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Abstract

Background: To investigate the stress changes between different bone cement forms and injection volumes in
adjacent vertebrae after percutaneous kyphoplasty (PKP) by establishing a three-dimensional finite element model of
0steoporosis.

Methods: A male healthy volunteer was selected. CT of scans L1 to L3 vertebrae were imported into Mimics 21.0
software. The vertebral model of osteoporosiswas established based on previous literature reference. The models were
divided into three groups: unilateral, bilateral integration and bilateral separation groups, with each group injecting

2 ml, 4,ml and 6 ml of bone cement, respectively. In all models, a vertical compressive load of 500 N, anterior flexion/
posterior extension, left/right bending, and left/right rotation were applied with a moment of 7.5 N/m, of which 85%
was applied to the anterior mid-column and 15% to the posterior column. The stress changes between adjacent
vertebrae under different conditions were calculated.

Results: After percutaneous kyphoplasty was applied to the L2 vertebral body, some differences can be found
between the effects of different cement injection volumes and cement morphology on adjacent structures. There
was no major difference between the groups when the bone cement injection volume was 2 ml. When the amount
of bone cement injected was 4 ml, the bone cement morphology of the bilateral integration group (BIG) produced
less stress between adjacent vertebral bodies. The minimum stress was 14.95 MPa in the L3 vertebral body in poste-
rior extension. Whereas the stress levels on adjacent intervertebral structures, BIG shaped bone cement shows some
superiority. In addition, the adjacent vertebrae and intervertebral structures are subjected to less stress during left and
right rotation.

Conclusions: The present finite element study suggested that bilateral integration bone cement is a suitable form of
cement injection, and when the injection volume is 4 ml, reduces stress on adjacent segments by approximately 15%
while maintaining the stability of the injected vertebral body.
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risk of osteoporosis increases with age, and osteoporotic
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vertebral compression fractures (OVCF) have been
reported to occur every 22 s in people aged>50 years
worldwide [2]. It is well known that osteoporotic vertebral
fractures cause persistent pain, kyphotic deformity,and
limitation of motion, which affects the quality of life and
mortality [3]. OVCFs can generally be treated conserva-
tively [4], but they also carry a range of complications.
Conservative treatment is usually not suitable for elderly
patients because of the high risk of decubitus ulcers,
crushing pneumonia,and venous thromboembolism of
the lower extremities [5]. And the risk of failure through
open surgery using endosseous metal implants is also
higher due to the lower quality of bone in osteoporosis
[6]. Galibert introduced vertebroplasty, in which medi-
cal bone cement (polymethylmethacrylate) was injected
into the fractured vertebral body [7]. Since then, it has
been widely used as a minimally invasive procedure for
the treatment of osteoporotic vertebral fractures and
continues to be so today, as it provides rapid pain relief
and allows for early recovery [8]. In recent years, percu-
taneous vertebroplasty (PVP) and percutaneous kyphop-
lasty (PKP) have gradually been widely used and have
shown remarkable results, especially in the treatment of
OVCE. In vertebroplasty, bone cement is injected under
high pressure through a percutaneous injection can-
nula into the medullary space of the collapsed vertebral
body. In contrast, in kyphoplasty, the balloon is usually
first placed percutaneously into the vertebral body. As it
is filled with fluid, the balloon compacts the cancellous
bone and creates a cavity. After deflation of the balloon,
the cavity formed facilitates controlled placement of the
bone cement [9]. Garfinet al. study also highlighted the
role of percutaneous kyphoplasty (PKP) in correcting
spinal deformities, reducing pain, and maintaining spinal
stability [10]. Thus, PKP represents the current frontline
treatment for patients with OVCE.

Despite these advantages, some complications are
frequently encountered in OVCF treatment, short-
term complications such as severe reaction to the bone
cement, dural injury during puncture, and compression
of the dura and nerve roots in the spinal canal due to
bone cement leakage [11]. While distant complications
such as adjacent segment fractures also occur occasion-
ally, some studies have reported an increased risk of new
compression fractures in adjacent vertebrae after ver-
tebroplasty, with reported incidence rates ranging from
6.2% to 51.9% [12, 13]. Most of these fractures occur
in adjacent segments, and changes in vertebral body
strength increase the fracture risk, caused by differences
in the amount and distribution of cement injected into
the vertebral body [14].

Therefore, the purpose of this study was to investigate
the stress changes in the adjacent segmental vertebral
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structures between different cement morphologies and
different cement injection volumes during PKP surgery.
To investigate the above issues, a three-dimensional finite
element (FE) model was used.

Method

We obtained finite element models of the L1-L3 verte-
brae by scanning the vertebrae of healthy male patients,
and subsequently selected three female patients and
extracted different morphological bone cement models
from their CT data. Finally, the different bone cement
models were combined with the vertebral body models to
obtain the target model for finite element analysis. Under
six loading conditions, including anterior flexion, poste-
rior extension, left/right bending, and left/right rotation,
the changes in the maximum von Mises stresses on the
cortical bone, upper and lower endplates, and annulus
fibrosus of the adjacent segmental vertebrae were inves-
tigated with different cement injection patterns and
injection volumes.Used software Mimics 21.0 (Material-
ise, Belgium), Geomagic Wrap 2017 (Geomagic, USA),
SolidWorks 2018 (Dassault Systemes, USA), ANSYS
19.0 (ANSYS, USA). A CT scanner (GE, USA) was used
to collect raw data in DICOM format with a scan slice of
0.625 mm.

Establishing the finite element model

The L1-L3 finite element model containing the complete
three vertebrae and each accessory structure was estab-
lished. The geometric model of the L1-L3 vertebral body
was taken from a 64-slice spiral CT image (scan condi-
tions: 140 kV, 200 mA, layer thickness 0.625 mm, no
spacing) of a healthy 26-year-old male (90 kg, 185 cm)
with no history of spinal injury or osteoporosis, and no
radiological evidence of degeneration. The DICOM file
obtained from the CT scan was imported into Mimics
software for 3D model reconstruction. The reconstructed
model is imported into Geomagic Wrap 2017 software in
STL format, and all vertebrae are optimized for smooth
processing, removing pegs, filling holes, editing contour
lines, constructing surfaces and grids, fitting surfaces.
The generated geometric model is imported into Solid-
Works 2018 software to assemble the vertebral body and
create the intervertebral disc, upper and lower endplates,
and articular cartilage. For vertebral body cortical bone
thickness, some studies used 1 mm or 1.5 mm [15, 16]. In
this study, the cortical bone thickness was set to 1.5 mm.
the intervertebral disc consisted of the nucleus pulposus
and the annulus fibrosus. The area of the nucleus pulpo-
sus was set to 50% of the total area of the disc. The gener-
ated model was saved as a SLDPRT format.
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Fig. 1 A The computed tomography data of bone cement B Three different forms of bone cement C Bone cement was placed into the L2 pine
bone model; a unilateral group; b Bilateral integration group; c Bilateral separation group

Establishing the bone cement model

Three female patients with vertebral compression frac-
tures were collected, one of whom had a unilateral bone
cement injection and the other two patients had a bilat-
eral bone cement injection, which formed two different
distribution patterns ("separated" and " integrated ").
After obtaining consent from the above three patients,
the diseased vertebra was scanned using 64-slice spiral
CT. Scanning conditions: 140 kV, 200 mA, layer thick-
ness 0.625 mm, no interval. The bone cement was recon-
structed using Mimics software, and three bone cement
morphologies were obtained (Fig. 1). The bone cement
models were imported into Geomagic Wrap 2017 soft-
ware in STL format, and the bone cement models were
optimized to obtain the final bone cement morphology
(Fig. 1). The generated three bone cement models were
imported into SolidWorks 2018, and the 2 ml, 4 ml, and
6 ml bone cement models were created by the scale scal-
ing tool, and the different bone cement models were
saved into a SLDPRT format.

Establishment of the complete model

The bone cement and L2 cancellous bone were imported
into Solidwork software in part format, and the bone
cement with different milliliters and different puncture
methods were assembled into the center of the L2 can-
cellous bone using the assembly command (Fig. 1). A
three-dimensional model of the cement-reinforced L2
cancellous bone was obtained by removing excess bone
with the Boolean function. The reinforced L2 cancel-
lous bone was assembled with other vertebral structures
to get nine complete vertebral models. Finite element
analysis was performed using ANSYS 19.0 software. The
complete 3D model was imported into ANSYS software,
and the additional components included the anterior

longitudinal ligament, posterior longitudinal ligament,
interspinous ligament, supraspinous ligament, ligament
flava, and intertransverse process ligament (Fig. 2). Also,
in agreement with previous studies [17, 18], respec-
tive characteristics of the various ligaments of the corti-
cal bone, cancellous bone, upper and lower endplates,
annulus fibrosus, nucleus pulposus, articular cartilage,
and vertebral bodies were defined (Table 1). The element
types of anterior longitudinal ligament, posterior longi-
tudinal ligament, interspinous ligament, supraspinous
ligament, ligament flava, and intertransverse process liga-
ments allow for tensile deformation without compres-
sive behavior. The endplates, cortical bone, cancellous,
cement, and intervertebral discs (nucleus pulposus and
annulus fibrosus) were divided into 2 mm meshes, while
the articular cartilage was split into 0.5 mm meshes [19].
The software itself generated the meshes and nodes. Each
model endplate was well connected to the vertebral body,
endplate to the intervertebral disc, and cortical bone to
cancellous bone. The articular cartilage was bound to the
superior vertebral body and connected to the inferior
vertebral body in a non-separable manner.

Finite element analysis

Static analysis was performed for all nine models, with
the lower edge of the L3 vertebral body being fully
restrained. Vertical loads and six different loads such as
anterior flexion, posterior extension, left/right bend-
ing, and left/right rotation was applied to the L1 verte-
bral body. In order to simulate the weight of the human
upper body, the vertical compressive load was 500 N in
all models, and a moment of 7.5 N/m was applied to sim-
ulate forward flexion/rear extension, left/right bending,
and left/right rotation in daily human life. According to
the concept of three columns of the spine, 85% of them
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Fig. 2 The L1-L3 finite element models

Table 1 Material parameters of bone and ligaments

Parts Elastic Poisson’s ratio  Sectional
modulus area
(MPa) (mm?)

Normal cortical bone 12,000 03

Osteoporotic cortical bone 8040 0.3

Normal cancellous bone 132 0.2

Osteoporotic cancellous 34 0.2

bone

Bone cement 3000 041

Endplate 238 0.28

Nucleus pulposus 84 048

Annulus fibrosus 92 045

Cartilage 10 04

Anterior longitudinal liga- 8 0.25 65

ment

Posterior longitudinal liga- 10 045 20

ment

Intertransverse ligament 40 0.45 1.8

Interspinous ligament 12 045 40

Supraspinous ligament 12 0.45 30

Ligamenta flava 20 045 40
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are applied to the anterior-middle column and 15% to
the posterior column [20, 21]. This study aimed to assess
the biomechanical changes in the adjacent vertebral bod-
ies of the injured spine. Therefore von Mises stresses
in the L1, L3 cortical bone, upper and lower endplates,
and annulus fibrosus were calculated to assess the stress
changes on the adjacent vertebral structures between dif-
ferent cement injection volumes and injection methods.

Rationalities of the models

Based on previously published finite element analyses
and biomechanical tests, different loading conditions
were applied to the model using ANSYS 19.0 software,
including forwarding flexion, back extension, lateral
bending, and combined loading [22, 23]. The tested val-
ues of this model are in agreement with the published
results, and all the tested values are within the range of
the values of the previous tests. Therefore, the model in
this study is valid for further analysis (Table 2).

Results

Stress changes between adjacent vertebrae

After percutaneous kyphoplasty was applied to the L2
vertebral body, when the bone cement injection volume
was 2 ml, there was no major difference in the stresses in
the adjacent vertebrae of the three different bone cement
forms. When the bone cement injection was 4 ml, the
maximum stress on the L1 and L2 vertebrae was less for
the BIG bone cement form than for the remaining two
bone cement forms. The minimum stress occurs at poste-
rior extension of the L3 vertebral body with a Von Mises
stress of 14.96 MPa. When the bone cement injection is
6 ml, the BIG morphology has greater stress in the L1
vertebral body than the remaining two cemented mor-
phologies, but less stress in the L3 vertebral body than
the remaining two cemented morphologies. In addition
to this, the L3 vertebrae are subjected to greater stress
than the L1 vertebrae under all forms of motion (Fig. 3).

Stress changes between end plates

After percutaneous kyphoplasty was applied to the L2
vertebral body, when the bone cement injection volume
was 2 ml, there was no major difference in the stresses in
the adjacent vertebrae of the three different bone cement
forms. When the amount of cement injected was greater
than 2 ml, the intervertebral structure was less stressed
in the BIG cement form compared with the other two
cement forms, and the L2 upper end plate is subjected to
the least stress during posterior extension, and the Von
Mises stress is 1.29 MPa. Moreover, regardless of the
cement morphology, the stress on the upper endplate
of L3 is the highest among the adjacent intervertebral
structures. In all three cement patterns, the stress on the
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Table 2 Comparison of range of motion between the current
intact model and models from previous studies (°)

Loading condition Chosen parameters  Spinal levels
L1-L2 L2-13
3.5 Nm FLX
Guan et al. Intervertebral 221£0.70 2464124
rotation(deg)
Present study Intervertebral 1.67 236
rotation(deg)
3.5 Nm EXT
Guan et al. Intervertebral 14440.76 143+£052

rotation(deg)

Intervertebral 1.96 1.35
rotation(deg)

Present study

3.5 Nm LAT
Guan etal. Intervertebral 263+0.68 266+ 1.09
rotation(deg)
Present study Intervertebral 248 2.73
rotation(deg)
7.5 Nm FXT with 1175 N FL
Dreischarfetal.  Intradiscal 1.81+0.1 15+04
pressure(MPa)
Present study Intradiscal 1.80 148
pressure(MPa)
7.5 Nm EXT with 500 N FL
Dreischarfetal.  Intradiscal 06+04 05403
pressure(MPa)
Present study Intradisscal 0.68 0.59
pressure(MPa)
7.8 Nm LAT with 700 N FL
Dreischarfetal.  Intradiscal 0.7£03 0.7£04
pressure(MPa)
Present study Intradiscal 0.98 1.03

pressure(MPa)

FLX flexion, EXT extension, LAT lateral bending, FL follower load

endplate is greater in anterior flexion and right bending.
However, the stress on the endplate was less in right and
left rotation than in the other motion patterns (Fig. 4).

Stress changes between annulus fibrosus

After percutaneous kyphoplasty was applied to the L2
vertebral body, when the bone cement injection volume
was 2 ml, there was no major difference in the stresses in
the adjacent vertebrae of the three different bone cement
forms. When the amount of cement injected was greater
than 2 ml, the intervertebral structure was less stressed
in the BIG cement form compared with the other two
cement forms, and the L23 annulus fibrosus is subjected
to the least stress during posterior extension, and the
Von Mises stress is 1.26 MPa. Moreover, regardless of
the cement morphology, the stress on the L23 annulus
fibrosus is the highest among the adjacent intervertebral
structures. In all three cement patterns, the stress on the
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endplate is greater in anterior flexion and right bending.
However, the stress on the endplate was less in right and
left rotation than in the other motion patterns. (Fig. 5).

We can find that no major difference between the num-
ber of milliliters of bone cement in the unilateral and
bilateral separation groups from the above findings. In
contrast in the BIG, when the cement injection volume
was 4 ml, the maximum stress on the adjacent segment
of the vertebral body was less than that of the unilateral
and bilateral separation group. Although we obtained
satisfactory results, the finite element analysis has some
limitations after all, and further clinical validation may
be required subsequently. Figures 6,7 show the pres-
sure cloud when 4 ml of bone cement was injected in a
double penetration one-body pattern, and we found that
the stress area varied with the change in motion pattern.
When the vertebral body moves in forward flexion and
right side bending, the stresses on the adjacent structures
are higher, while in left and right rotation, the stresses on
the adjacent structures are lower.

Discussion

Osteoporosis is a common disease in the elderly char-
acterized by reduced bone strength, decreased bone
mass, and a corresponding increase in fracture risk.
Osteoporotic fractures have become a significant cause
of disability and death in the elderly and seriously affect
the quality of life of the elderly [24]. A large amount of
literature reported [25-27], percutaneous kyphoplasty
is effective in treating osteoporotic vertebral compres-
sion fractures, providing rapid pain relief, reducing
bed rest, returning to normal life in the shortest pos-
sible time, improving quality of life, and reducing the
incidence of complications caused by long-term bed
rest and reduced activity in elderly patients. However,
complications associated with it gradually emerge as
the follow-up of patients increases. Tanigawa et al. [28]
followed 194 patients for an average of 33 months. They
found that 33% of patients had fractures after PKP, and
67% of fractures occurred in adjacent vertebrae, sig-
nificantly higher than in non-adjacent segments. Sec-
ondary fractures in adjacent parts of vertebral body
kyphoplasty are often the main complication, which
seriously affects the long-term outcome and patient
satisfaction after PKP. Therefore, in clinical treatment,
how we choose the puncture method and the amount
of bone cement injection that can reduce the stress on
the adjacent segmental vertebral structures becomes a
major problem for clinicians. Therefore, in this study,
the finite element model was established and analyzed
to find out the most suitable bone cement morphology
and injection volume.
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Since osteoporotic vertebral compression fractures
mostly occur in the thoracolumbar segment, and the
lumbar spine, as the main weight-bearing part of the
spine, has a greatly increased risk of disease, the L1-L3
finite element model was established in this study with
L2 as the study object. Compared with clinical studies
and in vitro cadaveric experiments, the 3D finite ele-
ment calculation method can reduce the experimental
cost by defining material properties and simulating vari-
ous actual conditions. In this experiment, the differences
between different bone cement morphologies formed
after percutaneous vertebroplasty and different bone
cement injection volumes were simulated by establishing
a bone mineralization model to explore the differences in
the mechanical properties of adjacent structures in the
L2 segment after bone cement filling. The present bone
cement model uses the real intraoperative bone cement
morphology, which is different from previous studies that
simulated bone cement as cylindrical or spherical, and
this method is more effective in simulating the real intra-
operative bone cement morphology.

According to the present study, it was found that the
three bone cement forms caused little difference in von
Mises stress in the intervertebral structures when the
bone cement injection volume was 2 ml. This is consist-
ent with the finding of Liebschner et al. [29] that both
bilateral pedicle and unilateral pedicle bone cement

infusion restored vertebral body strength. However, sev-
eral other studies have shown [30] that the efficacy of
unilateral versus bilateral punctures is similar. Unilateral
PKP is characterized by short operative time, low cost,
and low cement usage. However, unilateral PKP shows a
higher risk of adjacent vertebrae in fracture compared to
bilateral PKP.

Several studies have been done on the effect of the
morphology of bone cement in PKP surgery on the post-
operative clinical outcome of OVCFs. In a study by Liu
et al. [31], it was found that VAS, ODI scores, etc. were
significantly improved at two days postoperatively and
at the final follow-up by separated versus confluent bone
cement compared to preoperative. The distribution of
bone cement within the PKP in both groups was done
in a manner that helped to relieve pain and reduce ver-
tebral body biological curvature.In comparison between
the two groups, the integration VAS score was better
than the separated type on the second postoperative day,
indicating that the integration distribution method has
an advantage in short-term pain relief. This has some
similarity with the present study, in which we found that
when the bone cement injection volume was greater than
2 ml, the intervertebral structure was less stressed by
the bilateral integration group bone cement form com-
pared to the remaining two bone cement forms. This
study reveals the superiority of the bilateral integration
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bone cement form from the mechanical point of view.
However, in the study by He et al. [32], the "separated”
cement distribution was better than the "integration"
cement distribution at the one-year follow-up, suggesting

that the "separated” distribution was better for analgesia.
They concluded that the "separated” distribution method
increases the contact area with the cancellous bone of
the vertebral body and increases the "binding" function
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between the bone cement and the trabeculae. In addition,
the "separated” distribution is closer to a plateau support
than a "confluent” distribution with depressed support,
which increases the stability of the vertebral body and
reduces micromovements of the trabeculae, thus reduc-
ing residual back pain. Therefore, more in vitro trials
and randomized controlled trials with large samples are
needed to clarify the superiority of the bone cement dis-
tribution method.

The amount of bone cement injection during PKP
surgery has been the focus of research by domes-
tic and foreign scholars. In this experiment, it was
found that the stresses on the intervertebral structures
decreased as the injection volume of bone cement
increased. Moreover, when 4 ml of bone cement was
injected in the bilateral integration form, the stress
on the adjacent segment was lower than the other two
bone cement forms. Therefore, 4 ml is a more suita-
ble amount of bone cement injection. This is consist-
ent with the study of Wang et al. [33], who found 4 ml
to be the optimal amount of bone cement injection
after simulating fluid bone cement injection into the
injured spine by building a three-dimensional finite
element model of the thoracolumbar spine. More and
more scholars are now paying more attention to the
volume fraction of bone cement than the volume of
bone cement injected, because it can more realistically

reflect the relationship between the volume of bone
cement and the volume of the fractured vertebrae,
and thus more accurately guide the amount of bone
cement used in the clinic. Kim’s group reported [34]
bone cement restores skeletal stiffness when the
cement volume reaches 30% of the vertebral body vol-
ume; however, when the cement exceeds this volume,
it leads to abnormal stiffness, which may increase spi-
nal stresses. A study by Brojan M et al. [35] suggested
that the amount of cement filling for vertebroplasty
should be 15% of the volume of the fractured vertebral
body, which corresponds to a cement filling of 4—6 ml.
15% is the limit of cement filling beyond which there is
no significant increase in the stiffness of the vertebral
body as well as in the pressure within the interverte-
bral disc. In contrast, Nieuwenhuijse et al. [36], cal-
culated the cement infusion dose in 196 patients with
OVCFs by CT examination after vertebroplasty and
further explored the association between cement infu-
sion dose and pain relief, showing that the average
postoperative cement infusion dose was about 3.94 mL
and it was the lowest threshold for their pain relief.
Further studies showed better pain relief without
increasing leakage and new fractures when the volume
fraction of bone cement infused was 24%. This trial
only focused on the most common milliliter of bone
cement in clinical practice, and studies on the volume
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fraction of bone cement need to be supplemented and
refined by subsequent trials.

In addition, this study found that when the vertebral
body is flexion and lateral bending, the stress on the
intervertebral structures is significantly greater than in
other forms of motion, and conversely when the ver-
tebral body is rotated left and right, the stress on the
intervertebral structures is less. Therefore, during post-
operative rehabilitation exercises, we recommend using
left-right rotation as much as possible, while avoiding
bending and lateral curvature to prevent fracture of the
adjacent vertebrae.

There are certain limitations of our study and finite
element model. There are different types of bone
cement shapes due to the degree of dispersion of the
bone cement within the vertebral body. In our study,
the morphology of the original bone cement was sim-
plified to facilitate calculations and analysis. The bone
cement we analyzed was of the "agglomerate" type,
which may have led to the overly homogeneous results
of our tests. In addition to this, due to the diversity
of vertebral morphology at the time of fracture, we

did not model the fractured vertebrae and therefore
could not reflect the complexity of the actual situation
because several factors were not considered (such as
the finite element model was overly simplistic, vertebral
fracture conditions were not included in the study, and
the effect of different cement distribution locations on
the results was not taken into account). Still, it could
provide data for subsequent fracture modeling support.
All these reasons may influence the von Mises stresses
observed after PKP surgery. Due to the inconsistent
anatomical morphology of the nine models, there may
be subtle variations in stresses from vertebra to verte-
bra, even when the same loading method is used. Based
on the current study, future biomechanical analyses
should include finite element models that reflect the
human condition more accurately.

Conclusions

The modeling results showed that the different bone
cement injection methods and bone cement volume
have substantial effect on the adjacent segmental
vertebral structures. The bilateral integration bone
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cement produces approximately 10% less stress on
adjacent segments than the remaining two cement
forms and, when the injection volume is 4 ml, reduces
stress on adjacent segments by approximately 15%
while maintaining the stability of the injected verte-
bral body.
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