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Abstract

AIM
To reduce post treatments of kyphoplasty, as a common
treatment for osteoporotic vertebrae.

METHODS

This study suggests a new method for treating vertebrae
by setting the hexagonal porous structure instead of the
rigid bone cement mass in the kyphoplasty (KP). The KP
procedure was performed on the fresh ovine vertebra of
the level L1. Micro finite element modeling was performed
based on micro computed tomography of ovine trabecular
cube. The hexagonal porous structure was set on one
cube instead of the bone cement mass. For the implant
designing, two geometrical parameters were considered:
Spacing diameter and thickness.

RESULTS

The results of micro finite element analyses indicated
the improvement in the mechanical behavior of the
vertebra treated by the hexagonal porous structures,
as compared to those treated by vertebroplasty (VP)
and KP under static loading. The improvement in the
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mechanical behavior of the vertebra, was observed as
54% decrease in the amount of maximum Von Misses
stress (improvement of stress distribution), in trabecular
cube with embedded hexagonal structure, as compared
to VP and KP. This is comparable to the results of the
experimental study already performed; it was shown
that the improvement of mechanical behavior of the
vertebra was observed as: 83% increase in the range
of displacements before getting to the ultimate strength
(increasing the toughness) after setting hexagonal pearls
inside vertebrae. Both the material and geometry of
implant influenced the amount of Von Mises stress in the
structure.

CONCLUSION

The new proposed method can be offered as a sub-
stitute for the KP. The implant geometry had a more
obvious effect on the amount of Von Mises stress, as
compared to the implant material.

Key words: Vertebroplasty; Kyphoplasty; Micro finite
element modeling; Hexagonal porous structure; Von
mises stress

© The Author(s) 2017. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: By embedding the hexagonal porous structure
with two variable parameters including spacing diameter
and thickness, as a substitute for the bone cement mass
in the vertebral kyphoplasty, lower levels of maximum
Von Mises stress could be achieved, thereby indicating
the reduction of stress concentration in the interface area
between the bone cement mass and the cancellous bone,
as well as the reduction of post treatments. Furthermore,
setting porous structures with different geometries
inside vertebrae could provide the possibility of bone
regeneration, the transfer of growth factors and recreation
of mechanical properties.

Hosseini Faradonbeh SA, Jamshidi N. Biomechanical assessment
of new surgical method instead of kyphoplasty to improve the
mechanical behavior of the vertebra: Micro finite element study.
World J Orthop 2017; 8(11): 829-835 Available from: URL:
http://www.wjgnet.com/2218-5836/full/v8/i11/829.htm DOI:
http://dx.doi.org/10.5312/wjo.v8.i11.829

INTRODUCTION

Vertebroplasty (VP) and kyphoplasty (KP) as minimally
invasive surgeries, consume poly methyl methacrylate
(PMMA) and calcium phosphate as the bone cement for
the treatment of patients with osteoporotic disorders in
vertebral column. But one important challenge affecting
the quality of procedure is the leakage of bone cement.
Also the mechanical behavior of treated vertebra can
affect biomechanics of the whole spine™™. It is known
that the KP does not guarantee the stoppage of fractures.
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Based on the studies of Polikeit et al'¥, the strength
of the treated vertebrae can be regained by cement
augmentation, while it increases the endplate bulge
and generates some altered load transfer in adjacent
vertebrae. Then the rigid cement augmentation could
facilitate the subsequent collapse of adjacent vertebrae.

According to a careful literature review performed
by Wilcox™, the main factors affecting the spine per-
formance after cement augmentation can be classified
in three groups: (1) the cement properties and volume;
(2) the features of connection between the structure
and vertebra; and (3) the spine properties. The bone
and cement interface is important in providing the
longer term stability of the construction. Cement
augmentation improves motion segment stiffness,
while, it alters the bone stress distributions in the
treated and adjacent segments.

Keller et al'®, indicated that cement injection affects
the stress distribution in both the vertebra and adjacent
segments. Rohlmann et al’”! proved that the wedge
shaped vertebral body could alter the center of the
gravity of the upper body. This shift was compensated
by the KP leading to a lower muscle force and an
increase in the spinal load. The cement augmentation
increases the intradiscal pressure in adjacent discs
with a slight increase in Von Mises stress in vertebral
endplates. Based on attempts of Liang et al'¥, the
asymmetrical cement distribution inside the treated
vertebra led to the unrelieved pain after percutaneous
vertebral augmentation. The insufficient distribution
of the bone cement increased the displacement of
augmented vertebral body. Tschirhart et af® and Xu
et al™®, both emphasized that in the case of severe
fractures, cement augmentation could worsen the
fracture, leading to the cement leakage with subsequent
problems; this indicated the uncertainty in the results of
VP. Baroud et al!, emphasized that both experimental
study and finite element modeling are often focused
on the effect of type of bone cement and volume.
To reduce the risk of adjacent fracture after cement
augmentation, Boger et a*? suggested consuming the
low modulus cement (consisting of the regular bone
cement (PMMA) and the low-modulus cement prepared
with Vertecem by the addition of an aqueous fraction of
35% sodium hyaluronate).

Kinzl et a™”, emphasized that stress concentration in
trabecular bone is based on cement distribution. Basically,
in the KP, the bone cement and trabecular structure are
separated. So the whole structure is not homogeneous
and the stress concentration can be seen in the interface
area which is the reason of occurring micro fractures. The
result of studies of Kosmopoulos et ai* and Kettler et
al*?, indicated that the main problems with the cement
augmentation are: (1) stress concentration in the
interface area; and (2) asymmetrical cement distribution.
Baroud et al*®, proved that the wedge shaped vertebrae,
induced a shift in the center of gravity of the upper body
and therefore increased the intradiscal pressure and
stress on endplates. Compensation of this shift by the
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Figure 1 Subdividing the specimens of vertebroplasty (left) and kyphoplasty (right) to 9 smaller cubes in 3 layers in order to evaluate the regional

variations in stress distribution.

KP procedure decreased the erector spinae force and
also, the axial force in spinal column. Armsen et at'”},
emphasized that in the case of the long term stability
of the structure build up from the bone cement and
trabecular bone, two main factors must be considered.
First, it should be noted that the cytotoxicity of poly
methyl methacrylate prevents the osteointegration;
second, the osteoporosis as a progressive disease
weakens the structure of the trabecular bone. Con-
sidering the necessity of setting a structure to solve
mentioned problems, Garzén-Alvarado et at'®, suggested
setting porous structures. Verhulp et al®), emphasized
that the structural complexity in trabecular bone could
be the reason of existence of a wide range of differences
in the amount of Von Misses stress in the structure.
Landgraft et ai*, attempted to simulate the generation
of microstructural models of human trabecular bone and
the acrylic bone cement injection with the Finite Element
Method (FEM) of cement curing inside vertebrae based
on micro computed tomography (uCT) scanning.

Considering the results of all studies conducted to
address the limitations of cement augmentation and
the problems that patients may encounter after the VP
and KP, the main drawbacks of these procedures can
be classified as: (1) asymmetrical cement distribution
inside the vertebra; (2) stress concentration in the
interface area between cement mass and bone in the
KP; (3) the risk of occurring fractures in the adjacent
vertebrae; (4) the risk of cement leakage while
augmenting; and (5) as an important case, different
outcomes of patients due to ignoring the morphological
parameters of trabecular bone such as trabecular
thickness (Tb. Th) and trabecular spacing (Tb. Sp) in
treating osteoporotic vertebrae.

In this study, the hexagonal porous structure with the
low rate of mass/volume and high stability, is presented
with defined geometrical parameters including thickness
and spacing diameter, as determining factors to build the
implant with optimum design and therefore, to reduce
post treatments. Furthermore, setting porous structures
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with different geometries inside the vertebra, could
provide the possibility of tissue regeneration, the transfer
of growth factors and the recreation of mechanical
properties.

MATERIALS AND METHODS

Preparation of specimens

Two L1 ovine vertebral bodies were chosen for the
VP and KP procedures. Cement augmentation was
performed according to common instructions already
brought in the literature. The VP and KP procedures
were performed by needle insertion through the pedicle.
The PMMA was used as the bone cement. The volume
fraction for the consumed PMMA was 20% of the
whole vertebral volume. The cement distribution was
checked by CT scanning of the samples after cement
augmentation.

Micro finite element modeling

To reconstruct three dimensional micro structure of
trabecular bone, a micro computed tomography (uCT
100, SCANCO Medical AG, Switzerland) was used for a
specimen treated by VP and KP. To evaluate the regional
variations of stress distribution inside the vertebrae,
each specimen was subdivided to 9 smaller cubes with
the size of 5 mm x 5 mm x 5 mm in 3 layers (Figure
1). Then the model was imported into the analytical
software ABAQUS 6.14.

Implant design

The hexagonal porous structure was set on one cube
instead of the bone cement mass. For designing the
implant, two geometrical parameters were considered
as: Spacing diameter and thickness (Figure 2). The
implant design was performed in four groups with
different geometries. The geometrical characteristics of
the hexagonal structure including thickness and spacing
diameter, are presented in Table 1. There was also a
pattern among the designed implants: The thickness of
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Spacing &iame;er ‘
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Figure 2 Spacing diameter and thickness. A and B: Design of hexagonal porous structure; C and D: Using a symmetric circle pattern equivalent to; the embedded

hexagonal structure in the experimental study (Ref [21]), already performed.

Table 1 Geometrical parameters in implant design

Table 2 Material properties used in the finite element method

Model 1 Model 2 Model 3 Model 4

Thickness (mm) 0.5 0.4 0.3 0.2
Spacing diameters (mm) 1 1.5 2 2.3

the structure was decreased simultaneously with growing
the spacing diameter from the models 1 to 4. The
hexagonal porous implants were designed in the way
to replace the cement mass on one cube in four models
with two groups of materials: Steel and titanium. The
porous structure is set in the space already occupied by
the cement mass. The symmetric circle pattern was used
to construct the hexagonal structure equivalent to the
experimental study™!!, previously performed. Material
properties including elastic modulus and Poisson ratio
used in the FEM are shown in Table 2.

Loading

In accordance with micro finite element analyses (uFEA)
performed by Gong et a*?, to simulate the experimental
testing conditions, a displacement load was applied as 1%
compressive strain on the longitudinal direction with the
full constraints at the bottom of each trabecular cube.

RESULTS

The results of uFEA of cubes related to VP and KP
indicated that the maximum Von misses stress in the
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Components Elastic modulus (MPa) Poisson ratio
Trabecular bone 30 0.2
Bone cement 2530 0.2
Steel 200e3 0.3
Titanium 110e3 0.3

cubes of the VP was less than that of the KP. Basically,
the mechanical behavior of a construction made of the
bone cement and trabecular structure is based on the
cement distribution. As shown in Figure 3, the cement
distribution in trabecular cubes is totally different in the
VP and KP.

The results of uFEA of the cubes surrounding the
injected cement mass in both VP and KP indicated the
low regional variations in the amount of maximum
Von Misses stress in the cubes 1 to 6 with the average
value of 21.7 MPa and 36.6 MPa for the VP and KP,
respectively. Also, in the third layer without cement
penetration, for cubes 7 to 9, the difference between
the amounts of maximum Von Misses stress in the
cubes was not considerable and had the average value
of 7.3 and 7.21 MPa for the VP and KP.

The low regional variation in the cubes with com-
bination of bone cement and trabecular bone in the
KP, made the selection of each cube for embedding
the hexagonal structure, a reasonable statistical one.
Therefore, the results of analyses for the selected
cube were generalizable to the whole vertebra. The
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Figure 3 Different cement distribution in the vertebroplasty (left) and kyphoplasty (right).

maximum Von misses stress in the cube 2, with the
embedded hexagonal porous structure with different
geometries, instead of the cement mass, is shown in
Figure 4. The maximum Von Misses stress in the cube
with hexagonal structure was more than that of the
same cube treated by KP procedures at first. But after
implementing different geometrical parameters of the
hexagonal structure, the maximum Von Misses stress
was decreased in the whole cube. This was the sign of
altered stress distribution inside vertebrae.

For the model 1, with the thickness of 0.5 mm and
spacing diameter of 1 mm, the maximum Von-Misses
stress for the implant material of steel and titanium
was 38.2 and 37.8 MPa, respectively. For the model
2, with 0.4 and 1.5 mm for the thickness and spacing
diameter, the maximum Von-Misses stress reduced
to 34 and 32.2 MPa for steel and titanium implants,
respectively. This decreasing trend in the amount of
Von Misses stress was continued until reaching to 16.5
and 16.4 MPa for the steel and titanium implants in the
model 3, with the 0.3 and 2 mm for the thickness and
spacing diameters. But after this, increasing the spacing
diameter and decreasing the thickness in the hexagonal
structure, caused the enhancement of Von Misses stress
in model 4.

The diagrams of vertebrae with hexagonal structure,
indicated two main points: (1) after implementing
geometrical parameters of the hexagonal structure,
the amount of maximum Von Misses stress in the
construction was decreased; and (2) the influence of
type of material (steel or titanium) on the amount of
maximum Von Misses stress was less obvious than the
impact of implant geometry.

DISCUSSION

This study was set to compare the mechanical behavior
of the vertebrae treated by the VP and KP with
the one treated by the hexagonal porous structure
having different geometries. In the case of VP, the
bone cement filled most of the porous space of the
trabecular structure, such that the whole construction
was almost homogeneous. This was the reason for
increasing the stress in endplates, pressure inside
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disks and the bulge of adjacent endplates leading to
occurring adjacent fractures'., On the other hand,
in the KP, the bone cement mass and the trabecular
structure were separated and the whole structure was
not homogeneous. So the stress concentration could
be seen in the interface area. The stress concentration
in the separation region caused high amounts of Von
Misses stress in the construction.

The results of an experimental study addressing the
differences between the mechanical behavior of the
vertebrae treated by hexagonal pearls embedded inside
vertebrae and that of the VP and KP4, confirmed
the results of uFEA in this study. Based on the re-
sults of mechanical tests, by setting the hexagonal
porous structure, the toughness of the vertebra was
enhanced substantially in the form of increased range
of displacement of the vertebrae (83%) before getting
to the ultimate strength under static loading. Also,
the effect of the type of material in increasing the
toughness was less obvious when compared to the
effect of implant shape. In the KP, the separation area
between the rigid cement mass and the trabecular bone
was the most susceptible region for occurring fractures
because the stress distribution in the boundary region
was not homogeneous. The hexagonal porous structure
rendered better stress distribution in the boundary
region and reduced the risk of fracture in the future.

The complicated geometry of trabecular bone
requires an algorithm to determine the amount and
the position of bone cement or any other structure.
The improvement in stress distribution inside treated
vertebrae leads to the reduction of stress in endplates®.
So it could be inferred that the treated vertebrae by
the hexagonal structure is likely to encounter a less
amount of stress in endplates. As the treated vertebrae
by hexagonal structure had better stress distribution, it
could be predicted that in the term of long term stability,
those vertebrae might show a better performance.

The decreasing trend in the maximum Von Misses
stress in the cube with the hexagonal porous structure
can be obviously seen in Figure 4. The improvement
in the mechanical behavior of the whole vertebra
treated by new method, as compared to the common
procedures, could be achieved by validating the
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Figure 4 Maximum von misses stress in the cube with geometrically different hexagonal structures: model 1 to 4 and also in the vertebroplasty and

kyphoplasty in the form of bar graph.

theoretical results through experimental tests. The
reduction of Von Misses stress in the construction after
implementing geometrical parameters is comparable to
the results of the experimental tests already performed,
thereby showing the increased range of displacement
before getting to the ultimate strength in the vertebrae
treated by the hexagonal structure; this represented
the better stress distribution inside the vertebrae under
the uniaxial compressive load. The increasing trend in
Von Misses stress in the model 4 indicated the existence
of an optimal amount for the geometrical parameters
of hexagonal structure. Considering the morphological
parameters of trabecular cube such as Tb. Th and
Tb. Sp, it seems that there is a relationship between
geometrical parameters of the embedded structure
and morphological parameters of trabecular bone.
Therefore, optimizing the design of implants is related
to those morphological parameters.

The more dependence of stress distribution on
different geometries of implant, compared to the
variation of material in the results of uFEA, was also
observed in the experimental study™", this showed that
the influence of the material of hexagonal structure in
increasing the range of displacements before getting
to the ultimate strength (improved stress distribution),
as compared to the impact of implant geometry, is of
secondary importance.

Future studies must be focused on optimizing
the geometry of the hexagonal implants based on
morphological parameters of trabecular structure in
order to provide clear surgical instructions for each
patient. In addition to the improvement of mechanical
properties of the treated vertebrae, setting porous
scaffolds might help better bone regeneration, cell
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migration and bone repair.

In conclusion, the new method presented here
is based on using hexagonal implants instead of the
rigid cement mass. The results of treated vertebrae by
hexagonal structures showed that the improvement
of the stress distribution inside vertebrae could lead
to increasing the toughness and reducing stress
in endplates. Also, because the hexagonal porous
structure was symmetrical and geometrically optimized,
it could solve the problem of asymmetrical cement
distribution, a common problem in the VP and KP. The
results of this study indicated that a wide range of
material could be selected in providing implants due to
the low dependence of stress distribution, relative to the
implant material variance.

Future studies must be focused on evaluating
geometrically different models of implants based on
defined parameters of this study: Thickness and spacing
diameter; this could lead to optimizing the stress
distribution considering the morphological parameters
of trabecular bone for each patient. Also, advanced
techniques to facilitate the insertion of porous structures
inside vertebrae must be considered. In the case of
long term stability, in-vivo studies could be an effective
method to assess the bone repair and evaluating the
durability.

COMMENTS

Background

The vertebroplasty (VP) and kyphoplasty (KP) are known as common
procedures in treating osteoporotic vertebrae. Although post treatments of KP
are less than those of VP, but the stress concentration in the interface area of
bone cement and trabecular bone could be regarded as the main reason of
occurring micro fractures, pain and aseptic loosening.
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Research frontiers

Previous researches have already proved that cement augmentation increases
the interadiscal pressure in adjacent discs with a slight increase in Von
Mises stress in vertebral endplates. Basically, the main drawbacks of cement
augmentation are: (1) stress concentration in the interface area; and (2)
asymmetrical cement distribution.

Innovations and breakthroughs

This is the first study addressing the hexagonal porous structure with defined
geometrical parameters including spacing diameter and thickness. It was
conducted to alter the mechanical behavior of the osteoporotic vertebrae.

Applications

The hexagonal porous structures could be considered as a substitute for
bone cement with the variety of geometrical parameters. Furthermore, setting
porous structures with different geometries inside vertebrae may provide the
possibility of bone regeneration, transfer of the growth factors and recreation of
mechanical properties.

Terminology
The hexagonal porous structure could be considered as a substitute for bone
cement mass due to lowering the level of the maximum Von Mises stress
and reducing the stress concentration and post treatments. Within defined
geometrical parameters, thickness and spacing diameter, the structure could be
optimized as well.

Peer-review
Good study, subject addressed in this article is worthy of investigation.
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