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Abstract: Vertebroplasty (VP), balloon kyphoplasty (BKP), and vertebral stent (VS) are usually
used for treating osteoporotic compression fractures. However, these procedures may pose risks
of secondary adjacent level fractures. This study simulates finite element models of osteoporotic
compression fractures treated with VP, BKP, and VS Vertebral resection method was used to simulate
vertebra fracture with Young’s modulus set at 70 MPa to replicate osteoporosis. A follower load of
(1175 N for flexion, and 500 N for all others) was applied in between vertebral bodies to simulate the
muscle force. Moment loadings of 7.5 N-m in flexion, extension, lateral bending, axial rotation were
applied respectively. The VS model had the highest von Mises stresses on the bone cement under
all different loading conditions (flexion/5.91 MPa; extension/3.74 MPa; lateral bending/3.12 MPa;
axial rotation/3.54 MPa). The stress distribution and maximum von Mises stresses of the adjacent
segments, T11 inferior endplate and L1 superior endplate, showed no significant difference among
three surgical models. The postoperative T12 stiffness for VP, BKP, and VS are 2898.48 N/mm,
4123.18 N/mm, and 4690.34 N/mm, respectively. The VS model led to superior surgical vertebra
stiffness without significantly increasing the risks of adjacent fracture.

Keywords: osteoporosis; compression fracture; vertebroplasty; balloon kyphoplasty; vertebral stent
system; adjacent fracture

1. Introduction

Osteoporosis is an increasingly prevalent disease globally. When bone becomes
thin and brittle due to decreased bone density, it may lead to fractures, especially at the
forearm, femur and spine vertebrae. Vertebral compression fractures (VCF) occur due
to axial loading forces that result in vertebral body height decrease, usually located at
the anterior column with an anterior wedge appearance. Regardless of the degree of
vertebral height decrease, VCFs may elicit debilitating symptoms, including back soreness,
severe pain, functional limitations, and decreased life quality [1]. Treatment options for
vertebral compression fracture (VCF) consist of conservative and surgical treatments.
At the acute stage of VCF, bed rest, brace support, and prescription of analgesics are
generally recommended, however, if the patients’ symptoms persist after conservative
treatment for several months, surgical treatment may be needed. Cement augmentation
with vertebroplasty (VP), balloon kyphoplasty (BKP), or vertebrae stent (VS) (Spinejack
system, Stryker Corp., Kalamazoo, MI) have been widely used procedures to treat patients’
pain and improve their quality of life [2-4]. VP is performed after administration of a local
anesthetic combined with intravenous narcotic or sedative drugs. The needle entry site over
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the pedicle is localized under fluoroscopic guidance, and then polymethylmethacrylate
(PMMA) delivery into the vertebrae body is done to stabilize the fracture and alleviate
pain. BKP uses a high-pressure balloon to force the collapsed vertebral body back to its
original height by creating a cavity that is subsequently filled with the PMMA. In contrast,
vertebrae stent (VS) (SpineJack) utilizes a cranio-caudal expandable implant to increase the
body height followed by filling the intravertebral stent with PMMA [5].

In the past literature, there has been numerous clinical and biomechanical studies that
compare the outcomes for both VP and BKP [6-11]. Though clinical results of both VP
and BKP were acceptable, both methods could not prevent the development of adjacent
vertebrae fractures. These adjacent fractures are not only due to bone fragility, but also can
be caused by the new increased rigidity of the vertebrae filled with bone cement [12,13].
In the past decade, the vertebrae stent has become a novel surgical method for vertebral
compression fracture surgery, as it has also been clinically proven to be effective for
vertebral compression fracture treatment [14,15]. The design concept of the vertebral
stent is to increase the stability through the complex of bone cement and stent, to prevent
the deflating effect of balloons, and to provide more correction of local alignment [16].
Theoretically, a vertebral stent makes the vertebral body more evenly stressed, and is
expected to reduce the complications at both the fractured vertebrae and the adjacent
vertebrae. To our knowledge, comparative studies using finite element analysis for the VP,
BKP and VS procedures are scarce and limited. The aim of this study was to simulate a finite
element model of an osteoporotic compression fracture at the thoracolumbar region treated
with these three surgical methods (VP, BKP, and VS). Stress distribution and stiffness of the
treated vertebrae and the adjacent vertebral segments were simulated under compressive
loading simulation to evaluate the possibility of developing secondary fractures. The
findings of this study may guide future treatment decisions for surgeons to provide the
most appropriate intervention.

2. Methods
2.1. Models

Three models were established to simulate thoracolumbar osteoporotic compression
fracture with different cement augmentations surgeries: (1) VP; (2) BKP; (3) VS Radiographs
representing these three types of surgical procedures are shown in Figure 1. These three
surgical methods are described briefly. VP: a cannulated trocar was inserted into the injured
vertebrae, a certain amount of bone cement was injected directly into the injured vertebrae
through the trocar. BKP: a cannulated trocar was inserted in to the injured vertebrae, an
uninflated balloon was inserted, the collapsed vertebral body was reduced by inflating
the balloon, the balloon was deflated and removed, then the bone cement was injected
into the space of the injured vertebrae. VS: a cannulated trocar was inserted into the
injured vertebrae, the expandable stent was inserted into an ideal position of the fractured
vertebrae, the collapsed vertebrae was reduced by expanding the stent, and the bone
cement was injected into the vertebrae and the stent.
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Preoperation Intraoperation Postoperation

Figure 1. Radiographs representing three types of cement augmentation technique. VP: Vertebropal-
sty, BKP: Balloon kyphoplasty, VS: Vertebrae stent.

2.1.1. Establishment of an intact normal thoracolumbar spine in the FE model

An intact normal spine finite element (FE) model was constructed by 1 mm slice-
interval cross-sectional computed tomography (CT) spine images of a 65-year-old male
obtained from the Visible Human project of the U.S. National Library of Medicine (NLM,
NIH, Bethesda, MD, USA), as shown in Figure 2. The process of creating a finite element
model of T10 to L2 were briefly described as following. (1) CT scans were imported into
Amira software (Visage Imaging, Carlsbad, CA, USA). Vertebral boundaries of interest
were identified with multiple images to form a three-node triangular surface model. (2) The
surface model was imported into SolidWorks (SOLIDWORKS Corp., Boston, MA, USA), to
further create a three-dimensional solid model of the thoracolumbar spine. (3) The solid
model of the thoracolumbar spine was imported into HyperWorks 10.0 (Altair Engineering,
Inc., Troy, MI, USA) to form the FE model. CT images do not provide structural contours of
the intervertebral discs. Therefore, the geometric characteristics of intervertebral discs were
created according to data from Chosa et al. [17]. The volume ratio of the annulus fibrosus
to the nucleus pulposus was set 6:4, the thickness of the cortical bone was set to 1 mm,
and the endplate was set to 0.5 mm, respectively. (4) Finally, FE model was imported into
Abaqus FE analysis software (Abaqus/CAE v.6.10; Simulia Corp., Providence, RI, USA) for
further analysis.
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Figure 2. (A) CT image of the human vertebrae (B) T11-L1 Finite element model.

2.1.2. Establishment of T12 Injured Vertebra FE Model

Vertebral resection method was used to simulate vertebra fracture in this study. One-
half of the sponge bone of the T12 vertebra was removed to weaken the vertebral strength.
Structure of the posterior part was reserved to simulate thoracolumbar compression fracture.

2.2. Material Parameter Setting

The mechanical properties for each part of the FE model were assigned according to
the study by Cho et al. [18] except the cortical and cancellous bone portions were assigned
to be the same low value of 34 MPa in order to simulate severe osteoporosis, as suggested by
Rohlmann et al. [19]. The Young’s moduli and Poisson’s ratios of end-plate, intervertebral
disc, posterior bone element, cortical bone, and cancellous bone were set respectively. These
models are assumed to be linear elastic, isotropic, and homogeneous. Table 1 summarizes
the material parameters of this study.

Table 1. Material Properties of the Finite Element Model [18,19].

Component Young'’s Modulus (MPa) Poisson Ratio (v) Element Type
Cortical bone 34 0.3 Tetrahedral
Cancellous bone 34 0.3 Tetrahedral
Posterior element 2345 0.25 Tetrahedral
Endplate 670 0.3 Tetrahedral
Annulus substance 5 0.45 Hexahedral
Nucleus 9 0.4 Hexahedral

Annulus fiber 455 0.3 Surface

Bone cement 3000 0.41 Tetrahedral
Vertebrae stent (SpineJack) 113,800 0.34 Tetrahedral
Rigid body 10 0.4 Pentahedron

2.2.1. Establishment of VP Model in T12 Compression Fracture

For compression fractures, the VP procedure uses PMMA bone cement as a filler,
finds the injectable point under fluoroscope guide, and injects the bone cement with a
percutaneous needle to restore the original height of the vertebral body. Kim et al. proposed
that under the same compressive load, the rigidity of the treated vertebral segment will be
closest to the normal uncompressed vertebra when the bone cement accounts for 30% of
the original spongy bone space [20]. In this study, 30% of the cancellous bone space in the
T12 vertebral body was removed, and PMMA bone cement (Young’s modulus: 3000 MPa,
Poisson’s ratio: 0.41) was added to simulate the finite element model of osteoporosis after
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vertebroplasty; bone cement is directly contacted with the spongy bone in the vertebral
body and then solidified. The element type of bone cement is set in the same way as the
spongy bone element.

2.2.2. Establishment of BKP Model in T12 Compression Fracture

The difference of BKP from VP is that before the bone cement is delivered, the collapsed
vertebral body is expanded to the expected height with a special balloon, and then the
bone cement is injected into the opened cavity. In this study, 50% volume in the cancellous
bone space of T12 vertebral body was excavated in the shape of sphere; then bone cement
elements conforming to the spherical shape were created and put into the cavity to simulate
bone cement injection, and bone cement with 40% volume of the injured vertebra was used
to augment the T12 body, which is similar to that proposed by Purcell et al. [21].

2.2.3. Establishment of VS Model with Bone Cement Augmentation in T12
Compression Fracture

In this study VS refers to the use of a commercialized implantable titanium vertebral
augmentation device (using the SpineJack system) for treating VCF. The geometry of
the vertebral stent SpineJack (VS) Model was created by scanning the SpineJack implant
by using a 3D reverse engineering scanning device (ATOS, GOM Inc., Braunschweig,
Germany) reverse and the Solidworks CAD software. In this study, 50% of the volume in
the cancellous bone space of T12 vertebral body was excavated; SpineJack was assumed
to restore 45% of the damaged T12 vertebra and bone cement was added to strengthen it.
Figure 3 demonstrated finite element models of these three models.

_~Intervertebral disc
——Cortical bone
Cancellous bone
B osterior element

/

\
SpineJack

Figure 3. T11-L1 finite element model representing three types of cement augmentation technique.
(A): Vertebroplasty (VP). (B): Balloon kyphoplasty (BKP). (C): Vertebrae stent (VS).

The element and node numbers for the final FE models used were ranging from
339,429-546,351 for element numbers and 83,472-114,961 for node numbers. Final element
densities size of 1.5 mm for vertebral bodies, 1 mm for bone cement, 1.5 mm for endplate,
and 0.3 mm for SpineJack were used respectively for different FE models.



Appl. Sci. 2021, 11, 5764 6of 12

2.3. Loading and Boundary Condition Settings

The loading conditions are set as follows: (1) A follower load of (1175 N for flexion,
and 500 N for all others) was applied in between vertebral bodies to simulate the muscle
force. The nodes on the bottom surface of the L1 vertebra were fully constrained as bound-
ary condition. (2) Moment loadings of 7.5 N-m in flexion, extension, lateral bending,
axial rotation were applied respectively according to the literature by Rohlmann et al. [19].
The stress distributions on the implant-cancellous bone interfaces were compared under
dif-ferent loading conditions, so as to assess the location of the fracture that may occur
again in the treated segment. Under different loading conditions, the stress distributions
on the adjacent segments (T11 and L1) after implantation were compared for different
cement augmentation treatments. It was aimed to observe whether there is a “load shift”
phe-nomenon that may cause high stress site to transfer to the internal vertebral body of
adja-cent segments, thereby posing a risk of secondary fracture in the adjacent segments.

3. Results

The biomechanical performance of the surgical segment and adjacent vertebral bodies
were investigated, including von Mises stress distribution and compressive stiffness, in
order to understand the effects of different loading conditions and to evaluate the risk of
secondary fracture.

3.1. Maximum Bone Cement Stress

From Figure 4A-D, the maximum stresses in the bone under flexion loading for each
surgery model are: 3.9 MPa for the VP model, 3.59 MPa for the BKP model, and 5.91 Mpa
for the VS model; when under extension loading for the VP model it is 2.37 MPa, 3.61 MPa
for the BKP model, and 3.74 MPa for the VS model; when under lateral bending conditions
for the VP model it is 2.48 MPa, 2.73 MPa for the BKP model, and 3.12 MPa for the VS
model; when under axial rotation conditions for the VP model it is 2.13 MPa, 1.85 MPa for
the BKP model, and 3.54 MPa for the VS model.

A Flexion B Extension
¢ L% Q &
i vP BKP VS VP BKP VS
C Lateral Bending D Axial Rotation
—— " -
BKP \& VP BKP VS

Figure 4. Finite element stress nephogram of bone cement. (A): Flexion. (B): Extension. (C): Lateral bending. (D): Axial rotation.

3.2. Maximum Adjacent Segment Interfacial Stress Distribution

The interfacial stress distributions at the adjacent lower T11 and upper L1 endplates
were investigated to evaluate the risk of adjacent level fracture.
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3.2.1. Maximum Interfacial Stress at Lower T11 Endplate

From Figure 5A-D, the maximum interfacial stress at the Lower T11 endplate under
flexion loading for the VP model is 19.52 MPa, 18.46 MPa for the BKP model, and 20.97 MPa
for the VS model; under extension conditions for the VP model it is 13.41 MPa, 13.99 MPa
for the BKP model, and 12.25 MPa for the VS model; under lateral bending conditions for
VP itis 11.61 MPa, 10.91 MPa for the BKP model, and 12.19 MPa for the VS model; under
axial rotation conditions for the VP model itis 8.74 MPa, 9.13 MPa for the BKP model, and

8.63 MPa for the VS model.
Flexion B Extension
BKP VS e VP BKP VS
Lateral Bending D Axial Rotation

=]
~
=
<
»

Figure 5. Finite element stress nephogram of interfacial stress at lower T11 endplate. (A): Flexion. (B): Extension. (C):
Lateral bending. (D): Axial rotation.

3.2.2. Maximum Interfacial Stress at Upper L1 Endplate

From Figure 6A-D, the maximum upper L1 endplate interfacial stress under flexion
conditions for the VP model is 13.74 MPa, 13.79 MPa for the BKP model, and 13.5 MPa
for the VS model; under extension conditions for the VP model it is 13.41 MPa, 13.52 MPa
for the BKP model, and 14.27 for the VS model; under lateral bending conditions for the
VP model it is 11.34 MPa, 11.36 MPa for the BKP model, and 11.17 MPa for the VS model;
under axial rotation conditions for the VP model it is 8.1 MPa, 9.13 MPa for the BKP model,
and 8.63 MPa for the VS model.

A Flexion B Extension
VP BKP . VP BKP Vs
D

Axial Rotation

VP BKP VS

Figure 6. Finite element stress nephogram of interfacial stress at upper L1 endplate. (A): Flexion. (B): Extension. (C): Lateral
bending. (D): Axial rotation.
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3.2.3. Surgical Segment Vertebra Stiffness

The postoperative T12 stiffnesses (slopes of the force-displacement curves) of the
three different surgical interventions are shown in Figure 7. The stiffness values could
help understanding the biomechanical behavior of the injured vertebra under 1000 N
compressive force. The stiffness for the VP, BKP, and VS groups are: 2898.48 N/mm,
4123.18 N/mm, and 4690.34 N/mm, respectively.

Force — Displacement Curve
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Figure 7. Force-displacement curve of the treated vertebrae after three different surgical procedures.

Table 2 summarizes the maximal stress on the T12 cement surface, T11 lower endplate
and L1 upper endplate in these three models.

Table 2. Maximum von Mises stresses of the three surgical models (MPa).

Flexion Extension Lateral Bending  Axial Rotation
Bone cement
VP 3.90 2.37 2.48 2.13
BKP 3.59 3.61 2.73 1.85
VS 591 3.74 3.12 3.54
Lower
T11 endplate
VP 19.52 13.41 11.61 8.74
BKP 18.46 13.99 1091 9.13
VS 20.97 12.25 12.19 8.63
Upper
L1 endplate
VP 13.74 13.41 11.34 8.1
BKP 13.79 13.52 11.36 5.84
\E 13.50 14.27 11.17 8.32

VP: Vertebroplasty; BKP: Balloon kyphoplasty; VS: Vertebrae stent.

4. Discussion

VP and BKP are common interventions for the treatment of osteoporotic compression
fracture of the spine vertebrae. VS can achieve controlled anatomical restoration before bone
cement augmentation and has gained popularity recently. Although the height restoration
and augment material property may vary, these interventions all use bone cement to
stabilize fracture cracks. The aim of this study was to investigate the biomechanical effects
on osteoporotic compression fracture of these different interventions.

Clinical studies of different cement augmentation procedures have been encouraging.
Several studies have suggested both VP and BKP not only improved quality of life, pain
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relief, improved functionality, and restored vertebral body height [22]. A meta-analysis
by Zhao et al. showed patients treated with BKP are more effective according to the long
term Visual Analogue Scale (VAS), Oswestry Disability Index (ODI), improved kyphosis
angle, mean vertebral body height, and experience significantly reduced risk of cement
leakage [23]. Clinical outcomes of VKP and VS (SpineJack) cement augmentations were
also compared in previous studies. Noriega et al. demonstrated both procedures were safe
and led to significant clinical improvement for patients with osteoporotic vertebral com-
pression fractures [5]. In 2019, a prospective, international, randomized study compared
an implantable titanium vertebral augmentation device versus BKP in the reduction of
vertebral compression fractures and found non-inferiority of the titanium augmentation
device with an excellent risk/benefit profile for results up to 12 months [24]. Furthermore,
in vitro biomechanical cadaver studies demonstrated height restoration was significantly
better in the VS (SpineJack) group compared with the BKP group [25]. The clinical impli-
cations include a better restoration of the sagittal balance of the spine and a reduction of
the kyphotic deformity. From our results, the VS group has the highest von Mises stress
among the three surgical interventions of 5.94 MPa. The usual maximum compressive
strength of PMMA is 93 MPa, which is far more than the measured maximum stress in the
VS group [26]. Therefore, it is reasonable that the compressive strength of PMMA is well
within the safe range for all three surgical procedures.

The effect of cement augmentation on the adjacent vertebral body has been debated.
Many studies have reported the incidence of adjacent level fractures, but the results were
not consistent. Ma et al. conducted a meta-analysis which encompassed 12 studies with
1081 patients [27]. They concluded that BKP and VP are both safe and effective proce-
dures for treating osteoporotic vertebral compression fractures. There were no statistical
differences in VAS, ODI, cement leakage rates, and adjacent vertebral fracture rates. Sim-
ilarly, Zhao et al. found both VP and BKP had a similar effect on short-term pain relief,
posterior vertebral body weight, and adjacent-level fractures [23]. In this study, the stress
distributions of the adjacent lower T11 and upper L1 endplate also showed no significant
difference among the surgical intervention groups, implying no significant effect on the
risks of adjacent fracture.

This study also showed that compression fractures treated with VS have the highest
stiffness of 4690.34 N/mm. According to a study on the stress burden of the spine after
VP and BKP by Rohlmann et al., the stiffness and strength of the vertebrae increase as
the bone cement volume increases [8]. Their probabilistic and sensitivity study suggested
that in cement augmentation procedures, the maximum stresses moderately depend on
the injected cement volume. The VS group has the most amount of cement augmentation
and VP has the least amount. According to Rotter et al., during intraoperative period,
VS (SpineJack) could preserve the maximum height gain significantly better than BKP,
which creates cavity absence of load-bearing after balloon deflation and before cement in-
jection [28]. Furthermore, the additional support of titanium alloy implant also contributes
to a higher stiffness for the VS group. Interestingly, the results of this biomechanical study
also suggest a superior body height maintenance ratio for the VS surgical model due to a
higher stiffness.

However, several previous articles have reported the possible risk factors for recollapse
of cemented vertebrae after percutaneous cement augmentation. In 2011, Chen et al.
retrospectively reviewed 1800 patients after a 2-year follow-up. The incidence of refracture
of the same vertebra after VP with an incidence rate of 0.56% [29]. Osteonecrosis, greater
anterior vertebral height restoration, lesser kyphosis angle correction and cystic filling
pattern were found to be significant risk factors for recollapse. As for BKP, Lavelle et al.
reported a 10% incidence recurrent fracture after BKP of a previously operated vertebra
primarily within the first 90 days after surgery [30]. The study by Kim et al. demonstrated
the presence of intervertebral cleft and non-PMMA-endplate-contact may contribute to
future recompression of BKP treated vertebrae [31]. Li et al. conducted a risk factor analysis
for re-collapse of cemented vertebrae after percutaneous VP or BKP [32]. Low bone mineral
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density, percutaneous BKP, and low volume cement injection were found to be associated
with high risk of recollapse. Therefore, cautious interpretation of patients with the above
risk factors is imperative to prevent deterioration of fracture conditions.

There are several limitations to this study that need to be considered. The creation
of a finite element model requires several simplifications and assumptions, including a
homogeneous cement filling model and orthotropic material simulation. Physiological
boundary conditions, cortical and trabecular bone region distinction, subsequent bone
remodeling and pre-existing damage may be neglected. Furthermore, as of many other
biomechanical studies, our finite element analysis was limited to a single thoracic vertebral
segment and may not be generalized to other vertebrae. Despite the shortcomings men-
tioned above, this is the first study comparing the stress distribution and maximum von
Mises stresses on the treated and adjacent vertebrae among VP, BKP, and VS using finite
element analysis. This biomechanical study can improve the understanding of cement
augmentation on vertebral compression fracture. To make the results from this finite
element analysis clinically applicable, we encourage future multicenter studies with long
term follow up to confirm these findings. The interpretation of this finite element analysis
can only explain immediate post-operative results but cannot predict long-term clinical
effects. According to current literature review, all three surgical procedures lead to good
clinical results. This is in line with the low stress distribution values found in our results.
Based on clinical experience, the three procedures differ mostly by the restored vertebral
height and the amount of bone cement injection. The bone cement will gradually compress
over time and the height will decrease. However, metal stent covered with bone cement
provides continued support to maintain vertebral height. This is the reason for superior
stiffness of the VS group and may further imply long-term clinical benefits.

5. Conclusions

According to this finite element analysis, treating compression fracture with vertebral
stent led to superior surgical segment vertebra stiffness when compared to vertebroplasty
and balloon kyphoplasty. Adjacent endplate interfacial stress distribution was not signifi-
cantly different among these surgical interventions.

Author Contributions: ]J.-C.L. and W.-P.C. designed the study. J.-C.L. and M.].-W.C. wrote the
manuscript. T.-Y.L. reviewed and edited the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by Chang Gung Memorial Hospital Research Fund (CR-
RPG2H0091).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data used to support the finding of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors declare that there no conflicts of interest regarding the publication
of this paper. All methods were carried out in accordance with relevant guidelines and regulations.
All experimental protocols were approved by a named institutional and/or licensing committee.

1. Cockerill, W.; Lunt, M.; Silman, A.J.; Cooper, C.; Lips, P,; Bhalla, A.K,; Cannata, ].B.; Eastell, R.; Felsenberg, D.; Gennari, C.; et al.
Health-related quality of life and radiographic vertebral fracture. Osteoporos. Int. 2003, 15, 113-119. [CrossRef] [PubMed]

2.  Lee, S-K; Lee, S.-H.; Yoon, S.-P; Lee, Y.-T,; Jang, G.; Lim, S.-Y.; Lee, H.-M.; Moon, S.-H.; Song, K.-S. Quality of Life Comparison
between Vertebroplasty and Kyphoplasty in Patients with Osteoporotic Vertebral Fractures. Asian Spine J. 2014, 8, 799-803.

[CrossRef]

3.  Klazen, C.A;; Lohle, PN.; de Vries, ].; Jansen, EH.; Tielbeek, A.V.,; Blonk, M.C.; Venmans, A.; van Rooij, W.J.].; Schoemaker, M.C;
Juttmann, J.R.; et al. Vertebroplasty versus conservative treatment in acute osteoporotic vertebral compression fractures (Vertos
II): An open-label randomised trial. Lancet 2010, 376, 1085-1092. [CrossRef]


http://doi.org/10.1007/s00198-003-1547-4
http://www.ncbi.nlm.nih.gov/pubmed/14618303
http://doi.org/10.4184/asj.2014.8.6.799
http://doi.org/10.1016/S0140-6736(10)60954-3

Appl. Sci. 2021, 11, 5764 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Wardlaw, D.; Cummings, S.R.; Van Meirhaeghe, J.; Bastian, L.; Tillman, ].B.; Ranstam, J.; Eastell, R.; Shabe, P.; Talmadge, K.;
Boonen, S. Efficacy and safety of balloon kyphoplasty compared with non-surgical care for vertebral compression fracture (FREE):
A randomised controlled trial. Lancet 2009, 373, 1016-1024. [CrossRef]

Noriega, D.C.; Ramajo, R.H.; Lite, I.S.; Toribio, B.; Corredera, R.; Ardura, F,; Kriiger, A. Safety and clinical performance of
kyphoplasty and SpineJack((R)) procedures in the treatment of osteoporotic vertebral compression fractures: A pilot, monocentric,
investigator-initiated study. Osteoporos. Int. 2016, 27, 2047-2055. [CrossRef]

Liu, J.-T,; Li, C.-S.; Chang, C.-S.; Liao, W.-J. Long-term follow-up study of osteoporotic vertebral compression fracture treated
using balloon kyphoplasty and vertebroplasty. J. Neurosurg. Spine 2015, 23, 94-98. [CrossRef] [PubMed]

Liu, J.T.; Liao, W.J.; Tan, W.C,; Lee, ].K,; Liu, C.H.; Chen, Y.H.; Lin, T.B. Balloon kyphoplasty versus vertebroplasty for treatment
of osteoporotic vertebral compression fracture: A prospective, comparative, and randomized clinical study. Osteoporos. Int. 2010,
21, 359-364. [CrossRef]

Rohlmann, A.; Zander, T.; Schmidt, H.; Wilke, H.-].; Bergmann, G. Analysis of the influence of disc degeneration on the mechanical
behaviour of a lumbar motion segment using the finite element method. J. Biomech. 2006, 39, 2484-2490. [CrossRef]

Eck, J.C.; Nachtigall, D.; Humphreys, S.C.; Hodges, S.D. Comparison of vertebroplasty and balloon kyphoplasty for treatment of
vertebral compression fractures: A meta-analysis of the literature. Spine J. 2008, 8, 488-497. [CrossRef] [PubMed]

Garnier, L.; Tonetti, ].; Bodin, A.; Vouaillat, H.; Merloz, P.; Assaker, R.; Court, C. Kyphoplasty versus vertebroplasty in osteoporotic
thoracolumbar spine fractures. Short-term retrospective review of a multicentre cohort of 127 consecutive patients. Orthop.
Traumatol. Surg. Res. 2012, 98 (Suppl. 6), S112-S119. [CrossRef]

Keller, T.S.; Kosmopoulos, V.; Lieberman, I.H. Vertebroplasty and kyphoplasty affect vertebral motion segment stiffness and
stress distributions: A microstructural finite-element study. Spine 2005, 30, 1258-1265. [CrossRef]

Takano, H.; Yonezawa, I.; Todo, M.; Mazlan, M.H.; Sato, T.; Kaneko, K. Biomechanical Study of the Effects of Balloon Kyphoplasty
on the Adjacent Vertebrae. . Biomed. Sci. Eng. 2016, 09, 478-487. [CrossRef]

Becker, S.; Dabirrahmani, D.; Hogg, M.; Appleyard, R.; Baroud, G.; Gillies, M. Disadvantages of Balloon Kyphoplasty with
PMMA—A Clinical and Biomechanical Statement. J. Miner Stoff. Wechs. 2011, 18, 9-12.

Werner, C.M.; Osterhoff, G.; Schlickeiser, J.; Jenni, R.; Wanner, G.A.; Ossendorf, C.; Simmen, H.P. Vertebral body stenting versus
kyphoplasty for the treatment of osteoporotic vertebral compression fractures: A randomized trial. J. Bone Jt. Surg. Am. 2013, 95,
577-584. [CrossRef] [PubMed]

Noriega, D.C.; Rodriguez-Monsalve, F; Ramajo, R.; Sanchez-Lite, I.; Toribio, B.; Ardura, F. Long-term safety and clinical
performance of kyphoplasty and SpineJack procedures in the treatment of osteoporotic vertebral compression fractures: A pilot,
monocentric, investigator-initiated study. Osteoporos. Int. 2019, 30, 637-645. [CrossRef]

Filippiadis, D.K.; Marcia, S.; Ryan, A.; Beall, D.P,; Masala, S.; Deschamps, F.; Kelekis, A. New Implant-Based Technologies in the
Spine. Cardiovasc. Interv. Radiol. 2018, 41, 1463-1473. [CrossRef] [PubMed]

Chosa, E.; Goto, K.; Totoribe, K.; Tajima, N. Analysis of the Effect of Lumbar Spine Fusion on the Superior Adjacent Intervertebral
Disk in the Presence of Disk Degeneration, Using the Three-Dimensional Finite Element Method. J. Spinal Disord. 2004, 17,
134-139. [CrossRef]

Cho, AR;; Cho, S.B.; Lee, ] H.; Kim, K.H. Effect of augmentation material stiffness on adjacent vertebrae after osteoporotic
vertebro-plasty using finite element analysis with different loading methods. Pain Physician 2015, 18, E1101-E1110. [CrossRef]
Rohlmann, A.; Boustani, H.N.; Bergmann, G.; Zander, T. A probabilistic finite element analysis of the stresses in the augmented
vertebral body after vertebroplasty. Eur. Spine J. 2010, 19, 1585-1595. [CrossRef] [PubMed]

Kim, K.H.; Kuh, S.U.; Chin, D.K;; Jin, B.H.; Kim, K.S.; Yoon, Y.S.; Cho, Y.E. Kyphoplasty versus vertebroplasty: Restoration of
vertebral body height and correction of kyphotic deformity with special attention to the shape of the fractured vertebrae. |. Spinal
Disord. Tech. 2012, 25, 338-344. [CrossRef] [PubMed]

Purcell, P.; Tyndyk, M.; McEvoy, F; Tiernan, S.; Morris, S. A parametric finite element analysis of the compacted bone-cement
interface following balloon kyphoplasty. Proc. Inst. Mech. Eng. H 2014, 228, 89-97. [CrossRef]

Garfin, S.R,; Yuan, H.A ; Reiley, M.A. New technologies in spine: Kyphoplasty and vertebroplasty for the treatment of painful
osteoporotic compression fractures. Spine 2001, 26, 1511-1515. [CrossRef]

Zhao, G.; Liu, X; Li, F. Balloon kyphoplasty versus percutaneous vertebroplasty for treatment of osteoporotic vertebral compres-
sion fractures (OVCFs). Osteoporos. Int. 2016, 27, 2823-2834. [CrossRef]

Noriega, D.; Marcia, S.; Theumann, N.; Blondel, B.; Simon, A.; Hassel, E; Maestretti, G.; Petit, A.; Weidle, PA.; Mandly, A.G;
et al. A prospective, international, randomized, noninferiority study comparing an implantable titanium vertebral augmentation
device versus balloon kyphoplasty in the reduction of vertebral compression fractures (SAKOS study). Spine J. 2019, 19, 1782-1795.
[CrossRef] [PubMed]

Oberkircher, L.; Struewer, J.; Bliemel, C.; Buecking, B.; Eschbach, D.A.; Ruchholtz, S.; Krueger, A. Height restoration and
preservation in osteoporotic vertebral compression fractures: A biomechanical analysis of standard balloon kyphoplasty versus
radiofrequency kyphoplasty in a cadaveric model. J. Spinal Disord. Tech. 2014, 27, 283-289. [CrossRef] [PubMed]

Lewis, G. Properties of acrylic bone cement: State of the art review. J. Biomed. Mater. Res. 1997, 38, 155-182. [CrossRef]

Ma, X.L.; Xing, D.; Ma, ] X.; Xu, W.G.; Wang, J.; Chen, Y. Balloon kyphoplasty versus percutaneous vertebroplasty in treating
osteoporotic vertebral compression fracture: Grading the evidence through a systematic review and meta-analysis. Eur. Spine |.
2012, 21, 1844-1859. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(09)60010-6
http://doi.org/10.1007/s00198-016-3494-x
http://doi.org/10.3171/2014.11.SPINE14579
http://www.ncbi.nlm.nih.gov/pubmed/25884343
http://doi.org/10.1007/s00198-009-0952-8
http://doi.org/10.1016/j.jbiomech.2005.07.026
http://doi.org/10.1016/j.spinee.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17588820
http://doi.org/10.1016/j.otsr.2012.03.018
http://doi.org/10.1097/01.brs.0000163882.27413.01
http://doi.org/10.4236/jbise.2016.910043
http://doi.org/10.2106/JBJS.L.00024
http://www.ncbi.nlm.nih.gov/pubmed/23553291
http://doi.org/10.1007/s00198-018-4773-5
http://doi.org/10.1007/s00270-018-1987-z
http://www.ncbi.nlm.nih.gov/pubmed/29789873
http://doi.org/10.1097/00024720-200404000-00010
http://doi.org/10.36076/ppj.2015/18/E1101
http://doi.org/10.1007/s00586-010-1386-x
http://www.ncbi.nlm.nih.gov/pubmed/20361339
http://doi.org/10.1097/BSD.0b013e318224a6e6
http://www.ncbi.nlm.nih.gov/pubmed/21705918
http://doi.org/10.1177/0954411913513575
http://doi.org/10.1097/00007632-200107150-00002
http://doi.org/10.1007/s00198-016-3610-y
http://doi.org/10.1016/j.spinee.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31325625
http://doi.org/10.1097/BSD.0b013e3182aab205
http://www.ncbi.nlm.nih.gov/pubmed/24077411
http://doi.org/10.1002/(SICI)1097-4636(199722)38:2&lt;155::AID-JBM10&gt;3.0.CO;2-C
http://doi.org/10.1007/s00586-012-2441-6
http://www.ncbi.nlm.nih.gov/pubmed/22832872

Appl. Sci. 2021, 11, 5764 12 of 12

28.

29.

30.
31.

32.

Rotter, R.; Schmitt, L.; Gierer, P.; Schmitz, K.-P.; Noriega, D.; Mittlmeier, T.; Meeder, P.-J.; Martin, H. Minimum cement volume
required in vertebral body augmentation—A biomechanical study comparing the permanent SpineJack device and balloon
kyphoplasty in traumatic fracture. Clin. Biomech. 2015, 30, 720-725. [CrossRef] [PubMed]

Chen, L.-H.; Hsieh, M.-K; Liao, ]J.-C.; Lai, P-L.; Niu, C.-C.; Fu, T.-S.; Tsai, T.-T.; Chen, W.-]. Repeated percutaneous vertebroplasty
for refracture of cemented vertebrae. Arch. Orthop. Trauma Surg. 2011, 131, 927-933. [CrossRef] [PubMed]

Lavelle, W.E,; Cheney, R. Recurrent fracture after vertebral kyphoplasty. Spine . 2006, 6, 488—493. [CrossRef]

Kim, Y.-Y.; Rhyu, K.-W. Recompression of vertebral body after balloon kyphoplasty for osteoporotic vertebral compression
fracture. Eur. Spine J. 2010, 19, 1907-1912. [CrossRef] [PubMed]

Li, Y.X,; Guo, D.Q.; Zhang, S.C.; Liang Yuan, K.; Mo, G.Y,; Li, D.X,; Guo, H.Z.; Tang, Y.; Luo, PJ. Risk factor analysis for re-collapse
of cemented vertebrae after percutaneous vertebroplasty (PVP) or percutaneous kyphoplasty (PKP). Int. Orthop. 2018, 42,
2131-2139. [CrossRef] [PubMed]


http://doi.org/10.1016/j.clinbiomech.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/25971847
http://doi.org/10.1007/s00402-010-1236-7
http://www.ncbi.nlm.nih.gov/pubmed/21191607
http://doi.org/10.1016/j.spinee.2005.10.013
http://doi.org/10.1007/s00586-010-1479-6
http://www.ncbi.nlm.nih.gov/pubmed/20559850
http://doi.org/10.1007/s00264-018-3838-6
http://www.ncbi.nlm.nih.gov/pubmed/29464371

	Introduction 
	Methods 
	Models 
	Establishment of an intact normal thoracolumbar spine in the FE model 
	Establishment of T12 Injured Vertebra FE Model 

	Material Parameter Setting 
	Establishment of VP Model in T12 Compression Fracture 
	Establishment of BKP Model in T12 Compression Fracture 
	Establishment of VS Model with Bone Cement Augmentation in T12 Compression Fracture 

	Loading and Boundary Condition Settings 

	Results 
	Maximum Bone Cement Stress 
	Maximum Adjacent Segment Interfacial Stress Distribution 
	Maximum Interfacial Stress at Lower T11 Endplate 
	Maximum Interfacial Stress at Upper L1 Endplate 
	Surgical Segment Vertebra Stiffness 


	Discussion 
	Conclusions 
	References

