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Background and Objective: Patients with metastatically compromised vertebra can experience pathologic
fracture with relevant neurological complications. Vertebroplasty is a low cost procedure and it can potentially
prevent neurologic impairment if performed at an early stage. The aim of this study is to evaluate the effects
of prophylactic vertebroplasty on stability of the metastatic spine and analyze load distribution at adjacent
vertebrae.

Setting: A 3D finite element model of two spinal motion segments (L3-L5) was developed. A central core of
elements was selected in L4 vertebral body and material properties of a lytic metastasis and successively
PMMA were assigned. The model was settled in order to simulate a non-osteoporotic spine and an
osteoporotic spine.

Outcome Measures: Vertebral stability was assessed by the measurement of vertebral bulge (VB) and vertebral
height (VH) on L4. Load transfer on adjacent vertebrae was evaluated by observing the distribution of the von
Mises stress on L3 and L5 endplates.

Results: The metastasis increased VB by 424% and VH by 626%, while prophylactic vertebroplasty decreased
VB and VH by 99% and 95%, respectively, when compared to the normal/non-metastatic model. Prophylactic
vertebroplasty increased the average von Mises stress of L3 lower endplate by 1.33% in the non-osteoporotic
spine, while it increased to 16% in the osteoporotic model.

Conclusions: Prophylactic vertebroplasty could represent an interesting option to improve vertebral strength of
metastatically compromised spine without excessively increasing the stresses on adjacent vertebrae in non-
osteoporotic spine.
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Introduction

The spine is the most common site of malignant disease
of the skeletal system. Patients with metastatically com-
promised vertebra can experience pathologic fractures
with related neurological complications. Prophylactic
treatment is critical to prevent this catastrophic event.
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Conventional surgical options include decompression
and stabilization with instrumentation either from an
anterior, posterior, or a combined approach. However,
morbidity and mortality associated with mayor
surgery is significant.’

Vertebroplasty is a minimally invasive technique that
involves the percutaneous injection of bone cement into
the vertebral defect. The biomechanical objective of ver-
tebroplasty is to restore vertebral body stability, so that
the weight-bearing capability in the spine during
regular daily activities is sufficiently supported.
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Vertebroplasty is an attractive option because it is less
costly than major surgery and it can potentially
prevent neurologic impairment if performed at an
early stage. Ahn et al.® quantified the ability of vertebro-
plasty to stabilize metastatically involved vertebrae
against the risk of burst fracture initiation with a stan-
dardized model of vertebral metastases. They demon-
strated that location of cement after injection into the
vertebral body relative to the tumor is important in
determining whether or not vertebral wall motion is
reduced or increased with percutaneous vertebroplasty.
Other studies examining the effects of vertebroplasty
have focused mainly on osteoporotic fractured vertebral
bodies.> * Cadaveric studies demonstrated that vertebro-
plasty restores biomechanical integrity of compressed
osteoporotic vertebral bodies.™’ A finite element study
showed that a modest amount of cement can restore
or increase the stiffness of a fractured vertebral body.®
However, cement augmentation procedures alter the
biomechanics of the fractured segment, modifying the
biomechanical responses of levels above and below the
treated vertebra.’

The consequences of vertebroplasty on non-fractured
vertebrae are largely unknown. Studies mainly focused
on preventive reinforcement of vertebrae adjacent to a
post-fractured augmented vertebra and results reported
vary.'”

Limited research has been conducted evaluating the
effects of prophylactic vertebroplasty in metastatic ver-
tebrae.'"'? Prophylactic vertebroplasty has a number of
hypothetical advantages including the retention of the
natural vertebral height, and thus spinal alignment,.
However, evidence to support prophylactic vertebroplasty
in metastatic vertebrae is not sufficient. Moreover, the
application of procedures with preventive intents needs
to be carefully considered to avoid unwanted compli-
cations and risks. The risk of cement leakage

is controversial in metastatic vertebrae. Some authors
reported a lower risk of extravasation in a metastatic ver-
tebra when compared with a vertebral body compro-
mised by fracture.'” Others described a higher risk in
patients with spinal malignancy compared with patients
with osteoporotic vertebrae.'>'> Longer-term studies
on osteoporotic patients treated with vertebroplasty
suggested a possible accelerated failure rate in the adja-
cent vertebral body.'®'® The mechanism of adjacent
vertebral failure can be explained by a stiffness mis-
match between the treated and adjacent vertebrae.”"”
However, the risk of adjacent vertebral fracture in the
setting of a metastatic spine needs to be better investi-
gated. In a prospective cohort study, percutaneous selec-
tive vertebroplasty as first-line treatment option was
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clinically and radiologically evaluated in patients with
well-confined metastatic vertebral lesions.”® According
to Elnoamany er al.,* there were no adjacent vertebral
fractures at 6-14 months follow-up.

The aim of this study was to evaluate the effects of
prophylactic vertebroplasty on the biomechanical stab-
ility of a metastatic vertebra®'-*> and to analyze load dis-
tribution on adjacent vertebrae. Our purpose was to
understand how cement augmentation influences the
biomechanics of a metastatic vertebra and to assess
the potential risk of adjacent vertebral fracture, thus
providing an insight into the rationale and feasibility
of prophylactic vertebroplasty. We hypothesized that
1) vertebroplasty has the potential to restore vertebral
stability without excessively increasing stress on adja-
cent vertebrae in a non-osteoporotic spine; and 2) ver-
tebroplasty can lead to inadequately high stresses on
adjacent vertebrae in an osteoporotic spine.

Methods

Finite element model

Two spinal motion segments (L3-L5) were selected from
a previously developed and validated three-dimensional,
nonlinear, ligamentous L3-Sacrum model that was
described in detail in a prior publication®® (Fig. 1a).
Briefly, a high-resolution computer tomography (CT)
scan of a fresh-frozen human cadaveric spine specimen
(male, 52 yrs. old) was obtained on a Siemens 79
Helical CT Scanner (Siemens Corp., Munich,
Germany) and reconstructed with a pixel size of
0.293 mm and 0.4 mm slice thickness. Segmentation
was performed using Mimics image processing and
editing software (Materialise US, Plymouth, MI
USA). Discs were generated using the wrap function
in 3-matic (Materialise, Ann Arbor, MI). Meshes were
created using Hypermesh (v10.0 Altair Engineering,
Inc., Troy, MI, USA).

The model included vertebral bodies consisting of a
cortical shell, cancellous core, endplates and posterior
elements. Intervertebral discs consisted of a nucleus pul-
posus, annulus ground substances, and annulus fibrosus
(seven layers). Ligaments (anterior longitudinal, pos-
terior longitudinal, intertransverse, ligamentum
flavum, interspinous, supraspinous and capsular) were
also included in the model. Material properties of all
model components are summarized in Table 1.

Boundary conditions and loads

Nodes on the lower endplate of the L5 vertebra were
encastred and constrained in all three axes of rotation
and translations. A kinematic coupling was created by
selecting surface nodes from L3 and a reference node
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(a) Finite element model of two motion segments of the lumbar spine (L3-L5). (b) A central core of elements was selected

in L4 vertebral body and material properties of a lytic metastasis and PMMA were successively allocated. (c) Vertebral bulge (VB) is
the horizontal line and vertebral height (VH) is the vertical line. VB was calculated by measuring the distance between two standard
nodes at the mid-height of the vertebra on the sagittal plane. VH was calculated by measuring the distance between two standard
nodes at the center of the inferior and superior endplates on the sagittal plane.

placed 10 mm above the vertebra. This constraint limited
the motion of aforementioned nodes to the motion
applied to the reference node.”* An axial compressive
load of 1,200 N was applied to the superior reference
node atop the L3 vertebra, corresponding to a compres-
sive force on the lumbar spine for an individual standing
upright holding an 8.3 kg mass with outstretched arms.*’

Parametric analyses
A metastatic lesion was first represented in the model,
encompassing a central core of elements, covering

Table 1 Finite element model material properties.
Elastic Modulus (MPa) Poisson’s Ratio

Vertebra

Cancellous Bone 100 0.2

Cortical Bone 12000 0.3

Vertebral Bony 4000 0.3
Endplate

Cartilage Endplate 5 0.17

Posterior Bone 3500 0.25

Intervertebral Disc

Nucleus Polposus 1 0.49

Annular Fibers Neo-Hooke

Annular Layers Neo-Hooke

Joint

Facet Joints 3500

Ligaments

Anterior Longitudinal 15.6 - 20.0 0.3

Posterior Longitudinal 10.0-20.0 0.3

Intertransverse 12-58.7 0.3

Ligamentum Flavum 13.0-19.5 0.3

Interspinous 9.8-12.0 0.3

Supraspinous 8.8-15.0 0.3

Capsular 7.5-33.0 0.3

about 30% of the vertebral volume?® in the L4 vertebral
body. Material properties of a lytic metastasis were
assigned to these elements (Elastic Modulus 0.01 MPa,
Poisson’s Ratio 0.4995).?” Then, the model was modified
to simulate prophylactic vertebroplasty assigning poly-
methylmethacrylate (PMMA) material properties to the
same core of elements in the L4 vertebral body (Elastic
Modulus 3000 MPa, Poisson’s Ratio 0.41)'? (Fig. 1b).

Since the risk of adjacent vertebral failure has been
described in osteoporotic patients,”® the prophylactic
vertebroplasty model was modified to simulate osteo-
porosis as well. Osteoporosis was defined by a 66%
reduction in the elastic moduli of all bony structures
for the cancellous bone and a 33% reduction modulus
for the cortical shell, endplates and posterior elements.'”
Soft tissue structures were left unchanged.

A total of four models were developed: non-meta-
static model, metastatic model, prophylactic vertebro-
plasty model, prophylactic vertebroplasty-osteoporotic
model (Fig. 2).

Outcomes variables

Vertebral stability was assessed by the measurement of
vertebral bulge (VB) and vertebral height (VH).”
Vertebral bulge is defined as the maximum radial
bulge of the vertebral body under load which has been
correlated with load-induced spinal canal narrowing,
vertebral cortex tensile hoop strains and bone marrow
pressurization.®®  Vertebral height represents the
maximum axial displacement of the vertebral body
under load and it characterizes the risk of endplate
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Figure 2 Four models were obtained: non-metastatic model,
metastatic model, prophylactic vertebroplasty model,
prophylactic vertebroplasty in osteoporotic model. Vertebral
stability was analyzed and compared between the non
metastatic model, the metastatic model and the prophylactic
vertebroplasty model. The von Mises stress was analyzed and
compared between the prophylactic vertebroplasty model and
the prophylactic vertebroplasty in osteoporotic model.

failure leading to subsequent burst fracture.®® VB and
VH were measured on the L4 vertebra when the axial
compressive load of 1,200 N was applied. VB was calcu-
lated by measuring the distance between two standard
nodes at the mid-height of the vertebra on the sagittal
plane. VH was calculated by measuring the distance
between two standard nodes at the center of the inferior
and superior endplates on the sagittal plane (Fig. 1c).
Since the mesh was identical in all models, node num-
bering and position allowed for the identification of
standard nodes in each model. Vertebral body stability
was analyzed and compared between the non-metastatic
model, the metastatic model and the prophylactic ver-
tebroplasty model (Fig. 2).

The influence of cement augmentation on load transfer
on adjacent vertebrae was evaluated by observing the dis-
tribution of the von Mises stress on L3 and L5 endplates.
The von Mises stress combines multiaxial stresses into
one equivalent uniaxial stress value and has been proposed
as a failure criteria for bone.'” The average, maximum and
minimum von Mises stress were evaluated on the endplates
above and below the augmented vertebra (inferior of L3
and superior of L5). The distribution of von Mises stress
on L3 lower endplate and L5 upper endplate was also eval-
uated. The percentage area above and below the average
von Mises stress of the non-metastatic non-osteoporotic
model was calculated for each condition. The von Mises
stress was analyzed and compared between the prophylac-
tic vertebroplasty model and the prophylactic vertebro-
plasty-osteoporotic model (Fig. 2).

Results
In the non-metastatic model, VB and VH were 0.05 mm
and -0.15 mm respectively. The metastasis increased VB
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by 424% (0.262 mm) and VH by 626% (-1.09 mm) com-
pared to the non-metastatic model. When prophylactic
vertebroplasty was simulated, VB decreased by 99%
(0.001 mm) and VH decreased by 95% (-0.051 mm) com-
pared to the metastatic model. Comparing prophylactic
vertebroplasty with the non-metastatic model, VB
decreased by 98% and VH decreased by 66% (Fig. 3).
The average, maximum and minimum von Mises
stress on adjacent vertebrae in the prophylactic vertebro-
plasty model were compared to those of the non-meta-
static model. Prophylactic vertebroplasty increased the
average von Mises stress of L3 lower endplate by
1.33%, the maximum value by 0.82% and the
minimum value by 2.09%. The L3 lower endplate per-
centage area above the average von Mises stress
increased by 8.9%. A similar trend was observed in L5
upper endplate. When prophylactic vertebroplasty was
simulated in the osteoporotic model, the average von
Mises stress of L3 lower endplate increased by 16.01%,
the maximum value increased by 13.7% and the
minimum value increased by 13.19%. The L3 lower end-
plate percentage area above the average von Mises stress
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Figure 3 VB and VH in the non-metastatic, metastatic and
prophylactic vertebroplasty models.
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Figure 4 The percentage increment of average, maximum and
minimum von Mises stress (VMS) on L3 lower endplate and L5
upper endplate in the prophylactic vertebroplasty model and
prophylactic vertebroplasty-osteoporotic model. Data are
normalized to the non-metastatic model.
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Figure 5 The distribution of von Mises stress on L3 lower endplate and L5 upper endplate in the prophylactic vertebroplasty model

and prophylactic vertebroplasty-osteoporotic model.
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increased by 102%. A similar trend was observed in L5
upper endplate (Figs. 4 and 5). The von Mises stress on
the L3 lower endplate and L5 upper endplate showed an
asymmetric distribution due to anatomical character-
istics of the CT derived-finite element model.

Discussion

This finite element model demonstrated that VB and
VH increase when a metastatic lesion affects the ver-
tebral body and decrease when cement is added. These
results suggest the positive influence of vertebroplasty
on vertebral stability. However, this procedure could
also induce unwanted effects above the non-pathologic
condition. We hypothesized that prophylactic vertebro-
plasty would have had a minor effect on the stresses
on adjacent vertebrae in a non-osteoporotic spine. The
results confirmed our hypothesis by showing lower
average von Mises stress with small distribution on adja-
cent endplates of a non-osteoporotic spine. In contrast,
there is an increase in stresses with a wider distribution
on adjacent endplates when prophylactic vertebroplasty
is performed in an osteoporotic model. This agrees with
previous studies demonstrating a shift in loads in adja-
cent vertebrae, with a subsequent increase in the occur-
rence of adjacent vertebral failure in osteoporotic
patients.”'?*® This is the first study to investigate
stress distribution on adjacent vertebrae when prophy-
lactic vertebroplasty is performed in the metastatic
non-osteoporotic spine. Our findings suggest that, in
treating the metastatic spine, prophylactic vertebro-
plasty does not lead to an increased load transfer on
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adjacent vertebrae. However, further experimental
testing is required to recommend prophylactic vertebro-
plasty in the clinical setting. Moreover, complication
risks, including cement leakage leading to neurologic
or vascular damage and embolism, should be carefully
considered before applying the technique with a preven-
tive intent. Rather, our model aims to highlight trends in
the behavior of metastatic spine following prophylactic
vertebroplasty.

This study has several limitations. First, vertebroplasty
was represented as a core of elements in L4 vertebral body
whose material properties where augmented with those of
the PMMA. It is an extreme simplification of cement
injection into metastatically involved vertebra that does
not consider cement and tumor distribution patterns.
Despite this limitation, the model allowed comparison
of different scenarios to describe the relative effects on
vertebral stability. Mizrahi er al.*' developed a three-
dimensional finite element model of a lumbar vertebral
body to study the effects of geometry, material properties
and loading conditions on stresses in the presence of a
metastatic lesion. They found that the location of a
defect which did not penetrate the cortex had a minor
influence on the peak displacement and stresses, as did
the presence of lesions occupying less than 40% of the
volume of the vertebral centrum. The most severe case
involved a defect penetrating the anterior cortex, osteo-
porotic bone properties and anteriorly eccentric
loading. Second, the ideal cement volume required to
restore vertebral stability was not investigated. Cement
volume corresponding to 30% of vertebral volume was
used in this study since it is the recommended amount
of cement injected for vertebroplasty, corresponding to
4-8 cm.>?° Third, only one type of cement has been con-
sidered. Itis plausible that cements with lower modulus of
elasticity could theoretically reduce the risk of adjacent
segment fracture.'” Because PMMA has a higher
modulus than trabecular bone, it can lead to stress shield-
ing with consequential bone resorption and disc degener-
ation adjacent to the reconstruction. Previous
biomechanical cadaver studies have experimentally
demonstrated that fracture loads of augmented vertebrae
could be better conserved using materials with moduli
less than that of PMMA cement.?® Fourth, we did not
analyze the effect of vertebroplasty on the intervertebral
disc. Baraud et al. described the change in loading and
stiffness in the intervertebral disc adjacent to the augmen-
ted level due to augmentation.’ Using an FE model of a
lumbar motion segment they predicted an increase in
stiffness of the disc by approximately 11.1%. Fifth, only
an axial compressive load of 1,200 N was studied.
However, this represents a compressive force on the
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lumbar spine for an individual standing upright holding
an 8.3 kg mass with outstretched arms.> Further
research is required to elucidate the effects of prophylac-
tic vertebroplasty in a dynamic setting. Sixth, it could be
argued that metastatic lesions are more common in the
thoracic spine rather than in the lumbar spine.
However, we aimed to evaluate the effect of axial
loading without the influences of the ribs, which can con-
tribute to reduce the effective axial loading applied on the
vertebra. Therefore, we decided to study the lumbar spine
segment, as recently evaluated in a predictive mechanical
model for evaluating vertebral fracture probability in
lumbar spine under different osteoporotic drug thera-
pies.*? In future studies, we are planning to study localiz-
ation of metastasis to the thoracic spine. Finally, our
study did not consider metastases on multiple levels. In
this condition, the presence of cement could increase
the risk of adjacent vertebral fracture since a tumor is
present in that level.

Although a preliminary biomechanical study, results
suggest that prophylactic vertebroplasty would
improve vertebral strength of a metastatically compro-
mised spine without excessively increasing stress on
adjacent vertebrae in non-osteoporotic spine. It must
be emphasized that further biomechanical testing and
randomized controlled clinical trials need to be per-
formed before prophylactic vertebroplasty can be rec-
ommended as a treatment modality since possible risks
and benefits need to be carefully defined.
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