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Abstract

Vertebral compression fractures are one of the most severe clinical consequences of
osteoporosis and the most common fragility fracture afflicting 570 and 1070 out of
100,000 men and women worldwide, respectively. Vertebroplasty (VP), a minimally inva-
sive surgical procedure that involves the percutaneous injection of bone cement, is one
of the most efficacious methods to stabilise osteoporotic vertebral compression frac-
tures. However, postoperative fracture has been observed in up to 30% of patients fol-
lowing VP. Therefore, this study aims to investigate the effect of different injectable
bone cement formulations on the stress distribution within the vertebrae and interver-
tebral discs due to VP and consequently recommend the optimal cement formulation.
To achieve this, a 3D finite element (FE) model of the T11-L1 vertebral body was devel-
oped from computed tomography scan data of the spine. Osteoporotic bone was mod-
eled by reducing the Young's modulus by 20% in the cortical bone and 74% in
cancellous bone. The FE model was subjected to different physiological movements,
such as extension, flexion, bending, and compression. The osteoporotic model caused a
reduction in the average von Mises stress compared with the normal model in the T12
cancellous bone and an increment in the average von Mises stress value at the T12 cor-
tical bone. The effects of VP using different formulations of a novel injectable bone
cement were modeled by replacing a region of T12 cancellous bone with the materials.
Due to the injection of the bone cement at the T12 vertebra, the average von Mises
stresses on cancellous bone increased and slightly decreased on the cortical bone under
all loading conditions. The novel class of bone cements investigated herein demon-
strated an effective restoration of stress distribution to physiological levels within trea-
ted vertebrae, which could offer a potential superior alternative for VP surgery as their
anti-osteoclastogenic properties could further enhance the appeal of their fracture treat-
ment and may contribute to improved patient recovery and long-term well-being.
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1 | INTRODUCTION

Osteoporosis (OP) is a progressively widespread disease worldwide. It is
often referred to as a silent disease as bone loss, caused by the bone
resorption overactivity of osteoclasts (OC), gradually occurs without evi-
dent signs and symptoms resulting in affected people often being
unaware of the increased fracture risk.? OP can result in different types of
fractures located in dissimilar body parts, typically occurring at the femur,
forearm, pelvis, and spine vertebrae.! Vertebral compression fracture
(VCF) is one of the most severe clinical consequences of OP and the most
common fragility fracture stated in the literature.>* Based on the age- and
sex-adjusted incidence, the statistics from European Prospective Osteopo-
rosis Study Group states that VCF incidence rate of 570 and 1070 for
every 100,000 people of men and women, respectively.®> VCFs mostly
occur in the thoracolumbar junction (i.e., the spine segment from T12 to
L2) with an incidence rate of 60% to 75%,° whereas 30% arise in the L2
to L5 region.” Vertebroplasty (VP) is a minimally invasive surgery and one
of the most efficient methods to treat osteoporotic VCF in recent years.®
This surgery is based on the percutaneous injection of a viscous bone
cement into the fractured vertebrae. The cement is normally prepared by
mixing a powder phase with an appropriated volume of liquid phase. The
hardening of the cement within the vertebral body allows for the restora-
tion and stabilization of the fractured site and in turn relieves the patient's
pain.” 2 This approach is also effective in preventing the formation of
new fractures, as the bone cements should mimic the natural bone's rigid-
ity, allowing optimal load distribution across the adjacent vertebrae, and
avoiding the effects of pillaring. Nevertheless, there are still a significant
number of reported cases where the treated vertebral body and adjacent
vertebral body collapse following VP.2*** Tanigawa et al.»® performed
follow-up outcomes assessment on 194 patients after an average of
33 months, discovering that 33% of patients suffered fractures after VP,
with 67% of these fractures occurring in the adjacent vertebrae. Surgical
procedures, bone cement volume, material stiffness, filling patterns of the
cement, and anti-osteoporotic treatment were identified as the potential
causes for postoperative vertebral collapse.*®18 Furthermore, the detailed
mechanisms of postoperative collapse of the treated and adjacent verte-

1% Therefore, these causes need to be

bral body are generally indistinct
understood and rectified for the long-term efficacy of VP.

As far as bone cements currently used in clinics, polymethyl methacry-
late (PMMA) based cements are the most commonly used in VP proce-
dures.2%?* The clinical outcomes following PMMA VP showed enhanced
stability of the vertebral body.?>?* However, PMMA-based inert cements
lack in osteointegration and the high exothermic temperature reached dur-
ing their polymerization reaction can cause necrosis of the surrounding
tissue.2272* Moreover, current practices demonstrated that they can cause
postoperative vertebral collapse due to its excessive stiffness.?>2 As a
valid alternative, resorbable calcium sulfate (CS)-based cements were
largely used in VP due to their great biocompatibility and their ability to
actively interact with the body.?**3 Hardening of this cement occurs spon-
taneously at physiological temperatures (i.e., 37°C) due to the precipitation
reaction that occurs when calcium silicate hemihydrate (CSH) is combined
with water, which improves the strength and the stability of the damaged
vertebrae.>* Since these ceramic-based cements are inherently more brittle

compared with their polymeric counterparts, composite materials obtained
by the dispersion of particles within the CS matrix have been designed to
overcome this limitation®>> One such composite-based cement is
Cerament®, a commercially available CS-based cement that consists of
40 wt% hydroxyapatite (HA) nanoparticles. Depending on the type of parti-
cles introduced in the matrix, different properties can be conferred to the

1.3% introduced mesoporous

composite cement. For instance, Dadkhah et al
bioactive glasses (MBG) particles to improve the bioactivity of CS-based
cement. Moreover, several therapeutic ions can be included into the MBG
composition. In the bone regeneration scenario, strontium (Sr>*) is widely
exploited to impart pro-osteogenic features and it is currently used for the
treatment of OP.%”

Within the framework of the H2020 GIOTTO project,? the authors
optimized the formulation of an injectable, resorbable, radiopaque, and pro-
osteogenic composite bone cement able to stimulate an appropriate bone
remodeling response while providing the necessary stability in the treated
and adjacent vertebral body.*® The solid phase of this cement consists in a
mixture of different powders that are a-calcium sulfate hemihydrate parti-
cles (a-CSH) chosen as resorbable matrix, enriched with commercially avail-
able zirconia nanoparticles (ZrO,) to achieve a suitable and homogenous
radiopacity throughout the material and Sr>*-containing MBG (Sr-MBG)
nanoparticles synthesized via a sol-gel method to promote the bone remo-
deling process. In particular, bioactivity and pro-osteogenic effects are con-
ferred due to the well-known HA-forming ability exhibited by MBG*’ and
the release of Sr** ions, respectively. Furthermore, considering the OP
context, anti-osteoclastogenic features were imparted to the cement by
introducing a recombinant biomolecule, ICOS-F¢,*° into the material
formulation exploiting different drug delivery strategies. In particular,
ICOS-Fc was encapsulated into poly (lactic-co-glycolic) acid nanoparticles
(ICOS-PLGA) and covalently grafted on Sr-MBG surface (Sr-MBG-ICOS).
According to these considerations, two different cement formulations were
developed, resulting in different stiffness and Young's modulus values:
75CSH/205r-MBG/5ZrO, + 0.5wt% ICOS-PLGA® and 75CSH/20Sr-
MBG-ICOS/5ZrO; + 0.5wt% ICOS-PLGA.3®

The aim of this study was to investigate the effect of the two
developed CSH-based bone cement formulations and commercial
equivalent bone cements (i.e., Cerament® and PMMA) on the stress
distributions within the treated vertebrae following VP surgery. To
study this effect, a three-dimensional (3D) finite element (FE) model
was developed and used to predict the mechanical behavior of the
thoracolumbar junction following VP. The following objectives of
the study were to: (1) predict the load transfer through healthy and
osteoporotic vertebral body models under a physiological loading envi-
ronment, and (2) study the effect of the different bone cement formu-

lations on the stress distributions within the augmented vertebrae.

2 | MATERIALS AND METHODS
21 | FE model development

The 3D spine model consisting of the T11-L1 vertebral body was gen-
erated using a computed tomography (CT) scan of a 60-year-old male
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(516 x 516 pixels, pixels size of 0.815 mm, and slice thickness of
1 mm) obtained from the Cancer Imaging Archive Database (National
Cancer Institute, National Institutes of Health, MD, USA).***? The
CT images were imported into MIMICS 24.0 (Materialise, Leuven,
Belgium) in digital imaging and communications in medicine (DICOM)
format for manual segmentation and model generation. Manual
thresholding was completed in MIMICS 24.0 (Materialise, Leuven,
Belgium) to separate the cortical and cancellous layer from the
T11-L1 vertebral body. The average thickness of cortical bone was
retained as 0.8 mm. After the development of the T11-L1 vertebral
body, the intervertebral disc (IVD) comprising the annulus fibrous
and nucleus pulposus was generated. A constant layer of thickness
of 0.5 mm was extruded from the T11-L1 vertebral bone surface
and the Boolean operation was performed in Rhinoceros 7.0 (Robert
McNeel & Associates, WA, USA) to develop the bony end plates. All
components were imported into ANSYS v 20 (ANSYS, Inc., PA, USA)
for further processes such as the assignment of material properties,
meshing, boundary and loading conditions, and analysis. A 10-node
tetrahedral element mesh was used for the discretization process
with the element length sizes lying in the range 0.2-2 mm. Five liga-
ments namely, anterior longitudinal ligament, posterior longitudinal
ligament, ligamentum flavum, interspinous ligament, and facet
capsular ligament were incorporated into the model through ANSYS
v 20 (ANSYS, Inc., PA, USA) using linear spring elements. Each
ligament was represented with ten parallel springs to accurately dis-
tribute the load at the ligament-bone junctions. The location and
insertion point of the ligaments from existing literature were
used.*** The outline for the development of the T11-L1 FE model
is shown in Figure 1.

As OP leads to a reduction of bone quality and consequently
its Young's modulus and density, the bone properties for the
osteoporotic T12 vertebral body model were modified according
to Wang et al. and Peng et al.**** The bone tissue properties of
cortical and cancellous bone of the healthy T11-L1 vertebral body,
the osteoporotic T12 vertebral body, IVD, and endplates were con-
sidered linear, elastic, and isotropic and are shown in Table 1.4344
The length, stiffness, Young's modulus, and Poisson's ratio values of
each ligament were taken from the available literature and

presented in Table 2.4344

FIGURE 1 The generation of
the T11-L1 vertebra finite element
model from computed
tomography data.
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2.2 | Boundary and loading conditions

The FE model was subjected to five loading conditions, that is,
compression, flexion, extension, left bending, and right bending,
respectively (Figure 2). An axial force of 500 N was applied for the
compression loading condition similar to a previous study.*® A
moment of 10 N m with a preload of 500 N (to simulate the weight of
the upper body segment) was applied for the flexion, extension, and
left/right bending respectively similar to a previous study.*® The direc-
tion of the applied moment and axial compression force is shown
in Figure 2. The bottom surface of the L1 vertebra was fully

constrained.*®

2.3 | Overview of bone cement

The injectable, resorbable, radiopaque, pro-osteogenic, and anti-
osteoclastogenic bone cement developed in the frame of the H2020
GIOTTO project? aims to treat VCF and to stimulate an appropriate
bone remodeling response for effective healing. The cement was pre-
pared by mixing a dry phase, consisting of a mixture of powders, with
an aqueous phase to obtain a paste-like material that can be directly
injected into the fractured site. The powder component consisted of
a-CSH as a resorbable matrix, enriched with Sr-MBG and ZrO,

TABLE 1 Material property data of the bone, intervertebral discs,

and endplates.*3**
Young's Poisson's
Component modulus (MPa) ratio (v)
Healthy cortical Bone 10,000 0.3
Osteoporotic cortical bone 8,040 0.3
Healthy cancellous bone 132 0.2
Osteoporotic cancellous 34 0.2
bone

Endplate 23.8 04
Fibrous annulus 5 0.45
Nucleus pulposus 9 0.4

85UB017 SUOWILLOD BAIERID 3|qedtjdde ay) Ag pausenob are sapiie O ‘88N JO'Sa|ni o Akeiq1T8Ul|UO AB|IM UO (SUOIPUOO-PUR-SLLBYWI0D" A3 1M Afe.d) 1 )BU1UO//STNY) SUORIPUOD PUe SWis | 84} 83S *[7202/S0/9T] U0 ARiqauljuo AB|IM "Il eURIU00D AQ 6SESE d'WA/Z00T 0T/I0p/LI00 A8 | IM AReIq U1 |UO//SARY WO} papeojumoq T %202 ‘T8612SST



MONDAL ET AL.

012 | Wy LEY_'

TABLE 2 Material properties and

Ligaments Young's modulus (MPa)  Poisson's ratio (u)  Stiffness (N/mm) . . 4346
stiffness of the ligaments.

Anterior longitudinal ligament 8 0.28 45.2

Posterior longitudinal ligament 10 0.45 26.49

Ligamentum Flavum 20 0.45 43.71

Interspinous ligament 12 0.45 35.5

Facet capsular ligament 7 0.3 36.9

Bending

Extension
&
Flexion

Loading plate —

Compression

Posterior
Intervertebral disc longitudinal
(IVD T11/T12) ligament

Interspinous

Anterior ligament
longitudinal
ligament
Ligamental
flavum
Intervertebral disc
(IVD T12/L1) Facet
capsular
ligament

Endplate

Fully constrained

FIGURE 2 The T11-L1 vertebra model with ligaments, and the
applied loading and boundary conditions.

nanoparticles to impart, respectively, bioactivity and pro-osteogenic
effects as well as radiopacity. Moreover, with the purpose of retarding
the resorption activity of OC that are characteristic of OP, the anti-
osteoclastic biomolecule (ICOS-Fc) was included in the cement formu-
lation following two different strategies. Specifically, polymeric nano-
particles containing ICOS-Fc (i.e.,, ICOS-PLGA) and Sr-MBG with
ICOS-Fc covalently grafted on their surface (i.e., Sr-MBG-ICOS) were
dispersed in the cement matrix.

In this study, the effect of two cement formulations on the stress dis-
tributions within the treated vertebrae following VP surgery were investi-
gated and compared to the effect of two commercially available
equivalent bone cements (i.e, PMMA and Cerement®). The examined
materials were named Cement 1 (PMMA), Cement 2 (Cerament®), and
Cement 3 (formulation 75CSH/20Sr-MBG/5ZrO, + 0.5wt% ICOS-PLGA)
and Cement 4 (formulation 75CSH/20Sr-MBG-ICOS/5ZrO, + 0.5wt%
ICOS-PLGA). Four different FE material models were developed based on
the injection of the four different cement formulations. A virtual position-
ing and operation using Rhinoceros 7.0 (Robert McNeel & Associates,
WA, USA) was performed to place the bone cements within the T12 ver-
tebral body representing the vertebral environment postimplantation. The

position of the bone cement was identical for all four cement models.

The placement of the bone cement was determined based on previous
work by Peng et al.** Young's moduli of 1,076.90 + 358.70, 862.40 +
412,92, 729.62 +26.17 MPa were measured experimentally for
Cement 2, Cement 3, and Cement 4, respectively. The elastic modulus

.38 Uniax-

was characterized through mechanical testing of the cemen
ial compression mechanical testing was conducted in accordance with
standard I1SO 5833-2002 on cylindrical specimen (6 x 12 mm, D x H)
using the Zwick Z5 Testing Machine (Zwick Roell, Leominster, UK)
fitted with a 5 KN load cell.®® In particular, the samples were tested at
two different time points, after 24 h (under wet conditions) and 7 days
(under dry conditions) from the end of mixing to assess the initial and
posthydrated mechanical behavior of the cement. Both types were
placed in an incubator at 37 + 1°C under 100% (wet) and 0% (dry)
humidity conditions. A compressive load was applied at a rate of dis-
placement of 1 mm/min using a preload of 5 N at a room temperature
of 23 + 1°C. Prior to the mechanical testing, the diameter of each
specimen was measured. Each specimen was tested to failure to
determine the compressive strength (i.e., maximum failure load/cross-
sectional area of specimen).®® During this test, a load-deformation
curve was obtained. Stress-strain curve was determined by using
load-deflection data. After obtaining the stress-strain curve, the
Young's Modulus was determined for the novel cement composition.
Based on previous studies, the Young's modulus of Cement 1 (PMMA)
was taken to be 2,000 MPa.??>*” The Poisson's ratio was assumed to
be 0.3 for the all cement models, which is comparable to PMMA-
based bone cement.*’” The 3D FE model of the T12-L1 vertebral body
with the bone cement implantation is shown in Figure 3.

24 | Verification of the FE model

A mesh convergence study was performed to verify the model inde-
pendency on element size. Four meshes of different element sizes
and lengths were produced. A sensitivity study was performed based
on the von Mises stress distribution in the T11-L1 cortical and can-
cellous bone. The four meshes had an increasing number of ele-
ments: Mesh 1 = 85,867; Mesh 2 = 187,921; Mesh 3 = 265,353;
and Mesh 4 = 467,822 elements. The mesh element numbers were
increased until the difference in the von Mises stress distribution
between meshes was less than 1%. The difference between Mesh
3 and Mesh 4 showed a significant reduction in the deviation of
equivalent stresses in the range of 0.1%-1%. Consequently, Mesh
3 consisting of 265,353 elements was sufficient for accurate compu-

tational modeling.
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2.5 | Validation of the FE model

The present established FE model was validated with the previous

postmortem human subjects (PMHS) test data using same boundary

Bone cement

FIGURE 3 3D model of the T11-L1 vertebra with insertion of
bone cement.
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and loading conditions.*® The validation of the model was done
considering the range of motion (ROM) under various loading condi-
tions. The ROM for flexion, extension, axial rotation, and lateral bend-
ing was found 1.7°, 1.8°, 1.3°, and 2.5°, respectively, at level T11-T12
and 2.1°, 2.6°, 0.8°, and 2.7°, respectively, at level T12-L1 in the pre-
sent FE model, which were well within the range of previous PMHS
data. The previous PMHS data reported that average + SD flexion,
extension, axial rotation, and lateral bending ranges of motion to one
side were 2.7 £ 1.3°, 24 +1.3°, 1.8 £0.7°, and 3.5 + 1.1°, respec-
tively at level T11-T12. Whereas, the ROM at T12-L1 were 2.9
+1.4°,39+14° 1.2+0.7°,and 3.7 + 1.1°, respectively. The present
ROMs of the established FE model were well verified and validated
with the previous results.*®

3 | RESULTS

3.1 | Stress and strain distributions
in the thoracolumbar junction

The results from the FE analysis of the T11-L1 spine model, corre-
sponding to different loading conditions, are presented sequentially.
The FE model was subjected to five loading conditions and the corre-
sponding von Mises stress and strain contour plots for cortical bone
were determined (Figure 4). The extension loading condition predicted
the maximum stress and strain values followed by the flexion, left

bending, right bending, and compression. In the case of simple

Flexion Left bending Right bending

RE88

(A)

Left bending Right bending

Flexion

FIGURE 4 (A) von Mises stress distribution at the T11-L1 cortical vertebra, and (B) von Mises strain distribution at the T11-L1 cortical

vertebra for all five loading conditions.
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Stress (MPa)

Compression Extension

Stress (MPa)

Compression Extension

FIGURE 5

Flexion Left bending Right bending

(A)
Flexion Left bending Right bending
(B)
Flexion Left bending Right bending

(©)

(A) von Mises stress distribution at the T11-L1 cancellous vertebrae, (B) von Mises stress distribution at the T11-T12 IVD, and (C)

von Mises stress distribution at the T12-L1 IVD for all the five loading conditions.

compression, the peak value of von Mises stress and strain were pre-
dicted to be 41.85 MPa and 0.42% in the cortical bone, respectively.
Whereas for extension, the peak von Mises stress and strain in the
cortical bone were predicted to be 78.43 MPa and 0.79%, respec-
tively. The equivalent stress distributions, corresponding to all the five
load cases, for the T11-L1 cancellous vertebrae and IVDs (T11-T12
IVD, and T12-L1 IVD) are shown in Figure 5. Similar to the cortical
bone, the highest stress value in the cancellous vertebrae was
observed for the extension loading condition followed by the flexion,
left bending, right bending, and compression conditions. The peak von
Mises stress value in the cancellous bone was predicted to be
1.65 MPa for extension and 0.78 MPa for compression loading.
The peak values in T11-T12 IVD and T12-L1 IVD were predicted to
be 2.75 MPa and 4.70 MPa, respectively, in the compression loading
case. Whereas for extension, the maximum stress was 2.89 MPa and
5MPain T11-T12 IVD and T12-L1 IVD respectively.

3.2 | Effect of bone cement on the stress
distributions

The average von Mises stress values of healthy and osteoporotic

bone, and after the bone cement injection were measured in the

cortical bone (T12 vertebral body) with the results for all five loading
conditions presented in Figure 6. The osteoporotic FE model showed
an increase in the average von Mises stress value in the cortical bone
for all loading conditions compared with the healthy model. The dif-
ference in average von Mises stress values between the healthy and
osteoporotic models in the T12 cortical bone was predicted to be
22.02%, 8.73%, 8.74%, 16.54%, and 18.65% for compression, exten-
sion, flexion, left bending, and right bending, respectively. A marked
reduction in average von Mises stress was found following bone
cement injection into the T12 vertebra compared with the osteopo-
rotic model without cement. The average stress value at the T12 cor-
tical bone approached that of the healthy model following the
placement of the bone cement. The percentage differences in
the average stress values between the healthy and Cement 1 models
were predicted to be 2.87%, 1.40%, 1.36%, 7.37%, and 1.27% for
compression, extension, flexion, left bending, and right bending,
respectively. However, there were only negligible differences in stress
distributions patterns in the cortical bone for all the four cement
models subjected to physiological loading (Figure S1).

The average von Mises stress in the cancellous bone for healthy,
osteoporotic, and bone cement FE models subjected to all five loading
conditions were also determined (Figure 7). Contrary to what was

observed in cortical bone, a decrease in the average von Mises stress
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was observed for the osteoporotic FE model in the cancellous bone
compared with the healthy bone (Figure 7). Furthermore, an increase
in the average von Mises stress in the T12 cancellous bone was found
due to the implantation of bone cements. The average von Mises
stress values in the T12 cancellous bone for all the bone cement
models were found to be very close to the healthy T12 cancellous
bone. However, only negligible differences in the average von Mises
stress were observed when a comparison was made across the four
cement models (Figure S2).

Concerning the FE simulations performed in the IVD, the osteo-
porotic vertebral body caused the increase in average von Mises
stress at the T11-T12 IVD and T12-L1 IVD when compared with the
healthy model (Figure 8). Following bone cement injection into
the T12 vertebral body, the average von Mises stress value decreased
in the T11-T12 IVD, while a negligible increase in average von Mises
stress was observed in the T12-L1 IVD for Cements 2-4. However,
Cement 1, exhibited a negligible increase in stress value in both the
T11-T12 IVD and T12-L1 IVD. Like the cortical and cancellous bone,
no significant differences in average von Mises stresses and stress dis-
tribution patterns were observed across the four cement models
(Figure S3). However, as depicted in Figure 9, the peak von Mises
stress under the five physiological loading conditions was different
across the four material models investigated. As expected, the peak
von Mises stress was found to be greatest in Cement 1 followed by
Cement 2, Cement 3, and Cement 4 for all loading conditions. The
maximum stress value for all investigated Cement types was observed
under the flexion loading condition, followed by extension, left bend-
ing, right bending, and compression conditions. Specifically, under
flexion loading, the maximum stress values were predicted to be 9.06,
6.59, 6.39, and 4.87 MPa for Cement 1, Cement 2, Cement 3, and
Cement 4, respectively. Conversely, under compression loading, the

maximum stress values for Cement 1, Cement 2, Cement 3, and

Cement 4 were predicted to be 3.11, 2.23, 2.17, and 1.64 MPa,
respectively (Figure 9).

4 | DISCUSSION

VCF can occur due to an osteoporotic-induced decrease in bone
strength and bone quality.*° VP is an efficient minimally invasive sur-
gical procedure that has been widely used to treat patients suffering
from VCF.*’ Previous reports suggested that injectable PMMA-based
bone cements are suspected to be a potential risk factor for postoper-
ative vertebral collapse due to its excessive stiffness.?4727>° Thus, a
novel resorbable composite CS-based bone cement was introduced
for the VP procedure to stabilize the osteoporotic VCF alongside stim-
ulating bone regeneration. The presented study aimed to develop a
3D FE model of the T11-L1 spine unit and investigate the effect of
different bone cement formulations on the stress distributions in the
treated vertebrae post VP.

Initially, the healthy T11-L1 FE model was assessed under differ-
ent physiological movements to gain insights into the normal biome-
chanical behavior of the thoracolumbar vertebra (Figure 2). It is well
established that realistic physiological loading and boundary condi-
tions play a critical role in the stress and strain distributions in the spi-
nal unit.>~5> The bulk of the load was transferred through the cortical
bone of the T11-L1 vertebra, which corroborates earlier findings that
show load distribution in the cortical and cancellous bone of the spinal
model for different movements.’>? The extension loading condition
showed the highest von Mises stress in the cortical and cancellous
T11-L1 bone followed by flexion, left bending, right bending, and
compression loading conditions. Previous studies reported the highest
stresses were observed in the T11-L1 cortical and cancellous bone

under the extension loading condition, which is in agreement with our
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results.*®> The location of the peak von Mises stress and stress
distribution patterns in the cortical, cancellous, and IVDs were found
to be different for all loading conditions (Figures 4 and 5) and followed
similar trends to previously reported studies.**** The osteoporotic FE
model predicted a reduction in the average von Mises stress values in
the T12 cancellous bone. Whereas the average von Mises stress value
at the T12 cortical bone was increased. The osteoporotic vertebral
body also led to an increase in the average von Mises stress value in
the T11-T12 IVD and T12-L1 IVD. This stress behavior can be
explained by the reduced density and increased porosity of cortical
bone in OP, as it becomes weaker and more susceptible to fractures.>®
However, cancellous bone experiences greater loss in connectivity
and trabecular structure.®” The reduced trabecular network makes
cancellous bone less capable of transmitting and distributing stress.>®
As a result, when external forces are applied to the spine, the stress in
the cancellous bone decreases because it is less able to bear the load
and distribute the stress across its network of trabeculae. Therefore,
we observe increased stress values in the cortical bone.

Previous findings have highlighted that certain choices in bone
cement treatment (e.g., surgical procedures, bone cement volume,
material stiffness, filling patterns of the cement, and OP severity) as
potential risk factors for recompression of osteoporotic spinal com-
pression fracture. Accumulating evidence has critically linked the likeli-
hood of vertebral body re-collapse in individuals who have undergone
VP to the Young's modulus of the bone cement. An in vitro biome-
chanical study by Boger et al.?® demonstrated that enhanced func-
tional spine units exhibit better failure strength when utilizing a low-
modulus PMMA cement than with conventional PMMA cement. In
addition, several 3D FE studies on osteoporotic models have indicated
that high bone cement stiffness can increase the risk of neighboring

1.2% contradicted these

vertebral fractures postVP.3! However, Kim et a
findings, suggesting that changes in vertebral stress resulting from var-
jations in the Young's modulus of bone cement might be negligible.?’
Moreover, Pneumaticos et al.3® reported no statistical significant
changes in the compressive failure load between vertebral bodies with
and without augmentation. According to our findings, the average von
Mises stress of the cancellous bone of cemented vertebra gradually
increased with higher Young's modulus of the bone cement under var-
ious loading conditions. This increase in local cancellous bone stress,
attributed to the high Young's modulus and intensity of bone cement
in the active state, may lead to vertebral body fractures.”” Therefore,
it may be more therapeutic to use a bone cement with a lower Young's
modulus to prevent postoperative vertebral body fractures.®® Consid-
ering these factors, the present study developed a FE model to inves-
tigate the effects of two novel cement formulations for VP with
Young's modulus values lower than the commercially available bone
cements (i.e, PMMA and Cerament®). To the best of the authors'
knowledge, these novel injectable resorbable composite cements,
uniquely combining pro-osteogenic and anti-osteoclastogenic fea-
tures, has been designed for stabilizing and treating vertebral body
fractures. Notably, these new formulations exhibit lower Young's
modulus values compared with the commercially available bone

cements (PMMA and Cerament®).%®
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Bone cements are commonly implanted into the T12 vertebral
body to stabilize and restore the stress distributions within the cortical
and cancellous bone of the vertebra, and IVDs back to normal (healthy)
values. In this study, FE models of the healthy, osteoporotic, and osteo-
porotic post VP models were created to investigate the biomechanical
effects of novel CS-based bone cements for potential use during the
VP surgical procedure and compared with a commercial reference
(Cerament® and PMMA).2 For the osteoporotic-treated model, a slight
reduction in the average von Mises stresses was found in the T12 cor-
tical bone when compared with the osteoporotic model (Figure 6),
while an increase in the average von Mises stresses was observed in
the T12 cancellous bone (Figure 7). The stress distribution in the T12
cortical and cancellous bone regions for the bone cement models
matched closely to the stress distributions in the healthy model. Based
on these findings, the restoration of the stress and strain distributions
in the cortical and cancellous bone regions of the T12 vertebral body
post-injection of the novel bone cements may improve bone quality
and fracture strength.**** Simultaneously, the decrease in the average
von Mises stresses in the T11-T12 IVD due to bone cement injection
(Cement 2 and Cement 3) was observed, further reducing the risk of
fracture in the adjacent vertebrae. Cement 1 showed slight better
stress distributions when compared with Cement 2, Cement 3, and
Cement 4. This is due to its higher Young's modulus of Cement 1
(2,000 MPa) compared with that of Cement 2 (1,076.90
+358.70 MPa), Cement 3 (862.40 +412.92 MPa), and Cement
4 (729.62 + 26.17 MPa). However, there were only negligible differ-
ences in the average von Mises stresses and stress distribution patterns
in the T12 cortical, cancellous, and IVD region observed for all the
cement formulations. Taking together, the present study suggests that
the novel formulations of CS-based bone cements,developed as part of
the H2020 GIOTTO project, could present an interesting alternative to
restore the stress distributions in the augmented vertebral body as well
as reduce the occurrence of osteoporotic fractures in adjacent verte-
brae when compared with commercially available bone cement
(Cerament® and PMMA) due to their many features, one of which
includes anti-osteoclastogenic characteristics.

4.1 | Limitations

Our FE model had some limitations and assumptions, which should be
noted and will be addressed in future work. First, no soft tissues
(e.g., skin, muscle, etc.) were considered in the current model. In line
with previous work, it was assumed that the material properties of
soft tissues are orders of magnitude less than those of bone, 3446162
and that they do not have a significant effect on the stress distribution
within the T11-L1 vertebral body. Second, our model of the T11-L1
vertebral body is based on a single CT scan dataset that might be ben-
eficial for qualitative assessment of the load transfer. However, for
quantitative evaluation of the load transfer applicable to a specific
demographic, a morphologically averaged model of the T11-L1 verte-
bral body bone developed from CT scans of multiple persons is

needed.®* %> This is due to subject-specific morphological variability
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due to sex, age, and other biological factors and might be effective for
a more complete understanding of the load transfer through the
T11-L1 vertebral FE model.47%® Third, cancellous bone was assigned
with the constant, isotropic, linear, and homogenous material proper-
ties. Whereas, the material property of cancellous bone is linear, aniso-
tropic, and heterogeneous.’®¢”7° However, based on previous work
reported in the literature the isotropic, linear, and homogenous material
properties assumption is sufficient for our modeling purposes.”*78
While it is true that incorporating material inhomogeneity could influ-
ence stress distribution and transmission at the bone trabeculae
level,”? for the purposes of this work, the focus was on macroscale
stress changes pre and post VP using cements with varying Young's
modulus values. Therefore, employing homogeneous properties was
deemed sufficient. However, the FE models' biofidelity may be
improved by considering the heterogeneous, anisotropic, and viscoelas-
tic properties of cancellous bone.”® An additional improvement to the
FE model could involve incorporating the viscoelastic properties of can-
cellous bone, enabling a more accurate representation of its the time-
dependent mechanical response under loading conditions, which could
provide a more accurate representation of its mechanical response.
Meanwhile, all cement material models assumed a Poisson ratio of 0.3,
which aligns with values reported in the literature**** The study
focussed solely on testing under static loading conditions. However,
further insights into the long-term performance of the bone cement
could be gained by applying dynamic loading simulations, an aspect
that will be explored in future studies. By pursuing these research
directions, a more comprehensive understanding of vertebral body bio-
mechanics and load transfer can be achieved, potentially leading to

improved clinical applications and patient-specific analyses.

5 | CONCLUSIONS

A 3D FE model of the T11-L1 vertebra (including ligaments, end plates,
IVDs, physiological boundary and loading conditions, and a biofidelic
material property distribution) was developed to evaluate the mechanical
performance of new bone cement formulations for VP surgery. The
results confirm that the novel formulations of CSH-based bone cements,
developed as part of the H2020 GIOTTO project, are a mechanically via-
ble alternative to existing commercial products and are capable of restor-
ing the loadbearing function in the augmented T11-L1 vertebral body.
Further, these novel cement formulations have the advantage of contain-
ing anti-osteoclastogenic molecules capable of reducing the occurrence
of osteoporotic fractures in adjacent vertebrae when compared with

commercially available bone cements (PMMA and Cerament®).
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