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Optimizing bone cement stiffness for vertebroplasty
through biomechanical effects analysis based on patient-specific
three-dimensional finite element modeling
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Abstract
Vertebroplasty is a common and effective treatment for symptomatic osteoporotic vertebral compression fractures.
However, the cemented and adjacent vertebras have a risk of recollapse due to largely unassured mechanisms, among
which excessive stiffness of bone cement may be an important risk factor. This study aimed to find the most appropriate
range of bone cement stiffness by analyzing its biomechanical effects on the augmented and adjacent vertebras of
individual patient after vertebroplasty. A three-dimensional finite element model of T11-L1 osteoligamentous vertebras
was reconstructed according to individual computed tomography data and validated by post mortem human subject
experiment in literatures. Bone cement of varying stiffness was injected into the trabecular core of the T12 vertebra
simulatively. The maximum von Mises stresses on cancellous and cortical bones of T11-L1 vertebras were analyzed
under the loading conditions of flexion, extension, bending, and torsion. For the adjacent T11 and L1 vertebras, the
stepwise elevation of the bone cement elastic modulus increased the maximum von Mises stress on the cancellous bone,
but its effect on cortical bone was negligible. For the augmented T12 vertebra, the stresses on cancellous bone increased
slightly under the loading condition of lateral bending and remained no impact on cortical bone. The linear interpolation
revealed that the most suitable range of cement elastic modulus is 833.1 and 1408.1 Mpa for this patient. Increased
elastic modulus of bone cement may lead to a growing risk of recollapse for the cemented vertebra as well as the
adjacent vertebras. Our study provides a fresh perspective in clinical optimization of individual therapy in
vertebroplasty.
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1 Introduction

Osteoporosis (OP), characterized by reducing bone mass and
easily fractured bones, is a systemic metabolic disease that
occurs in the skeletal parts of the body frequently among the
elderly [1, 2]. OP often leads to sudden fracture of a part of the
limbs or the vertebral body. The compression fractures of
single or multiple vertebral bodies caused by the reduction
of bone mineral density and bone strength are named as oste-
oporotic vertebral compression fractures (OVCFs) [3, 4]. The
symptomatic OVCFs frequently result in persistent lumbar
back pain in these patients, who are limited in activities of
daily life to a large extent and have the potential to cause
significant disability and morbidity. Patients with OVCFs
can not walk normally, and some patients develop into kypho-
sis, seriously affecting the quality of their life [5, 6].

Percutaneous vertebroplasty (PVP) and percutaneous
kyphoplasty (PKP), the minimally invasive surgery technolo-
gies developed in recent years, become the major effective
approaches to treat OVCFs. Current practice demonstrates
that these technologies produce small trauma, relieve the pain
quickly, and restore the height and stability of the fractured
vertebral body as much as possible [7–10]. Nevertheless, ac-
cording to the clinical follow-up observation of the patients
after vertebroplasty, the augmented vertebral body and the
adjacent vertebral bodies were subjected to fracturing again
in some individuals [11–13]. Previous results showed that
approximately 50–67% of recurrent fractures occurred at the
sites near the enhanced vertebra [14, 15]. Specific mecha-
nisms of recollapse of the vertebras for individual patients
are largely unclear, and studies have shown that the severity
of OP, cleft filling pattern of polymethyl methacrylate
(PMMA), surgical methods, volume of bone cement, and
anti-osteoporosis treatments were all related to the recurrence
of the vertebral body fractures [16–18].

PMMA, a synthetic resin commonly used as bone ce-
ment in vertebroplasty, not only enhances the height and
stability of the vertebral body, but also quickly relieves the
pain of patients [19, 20]. PMMA was suspected to be a
possible risk factor because of its excessive stiffness
[21–23]. Current results regarding the effects of excessive
stiffness of PMMA on the stability of augmented vertebra
and the adjacent vertebra are inconsistent [24–29].
Therefore, under the circumstances of unifying and stan-
dardizing other factors, it is very important to investigate
the relationship between bone cement stiffness and re-
fracturing of the vertebral bodies in individual patients.
Finding the most suitable ranges of stiffness for bone ce-
ment material in clinical can facilitate the pain relief and
help rapidly regain quality of life for patients with OVCFs.

To study the effect of bone cement stiffness on the
cemented vertebral and adjacent vertebral bodies, a three-
dimensional (3D) finite element (FE) model was used. The
FE model was considered to be useful in biomechanical stud-
ies, and it can avoid the use of human specimens andminimize
the variations due to inherent differences among individual
parameters [30, 31]. The load-controlled methods consisting
gradual elevation of the bone cement elastic modulus were
applied to each of the 6 loading conditions: flexion, extension,
left/right bending, and left/right torsion. This study was de-
signed to evaluate the changes of the maximum von Mises
stresses on both cancellous and cortical bones from the treated
and adjacent vertebras. Our investigation attempts to provide
new biomechanical evidence and a fresh perspective into how
the vertebroplasty procedure can be implemented more effec-
tively in individuals toward the goal of preventing the recur-
rence of vertebral compression fractures.

2 Materials and methods

2.1 Overview of the experimental procedures

The outline for specific experimental procedures is shown in
Fig. 1. A three-dimensional finite element model of three-level
spine segments (T11-L1) was first built. After verifying the
validity of the model by previous post mortem human subjects
(PMHS) experimental data, the vertebroplasty procedure was
simulated by segmenting an irregular cylinder (which func-
tioned as bone cement) on the core of T12 segment. The stiff-
ness (elastic modulus) of this segmented irregular cylinder was
changed to simulate the variation of bone cement in batched
experiments. The biomechanical effects on the augmented ver-
tebra and the adjacent vertebras under different conditions were
analyzed by measuring the changes of von Mises stresses on
the spinal segments. Based on the alterations of vertebral stress-
es under 6 different loading conditions, the elastic modulus
range that balanced the conflict between the recollapse risk
and stability of spine segments was determined as the preferred
cement stiffness for vertebroplasty.

2.2 Development of T11-L1 thoracolumbar vertebral
model

To generate the 3D spinal geometry model comprising T11,
T12, and L1, a 75-year-old female patient, with osteoporotic
compression fracture in the T12 vertebra which required the
treatment of vertebroplasty, was selected. The patient had no
other abnormal findings on radiographs. After signing the
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informed consent, the patient was checked with computed
tomographic scans (CT) with 0.2-mm intervals in the
thoracolumbar spine segments to get the geometric informa-
tion. All of the CT images were saved in DICOM format. The
image data were imported into the medical 3D reconstruction
software Mimics 10.01 (Materialise, Leuven, Belgium). The
vertebral geometry model was reconstructed from the scanned
images and exported into STL format. To generate a more
precise and smooth 3D surface model, the digital geometry
model with STL format was imported into the Geomagic
Studio12.0 software (Raindrop Geomagic, Inc., Morrisville,
NC) for smoothing, polishing, and denoizing (Fig. 2a). The
computer-aided design software LS-DYNA 971 (Livermore,
CA, USA) was employed to mesh the vertebra, intervertebral
disk, and nucleus pulposus. A meshed model of three verte-
bral segments (T11, T12, and L1) is shown in Fig. 2b. The
vertebral body was meshed by tetrahedron to speed the
meshing efficiency, while the intervertebral disk is meshed
by hexahedron.

One-dimensional beam element was used to simulate the
role of ligament, joint capsule, and fascia. Shell elements were
used to define vertebral cortical bone, endplate, articular facet
joint. “Common node connection” was applied to define the
contacts between the articular facet cartilages, cancellous
bone, and cortical bone, as well as between endplate and cor-
tical bone. Contact between intervertebral disk and vertebral
body, vertebra, and ligaments, as well as between the interver-
tebral disk and the ligaments, was set with “binding
connection”.

The vertebral body was composed of 0.6-mm-thick
cortical bone and internal cancellous bone, and the surface
was covered with 0.6-mm-thick end plate [32] based on

the data in literatures as in Table 1. For the thickness of
the vertebral cortical bone, some studies [33–35] mea-
sured or calculated as the range 0.1–0.5 mm with average
0.35 mm and used in some studies [36, 37] However,
there are some other studies [38, 39] focused on the mea-
surement of the lower lumbar vertebrae cortical thickness
using the PMHS samples and concluded that the average
shell thickness of lower vertebrae is around 0.5–0.6 mm.
This was used in some modeling processes [40–42] and
showed a good result. Furthermore, there are some other
studies that use the thickness of 1 mm [43] or 1.5 mm
[44] in their finite element models from the CT measure-
ment or some other studies. To balance these aspects, we
set the cortical shell thickness as 0.6 mm.

The intervertebral disk consisted of the medullary nucleus
and the outer annulus. The nucleus pulposus area was set at
50% of the total area of the intervertebral disk, and the fibrous
rings were constructed in a concentric circle at the outer edge
of the disk with 10-folds. The whole meshedmodel of T11-L1
osteoligamentous spine segments is shown in Fig. 3.

2.3 Material properties and element specifications

In this study, the constant loads were used to simulate the daily
load. Under these non-heavy daily loads, the bone material
can be seen to behave linearly with the change of the load as
the simplification. Most of the fractures, except for the acci-
dent, are caused by the fatigue and damage accumulation.
However, in this study, the loads are in a short term and fatigue
can be ignored. Hence, it is enough that most of the compo-
nents were simulated by the elastic material model, including
the spongy bone, cortical bone, interval disk articular facet

Fig. 1 The research technical route for the biomechanical studies. The
stages include the following: (1) volunteer preparation; (2) CT scanning
and data collecting; (3) geometry extraction; (4) geometric cleaning; (5)

mesh dividing; (6) material parameter defining; (7) simulation
calculating; (8) data analysis and result showing
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cartilage. In addition, the ligaments, as denoted in Fig. 3, were
simulated by beam element with the material behavior con-
trolled by some specific force-displacement curves [45].

The material parameters of those mentioned components
are shown in Table 1, as referenced from previous reports
[46–51]. Furthermore, after the fracture, the material proper-
ties of the spine segments, mainly the bone material, would be
changed due to the influence of the crack expansion and break
of integrity. Considering this effect, the material constants of
the model after veterbroplasty were modified based on the
previous research [52], as listed in Table 1.

2.4 Meshing size sensitivity study

In the finite element simulation, the meshing size would be im-
portant factors for the simulation accuracy. In general, the smaller
meshing size could lead to more accurate result, but higher

computational cost and so versus. Themost appropriate meshing
size always depends on the study problems as demonstrated by
the previous researches. In this study, to find the suitable
meshing size, the L1 segment was separated from the whole
model and used as the base model for meshing sensitivity study,
which can save computational time for extra small meshing size
model.

As listed in Fig. 4a, the basic loading model, the bottom of
L1, was fully constrained and a distributed force was added to
the upper surface of this segment. Six meshing sizes, i.e., 0.5,
1, 2.5, 4, 6, and 8 mm, were used in this study as in Fig. 4a.
After running 25 ms which is enough for the model to reach
load balance, the cancellous bone stress is exported and plot-
ted in Fig. 4b for comparison.

In Fig. 4b, it is obvious that, as the decreasing of themeshing
size, the value of cancellous bone stress is increasing. If the
meshing size is smaller than 2.5 mm, the stress increases

Fig. 2 The reconstructed
geometric model (a) and the
subsequently meshed mode (b)
showing the vertebras and
intervertebral disk of three
segments (T11, T12, and L1)

Table 1 Material properties and element specifications of osteoporotic T11-L1 vertebrae

Anatomical
structure

Material structure Material attribute Unit
type References

Density
(kg/m3)

Young’s
modulus
(Mpa)

Poisson’s
ratio

Thickness
(mm)

Vertebral body Cortical bone 2000 10,000 0.3 0.6 Shell [36, 51]

Fractured cortical bone 2000 8040 0.3 0.6 Shell [46]

Cancellous bone 1100 1322 0.19 – Solid [36]

Fractured cancellous bone 1100 449 0.19 – Solid [46, 36]

End plate 2000 670 0.4 0.6 Shell [32, 46]

Intervertebral disc Fibrous annulus 1200 5 0.45 – Solid [48]

Nucleus pulposus 1200 9 0.4 – Solid [49]

Articular facet cartilage 1360 5.0 0.1 0.5 Shell [50]
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slightly (changing from 2.5 to 1 mm with 1.83% improvement
on stress). However, the computational cost increased more
than five times as the meshing size from 2.5 mm changed to
1 mm. Considering the computational cost and the computa-
tional accuracy, the 2.5mmmeshing size was used in this study.

2.5 Validation of T11-L1 thoracolumbar vertebral
model

The validation of the established FE model is critical for the
possibility of using model to simulate real responses. Based
on the PMHS tests of previous data [53, 54], the developed FE

model using the 75-year-old female data was subjected to 8
loading conditions (flexion, extension, left/right bending, left/
right torsion, tension, and compression) to mimic the daily
loads of human lumbar spine to validate the biofidelity of
the established model, as shown in Fig. 5a. After the valida-
tion, the model can be seen as the benchmark model to calcu-
late the suitable cement stiffness by comparing with the model
response after vertebroplasty of different stiffness cements.
The deformation force was loaded on a rigid shell part gener-
ated on the upper surface of spine segment T11. The bottom
surface of L1 was fully constrained. For each loading condi-
tion, three load levels, as listed in Table 2, were applied to

Fig. 3 The whole osteoligamentous model of T11-L1 spine segments

Fig. 4 Computational accuracy
sensitivity study setup with six
meshing sizes included (a) and
the calculated cancellous bone
stress for different meshing size
(b)
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verify the dynamic responses under different load severity.
This further enhanced the computational accuracy and stabil-
ity of the spine model.

2.6 The modeling of bone cement with different
stiffness

The simulation of cement filling was completed based on the
knowledge related to clinical treatment of vertebroplasty. The
geometry and distribution of the cement filling were defined
referring to the X-rays of some treated patients [21]. As previ-
ously described [55], bone cement equal to 30% of the volume
of the vertebral body was filled to the trabecular core of T12
vertebra. Figure 6 represents a schematic showing the location,
shape, and overall size of the bone cement in the vertebral body.

The material properties of the other components were changed
based on the fractured parameters in Table 1.

The FE analysis was carried out under six loading cases:
flexion/extension, left/right bending, and left/ right torsion,
with T12 augmented with stiffness-variable bone cement at
18000, 12000, 8000, 4000, 2000, 1000, and 500 MPa. The
original FE model, without vertebroplasty, was adopted as the
benchmark model to show the differences after the
vertebroplasty with different bone cement stiffness. To simu-
late the weight of human upper body segment, a 500 N axial
force was downward loaded on the upper surface of T11 [11,
56]. The bottom of L1 segment was also fully constrained.
Furthermore, to validate the biofidelity of the established FE
model, some experiments that mimic the regular loads of hu-
man spine were adopted, including extension/flexion, left/
right bending, and left/right torsion. Based on the setup of
experiment [57], the moments of 50, 40, and 30 N•m were
loaded on the extension/flexion, left/right bending, and left/
right torsion, respectively, as shown in Fig. 5a. The amount
and distribution of local VonMises equivalent stresses on each
vertebra were calculated.

2.7 Calculation of suitable elastic modulus range

The linear interpolation method was used to get the appropri-
ate stiffness range reflecting minimum differences between

Fig. 5 The validation data of T11-L1 thoracolumbar vertebra. The angle
and displacement output of the model (a) under different loading
conditions (flexion, extension, left and right lateral bending, and left
and right torsion) were obtained. The kinetic data of the model are

within the normal range in the cases of displacement cloud and
simulation animation under 8 tested loading conditions and 3 kinds of
force levels (b). Each dot indicates the mean value of 3 independent tests.
Data shown are mean ± SD from a representative experiment

Table 2 Settings of loading conditions for validation of T11-L1
vertebral bodies

Loading
conditions

Flexion/
extension
(N·m)

Lateral
bending
(N·m)

Torsion
(N·m)

Stretching/
compression
(N)

Level 1 2.5 2.5 2.5 100

Level 2 5 5 5 200

Level 3 7.5 7.5 7.5 300
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the benchmark model (model without vertebroplasty) and
reshaped model (model after vertebroplasty). The points of
intersection between the benchmark model stresses and
reshaped model stresses of corresponding loading in curves
under different cement stiffness were calculated. The
intersected value was calculated by using linear interpolation
as equation. On a specific interval of stress ([σ0, σ1]) and elas-
tic moduli ([E0, E1]) for a specific loading condition, the value

of the suitable elastic modulus, E ¼ E0 þΔE* σ−σ0
σ1−σ0, where E

is the calculated most suitable bone cement stiffness, σ is the
stress value simulated from benchmark model; the σ0 and σ1
are two simulated stress values for a specific loading condition
and adjacent elastic moduli, which includes the stress value of
benchmark model. The E0 and E1 are the two adjacent elastic
moduli corresponding with σ0 and σ1. ΔE is the length of
elastic modulus interval calculated by ΔE = E0 − E1. The cal-
culated stiffness values of these intersections were considered
as the most suitable under their corresponding loading
conditions.

2.8 Statistical analysis

SPSS 19.0 statistical software (Chicago, IL, USA) was used
for statistical analysis and data were expressed as mean ± stan-
dard deviation. Comparison between groups was done with
ANOVA analysis and χ2 test. P < 0.05 was considered to in-
dicate a statistically significant difference.

3 Results

3.1 Validation of the FE model

Under eight loading conditions (including the flexion, exten-
sion, left/right lateral bending, left/right torsion, and stretching
and compression), the angle and displacement outputs of the
functional spinal units were obtained and compared with pre-
vious data obtained from biomechanical experiments of the
existing literature [58, 59]. As shown in Fig. 5b, the kinetic
data of the model were all within the normal ranges of exper-
iments which showed good response corridors in the cases of
displacement cloud and simulation animation under eight test-
ed loading conditions and three kinds of force levels. The fine
matching between experiment and simulation suggested that
our finite element model of vertebral body had high accuracy
and biofidelity, confirming the validity of the present model.
This also suggested that our model can be used in the subse-
quent application of parametric study of bone cement.

3.2 Effects of cement stiffness on augmented T12
vertebra

The dynamic changes of the maximum von Mises stress on
the cancellous bone of augmented T12 vertebra in response to
cement stiffness alterations are shown in Fig. 7a. With the
stepwise increasing of elastic modulus of bone cement from
500 to 18,000 Mpa, the maximum von Mises stress on

Fig. 6 The volume of injected
bone cement is equivalent to 30%
of the volume of T12 vertebral
body during in vitro simulation of
vertebroplasty
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cancellous bone of T12 vertebra increased under the loading
conditions of lateral bending and decreased slightly under
loading cases of flexion and extension (Fig. 7a). The maxi-
mum von Mises stress on the cortical bone of T12 vertebra
decreased slightly along with the increasing of bone cement
elastic modulus under six loading conditions (Fig. 7b) due to
the support of cement and fracture weaken of T12 stiffness.
Therefore, the loading conditions of lateral bending had obvi-
ously more impacts on the T12 maximum von Mises stress
compared to the conditions of flexion, extension, and torsion.

3.3 Effects of cement stiffness on adjacent T11 and L1
vertebras

The impacts of raising elastic modulus of bone cement on both
cancellous and cortical bones of the adjacent T11 and L1
vertebras were also examined. As shown in Fig. 8, in contrast
to the cemented T12 vertebra, the maximum Von Mises stress
in cancellous bone of T11 and L1 vertebras increased signif-
icantly along with the stepwise raising of bone cement elastic
moduli under the loading conditions of flexion and extension
(Fig. 8a, c). However, there are no significant changes (all P >
0.05) under all other conditions for cancellous bone and cor-
tical bone. The results indicated that the augmentation of T12
vertebra probably increases the risk of compression fractures
on the cancellous bones of adjacent vertebras under flexion
and extension working conditions involved in the daily life.

3.4 Calculation of suitable elastic modulus range
of bone cement

Our preceding results indicated that the increasing of cement
elastic moduli was most likely able to lead to recollapse for the
cemented vertebra as well as the adjacent vertebras (Fig. 7 and

Fig. 8). More specifically, the augmentation of T12 vertebra
only impacted six stress responses of the cancellous bone
(Fig. 7a), i.e., the flexion and extension of T11 and L1 and
the left bending and right bending of T12. The changes of the
bone cement stiffness almost had no influence on other tests, so
they were not considered as subjects used for calculating suit-
able elastic modulus range in this study. Hence, the FE model-
ing data from benchmark model and the mentioned six tests
were used to estimate the most suitable stiffness range of bone
cement. The linear interpolation method was used to compare
the values of the intersection points from the datasets generated
from our FE model. Decreased bone density in osteoporosis
vertebra always results in lower bone material properties and
strength [48]. On the other hand, bone cement with high stiff-
ness could cause the high stress concentration on the interface
of trabecular bone and cement. As presented in Fig. 9, we
selected the range which include the stress of benchmark model
for the interpolation and got one interpolated suitable value for
each loading condition as in Table 3. Considering six different
loading conditions comprehensively, the average and standard
error of the suitable cement stiffness (i.e., 1120.6 ± 287.5 Mpa)
was considered using these six suitable exact stiffness values. A
range rather than a particular value also fits the feasibility of
vertebroplasty in clinical, because generally the stiffness of the
bone cement cannot be controlled accurately. By this way, the
suitable elastic moduli range of bone cement for this specific
patient can be determined as 833.1 and 1408 Mpa.

4 Discussion

Percutaneous vertebroplasty is a surgical procedure that has
been widely used to treat patients suffering from osteoporotic
vertebral compression fractures. However, some patients

Fig. 7 The changes of maximum von Mises stresses on cancellous bone
(a) and cortical bone (b) of cemented T12 vertebra in response to the
stepwise elevation of bone cement elastic modulus. Data shown are the
results of the von Mises stress changes under the flexion, extension, left/

right bending, and left/right tortion conditions. The bone cement stiffness
was increased from 500 to 18,000MPa, with the cement volume equal to
30% of volume of the T12 vertebra body. Each point indicates the mean
value of 3 independent tests
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Fig. 9 Calculation of suitable
elastic modulus range by the
linear interpolation method

Fig. 8 The changes of maximum von Mises stresses on cancellous bone
(a) and cortical bone (b) of adjacent T11 vertebra, and on cancellous bone
(c) and cortical bone (d) of adjacent L1 vertebra in response to the
stepwise elevation of bone cement elastic modulus. Data shown are the
results of the von Mises stress changes under the flexion, extension, left/

right bending, and left/right tortion conditions. The bone cement stiffness
was increased from 500 to 18,000MPa, with the cement volume equal to
30% of volume of the T12 vertebra body. Each point indicates the mean
value of 3 independent tests

Med Biol Eng Comput (2018) 56:2137–2150 2145



experience recompression of the PVP-operated vertebras or
new fractures at the neighborhood vertebras. Using a com-
bined experimental and computational approach, our study
suggests that excessive stiffness of bone cement increases
the risk of recurrent fractures of the augmented vertebra and
the adjacent vertebras in a 3D finite element model of osteo-
porotic compression fracture of spine.

Previous reports have suggested that certain parameters of
bone cement used in treating vertebral body are potential risk
factors for recompression of OVCFs. Accumulating evidence
has suggested the critical correlations betweenmodulus of bone
cement and the risk of vertebral recollapse in patients after
vertebroplasty. In vitro biomechanical study from Boger et al.
demonstrates that the failure strength of augmented functional
spine units could be better preserved using low-modulus
PMMA in comparison to regular PMMA cement [24]. Many
studies on 3D finite element analysis showed that excessive
stiffness of bone cement can lead to an increased risk of adja-
cent vertebral fractures following vertebroplasty in osteoporotic
FE models [27, 29]. These findings are similar to our results.
On the contrary, conclusions of some studies are inconsistent.
Pneumaticos et al. revealed that no statistically significant dif-
ferences of the compressive load of failure could be detected
between augmented and non-augmented vertebral bodies [26].
Kim et al. argued that changes on vertebral stress due to the
effect of bone cement stiffness alterations can be ignored [25].

Our study found that the maximum von Mises stress on the
cancellous bone of cemented vertebra increased gradually with
the elevation of the elastic modulus of the injected cement
under the loading conditions of lateral bending, which probably
due to the extrusion from the adjacent vertebras to augmented
vertebra increased under the loading conditions of lateral bend-
ing with the elevation of bone cement stiffness. Besides, the
stress of local cancellous bone significantly increased in the
active state while stiffness and intensity of bone cement in-
creased [60], which may also lead to fractures of the vertebral
body. Therefore, this study also suggests that lowering elastic
modulus of bone cement may be a way to reduce postoperative
fractures of the vertebral body [48]. The stress in cancellous
bone of the adjacent vertebral bodies under different loading
cases increased significantly along with the changes in the

elastic modulus of bone cement, which mainly because that
the stress in cancellous bone of adjacent vertebrae can be ele-
vated by increasing vertebral rigidity through filling bone ce-
ment, which increases contact stiffness on some local areas on
the adjacent vertebrae and raises the likelihood of fracture.
Therefore, the clinical injection of excessive stiffness bone ce-
ment should not be pursued, and this helps with minimizing the
risks of bone cement leakage and potential secondary fractures.

Our results based on the model derived from personalized
fracture patterns are more clinically relevant than other model
using just non-fracture FSUs [24], and this approach on deter-
mining mechanical parameters definitely facilitates the better
understanding of how to achieve improvement in the human
application. The FE modeling technique has the advantage
over in vitro experimental methods that a number of different
treatment scenarios can be examined using the same initial
model. However, most of these FE modeling studies investi-
gate vertebroplasty simulated using generic architecture
models with idealized cement shapes or oversimplified mate-
rial modeling. The vertebral morphology and bone material
properties are confirmed to play significant roles in the me-
chanical response of the vertebra under axial load [61, 62].
Recently, it is reported that the effectiveness of percutaneous
vertebroplasty is determined by the patient-specific bone con-
dition and the treatment strategy, since the effectiveness was
strongly influenced by interactions between local bone quali-
ties, cement volume, and injection location [63]. Thus, there is
an urgent need to develop specimen-specific spinal models
both to verify the model predictions more robustly and to
assess the effect of vetebroplasty across the whole patient
cohort [64]. One of the main objects of our work was to es-
tablish the level of accuracy for the subject-specific FEmodels
of individual vertebras with and without cement augmenta-
tion. Our report here represents our effects on a first step
toward the development and verification of such models using
a combined experimental and computational approach. Our
results together with other reports [28, 65–67] convincingly
demonstrate that FE modeling with integrated computerized
tomography is a useful tool for personalized predicting in situ
vertebral fracture load resulting from vertebroplasty.

Table 3 Results of optimal stiffness for the 6 loading conditions considering the stress of cancellous bone

Items Flexion T11 Flexion L1 Extension T11 Extension L1 Left bending T12 Right bending T12

σ0 (Mpa) 500/27.7a 1000/21.8 500/28.3 500/26.0 1000/14.4 1000/15.2

σ1 (Mpa) 1000/28.3 2000/22.8 1000/32.0 1000/27.6 2000/14.9 2000/15.4

Benchmark (Mpa) 28.1 22.1 30.4 27.3 14.6 15.3

E (Mpa) 833.3 1300.0 783.8 906.3 1400 1500

a 500/27.7: means that the stress value under elastic moduli of 500 Mpa is 27.7 Mpa

σ is the stress value simulated from benchmarkmodel; the σ0 and σ1 are two simulated stress values for a specific loading condition under adjacent elastic
moduli
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The finite element model has several limitations in the study
and interpretation of clinical phenomena and mechanisms. One
limitation is that our finite model was built from one person’s
data that cannot represent all patients treated with vertebroplasty.
Furthermore, we used a simplified finite element model that did
not refine the type of vertebral compression fractures. The clin-
ical practice of vertebroplasty rather than the in vitro simulation
of our model may change the shape of the vertebral body, so the
results of this study still need confirmation by clinical long-term
follow-up data. Besides, the 3D FE model used in the study did
not attach the paravertebral muscle tissue, and the muscles gen-
erally stabilized the spine during normal thoracolumbar move-
ment. In addition, the material parameters of this study model
were based on the existing literature, and there were no material
parameter settings for the bone mineral density and CT data,
which can represent the uniqueness of the sample. Further stud-
ies are needed to collect the results of FE analyses based on
quantitative values such as CT grayscale, bone mineral density
[65]. In addition, these bone material inhomogeneity properties
due to the density differ of porous and micro-structures would
have influence on the stress distribution and transmission on the
scale of bone trabecula [36]. In this study, the result focuses on
the stress changes before and after vertebroplasty with different
cement stiffness. As a qualitative study, the bone material was
homogenized. For future study, if the stress on bone trabecula
level, e.g., to observe the interaction effect between the bone
trabecula stress and damage and the cement stiffness, the inho-
mogeneity should be considered. It is no doubts that the general
experiences based on datasets of multiple individuals will assist
the development of bone cement with most appropriate stiffness
to better treat individual patients by vertebroplasty.

5 Conclusions

Our results suggest that lowering the elastic modulus of bone
cement can reduce the augmented and adjacent vertebral body
stress as well as the occurrence of fractures. Since there is no
mature experience on low elastic modulus cement in clinical,
our study provides a theoretical basis and a feasible approach
for determining the suitable stiffness range of bone cement.
Our research sheds further light on optimizing the stiffness of
bone cement to develop better personalized strategies for
conducting vertebroplasty.
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