor 
influencing adjacent vertebral fractures [32,36,56]. This study found that in the T12 vertebral body, compared with IG, the maximum 
stress of SG decreased in flexion and right rotation and was basically the same under other loading conditions. At the same time, in the 
L2 vertebral body, compared with NG and IG, the maximum stress of SG was the smallest under all six loading conditions. This suggests 
that separated cement distribution can achieve balanced load transmission, thereby reducing the stress on the adjacent vertebra and 
minimizing the occurrence of fractures. Liang et al. [37], through FEA, found that when cement is distributed in a concentrated manner 
without spreading to both sides, it could lead to a significant increase in stress on the adjacent vertebra, thereby increasing the risk of 

Fig. 10. Von Mises stress cloud pictures of T12-L1 intervertebral disc. Von Mises stress cloud pictures of T12-L1 intervertebral disc in NG, IG, and 
SG during flexion, extension, left/right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 

Fig. 11. Von Mises stress cloud pictures of L1-L2 intervertebral disc. Von Mises stress cloud pictures of L1-L2 intervertebral disc in NG, IG, and SG 
during flexion, extension, left/right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 
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fractures in the adjacent segments. Therefore, in terms of reducing adjacent vertebral fractures, SG has certain biomechanical ad-
vantages over IG. 

Feng et al. [57] suggested that increased stress during vertebroplasty may affect the nutrient supply to the intervertebral discs, thus 
influencing disc degeneration. In this study, for T12-L1 intervertebral discs, compared with NG and IG, the maximum stress of SG was 
lower during flexion, extension, and left/right bending. This suggests that, compared to IG, SG may help reduce stress on the T12-L1 
intervertebral disc, thereby decreasing disc degeneration and improving patients’ quality of life. Compared with IG, the maximum 
stress of the L1-L2 intervertebral disc in SG decreased during left/right bending but increased during left/right rotation. This suggests 
that the separated distribution has a more satisfactory effect on lateral bending. However, it is advisable to avoid rotational movements 
in the case of separated distribution to prevent an increase in pressure within the intervertebral disc. 

According to the three-column theory, spinal instability can increase the risk of spinal recompression [58]. In this study, it was 
found that SG could decrease the maximum displacement of L1 across various loading conditions, and it was lower than that of IG. This 
suggests that SG can reduce spinal motion and restore spinal stability more effectively than IG, which was also confirmed by Liebschner 
M [59]. and Dai [10]. Therefore, SG can also reduce the risk of recompression by improving the stability level. 

In vertebroplasty with double-column bone cement, Xu et al. [60] found that when two cement cylinders were implanted into the 
fractured area of the entire cancellous bone, the cement was distributed within the fracture area and infiltrated the surrounding 
cancellous bone in an interlocking manner. Liang et al. [37] and Kim et al. [61] also reached the same conclusion using the finite 
element method, stating that using cylindrical-shaped cement could be a reasonable approach for PVP surgery, as it resembles the 
cement distribution observed in postoperative imaging and can restore the original height of the fractured vertebra. Our study also 
found that simulating PVP surgery using a cylindrical cement model may result in different stress and displacement patterns under 
different loading conditions. However, the overall conclusions were consistent. The primary novelty of this study lies in the simulation 
of both IG and SG models of bone cement, which is a common occurrence in clinical settings. Subsequently, finite element analysis 
software was employed to analyze Von Mises stress and displacement in the vertebral body and intervertebral disc. 

This study had some limitations. 1. The model used in this study was relatively simplified, assuming homogeneous, isotropic, and 
linear elastic properties for all tissues, which may have affected the stress and displacement results. 2. The use of cylindrical cement in 
this study led to conclusions consistent with those of studies that used different cement shapes. This ensures the reproducibility of the 
research and reduces computational complexity. However, it is important to acknowledge that the cylindrical shape of cement may not 
fully represent the irregular shapes observed in real clinical scenarios, which could potentially affect the results. 3. Stress on the 
vertebral body in various motion states in daily life may not be accurately simulated, and force analysis of a specific motion state is only 
performed under ideal conditions, which has certain limitations. 

5. Conclusions 

In this study, we used FEA to compare the biomechanical differences between two different distributions of bone cement. The 
results showed that after L1 vertebral fracture, the stress significantly increased, but the maximum stress reduced after bone cement 
injection. Furthermore, the separated distribution of bone cement can balance the stress on both sides of the vertebral body, reducing 
the maximum stress on the vertebral body and intervertebral disc, and thus lowering the incidence of complications. 

Fig. 12. Displacement cloud pictures of the L1 vertebral body. Displacement cloud pictures of the L1 vertebral body in NG, IG, and SG during 
flexion, extension, left/right bending, and left/right rotation. NG, non-injected group; IG, integration group; SG, separation group. 
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