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Background and objective: The osteoporotic vertebral compression fracture

(OVCF) has an incidence of 7.8/1000 person-years at 55–65 years. At 75 years

or older, the incidence increases to 19.6/1000 person-years in females and

5.2–9.3/1000 person-years in males. To solve this problem, percutaneous

vertebroplasty (PVP) was developed in recent years and has been widely

used in clinical practice to treat OVCF. Are the clinical effects of unilateral

percutaneous vertebroplasty (UPVP) and bilateral percutaneous vertebroplasty

(BPVP) the same? The purpose of this study was to compare biomechanical

differences between UPVP and BPVP using finite element analysis.

Materials and methods: The heterogeneous assignment finite element (FE)

model of T11-L1 was constructed and validated. A compression fracture of the

vertebral body was performed at T12. UPVP and BPVP were simulated by the

difference in the distribution of bone cement in T12. Stress distributions and

maximum von Mises stresses of vertebrae and intervertebral discs were

compared. The rate of change of maximum displacement between UPVP

and BPVP was evaluated.

Results: There were no obvious high-stress concentration regions on the

anterior and middle columns of the T12 vertebral body in BPVP. Compared

with UPVP, themaximum stress on T11 in BPVPwas lower under left/right lateral

bending, and the maximum stress on L1 was lower under all loading conditions.

For the T12-L1 intervertebral disc, the maximum stress of BPVP was less than

that of UPVP. The maximum displacement of T12 after BPVP was less than that

after UPVP under the six loading conditions.

Conclusion: BPVP could balance the stress of the vertebral body, reduce the

maximum stress of the intervertebral disc, and offer advantages in terms of

stability compared with UPVP. In summary, BPVP could reduce the incidence of

postoperative complications and provide promising clinical effects for patients.
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Introduction

Osteoporosis (OP) is a systemic metabolic disease

characterized by reduced bone mass and easily fractured

bones, which causes approximately 8.9 million fractures

worldwide each year, with an average of one every 3 s (Peng

et al., 2018; Lin et al., 2015). The osteoporotic vertebral

compression fracture (OVCF) is the most common type of

OP-related fracture (Yang et al., 2016b). OVCF has an

incidence of 7.8/1000 person-years at 55–65 years. At 75 years

or older, the incidence increases to 19.6/1000 person-years in

females and 5.2–9.3/1000 person-years in males (Liu et al., 2021).

Nowadays, the increasing incidence of OVCF has imposed an

economic burden on society and families and has been a major

global health problem (Zuo X. H. et al., 2021; Badilatti et al.,

2015). The quality of life can be deteriorated by OVCF, which is

associated with acute or chronic back pain, functional limitations

of the spine, vertebral height (VH) loss, and kyphotic deformity

(Zhao et al., 2018; Distefano et al., 2021).

To solve this problem, percutaneous vertebroplasty (PVP), a

minimally invasive surgical technique, was developed in recent

years. This technique can quickly stabilize the fracture, relieve

pain, and reinforce the anterior column through the

percutaneous injection of bone cement into the fractured

vertebral body (Tsoumakidou et al., 2017; Cianfoni et al.,

2019a; Cianfoni et al., 2019b; Hirsch et al., 2021). Meanwhile,

PVP could improve the effectiveness of OVCF treatment (Kim

et al., 2012). Up to 90% of patients experience immediate and

significant pain relief with PVP (Chiu et al., 2021).

Currently, PVP has been widely used in clinical practice to

treat OVCF (Buchbinder et al., 2018) and can be divided into

unilateral percutaneous vertebroplasty (UPVP) and bilateral

percutaneous vertebroplasty (BPVP) (Cheng et al., 2016).

Although both methods provide significant pain relief, their

postoperative complications can adversely affect patients’

long-term quality of life. Thus, it has remained

controversial which PVP approach has a more satisfactory

clinical effect (Teles and Mattei, 2015). Some studies

comparing UPVP and BPVP were only based on a

systematic review and meta-analysis (Huang et al., 2014;

Sun and Li, 2016; Cheng et al., 2016) but with little

evidence on biomechanics. Comparisons based on

biomechanics would be clinically relevant because this

might help the surgeon decide which approach could

reduce the incidence of postoperative complications of PVP

and provide more promising clinical results. Therefore, in this

study, a finite-element analysis was used to figure out the

biomechanical differences between BPVP and UPVP and

provide guidance for clinical application.

Materials and methods

The construction of T11-L1 finite element
model

A three-dimensional FE model of T11-L1 was first

reconstructed using Mimics 21.0 (Materialise, Leuven,

Belgium) based on computed tomography (CT) scans with

0.2-mm intervals of a normal male adult without any lumbar

disease (Widmer Soyka et al., 2016). This study was approved by

the Ethics Committee of the Second Hospital of Jilin University,

and informed consent was obtained from the volunteer. Next, the

vertebral bodies of T11-L1 were smoothed and polished to obtain

a more precise and smoother 3D surface model in Magics 21.0

(Materialise, Leuven, Belgium). Intervertebral discs and

endplates were created in 3-matic 13.0 (Materialise, Leuven,

Belgium). Subsequently, these structures were meshed in

HyperMesh 20.0 (Altair, California, United States) (Liu et al.,

2020).

Three-dimensional solid elements with an isotropic

character were used to model the vertebral body, endplate,

and intervertebral disc (Pei et al., 2022; Bereczki et al., 2021;

Umale et al., 2022). The element types of vertebrae were four-

node tetrahedral elements (C3D4). According to the empirical

formula of a vertebral body, properties of materials were

attached to the finite element models (Rho et al., 1995).

The relationship between density and gray scale can be

presented as:

ρ � 1.122pHU + 47(g/mm3) (1)
The relationship between elastic modulus and density is given by:

E � 0.69ρ1.35(Mpa) (2)

where ρ represents density, HU represents the threshold, and E

represents elastic modulus.

The materials were divided into ten categories and assigned

according to the grayscale of the CT images (Figures 1A–C).

The element types of endplates were eight-node hexahedral

elements (C3D8). Each intervertebral disc consisted of a nucleus

pulposus surrounded by an annulus ground substance (Guo and

Fan, 2018). The annulus was divided into five layers, and the

nucleus pulposus was set to occupy approximately 43% of the

total surface area of the disc (Polikeit et al., 2003b). The nucleus

pulposus and annulus ground substance were meshed by

C3D8 with an isotropic and incompressible material (Zhang

et al., 2021; Wang and Guo, 2021; Guo and Wang, 2020). The

facet joint contacts were defined as surface-to-surface contact

elements in combination with a friction coefficient of 0.1 (Zhang

et al., 2022; Zhong et al., 2009; Polikeit et al., 2003a), and the

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Dai et al. 10.3389/fbioe.2022.978917

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978917


contact interfaces of the other components were assigned to be

completely bonded.

To get accurate results, the mesh grid of this patient-specific

model was verified. In this study, the three-dimensional finite

element model of T11-L1 was used for the mesh convergence test.

The element size of T11-L1 was varied to yield four different

mesh resolutions by keeping the very refined mesh as the

reference for comparisons (Table 1). The peak von Mises

pressures predicted by cases A–C were compared with those

predicted by the reference case. The mesh verification usually

achieved with a mesh-independent grid ensures that coarsening

of the mesh does not disturb the stress field by more than 5%.

Case A was found to be optimal as it required less computational

time while maintaining >95% prediction accuracy relative to the

reference case model.

Spinal ligaments [the anterior longitudinal ligament (ALL),

posterior longitudinal ligament (PLL), capsular ligament (CL),

intertransverse ligament (ITL), ligamentum flavum (LF),

interspinous ligament (ISL), and supraspinous ligament (SSL)]

were included in the model. These ligaments were modeled with

FIGURE 1
T11-L1 heterogeneous assignment finite element model. (A) Front view of the T11-L1 model. (B) Left view of the T11-L1 model. (C) Section view
of the T11-L1 model. T11-L1 heterogeneous assignment finite element model in HyperMesh, including the intervertebral disc and ligament
structures. (D) Front view of the T11-L1 model. (E) Right view of the T11-L1 model.

TABLE 1 The mesh convergence test.

Case (s) ESa(mm) NOEa % Change in
peak von Mises
pressure

References 0.5 712,845 -

Case A 0.8 255,400 <5%
Case B 1.2 103,496 >5%
Case C 1.5 67,729 >5%

aES: element size, NOE: number of elements.
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two-node 1D spring elements applied only to the tension force in

seven groups (Figures 1D,E) (Tan et al., 2021; Zuo X. et al., 2021;

Elmasry et al., 2017). All material properties and element types of

the above tissues are listed in Table 2.

The simulation of compression fracture

The osteoporotic condition was modeled by decreasing the

elastic moduli of each category of vertebral bodies by a set

amount (Table 2) (Polikeit et al., 2003d; Salvatore et al., 2018;

Bereczki et al., 2021; Lu et al., 2022; Zhou et al., 2020; Guo et al.,

2020a; Guo et al., 2020b). According to a previously reported

simulation method (Liang et al., 2015b), the T12 fracture line

models were produced by cutting the vertebral body to produce

the 0.5-mm fracture line (Chiang et al., 2009). The fracture line

models were performed in Materialise Magics 21.0 (Materialise,

Leuven, Belgium). The cleft horizontally penetrated the vertebral

body by 22.5 mm through the center of the anterior cortical shell.

The cleft size was approximately 22.5, 42.5, and 0.5 mm in depth,

width, and height, respectively (Figure 2A).

The simulation of UPVP and BPVP

The simulation of UPVP and BPVP was performed in

Materialise Magics 21.0 (Materialise, Leuven, Belgium). The

cement cylinder was vertically implanted into one side of the

fractured vertebra to simulate UPVP (Figures 2B,D,E). Another

cement cylinder with the same volume was vertically implanted

into two sides of the fractured vertebra to simulate BPVP (Figures

2C,F,G). The volume of both cement cylinders was approximately

6.3 ml. The material properties of polymethylmethacrylate

(Young’s modulus, 3000MPa; Poisson ratio, 0.4) were applied

to bone cement, and the mechanical properties of the bone cement

was assumed to be linear-elastic, isotropic, and homogeneous (Koh

et al., 2016). The interface of the vertebral body and bone cement

was assigned to be completely bonded.

Boundary and loading conditions of FE
models

The lower surface of the L1 vertebral body was fixed in all

directions throughout the simulation process. The upper surface

of the T11 vertebral body was implemented with a 500 N axial

compression load to simulate the weight of the human upper

body segment (Chen L. H. et al., 2011; Lo et al., 2008), a pure

moment of 7.5 Nm combined with a pre-compressive load of

500 N was implemented for flexion, extension, left/right lateral

bending, and left/right axial rotation (Figure 3). The distributions

and magnitudes of the von Mises stress on each vertebral body

and intervertebral disc were calculated. Moreover, the maximum

displacement of the T12 vertebral body was used for analysis. The

von Mises stress has been proposed as a parameter of failure

criteria for the bone, and maximum displacement has been

proposed as a parameter of stability (Polikeit et al., 2003d; Li

Q.-l. et al., 2013; Liang et al., 2015a).

TABLE 2 Material properties of finite element analysis models.

Young modulus (MPa) Poisson ratio Element type References

Bone

Normal vertebral body 0.69ρ1.35 0.3 C3D4 Rho et al. (1995)

Osteoporotic vertebral body (0.69ρ1.35)a67% 0.3 C3D4 (Polikeit et al., 2003d), (Salvatore et al., 2018)

Normal endplate 1000 0.4 C3D8 Bereczki et al. (2021)

Osteoporotic endplate 670 (67% of normal) 0.4 C3D8 Salvatore et al. (2018)

Intervertebral disc C3D8 Wang and Guo, (2021)

Annulus ground substance 4.2 0.45

Nucleus pulposus 1 0.499

Ligaments spring Guo et al. (2020c)

ALLa 20 0.3

PLLa 20 0.3

LFa 19.5 0.3

ITLa 59 0.3

ISLa 12 0.3

SSLa 15 0.3

CLa 7.5 0.3

Bone cement (PMMAa) 3000 0.4 C3D4 Yang et al. (2016a)

aALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF, ligamentum flavum; ITL, intertransverse ligament; ISL, interspinous ligament; SSL, supraspinous ligament;

CL, capsular ligament; PMMA, polymethylmethacrylate.
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Results

Validation of T11-L1 thoracolumbar
vertebral model

The current FE model was validated in combined loading of

both pure moment and follower load, and the predicted results

of range of motion (ROM) was compared with the numerical

data obtained under the identical condition to validate the FE

model. The present model results were in good agreement with

the results obtained from the literature (Liao, 2020), and the

detailed model verification results are shown in Table 3;

Figure 4.

The distributions and magnitudes of the
von mises stress on T12

Figure 5 shows the stress distributions on T12 in the

fractured model, UPVP, and BPVP. The stress distribution

FIGURE 2
The T11-L1 three-dimensional model and T12 fracture model. The T11-L1 three-dimensional model (A) and the T12 vertebral body after UPVP
(B) and BPVP (C). (D) Frontal view of the T12 vertebral body after UPVP. (E) Superior view of the T12 vertebral body after UPVP. (F) Frontal view of the
T12 vertebral body after BPVP. (G) Superior view of the T12 vertebral body after BPVP.
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in UPVP was concentrated on the junction of the bone

cement and the vertebral body under six loading

conditions. However, compared with the fractured model

and UPVP, there was no obvious high-stress concentration

region on the anterior and middle columns of the

T12 vertebral body in BPVP.

Compared with the fractured model, the maximum stress

on T12 in UPVP increased under left lateral bending and left

axial rotation (Figure 6A). However, it decreased under

flexion, extension, right lateral bending, and right axial

rotation. Compared with the fractured model, the

maximum stress on T12 in BPVP increased under

extension, lateral bending, and axial rotation. Compared

with UPVP, the maximum stress on T12 in BPVP was

higher under six loading conditions, which were 14.69,

21.77, 71.33, 79.81, 30.03, and 33.81 MPa.

The distributions and magnitudes of the
von mises stress on adjacent T11 and L1

Figures 7, 8 show the stress distributions on the adjacent

T11 and L1 in a fractured model, UPVP, and BPVP. Compared

with the fractured model, it was unchanged after both UPVP and

BPVP under six loading conditions. There was no obvious high-

stress concentration region on the anterior and middle columns

of the L1 vertebral body in the fractured model, UPVP, and

BPVP. However, on the anterior and middle columns of the

FIGURE 3
Boundary and loading conditions of finite element models of T11-L1. (A) Frontal view of the T11-L1 model. (B) Lateral view of the T11-L1 model.
(C) Loading and the boundary condition.

TABLE 3 Comparison of the ROM of T11–T12, T12–L1 and T11-L1 with published study of Liao (Liao, 2020) (unit: degree).

T11-T12 T12-L1 T11-L1

Present study Liao Present study Liao Present study Liao

Flexion 3.38 3.00 2.88 3.30 6.26 6.60

Extension 2.84 3.10 3.34 3.70 6.18 6.80

Left bending 3.60 3.30 3.32 4.00 6.92 7.30

Right bending 3.72 3.80 3.23 3.60 6.85 6.90

Left rotation 1.76 2.20 1.41 1.30 3.17 3.50

Right rotation 1.75 2.00 1.43 1.40 3.18 3.40
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T11 vertebral body, there were obvious stress concentration

regions.

As shown in Figure 6B, the maximum stress on the

adjacent T11 of UPVP increased under left/right lateral

bending compared with the fractured model. However, it

decreased under other loading conditions. The maximum

stress on T11 of BPVP decreased under all loading

conditions compared to the fractured model. The

maximum stress on T11 of UPVP under six loading

conditions was 9.044, 13.11, 54.21, 52.97, 15.40, and

16.92 MPa, respectively, and that of BPVP was about 9.127,

12.43, 46.93, 50.19, 18.82, and 23.29 MPa, respectively.

Compared with UPVP, the maximum stress was higher

under left and right axial rotation, lower under left and

right lateral bending, and almost the same under flexion

and extension. As shown in Figure 6C, the maximum stress

on L1 of BPVP under all loading conditions was the least of the

three models (including the fractured model, UPVP, and

BPVP).

The distributions and magnitudes of the
von mises stress on T11-T12 disc and T12-
L1 disc

The stress distributions at the T11-T12 disc and the T12-L1

disc did not change significantly in the fractured model, UPVP,

and BPVP under six conditions (Figures 9, 10).

For the T11-T12 intervertebral disc, the maximum stresses of

a fractured model, UPVP, and BPVP had little difference under

six loading conditions (Figure 6D). However, for the T12-L1

intervertebral disc, the maximum stress of BPVP was less than

those of UPVP and a fractured model (Figure 6E).

The maximum displacement of T12

Under flexion, extension, right lateral bending, and right

axial rotation, the maximum displacement of T12 in UPVP

decreased by 47.81%, 48.55%, 0.82%, and 17.90%, respectively,

FIGURE 4
Validation of the T11-L1 thoracolumbar vertebral model. (A) The ROM of T11-T12 under six loading conditions; (B) The ROM of T12-L1 under six
loading conditions; (C) The ROM of T11-L1 under six loading conditions.
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compared with the fractured model. Under left lateral bending

and left axial rotation, the maximum displacement of T12 in

UPVP increased by 5.60% and 0.27%, respectively, compared

with the fractured model. However, the maximum displacement

of T12 in BPVP decreased under all loading conditions and was

lower than UPVP, which decreased by 58.88%, 49.24%, 16.31%,

20.42%, 10.27%, and 20.13% compared with the fractured model

(Figure 11).

Discussion

Complications of PVP include recompression of the PVP-

operated vertebrae, new fractures at the neighborhood vertebrae,

and degenerative disc disease (DDD) (Al-Nakshabandi, 2011;

Zhang et al., 2017; Nagaraja et al., 2013; Feng et al., 2018). All of

these can affect the quality of life of patients who underwent PVP.

Some researchers found that postoperative complications of PVP

are closely related to biomechanics (Belkoff et al., 2001; Sun et al.,

2011; Belkoff et al., 2000; Molloy et al., 2003). Therefore, in this

study, different approaches to PVP were analyzed from the

biomechanical perspective by the finite element method. It

was found that there was a different biomechanical impact on

the vertebral bodies and intervertebral disc, resulting in different

incidences of postoperative complications. In the following

discussion, the postoperative complications of PVP will be

analyzed from a biomechanical perspective.

First, for the recompression of the PVP-operated vertebrae,

some studies have shown that the distribution of bone cement

and the stiffness of the vertebral body, which affect stress balance

on the latter, are important influencing factors (Liebschner M.

et al., 2001; Zhang et al., 2017; Chen B. et al., 2011). n this study,

there was obvious stress concentration on the side of the cement

injection of T12 in UPVP under six loading conditions. This

indicated that UPVP causes the stiffness of only one side of the

vertebral body to be improved with bone cement while the other

side is still damaged cancellous bone with lower stiffness,

suggesting that the asymmetric distribution of bone cement

could cause the stress to concentrate on the augmented side

of the vertebral body. This asymmetric distribution of bone

cement might impair physical strength on the non-augmented

side, leading to fracture recurrence (Yu et al., 2017; Lee et al.,

2014). However, this study found that there was no obvious high-

stress concentration region on the anterior and middle columns

of the T12 vertebral body in BPVP compared with UPVP. This

indicated that the symmetrical distribution of bone cement

produced by the even injection of BPVP into the vertebral

body could make the structure and stiffness of the vertebral

body more symmetrical, which could produce a balanced stress

distribution on the latter. In a retrospective study, Hou et al.

(2018) found that the symmetrical distribution of cement in the

vertebral body could significantly reduce the incidence of

recompression. The symmetrical distribution of bone cement

would provide better mechanical support for the injured vertebra

FIGURE 5
The distributions of the vonMises stress on T12. The distributions of the vonMises stress on T12 in a fracturedmodel (A), UPVP (B), and BPVP (C)
under flexion, extension, left/right bending, and left/right torsion.
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and prevent the micro-movement of the fracture, which is not

only beneficial for reducing the risk of the recompression of the

PVP-operated vertebrae but also for relieving pain caused by

recompression (Cotten et al., 1996; Liebschner M. A. K. et al.,

2001).

According to the three-column theory by Denis,

recompression of the vertebrae could be affected by the

stability of the spine (Denis, 1983; Denis, 1984). The poor

stability of the spine could lead to an increased risk of

recompression. Maximum displacement has been proposed as

a parameter of stability (Li Q. et al., 2013). In this study, BPVP

could reduce the maximum displacement of T12 under all

loading conditions and much lower than UPVP. This result

indicated that BPVP could reduce the movement of the spine

and was more effective than UPVP in recovering vertebral body

stability, which was also demonstrated by Liebschner M. et al.

(2001). Therefore, BPVP could also reduce the incidence of

recompression through more satisfactory stability.

FIGURE 6
The maximum von Mises stress at vertebrae and discs. (A) The maximum von Mises stress at T12 in a fractured model (Pre-augmented), UPVP,
and BPVP under flexion, extension, left/right bending, and left/right torsion, (B) the maximum vonMises stress at T11 in a fractured model, UPVP, and
BPVP under flexion, extension, left/right bending, and left/right torsion, (C) the maximum von Mises stress on L1 in a fractured model, UPVP, and
BPVP under flexion, extension, left/right bending, and left/right torsion, (D) the maximum von Mises stress on the T11-T12disc in a fractured
model, UPVP, and BPVP under flexion, extension, left/right bending, and left/right torsion, (E) themaximum vonMises stress on the T12-L1disc in the
fractured model, UPVP, and BPVP under flexion, extension, left/right bending, and left/right torsion.
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In conclusion, compared with UPVP, BPVP, with the

symmetrical distribution of bone cement and superior stability,

could reduce the incidence of the recompression of PVP-operated

vertebrae and relieve pain caused by recompression.

Second, for the new fractures at the neighboring vertebrae,

some studies have shown that load transfer, which could be along

the longitudinal axis of the spine to the adjacent vertebral body, is

one of the important causal factors affecting the fracture risk of

FIGURE 7
The distributions of the von Mises stress on T11. The distributions of the von Mises stress on T11 in the fractured model (A), UPVP (B), and BPVP
(C) under flexion, extension, left/right bending, and left/right torsion.

FIGURE 8
The distributions of the von Mises stress on L1. The distributions of the von Mises stress on L1 in a fractured model (A), UPVP (B), and BPVP (C)
under flexion, extension, left/right bending, and left/right torsion.
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the untreated adjacent vertebrae (Chiang et al., 2009; Baroud

et al., 2003; Fahim et al., 2011; Polikeit et al., 2003c; LiebschnerM.

et al., 2001). Kim et al. (2010) suggested that the symmetrical

distribution of bone cement in the vertebral body promotes a

balanced load transfer. In this study, it was found that compared

with the compression fracture (Pre-augmented), the peak stress

on the adjacent T11 in BPVP was decreased under all conditions,

while in UPVP it was increased under left/right lateral bending

conditions. Also, the peak stress on the L1 of BPVP under all

loading conditions was the least of the three models (including

the compression fracture, UPVP, and BPVP). These results

indicated that BPVP with the symmetrical distribution and

FIGURE 9
The distributions of the von Mises stress on the T11-T12 disc. The distributions of the von Mises stress on the T11-T12disc in a fractured model
(A), UPVP (B), and BPVP (C) under flexion, extension, left/right bending, and left/right torsion.

FIGURE 10
The distributions of the von Mises stress on the T12-L1disc. The distributions of the von Mises stress on the T12-L1disc in a fractured model (A),
UPVP (B), and BPVP (C) under flexion, extension, left/right bending, and left/right torsion.
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stiffness of bone cement would produce a balanced load transfer,

which could alleviate the stress on adjacent vertebral bodies and

reduce the risk of new fractures. Therefore, BPVP has

biomechanical advantages over UPVP in reducing the risk of

adjacent vertebral fractures. Interestingly, this study also found

that compared with UPVP, the peak stress of T11 in BPVP was

lower under left/right lateral bending but higher under left/right

axial rotation. This indicated that the effect of BPVP is more

satisfactory than that of UPVP in lateral bending, and it might be

helpful to avoid excessive spinal rotation for patients who

underwent BPVP. From the above point of view, BPVP plays

a certain role in reducing the incidence of new fractures at the

neighborhood vertebrae.

Third, for DDD, Nagaraja et al. (2013) reported that

vertebroplasty can cause increased compression of adjacent

intervertebral discs in osteoporotic spines, which could lead to

DDD. According to Feng et al. (2018), this is because

vertebroplasty leads to impaired nutrient supply to the disc. Stress

is one of the factors that affect the degeneration of the intervertebral

disc (Spina et al., 2021). Our results showed that for the T12-L1

intervertebral disc, the peak stress of BPVP was less than UPVP and

compression fracture (Pre-augmented). This suggested that

compared with UPVP, BPVP might be helpful to reduce the

incidence of the degeneration of the T12-L1 intervertebral disc,

which could reduce the risk of DDD and improve the patient’s

life quality. Compared with the compression fracture (Pre-

augmented), the peak stress of the T12-L1 intervertebral disc in

UPVPwas increased under left/right lateral bending conditions. This

is similar to the results of Elmasry et al. (2018). Although the loading

conditions that occurred were different (the reason might be that the

fracture model established is different), the results of Elmasry et al.

and our study are consistent with Baroud et al. (2003), who reported

that by injecting cement into the vertebral body, spinal loads were

transferred between the superior and inferior discs, resulting in

increased intradiscal pressure.

To sum up, this study found that compared with UPVP,

BPVP with the symmetrical distribution of bone cement has

certain advantages in restoring the stability of the spine and

reducing the incidence of postoperative complications such as

recompression of the PVP-operated vertebrae, new fractures at

neighboring vertebrae, and DDD by better restoring the

biomechanics of the spine. Therefore, BPVP can improve the

quality of life of patients and bring satisfying long-term clinical

effects.

FIGURE 11
Rate of Change of Maximum Displacement of T12. Rate of Change of Maximum Displacement of T12 between UPVP and BPVP under flexion,
extension, left/right bending, and left/right torsion.
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The finite element model has several limitations in this study.

First, some simplifications were necessary for creating the model,

such as the characteristics of intervertebral discs, ligaments and

paraspinal muscles and he assumptions of linear, isotropic, and

homogeneous material properties for the finite element model.

However, these simplifications might have an impact on stress and

displacement. Elmasry et al. (2017) modeled the intervertebral disc

as biphasic materials constituted of a solid matrix embedded in a

fluid phase, which made the disc more realistic and yielded higher

stress than the simplified disc in our study. Second, the spine

model did not provide a detailed simulation of the osteoporotic

trabecular bone micro-architecture and was assigned 67% of the

elastic modulus of the healthy bone quality. Besides, the fracture

was ideally performed as a planar cut, and boundary conditions

were simplified compared to the complex in vivo loadings. All of

these might have an impact on stress and displacement. Third, for

simulating bone cement with a vertical cylinder, the similar

method to simulate bone cement had been reported by Liang

et al. (2015a), and they found that although different shapes of

bone cement to simulate PVP could produce different stress and

displacement, the same conclusion could be reached. Therefore,

using a vertical cylinder to simulate bone cement not only leads to

the same conclusion as using different shapes of bone cement but

also reduces the amount of computer calculations and ensure the

repeatability of the study. However, simplification of bone cement

into a vertical cylinder still cannot reflect the irregular shape of the

bone cement in reality and might have some effects on stress and

displacement. Fourth, our finite element model was based on data

from one person that could not be representative of all patients

treated with vertebroplasty. Therefore, based on the current study

and the general experiences with datasets of multiple individuals,

future biomechanical analyses should establish finite element

models that can more accurately reflect the human condition

and formulate an appropriate vertebroplasty plan for individual

patients. Furthermore, in vitro biomechanical experiments and

clinical study to evaluate the findings from this study also would be

conducted in the future.

Conclusion

In this study, the biomechanical differences between BPVP

and UPVP were compared via the finite element method to

determine the relationship with complications. The results

suggested that BPVP could balance the stress of the vertebral

body, reduce the maximum stress of the intervertebral disc, and

has advantages in stability compared with UPVP. Therefore,

BPVP could reduce the incidence of postoperative complications,

which could provide guidance for clinical application and

promising clinical effects for patients.

Data availability statement

The raw data supporting the conclusion of this article will be

made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and

approved by Ethics Committee of the Second Hospital of Jilin

University. The patients/participants provided their written

informed consent to participate in this study.

Author contributions

YQ, and QH conceived and designed the study. HD, YL, and

AZ initially drafted the manuscript. HD, YL, AZ, and QH

conducted the experiments. YL, QH, AZ, HC, YQ, and JZ

revised the manuscript. YQ and JW provided the financial

support. All authors made contributions to this study,

approved the final manuscript, and were agreed to be

responsible for all aspects of the work.

Funding

This work was supported by: (1) National Natural Science

Foundation of China (grant numbers: 82072456, 81802174); (2)

Norman Bethune Program of Jilin University (grant number:

2020B40); (3) Department of Education of Jilin Province (grant

number: JJKH20201101KJ); (4) National Key R&D Program of

China (grant number: 2018YFB1105100); (5) Graduate Innovation

Fund of Jilin University (grant number: 101832020CX296); (6)

Department of Science and Technology of Jilin Province, P.R.C

(grant numbers: 20200404202YY, 20200201453JC); (7) Department

of Finance of Jilin Province (grant numbers: 2019SCZT046,

2020SCZT037); (8) Undergraduate teaching reform research

project of Jilin University (grant number: 4Z2000610852); (9) Key

training plan for outstanding young teachers of JilinUniversity (grant

number: 419080520253); (10) Bethune plan of Jilin University (grant

number: 470110000692); (11) Jilin Province Development and

Reform Commission, P.R.C (grant number: 2018C010).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Frontiers in Bioengineering and Biotechnology frontiersin.org13

Dai et al. 10.3389/fbioe.2022.978917

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978917


Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Al-Nakshabandi, N. (2011). Percutaneous vertebroplasty complications. Ann.
Saudi Med. 31 (3), 294–297. doi:10.4103/0256-4947.81542

Badilatti, S., Kuhn, G., Ferguson, S., and Müller, R. (2015). Computational
modelling of bone augmentation in the spine. J. Orthop. Transl. 3 (4), 185–196.
doi:10.1016/j.jot.2015.09.003

Baroud, G., Nemes, J., Heini, P., and Steffen, T. (2003). Load shift of the
intervertebral disc after a vertebroplasty: A finite-element study. Eur. spine J. 12
(4), 421–426. doi:10.1007/s00586-002-0512-9

Belkoff, S. M., Mathis, J. M., Erbe, E. M., and Fenton, D. C. (2000). Biomechanical
evaluation of a new bone cement for use in vertebroplasty. Spine 25 (9), 1061–1064.
doi:10.1097/00007632-200005010-00004

Belkoff, S. M., Mathis, J. M., Jasper, L. E., and Deramond, H. (2001). The
biomechanics of vertebroplasty - the effect of cement volume on mechanical
behavior. Spine 26 (14), 1537–1541. doi:10.1097/00007632-200107150-00007

Bereczki, F., Turbucz, M., Kiss, R., Eltes, P., and Lazary, A. (2021). Stability
evaluation of different oblique lumbar interbody fusion constructs in normal and
osteoporotic condition - a finite element based study. Front. Bioeng. Biotechnol. 9,
749914. doi:10.3389/fbioe.2021.749914

Buchbinder, R., Johnston, R., Rischin, K., Homik, J., Jones, C., Golmohammadi, K.,
et al. (2018). Percutaneous vertebroplasty for osteoporotic vertebral compression fracture.
Cochrane Database Syst. Rev. 11, CD006349. doi:10.1002/14651858.CD006349.pub4

Chen, B., Li, Y., Xie, D., Yang, X., and Zheng, Z. (2011a). Comparison of
unipedicular and bipedicular kyphoplasty on the stiffness and biomechanical
balance of compression fractured vertebrae. Eur. spine J. 20 (8), 1272–1280.
doi:10.1007/s00586-011-1744-3

Chen, L. H., Hsieh, M. K., Liao, J. C., Lai, P. L., Niu, C. C., Fu, T. S., et al. (2011b).
Repeated percutaneous vertebroplasty for refracture of cemented vertebrae. Arch.
Orthop. Trauma Surg. 131 (7), 927–933. doi:10.1007/s00402-010-1236-7

Cheng, X., Long, H., Xu, J., Huang, Y., and Li, F. (2016). Comparison of unilateral
versus bilateral percutaneous kyphoplasty for the treatment of patients with
osteoporosis vertebral compression fracture (OVCF): A systematic review and
meta-analysis. Eur. spine J. 25 (11), 3439–3449. doi:10.1007/s00586-016-4395-6

Chiang, C., Wang, Y., Yang, C., Yang, B., and Wang, J. (2009). Prophylactic
vertebroplasty may reduce the risk of adjacent intact vertebra from fatigue injury: An
ex vivo biomechanical study. Spine 34 (4), 356–364. doi:10.1097/BRS.0b013e31819481b1

Chiu, P., Kao, F., Hsieh, M., Tsai, T., Chen,W., Niu, C., et al. (2021). A retrospective
analysis in 1347 patients undergoing cement augmentation for osteoporotic vertebral
compression fracture: Is the sandwich vertebra at a higher risk of further fracture?
Neurosurgery 88 (2), 342–348. doi:10.1093/neuros/nyaa435

Cianfoni, A., Distefano, D., Pravatà, E., Espeli, V., Pesce, G., Mordasini, P., et al.
(2019a). Vertebral body stent augmentation to reconstruct the anterior column in
neoplastic extreme osteolysis. J. Neurointerv. Surg. 11 (3), 313–318. doi:10.1136/
neurintsurg-2018-014231

Cianfoni, A., Distefano, D., Scarone, P., Pesce, G., Espeli, V., La Barbera, L., et al.
(2019b). Stent screw-assisted internal fixation (SAIF): Clinical report of a novel
approach to stabilizing and internally fixating vertebrae destroyed by malignancy.
J. Neurosurg. Spine 32, 507–518. doi:10.3171/2019.9.Spine19711

Cotten, A., Dewatre, F., Cortet, B., Assaker, R., Leblond, D., Duquesnoy, B., et al.
(1996). Percutaneous vertebroplasty for osteolytic metastases and myeloma: Effects
of the percentage of lesion filling and the leakage of methyl methacrylate at clinical
follow-up. Radiology 200 (2), 525–530. doi:10.1148/radiology.200.2.8685351

Denis, F. (1984). Spinal instability as defined by the three-column spine concept
in acute spinal trauma. Clin. Orthop. Relat. Res. 189 (189), 65–76. doi:10.1097/
00003086-198410000-00008

Denis, F. (1983). The three column spine and its significance in the classification
of acute thoracolumbar spinal injuries. Spine 8 (8), 817–831. doi:10.1097/00007632-
198311000-00003

Distefano, D., Scarone, P., Isalberti, M., La Barbera, L., Villa, T., Bonaldi, G., et al.
(2021). The ’armed concrete’ approach: Stent-screw-assisted internal fixation
(SAIF) reconstructs and internally fixates the most severe osteoporotic vertebral
fractures. J. Neurointerv. Surg. 13 (1), 63–68. doi:10.1136/neurintsurg-2020-016597

Elmasry, S., Asfour, S., andTravascio, F. (2017). Effectiveness of pedicle screw inclusion at
the fracture level in short-segment fixation constructs for the treatment of thoracolumbar
burst fractures: A computational biomechanics analysis. Comput. methods biomechanics
Biomed. Eng. 20 (13), 1412–1420. doi:10.1080/10255842.2017.1366995

Elmasry, S., Asfour, S., and Travascio, F. (2018). Finite element study to evaluate
the biomechanical performance of the spine after augmenting percutaneous pedicle
screw fixation with kyphoplasty in the treatment of burst fractures. J. Biomech. Eng.
140 (6), 9174. doi:10.1115/1.4039174

Fahim, D., Sun, K., Tawackoli, W., Mendel, E., Rhines, L., Burton, A., et al. (2011).
Premature adjacent vertebral fracture after vertebroplasty: A biomechanical study.
Neurosurgery 69 (3), 733–744. doi:10.1227/NEU.0b013e31821cc499

Feng,Z.,Chen, L.,Hu,X., Yang,G.,Chen,Z., andWang,Y. (2018).Vertebral augmentation
can induce early signs of degeneration in the adjacent intervertebral disc: Evidence from a
rabbit model. Spine 43 (20), E1195–E1203. doi:10.1097/brs.0000000000002666

Guo, H., Guo, D., Tang, Y., and Zhang, S. (2020a). Selective cement augmentation
of cranial and caudal pedicle screws provides comparable stability to augmentation
on all segments in the osteoporotic spine: A finite element analysis. Ann. Transl.
Med. 8 (21), 1384. doi:10.21037/atm-20-2246

Guo, H., Zhang, S., Guo, D., Ma, Y., Yuan, K., Li, Y., et al. (2020b). Influence of
cement-augmented pedicle screws with different volumes of
polymethylmethacrylate in osteoporotic lumbar vertebrae over the adjacent
segments: A 3D finite element analysis. BMC Musculoskelet. Disord. 21 (1), 460.
doi:10.1186/s12891-020-03498-6

Guo, H. Z., Zhang, S. C., Guo, D. Q., Ma, Y. H., Yuan, K., Li, Y. X., et al. (2020c).
Influence of cement-augmented pedicle screws with different volumes of
polymethylmethacrylate in osteoporotic lumbar vertebrae over the adjacent
segments: A 3D finite element analysis. BMC Musculoskelet. Disord. 21 (1), 460.
doi:10.1186/s12891-020-03498-6

Guo, L., and Fan, W. (2018). Dynamic response of the lumbar spine to whole-
body vibration under a compressive follower preload. Spine 43 (3), E143–E153.
doi:10.1097/brs.0000000000002247

Guo, L., and Wang, Q. (2020). Comparison of effects of four interbody fusion
approaches on the fused and adjacent segments under vibration. Clin. Biomech.
(Bristol, Avon) 76, 105023. doi:10.1016/j.clinbiomech.2020.105023

Hirsch, J., Chandra, R., Cianfoni, A., De Leacy, R., Marcia, S., Manfre, L., et al.
(2021). Spine 2.0 JNIS style. J. Neurointerv. Surg. 13 (8), 683–684. doi:10.1136/
neurintsurg-2021-017612

Hou, Y., Yao, Q., Zhang, G., Ding, L., and Huang, H. (2018).
Polymethylmethacrylate distribution is associated with recompression after
vertebroplasty or kyphoplasty for osteoporotic vertebral compression fractures:
A retrospective study. PloS one 13 (6), e0198407. doi:10.1371/journal.pone.0198407

Huang, Z., Wan, S., Ning, L., and Han, S. (2014). Is unilateral kyphoplasty as
effective and safe as bilateral kyphoplasties for osteoporotic vertebral compression
fractures? A meta-analysis. Clin. Orthop. Relat. Res. 472 (9), 2833–2842. doi:10.
1007/s11999-014-3745-0

Kim, D., Kim, T., Park, K., Chi, M., and Kim, J. (2010). The proper volume and
distribution of cement augmentation on percutaneous vertebroplasty. J. Korean
Neurosurg. Soc. 48 (2), 125–128. doi:10.3340/jkns.2010.48.2.125

Kim, J., Shin, D., Byun, D., Kim,H., Kim, S., andKim,H. (2012). Effect of bone cement
volume and stiffness on occurrences of adjacent vertebral fractures after vertebroplasty.
J. Korean Neurosurg. Soc. 52 (5), 435–440. doi:10.3340/jkns.2012.52.5.435

Koh, I., Marini, G., Widmer, R., Brandolini, N., Helgason, B., and Ferguson, S.
(2016). In silico investigation of vertebroplasty as a stand-alone treatment for
vertebral burst fractures. Clin. Biomech. (Bristol, Avon) 34, 53–61. doi:10.1016/j.
clinbiomech.2016.03.008

Lee, J., Lee, D., Lee, J., and Lee, H. (2014). Comparison of radiological and clinical
results of balloon kyphoplasty according to anterior height loss in the osteoporotic
vertebral fracture. Spine J. 14 (10), 2281–2289. doi:10.1016/j.spinee.2014.01.028

Li, Q.-l., Li, X.-z., Liu, Y., Zhang, H.-s., Shang, P., Chu, Z.-m., et al. (2013a).
Treatment of thoracolumbar fracture with pedicle screws at injury level: A
biomechanical study based on three-dimensional finite element analysis. Eur.
J. Orthop. Surg. Traumatol. 23 (7), 775–780. doi:10.1007/s00590-012-1076-y

Frontiers in Bioengineering and Biotechnology frontiersin.org14

Dai et al. 10.3389/fbioe.2022.978917

https://doi.org/10.4103/0256-4947.81542
https://doi.org/10.1016/j.jot.2015.09.003
https://doi.org/10.1007/s00586-002-0512-9
https://doi.org/10.1097/00007632-200005010-00004
https://doi.org/10.1097/00007632-200107150-00007
https://doi.org/10.3389/fbioe.2021.749914
https://doi.org/10.1002/14651858.CD006349.pub4
https://doi.org/10.1007/s00586-011-1744-3
https://doi.org/10.1007/s00402-010-1236-7
https://doi.org/10.1007/s00586-016-4395-6
https://doi.org/10.1097/BRS.0b013e31819481b1
https://doi.org/10.1093/neuros/nyaa435
https://doi.org/10.1136/neurintsurg-2018-014231
https://doi.org/10.1136/neurintsurg-2018-014231
https://doi.org/10.3171/2019.9.Spine19711
https://doi.org/10.1148/radiology.200.2.8685351
https://doi.org/10.1097/00003086-198410000-00008
https://doi.org/10.1097/00003086-198410000-00008
https://doi.org/10.1097/00007632-198311000-00003
https://doi.org/10.1097/00007632-198311000-00003
https://doi.org/10.1136/neurintsurg-2020-016597
https://doi.org/10.1080/10255842.2017.1366995
https://doi.org/10.1115/1.4039174
https://doi.org/10.1227/NEU.0b013e31821cc499
https://doi.org/10.1097/brs.0000000000002666
https://doi.org/10.21037/atm-20-2246
https://doi.org/10.1186/s12891-020-03498-6
https://doi.org/10.1186/s12891-020-03498-6
https://doi.org/10.1097/brs.0000000000002247
https://doi.org/10.1016/j.clinbiomech.2020.105023
https://doi.org/10.1136/neurintsurg-2021-017612
https://doi.org/10.1136/neurintsurg-2021-017612
https://doi.org/10.1371/journal.pone.0198407
https://doi.org/10.1007/s11999-014-3745-0
https://doi.org/10.1007/s11999-014-3745-0
https://doi.org/10.3340/jkns.2010.48.2.125
https://doi.org/10.3340/jkns.2012.52.5.435
https://doi.org/10.1016/j.clinbiomech.2016.03.008
https://doi.org/10.1016/j.clinbiomech.2016.03.008
https://doi.org/10.1016/j.spinee.2014.01.028
https://doi.org/10.1007/s00590-012-1076-y
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978917


Li, Q., Li, X., Liu, Y., Zhang, H., Shang, P., Chu, Z., et al. (2013b). Treatment of
thoracolumbar fracture with pedicle screws at injury level: A biomechanical study
based on three-dimensional finite element analysis. Eur. J. Orthop. Surg. Traumatol.
23 (7), 775–780. doi:10.1007/s00590-012-1076-y

Liang, D., Ye, L., Jiang, X., Yang, P., Zhou, G., Yao, Z., et al. (2015a).
Biomechanical effects of cement distribution in the fractured area on
osteoporotic vertebral compression fractures: A three-dimensional finite element
analysis. J. Surg. Res. 195 (1), 246–256. doi:10.1016/j.jss.2014.12.053

Liang, D., Ye, L. Q., Jiang, X. B., Yang, P., Zhou, G. Q., Yao, Z. S., et al. (2015b).
Biomechanical effects of cement distribution in the fractured area on osteoporotic
vertebral compression fractures: A three-dimensional finite element analysis.
J. Surg. Res. 195 (1), 246–256. doi:10.1016/j.jss.2014.12.053

Liao, J. (2020). Impact of osteoporosis on different type of short-segment
posterior instrumentation for thoracolumbar burst fracture-A finite element
analysis. World Neurosurg. 139, e643–e651. doi:10.1016/j.wneu.2020.04.056

Liebschner, M. A. K., Rosenberg, W. S., and Keaveny, T. M. (2001b). Effects of
bone cement volume and distribution on vertebral stiffness after vertebroplasty.
Spine 26 (14), 1547–1554. doi:10.1097/00007632-200107150-00009

Liebschner, M., Rosenberg, W., and Keaveny, T. (2001a). Effects of bone cement
volume and distribution on vertebral stiffness after vertebroplasty. Spine 26 (14),
1547–1554. doi:10.1097/00007632-200107150-00009

Lin, X., Xiong, D., Peng, Y., Sheng, Z., Wu, X., Wu, X., et al. (2015). Epidemiology
and management of osteoporosis in the people’s republic of China: Current
perspectives. Clin. Interv. Aging 10, 1017–1033. doi:10.2147/cia.S54613

Liu, Y., Zhang, A. B., Wang, C. Y., Yin, W. H., Wu, N. C., Chen, H., et al. (2020).
Biomechanical comparison between metal block and cement-screw techniques for
the treatment of tibial bone defects in total knee arthroplasty based on finite element
analysis. Comput. Biol. Med. 125, 104006. doi:10.1016/j.compbiomed.2020.104006

Liu, Z., Zhang, X., Liu, H., and Wang, D. (2021). A nomogram for short-term
recurrent pain after percutaneous vertebroplasty for osteoporotic vertebral
compression fractures. Osteoporos. Int. 33, 851. doi:10.1007/s00198-021-06232-7

Lo, Y. P., Chen, W. J., Chen, L. H., and Lai, P. L. (2008). New vertebral fracture
after vertebroplasty. J. Trauma-Injury Infect. Crit. Care 65 (6), 1439–1445. doi:10.
1097/TA.0b013e318169cd0b

Lu, H., Zhang, Q., Ding, F., Wu, Q., and Liu, R. (2022). Establishment and
validation of a T12-L2 3D finite element model for thoracolumbar segments. Am.
J. Transl. Res. 14 (3), 1606

Molloy, S., Mathis, J. M., and Belkoff, S. M. (2003). The effect of vertebral body
percentage fill on mechanical behavior during percutaneous vertebroplasty. Spine
28 (14), 1549–1554. doi:10.1097/00007632-200307150-00014

Nagaraja, S., Awada, H., Dreher, M., Gupta, S., and Miller, S. (2013).
Vertebroplasty increases compression of adjacent IVDs and vertebrae in
osteoporotic spines. Spine J. 13 (12), 1872–1880. doi:10.1016/j.spinee.2013.06.007

Pei, B., Lu, D., Wu, X., Xu, Y., Ma, C., and Wu, S. (2022). Kinematic and
biomechanical responses of the spine to distraction surgery in children with early
onset scoliosis: A 3-D finite element analysis. Front. Bioeng. Biotechnol. 10, 933341.
doi:10.3389/fbioe.2022.933341

Peng, Y., Du, X. P., Huang, L. H., Li, J., Zhan, R. S., Wang, W. G., et al. (2018).
Optimizing bone cement stiffness for vertebroplasty through biomechanical effects
analysis based on patient-specific three-dimensional finite element modeling.Med.
Biol. Eng. Comput. 56 (11), 2137–2150. doi:10.1007/s11517-018-1844-x

Polikeit, A., Ferguson, S. J., Nolte, L. P., and Orr, T. E. (2003b). Factors influencing
stresses in the lumbar spine after the insertion of intervertebral cages: Finite element
analysis. Eur. Spine J. 12 (4), 413–420. doi:10.1007/s00586-002-0505-8

Polikeit, A., Ferguson, S., Nolte, L., and Orr, T. (2003a). Factors influencing
stresses in the lumbar spine after the insertion of intervertebral cages: Finite element
analysis. Eur. spine J. 12 (4), 413–420. doi:10.1007/s00586-002-0505-8

Polikeit, A., Nolte, L., and Ferguson, S. (2003c). The effect of cement augmentation
on the load transfer in an osteoporotic functional spinal unit: Finite-element analysis.
Spine 28 (10), 991–996. doi:10.1097/01.Brs.0000061987.71624.17

Polikeit, A., Nolte, L. P., and Ferguson, S. J. (2003d). The effect of cement
augmentation on the load transfer in an osteoporotic functional spinal unit - finite-
element analysis. Spine 28 (10), 991–996. doi:10.1097/01.BRS.0000061987.71624.17

Rho, J., Hobatho, M., and Ashman, R. (1995). Relations of mechanical properties
to density and CT numbers in human bone.Med. Eng. Phys. 17 (5), 347–355. doi:10.
1016/1350-4533(95)97314-f

Salvatore, G., Berton, A., Giambini, H., Ciuffreda,M., Florio, P., Longo, U., et al. (2018).
Biomechanical effects of metastasis in the osteoporotic lumbar spine: A finite element
analysis. BMC Musculoskelet. Disord. 19 (1), 38. doi:10.1186/s12891-018-1953-6

Spina, N., Moreno, G., Brodke, D., Finley, S., and Ellis, B. (2021). Biomechanical
effects of laminectomies in the human lumbar spine: A finite element study. Spine J.
21 (1), 150–159. doi:10.1016/j.spinee.2020.07.016

Sun, H., and Li, C. (2016). Comparison of unilateral and bilateral percutaneous
vertebroplasty for osteoporotic vertebral compression fractures: A systematic
review and meta-analysis. J. Orthop. Surg. Res. 11 (1), 156. doi:10.1186/s13018-
016-0479-6

Sun, Y., Teng, M., Yuan, W., Luo, C., Chang, F., Lirng, J., et al. (2011). Risk of
post-vertebroplasty fracture in adjacent vertebral bodies appears correlated with the
morphologic extent of bone cement. J. Chin. Med. Assoc. 74 (8), 357–362. doi:10.
1016/j.jcma.2011.06.008

Tan, Q., Liu, Z., Zhao, Y., Huang, X., Bai, H., Yang, Z., et al. (2021). Biomechanical
comparison of four types of instrumentation constructs for revision surgery in
lumbar adjacent segment disease: A finite element study. Comput. Biol. Med. 134,
104477. doi:10.1016/j.compbiomed.2021.104477

Teles, A. R., and Mattei, T. A. (2015). Vertebral augmentation in thoracolumbar
compression fractures: A critical review on available evidence and ongoing
controversies. Minerva Ortop. Traumatol. 66 (1), 25

Tsoumakidou, G., Too, C. W., Koch, G., Caudrelier, J., Cazzato, R. L., Garnon, J.,
et al. (2017). CIRSE guidelines on percutaneous vertebral augmentation.
Cardiovasc. Interv. Radiol. 40 (3), 331–342. doi:10.1007/s00270-017-1574-8

Umale, S., Yoganandan, N., Baisden, J., Choi, H., and Kurpad, S. (2022). A
biomechanical investigation of lumbar interbody fusion techniques. J. Mech. Behav.
Biomed. Mater. 125, 104961. doi:10.1016/j.jmbbm.2021.104961

Wang, Q., and Guo, L. (2021). Prediction of complications and fusion outcomes
of fused lumbar spine with or without fixation system under whole-body vibration.
Med. Biol. Eng. Comput. 59 (6), 1223–1233. doi:10.1007/s11517-021-02375-1

Widmer Soyka, R., Helgason, B., Hazrati Marangalou, J., van den Bergh, J.,
van Rietbergen, B., and Ferguson, S. (2016). The effectiveness of percutaneous
vertebroplasty is determined by the patient-specific bone condition and the
treatment strategy. PloS one 11 (4), e0151680. doi:10.1371/journal.pone.
0151680

Yang, P., Zhang, Y., Ding, H., Liu, J., Ye, L., Xiao, J., et al. (2016a). Pedicle screw
fixation with kyphoplasty decreases the fracture risk of the treated and adjacent
non-treated vertebral bodies: A finite element analysis, J. Huazhong Univ. Sci.
Technol. 36 (6), 887–894. doi:10.1007/s11596-016-1680-x

Yang, P., Zhang, Y., Ding, H. W., Liu, J., Ye, L. Q., Xiao, J., et al. (2016b). Pedicle
screw fixation with kyphoplasty decreases the fracture risk of the treated and
adjacent non-treated vertebral bodies: A finite element analysis. J. Huazhong Univ.
Sci. Technol. Med. Sci. ]. 36 (6), 887–894. doi:10.1007/s11596-016-1680-x

Yu, W., LiangYao, Z., Qiu, T., Ye, L., Huang, X., et al. (2017). Risk factors for
recollapse of the augmented vertebrae after percutaneous vertebroplasty for
osteoporotic vertebral fractures with intravertebral vacuum cleft. Medicine 96
(2), e5675. doi:10.1097/md.0000000000005675

Zhang, L., Wang, Q., Wang, L., Shen, J., Zhang, Q., and Sun, C. (2017). Bone
cement distribution in the vertebral body affects chances of recompression after
percutaneous vertebroplasty treatment in elderly patients with osteoporotic
vertebral compression fractures. Clin. Interv. Aging 12, 431–436. doi:10.2147/cia.
S113240

Zhang, M. Z., Ren, W. Y., Mo, Z. J., Li, J., Pu, F., and Fan, Y. B. (2022).
Biomechanics of adjacent segment after three-level lumbar fusion, hybrid single-
level semi-rigid fixation with two-level lumbar fusion. Comput. Methods
Biomechanics Biomed. Eng. 25 (4), 455–463. doi:10.1080/10255842.2021.1959557

Zhang, R., Zhang, C., Shu, X., Yuan, X., Li, Y., Chen, Q., et al. (2021). Effect of
osteoporosis on adjacent segmental degeneration after posterior lumbar interbody
fusion under whole body vibration.World Neurosurg. 152, e700–e707. doi:10.1016/
j.wneu.2021.06.031

Zhao, W. T., Qin, D. P., Zhang, X. G., Wang, Z. P., and Tong, Z. (2018).
Biomechanical effects of different vertebral heights after augmentation of
osteoporotic vertebral compression fracture: A three-dimensional finite element
analysis. J. Orthop. Surg. Res. 13, 32. doi:10.1186/s13018-018-0733-1

Zhong, Z., Chen, S., and Hung, C. (2009). Load- and displacement-controlled
finite element analyses on fusion and non-fusion spinal implants. Proc. Inst. Mech.
Eng. H. 223 (2), 143–157. doi:10.1243/09544119jeim476

Zhou, Q. K., Zeng, F. H., Tu, J. L., Dong, Z. Q., and Ding, Z. H. (2020). Influence of
cement-augmented pedicle screw instrumentation in an osteoporotic lumbosacral
spine over the adjacent segments: A 3D finite element study. J. Orthop. Surg. Res. 15
(1), 132. doi:10.1186/s13018-020-01650-5

Zuo, X., Chen, Y., Xie, P., Zhang, W., Xue, X., Zhang, Q., et al. (2021a). Finite
element analysis of wedge and biconcave deformity in four different height
restoration after augmentation of osteoporotic vertebral compression fractures.
J. Orthop. Surg. Res. 16 (1), 138. doi:10.1186/s13018-021-02225-8

Zuo, X. H., Chen, Y. B., Xie, P., Zhang, W. D., Xue, X. Y., Zhang, Q. X., et al.
(2021b). Finite element analysis of wedge and biconcave deformity in four different
height restoration after augmentation of osteoporotic vertebral compression
fractures. J. Orthop. Surg. Res. 16 (1), 138. doi:10.1186/s13018-021-02225-8

Frontiers in Bioengineering and Biotechnology frontiersin.org15

Dai et al. 10.3389/fbioe.2022.978917

https://doi.org/10.1007/s00590-012-1076-y
https://doi.org/10.1016/j.jss.2014.12.053
https://doi.org/10.1016/j.jss.2014.12.053
https://doi.org/10.1016/j.wneu.2020.04.056
https://doi.org/10.1097/00007632-200107150-00009
https://doi.org/10.1097/00007632-200107150-00009
https://doi.org/10.2147/cia.S54613
https://doi.org/10.1016/j.compbiomed.2020.104006
https://doi.org/10.1007/s00198-021-06232-7
https://doi.org/10.1097/TA.0b013e318169cd0b
https://doi.org/10.1097/TA.0b013e318169cd0b
https://doi.org/10.1097/00007632-200307150-00014
https://doi.org/10.1016/j.spinee.2013.06.007
https://doi.org/10.3389/fbioe.2022.933341
https://doi.org/10.1007/s11517-018-1844-x
https://doi.org/10.1007/s00586-002-0505-8
https://doi.org/10.1007/s00586-002-0505-8
https://doi.org/10.1097/01.Brs.0000061987.71624.17
https://doi.org/10.1097/01.BRS.0000061987.71624.17
https://doi.org/10.1016/1350-4533(95)97314-f
https://doi.org/10.1016/1350-4533(95)97314-f
https://doi.org/10.1186/s12891-018-1953-6
https://doi.org/10.1016/j.spinee.2020.07.016
https://doi.org/10.1186/s13018-016-0479-6
https://doi.org/10.1186/s13018-016-0479-6
https://doi.org/10.1016/j.jcma.2011.06.008
https://doi.org/10.1016/j.jcma.2011.06.008
https://doi.org/10.1016/j.compbiomed.2021.104477
https://doi.org/10.1007/s00270-017-1574-8
https://doi.org/10.1016/j.jmbbm.2021.104961
https://doi.org/10.1007/s11517-021-02375-1
https://doi.org/10.1371/journal.pone.0151680
https://doi.org/10.1371/journal.pone.0151680
https://doi.org/10.1007/s11596-016-1680-x
https://doi.org/10.1007/s11596-016-1680-x
https://doi.org/10.1097/md.0000000000005675
https://doi.org/10.2147/cia.S113240
https://doi.org/10.2147/cia.S113240
https://doi.org/10.1080/10255842.2021.1959557
https://doi.org/10.1016/j.wneu.2021.06.031
https://doi.org/10.1016/j.wneu.2021.06.031
https://doi.org/10.1186/s13018-018-0733-1
https://doi.org/10.1243/09544119jeim476
https://doi.org/10.1186/s13018-020-01650-5
https://doi.org/10.1186/s13018-021-02225-8
https://doi.org/10.1186/s13018-021-02225-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.978917

	Biomechanical comparison between unilateral and bilateral percutaneous vertebroplasty for osteoporotic vertebral compressio ...
	Introduction
	Materials and methods
	The construction of T11-L1 finite element model
	The simulation of compression fracture
	The simulation of UPVP and BPVP
	Boundary and loading conditions of FE models

	Results
	Validation of T11-L1 thoracolumbar vertebral model
	The distributions and magnitudes of the von mises stress on T12
	The distributions and magnitudes of the von mises stress on adjacent T11 and L1
	The distributions and magnitudes of the von mises stress on T11-T12 disc and T12-L1 disc
	The maximum displacement of T12

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


