
Background: Vertebroplasty is an effective treatment for osteoporotic vertebral fractures, 
which are one of the most common fractures associated with osteoporosis. However, clinical 
observation has shown that the risk of adjacent vertebral body fractures may increase after 
vertebroplasty. The mechanism underlying adjacent vertebral body fracture after vertebroplasty 
is not clear; excessive stiffness resulting from polymethyl methacrylate has been suspected as 
an important mechanism.

Objectives: The aim of our study was to compare the effects of bone cement stiffness on 
adjacent vertebrae after osteoporotic vertebroplasty under load-controlled versus displacement-
controlled conditions. 

Study Design: An experimental computer study using a finite element analysis. 

Setting: Medical research institute, university hospital, Korea.

Methods: A three-dimensional digital anatomic model of L1/2 bone structure was reconstructed 
from human computed tomographic images. The reconstructed three-dimensional geometry 
was processed for finite element analysis such as meshing elements and applying material 
properties. Two boundary conditions, load-controlled and displacement-controlled methods, 
were applied to each of 5 deformation modes: compression, flexion, extension, lateral bending, 
and torsion.

Results: The adjacent L1 vertebra, irrespective of augmentation, revealed nearly similar 
maximum von Mises stresses under the load-controlled condition. However, for the displacement-
controlled condition, the maximum von Mises stresses in the cortical bone and inferior endplate 
of the adjacent L1 vertebra increased significantly after cement augmentation. This increase was 
more significant than that with stiffer bone cement under all modes, except the torsion mode.

Limitations: The finite element model was simplified, excluding muscular forces and 
incorporating a large volume of bone cement, to more clearly demonstrate effects of bone 
cement stiffness on adjacent vertebrae after vertebroplasty. 

Conclusion: Excessive stiffness of augmented bone cement increases the risk of adjacent 
vertebral fractures after vertebroplasty in an osteoporotic finite element model. This result was 
most prominently observed using the displacement-controlled method.

Key words: Bone cements, displacement-controlled method, finite element analysis, load-
controlled method, osteoporosis, osteoporotic fracture, polymethyl methacrylate, vertebroplasty
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instead of the regular PMMA reduces the fracture risk 
of the adjacent vertebral body by using 3-D FE analyses.

Methods 

Modeling Procedure and Analysis Conditions 
Three-dimensional image data of the L1/2 func-

tional spinal unit (FSU) were gained from computed 
tomographic scans of the lumbar spine of a 63-year-old 
woman who had no abnormal findings on radiographs 
taken at 0.2 mm intervals. The specialist software Mim-
ics (Mimics 16.0, Materialise, Leuven, Belgium) was 
used to process the digital medical images and derive 
the geometry. A 3-D digital anatomic model of L1/2 
bone structure was established, containing cortical 
bone, cancellous bone, bony endplate, and posterior 
elements. Based on the L1/2 bony surface, the other 
structure volumes, such as annulus fibrosus and nucleus 
pulposus, were secondarily produced in Mimics 16.0 
(Fig. 1a). The reconstructed 3-D geometry was imported 
to the computer-aided design (CAD)/FE software (AN-
SYS 12.1, ANSYS Inc., Canonsburg, PA), and the prepro-
cessing for FE analysis, such as meshing element and 
applying material properties and boundary conditions, 
was performed. Fig. 1b shows a meshed model. The 
material properties for FE analysis are shown in Table 
1. The material properties for the osteoporotic bony 
structures were reduced, compared with normal bony 
structures, by 66% of the elastic modulus for cancellous 
bone and by 33% for cortical bone, bony endplate, and 
posterior elements (9). Because osteoporosis is clinically 
related to an age-related degeneration process, the 
process for intervertebral disc modeling was taken from 
Kurutz and Oroszvary’s study (12).

The FE static analysis was performed under 5 cir-
cumstances: normal, osteoporotic, and augmented 
with bone cement at 1,800, 500, and 150 MPa in an 
osteoporosis model. The bone cement with an elastic 
modulus of 1,800 MPa represented regular PMMA, 
and 500 MPa represented low-modulus PMMA. Bone 
cements 3, 5, or 10 mL were injected into the center 
of L2 trabecular bone and augmented the supporting 
endplate similar to an upright pillar. FE static analyses 
were also performed with ANSYS 12.1.

Deformation Mode and Boundary Condition
Two boundary conditions, LCM and DCM, were 

applied to each of 5 deformation modes: compression, 
flexion, extension, lateral bending, and torsion. When 
load or force moment was fixed, it was said to be LCM. 

Osteoporosis is characterized by reduced bone 
mass and disruption of bone architecture, 
resulting in increased bone fragility 

and fracture risk (1). Vertebroplasty is an effective 
treatment for osteoporotic vertebral fractures, which 
are common fractures associated with osteoporosis (2). 
Polymethyl methacrylate (PMMA) is the most widely 
used bone cement for vertebroplasty; it strengthens 
augmented vertebrae and can result in significant 
and rapid pain relief in 80 – 90% of patients (3). 
However, clinical observation has shown that the risk 
of adjacent vertebral body fractures may increase 
after vertebroplasty (4-6). The mechanism underlying 
adjacent vertebral body fracture after vertebroplasty is 
not clear; excessive stiffness resulting from PMMA use 
has been suspected as an important mechanism. 

However, efforts to identify whether the stiffness 
resulting from PMMA increases the risk of adjacent 
vertebral body fracture have failed to show consistent 
results. Baroud et al (3) adapted a lumbar L4/5 segment 
as a three-dimensional (3-D) finite element (FE) model. 
They compared the pre- and post-augmentation stiff-
ness and load shift with the same quasi-static axial com-
pression of 2.8 mm. The result revealed a 17% greater 
compressive stress at the L4 trabecular bone in the post-
augmented motion segment. In contrast, Rohlmann et 
al (7) suggested that vertebral body fractures in the 
adjacent vertebrae after vertebroplasty are not influ-
enced by the elastic modulus of bone cement; instead, 
they suggested that the dominant factor in these frac-
tures is the anterior shift of the upper vertebral body 
that is induced by fracture shape. In addition, studies to 
show the effects of filler materials with lower stiffness, 
such as low-modulus PMMA (8) and cancellous bone 
granules (9), on adjacent vertebrae after vertebroplasty 
have demonstrated conflicting results.    

Those inconsistent results might be due to the dif-
ferent loading methods applied. The load-controlled 
method (LCM) is a traditional loading method that 
applies the same pure moment loading method to 
the spinal constructs. In contrast, the displacement-
controlled method (DCM) applies different moment 
loads, so that the same overall ranges of motion (ROM) 
are achieved. Previous studies have demonstrated that 
adjacent vertebrae were more obviously affected under 
the DCM rather than the LCM in spine surgical models 
(10,11). Hence, we hypothesize that the risk of adjacent 
vertebral body fracture increases after vertebroplasty 
under the DCM. We also discussed and explained why 
vertebroplasty augmented with a low-modulus PMMA 
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Fig. 1. Reconstructed geometry (a) and meshed model (b) of  the L1/2 functional spinal unit. 

Table 1. Material properties for finite element analysis.

Materials Young’s modulus (MPa) Poisson’s ratio Status References

Bony structures

Cortical bone
12000 0.3 Normal 3, 12

8040 0.3 Osteoporosis 9

Trabecular bone
150 0.3 Normal 12

34 0.3 Osteoporosis 9

Bony endplate 
1000 0.3 Normal 9

670 0.3 Osteoporosis 9

Posterior structure
3500 0.3 Normal 12

2345 0.25 Osteoporosis 9

Intervertebral disc

Nucleus pulposus
1 0.499 Normal 9

9 0.4 Osteoporosis 12

Annlus matrix
4.2 0.45 Normal 9

5 0.45 Osteoporosis 12

Annulus fibers
455 0.3 Normal 9

455 0.3 Osteoporosis 9

Filler materials

Bone cement 1 1800 0.3 8

Bone cement 2 500 0.3 8

Bone cement 3 150 0.3

When displacement or rotation angle was fixed, it was 
said to be DCM. 

The distortion energy theory was used for FE per-
formance. The distortion energy theory, which is also 
known as the von Mises theory, is a famous theory of 

failure criterion for ductile materials. The von Mises 
stress is a failure criterion stating that yielding occurs 
when the von Mises stress reaches the yielding stress 
(13). The L2 inferior endplate’s bottom surface centroid 
was fixed, and the load and moments were added at 
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the centroid of the L1 superior endplate’s top surface. 
An axial load of 500 N and 0.5 mm displacement was 
applied to the z direction in the compression mode 
under LCM and DCM boundary conditions, respectively 
(Fig. 2a). Bending moments of 5,000 Nmm in the flexion 
mode and 2,500 Nmm in the extension, lateral bending, 
and torsion modes were applied under LCM, whereas 
a rotation angle of 2° in the flexion mode and 1° in 
the extension, lateral bending, and torsion modes were 
applied under DCM (Fig. 2b). The L2 inferior endplate 
and the L1 superior endplate were connected centrally 
with rigid elements and multi-point constraints. Only 
flexion mode was applied to FE models with 3 and 5 
mL of bone cement to compare the effects of cement 
volume. The contact of the facet joints was ignored.

Results 
The maximum von Mises data with 5 deforma-

tion modes under LCM and DCM boundary conditions 
showed similar results (Fig. 3–9). The maximum von 
Mises stresses in the cortical bones and endplates of the 
osteoporotic FSU were larger than those of the normal 
FSU. The cement augmentation decreased the maxi-
mum von Mises stresses in the augmented L2 vertebra 
under both LCM and DCM. The L1 vertebra of the FSU, 
irrespective of augmentation, revealed nearly similar 
maximum von Mises stresses under the LCM (Fig. 3–9a). 
However, for the DCM boundary condition, as shown 
in Fig. 3–8b, the maximum von Mises stresses in the 

cortical bone and inferior endplate of the adjacent L1 
vertebra increased significantly except in the torsion 
mode (Fig. 9b).

Compression
Under the displacement-controlled boundary con-

dition, as shown in Fig. 3b, the maximum von Mises 
stresses in the cortical bone of the adjacent L1 vertebra 
increased by 32% for bone cement of 1,800 MPa, 27% 
for 500 MPa, and 18% for 150 MPa. The maximum von 
Mises stresses in the inferior endplate of the adjacent 
L1 vertebra increased by 34% for bone cement of 1,800 
MPa, 28% for 500 MPa, and 19% for 150 MPa.

Flexion
As shown in Fig. 4b, with the rotation angle-con-

trolled boundary condition, the maximum von Mises 
stresses in the cortical bone of the adjacent L1 vertebra 
increased by 19% for bone cement of 1,800 MPa, 17% 
for 500 MPa, and 11% for 150 MPa. The maximum von 
Mises stresses in the inferior endplate of the adjacent 
L1 vertebra increased by 22% for bone cement of 1,800 
MPa, 19% for 500 MPa, and 12% for 150 MPa. In flexion 
mode, different cement volumes, 3 and 5 mL, were ad-
ditionally used. The tendency seems similar, however, 
the less cement volume used, the smaller the increase in 
the maximum von Mises stresses. In the case of cement 
volume of 5 mL, under the rotation angle-controlled 
boundary condition (Fig. 5b), the maximum von Mises 

Fig. 2. Load or displacement-controlled compression (a) and force moment or angle-controlled flexion (b).
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Fig. 3. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  10 mL under load-
controlled compression, 500 N (a), and displacement-controlled compression, 0.5 mm (b).

Fig. 4. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  10 mL under 
bending moment-controlled flexion, 5,000 Nmm (a), and rotation angle-controlled flexion, 2° (b).

stresses in the cortical bone of the adjacent L1 vertebra 
increase by 12% for bone cement of 1,800 MPa, 10% 
for 500 MPa, and 6% for 150 MPa. The maximum von 
Mises stresses in the inferior endplate of the adjacent 
L1 vertebra increased by 14% for bone cement of 1,800 
MPa, 12% for 500 MPa, and 7% for 150 MPa. In the case 
of cement volume of 3 mL, under the rotation angle-
controlled boundary condition (Fig. 6b), the maximum 
von Mises stresses in the cortical bone of the adjacent 

L1 vertebra increase by 7% for bone cement of 1,800 
MPa, 6% for 500 MPa, and 3% for 150 MPa. The maxi-
mum von Mises stresses in the inferior endplate of the 
adjacent L1 vertebra increased by 8% for bone cement 
of 1,800 MPa, 7% for 500 MPa, and 3% for 150 MPa.

Extension
Under the rotation angle-controlled boundary 

condition, the maximum von Mises stresses in the corti-
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Fig. 5. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  5 mL under 
bending moment-controlled flexion, 5,000 Nmm (a), and rotation angle-controlled flexion, 2° (b).

Fig. 6. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  3 mL under 
bending moment-controlled flexion, 5,000 Nmm (a), and rotation angle-controlled flexion, 2° (b).

cal bone of the adjacent L1 vertebra were increased by 
19% for bone cement of 1,800 MPa, 15% for 500 MPa, 
and 10% for 150 MPa and maximum von Mises stresses 
in the inferior endplate of the adjacent L1 vertebra 
were increased by 20% for bone cement of 1,800 MPa, 
17% for 500 MPa, and 10% for 150 MPa (Fig. 7b).

Lateral Bending
As shown in Fig 8b, the maximum von Mises 

stresses in the cortical bone of the adjacent L1 vertebra 
increased by 17% for bone cement of 1,800 MPa, 14% 
for 500 MPa, and 9% for 150 MPa under the rotation 
angle-controlled boundary condition. Maximum von 
Mises stresses in the inferior endplate of the adjacent 
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Fig. 7. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  10 mL under 
bending moment-controlled extension, 2,500 Nmm (a), and rotation angle-controlled extension, 1° (b).

Fig. 8. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  10 mL under 
bending moment-controlled lateral bending, 2,500 Nmm (a), and rotation angle-controlled lateral bending, 1° (b).

L1 vertebra were also increased by 18% for bone ce-
ment of 1,800 MPa, 16% for 500 MPa, and 11% for 150 
MPa.

Torsion
Under the rotation angle-controlled boundary 

condition, the maximum von Mises stresses in the 
cortical bone of the adjacent L1 vertebra increased by 

4% for bone cement of 1,800 MPa, 2% for 500 MPa, 
and 1% for 150 MPa. Maximum von Mises stresses 
in the inferior endplate of the adjacent L1 vertebra 
increased by 4% for bone cement of 1,800 MPa, 0% 
for 500 MPa, and 150 MPa. The results of stress for 
both twisting moment and rotation angle-controlled 
boundary conditions have small differences, as shown 
in Fig. 9a and 9b. 
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discussion 

According to this study, excessive stiffness of aug-
mented bone cement increases the risk of adjacent ver-
tebral fracture after vertebroplasty in osteoporotic FE 
models. The increased risk was more prominent under 
DCM rather than LCM, which explains the inconsistent 
results of previous studies. 

Biomechanical studies using cadaveric FSU have 
been conducted previously. Barlemann et al (14) dem-
onstrated that the failure strength of FSUs treated by 
cement augmentation in one vertebral body was lower 
than that of untreated controls. In contrast, another 
study failed to show any difference of the compressive 
load of failure between augmented and non-augment-
ed vertebrae (15). The former study was conducted with 
load compression at a constant rate of 0.5 mm/s to a 
total compression of 10 mm. In the latter study, loading 
was created with a combination of axial compression 
and anterior flexion moments at a rate of 200 N/s. 

The inconsistency also has appeared with FE 
analysis. Baroud et al (3) adapted a lumbar L4/5 seg-
ment as a 3-D FE model. They compared the pre- and 
post-augmentation stiffness and load shift with the 
same quasi-static axial compression of 2.8 mm. The 
result revealed 17% greater compressive stress at the 
adjacent trabecular bone in the post-augmented mo-
tion segment. In contrast, Rohlmann et al (7) simulated 
standing by applying a follower load of 500 N; flexion 

by applying a follower load of 1,175 N and a flexion 
bending moment of 7.5 Nm; extension, lateral bending, 
and axial rotation by applying a follower load of 500 
N and a corresponding moment of 7.5 Nm; and walk-
ing by applying a follower load of 650 N and a torsion 
moment of 7.5 Nm. They concluded that bone cement’s 
elastic modulus influence on the maximum von Mises 
stresses in cancellous and cortical bone was negligible. 

Goel et al (10) analyzed adjacent vertebral effects 
of artificial discs that used both the LCM and DCM 
approach, and demonstrated that adjacent vertebral 
effects were more significant under DCM. This finding 
is consistent with our result. They suggested that DCM 
is more clinically relevant because, in real life, people 
bend their spines within a similar limited ROM, regard-
less of whether their spine is healthy or has undergone 
spinal surgery. When people pick up objects from the 
floor using squatting or bending movements after 
vertebroplasty, their ROM cannot be changed much; 
instead, flexion bending moments can be changed ow-
ing to augmented bone cements. Hence, we suggest 
that DCM is a much more clinically relevant approach to 
evaluate adjacent vertebral effects after vertebroplasty; 
however, it can be confirmed only after a comparative 
study of ROM between healthy and post-vertebroplasty 
lumbar spines is conducted.

Normal functional ROM of the lumbar spine dur-
ing various activities of daily living was investigated 
previously (16). The functional ROM required to per-

Fig. 9. Maximum von Mises stresses for components of  the L1/2 functional spinal unit with cement volume of  10 mL under 
twisting moment-controlled torsion, 2,500 Nmm (a), and rotation angle-controlled torsion, 1° (b).
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form daily activities included in the investigation was 
3° to 49° (median, 9°) of flexion/extension, 2° to 11° 
(median, 6°) of lateral bending, and 2° to 7° (median, 
5°) of rotation. Of all the daily activities that were 
tested, more than 40° of lumbar flexion was required 
when participants picked up an object from the ground 
using squatting at the knee or bending at the waist. 
Although the study included asymptomatic individuals, 
the functional ROM of patients after vertebroplasty 
might be larger than the 1° or 2° used in the present 
study. It means that the maximum von Mises stresses on 
adjacent vertebrae would be even higher during daily 
activities, which increases the risk of vertebral fracture 
after vertebroplasty.

Efforts to overcome the shortcomings of PMMA, 
including excessive stiffness, have been made. Calcium 
phosphate cement (CPC) has been suggested as a pos-
sible alternative bone cement; it is highly osteoconduc-
tive and gradually replaced by new bone, which can 
provide substantial improvement in the compressive 
strength of the osteoporotic or fractured bone (17-19). 
The elastic modulus of PMMA is 2,700 MPa, which is 
much higher than that of human cancellous bone (168 
MPa). In contrast, the elastic modulus of CPC is 180 MPa, 
which is more effective at avoiding the stress-shielding 
effect and abnormal load transfer, as well as reducing 
secondary fracture of adjacent vertebral bodies (20). 
Low-modulus PMMA also has been investigated, which 
resulted in lower incidence of upper vertebral endplate 
fractures compared with regular PMMA. However, 
despite biomechanical studies showing reduced risk of 
adjacent vertebral fracture with filler materials with 
lower stiffness (8,21), only a few clinical investigations 
have been conducted owing to low-modulus PMMA’s 
inadequate initial stiffness, and they failed to demon-
strate a better outcome compared with PMMA (22). 

This clinical insignificance may be explained by 
relatively recent clinical studies that identified the risk 
factors for new osteoporotic vertebral compression frac-
tures after vertebroplasty (23,24). The most important 
risk factor is bone marrow density (BMD). An adjacent 
vertebral fracture would not be affected by stiffness 
of bone cement as long as BMD is normal. The results 
of our study also showed vertebroplasty with various 
stiffnesses of bone cement could not reduce adjacent 
vertebral body fracture risk to the normal level. A previ-
ous study, in which highly osteoporotic bone could not 
restore the strength of normal vertebra, demonstrated 
that improvement in stiffness and strength after verte-
broplasty depended significantly on BMD (25). Besides 

BMD, body mass index and cement leakage are also 
known to increase risk of adjacent vertebral fracture 
after vertebroplasty, which might have contributed to 
the negative outcomes in the previous clinical trials.

Some limitations arose from the simplified FE 
model in this study. One limitation is that trunk and 
paravertebral muscles were not included in FE analysis. 
Goel et al (26) compared the effects of muscular forces 
on a lumbar motion segment under normal muscle 
condition and totally devoid of muscle condition. The 
lumbar motion segment was more stable under normal 
muscular forces. Kong et al (27) also showed that, at 
higher loads or at more-flexed postures, muscles were 
found to play a more crucial role in stabilizing the 
spine. The facet joints help to maintain the stability of 
the spine and carry between 3% and 25% of the spinal 
load in axial compression (28). Moreover, the stresses 
in the facet joints increase significantly when compar-
ing an osteoporotic spine to a healthy spine (29). One 
of the reasons is that degenerative facets lead to the 
mechanical instability of the spine motion segment in-
creasing the mechanical stresses supported by the adja-
cent disc, causing its progressive degeneration (30). To 
maximize the effect of bone cement, we created 2-level 
spinal models and injected a higher volume of bone ce-
ment than is clinically recommended (31). Although less 
cement volume produces less von Mises stress on adja-
cent vertebra, the result still shows a similar trend as 
larger cement volume; stiffer cement produces greater 
von Mises stresses. Hence, future study should include 
the effects of muscular force and facet joints in 5-level 
lumbar spine models and examine effects with various 
bone cement volumes and locations. 

conclusion

In this research, the effects of bone-cement stiff-
ness on adjacent vertebrae after osteoporotic vertebro-
plasty with LCM versus DCM were compared using FE 
analysis. The results demonstrated that bone-cement 
stiffness significantly affects adjacent vertebral body 
fractures only with DCM. Assuming the ROMs between 
pre-vertebroplasty and post-vertebroplasty are similar 
(10), DCM is more suitable than LCM to reflect real life. 
Our investigation suggests that excessive stiffness of 
bone cement might be a contributing factor to adjacent 
vertebral fracture after vertebroplasty in osteoporosis. 
However, the limitation that simplified our FE model 
and could not fully reflect the complexities of real-life 
situations should be considered.



Pain Physician: November/December 2015; 18:E1101-E1110

E1110  www.painphysicianjournal.com

RefeRences

1.  Anonymous NIH Consensus Develop-
ment Panel on Osteoporosis Preven-
tion, Diagnosis, and Therapy, March 7 - 
29, 2000: Highlights of the conference. 
South Med J 2001; 94:569-573. 

2.  Cooper C, Melton LJ 3rd. Vertebral frac-
tures. BMJ 1992; 304:1634-1635. 

3.  Baroud G, Nemes J, Heini P, Steffen T. 
Load shift of the intervertebral disc after 
a vertebroplasty: A finite-element study. 
Eur Spine J 2003; 12:421-426. 

4.  Kim SH, Kang HS, Choi JA, Ahn JM. Risk 
factors of new compression fractures 
in adjacent vertebrae after percutane-
ous vertebroplasty. Acta Radiol 2004; 
45:440-445. 

5.  Baroud G, Bohner M. Biomechanical 
impact of vertebroplasty. Postoperative 
biomechanics of vertebroplasty. Joint 
Bone Spine 2006; 73:144-150. 

6.  Trout AT, Kallmes DF, Kaufmann TJ. 
New fractures after vertebroplasty: Adja-
cent fractures occur significantly sooner. 
AJNR 2006; 27:217-223. 

7.  Rohlmann A, Zander T, Bergmann G. 
Spinal loads after osteoporotic vertebral 
fractures treated by vertebroplasty or ky-
phoplasty. Eur Spine J 2006; 15:1255-1264. 

8.  Boger A, Heini P, Windolf M, Schneider 
E. Adjacent vertebral failure after ver-
tebroplasty: A biomechanical study of 
low-modulus PMMA cement. Eur Spine 
J 2007; 16:2118-2125. 

9.  Zhang L, Yang G, Wu L, Yu B. The bio-
mechanical effects of osteoporosis ver-
tebral augmentation with cancellous 
bone granules or bone cement on treat-
ed and adjacent non-treated vertebral 
bodies: A finite element evaluation. Clin 
Biomech (Bristol, Avon) 2010; 25:166-172. 

10.  Goel VK, Grauer JN, Patel TC, Biyani 
A, Sairyo K, Vishnubhotla S, Matyas A, 
Cowgill I, Shaw M, Long R, Dick D, Pan-
jabi MM, Serhan H. Effects of charite 
artificial disc on the implanted and ad-
jacent spinal segments mechanics using 
a hybrid testing protocol. Spine (Phila Pa 
1976) 2005; 30:2755-2764. 

11.  Zhong ZC, Chen SH, Hung CH. Load- 
and displacement-controlled finite ele-
ment analyses on fusion and non-fusion 
spinal implants. Proc Inst Mech Eng H 
2009; 223:143-157. 

12.  Kurutz M, Oroszvary L. Finite element 
analysis of weightbath hydrotraction 
treatment of degenerated lumbar spine 

segments in elastic phase. J Biomech 
2010; 43:433-441. 

13.  Ross CTF. von Mises Stress. In: Finite El-
ement Techniques in Structural Mechanics. 
Albion Publishing Limited, UK, 1996, pp 
106.

14.  Berlemann U, Ferguson SJ, Nolte LP, 
Heini PF. Adjacent vertebral failure af-
ter vertebroplasty. A biomechanical in-
vestigation. J Bone Joint Surg Br 2002; 
84:748-752. 

15.  Pneumaticos SG, Triantafyllopoulos GK, 
Evangelopoulos DS, Hipp JA, Hegge-
ness MH. Effect of vertebroplasty on the 
compressive strength of vertebral bod-
ies. Spine J 2013; 13:1921-1927. 

16.  Bible JE, Biswas D, Miller CP, Whang PG, 
Grauer JN. Normal functional range of 
motion of the lumbar spine during 15 ac-
tivities of daily living. J Spinal Disord Tech 
2010; 23:106-112. 

17.  Bai B, Jazrawi LM, Kummer FJ, Spivak 
JM. The use of an injectable, biodegrad-
able calcium phosphate bone substitute 
for the prophylactic augmentation of 
osteoporotic vertebrae and the manage-
ment of vertebral compression fractures. 
Spine (Phila Pa 1976) 1999; 24:1521-1526. 

18.  Belkoff SM, Mathis JM, Erbe EM, Fenton 
DC. Biomechanical evaluation of a new 
bone cement for use in vertebroplasty. 
Spine (Phila Pa 1976) 2000; 25:1061-1064. 

19.  Heini PF, Berlemann U, Kaufmann M, 
Lippuner K, Fankhauser C, van Landuyt 
P. Augmentation of mechanical proper-
ties in osteoporotic vertebral bones--a 
biomechanical investigation of verte-
broplasty efficacy with different bone ce-
ments. Eur Spine J 2001; 10:164-171. 

20. Yang H, Zou J. Filling materials used in 
kyphoplasty and vertebroplasty for ver-
tebral compression fracture: A literature 
review. Artif Cells Blood Substit Immobil 
Biotechnol 2011; 39:87-91. 

21.  Nouda S, Tomita S, Kin A, Kawahara K, 
Kinoshita M. Adjacent vertebral body 
fracture following vertebroplasty with 
polymethylmethacrylate or calcium 
phosphate cement: Biomechanical eval-
uation of the cadaveric spine. Spine (Phila 
Pa 1976) 2009; 34:2613-2618. 

22.  Grafe IA, Baier M, Noldge G, Weiss C, Da 
Fonseca K, Hillmeier J, Libicher M, Ru-
dofsky G, Metzner C, Nawroth P, Meed-
er PJ, Kasperk C. Calcium-phosphate 
and polymethylmethacrylate cement in 

long-term outcome after kyphoplasty of 
painful osteoporotic vertebral fractures. 
Spine (Phila Pa 1976) 2008; 33:1284-1290. 

23.  Zhang Z, Fan J, Ding Q, Wu M, Yin G. 
Risk factors for new osteoporotic ver-
tebral compression fractures after ver-
tebroplasty: A systematic review and 
meta-analysis. J Spinal Disord Tech 2013; 
26:E150-E157. 

24.  Rho YJ, Choe WJ, Chun YI. Risk factors 
predicting the new symptomatic verte-
bral compression fractures after percu-
taneous vertebroplasty or kyphoplasty. 
Eur Spine J 2012; 21:905-911. 

25.  Graham J, Ahn C, Hai N, Buch BD. Effect 
of bone density on vertebral strength 
and stiffness after percutaneous ver-
tebroplasty. Spine (Phila Pa 1976) 2007; 
32:E505-E511. 

26.  Goel VK, Kong W, Han JS, Weinstein JN, 
Gilbertson LG. A combined finite ele-
ment and optimization investigation of 
lumbar spine mechanics with and with-
out muscles. Spine (Phila Pa 1976) 1993; 
18:1531-1541. 

27.  Kong WZ, Goel VK, Gilbertson LG, 
Weinstein JN. Effects of muscle dys-
function on lumbar spine mechanics. 
A finite element study based on a two 
motion segments model. Spine (Phila 
Pa 1976) 1996; 21:2197-2206; discussion 
2206-2207. 

28.  Yang KH, King AI. Mechanism of facet 
load transmission as a hypothesis for 
low-back pain. Spine (Phila Pa 1976) 1984; 
9:557-565.

29.  Tsouknidas A, Sarigiannidis SO, Anag-
nostidis K, Michailidis N, Ahuja S. As-
sessment of stress patterns on a spinal 
motion segment in healthy versus os-
teoporotic bony models with or with-
out disc degeneration: A finite element 
analysis. Spine J 2015; 15:S17-S22.

30.  Margulies JY, Payzer A, Nyska M, Neu-
wirth MG, Floman Y, Robin GC. The re-
lationship between degenerative chang-
es and osteoporosis in the lumbar spine. 
Clin Orthop Relat Res 1996; 324:145-152.

31.  Heini PF, Walchli B, Berlemann U. Per-
cutaneous transpedicular vertebroplasty 
with PMMA: Operative technique and 
early results. A prospective study for the 
treatment of osteoporotic compression 
fractures. Eur Spine J 2000; 9:445-450.


