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Zusammenfassung
Die perkutane Vertebroplastie (VP) ist eine chirurgische Technik die angewendet wird,
um Wirbelkörperfrakturen wieder instand zu setzen. Da die VP eine minimalinvasive
Technik ist, kann sie als eigenständige Behandlungsmethode bei Berstungsbrüchen von
Wirbelkörpern (VBF’s) angewendet werden. Ausserdem kann die Entwicklung von neuen
injizierbaren und osteokonduktiven keramischen Knochenzementen zu einer Zunahme
dieser Behandlungsmethode bei jungen Patienten führen. Es sind jedoch Fälle dokumentiert,
in denen mit VP behandelte VBF’s hohe Zugspannungen und eine ungenügende
mechanische Stabilisierung aufgezeigt haben, was die Eignung dieser Methode in Frage
stellt. Ziel dieser Arbeit ist, die Anwendbarkeit und Wirksamkeit der VP als eigenständige
Behandlungsmethode bei VBF’s zu untersuchen. Der Fokus wird dabei auf die Anwendung
von keramischen Zementen als Knochenersatzmaterial gesetzt.
Für diese Arbeit wurden Versuche mit den folgenden Zielsetzungen durchgeführt:
1) Ermittlung des Einflusses vom Wassergehalt auf die mechanischen Eigenschaften in
keramischen Zementen; 2) Ermittlung der mechanischen Eigenschaften von mit
keramischen Zementen verstärkten trabekulären Knochenstrukturen (Keramik-Knochen
Komposite) und 3) Ermittlung des Effekts von Faserverstärkungen auf die mechanischen
Eigenschaften von keramischen Zementen. Um die mechanischen Eigenschaften von
wasserlöslichen, unlöslichen und faserverstärkten Zementen zu ermitteln wurden Zug-,
Druck- und Dreipunktbiegeversuche durchgeführt. Die klinischen Auswirkungen von VP auf
VBF’s wurden auch mittels Finite-Elemente-Methode (FE) analysiert. Für die FE Modelle
wurden zwei patientenspezifische VBF’s verwendet, welche virtuell mit variierenden
Zementvolumina und Verteilungen verstärkt wurden. Für die Simulationen wurden
mehrachsige Lastfälle verwendet.
Die in dieser Studie durchgeführten Versuche haben gezeigt, dass der Wassergehalt
einen signifikanten Einfluss auf die mechanischen Eigenschaften der keramischen Zemente
ausübt. Die Auswirkungen waren sowohl in den wasserlöslichen wie auch in den
unlöslichen Zementen zu sehen und haben in erster Linie Zahl und Grösse der keramischen
Kristalle und damit die mechanischen Eigenschaften der Zemente beeinflusst. Es zeigte sich
weiterhin, dass die Keramik-Knochen Komposite eine höhere Sprödigkeit und bessere
Druckeigenschaften besitzen als die Zemente allein. Die Zugspannungen der trabekulären
Knochenstrukturen konnten mit den keramischen Zementen nur minimal verbessert
werden. Auch Faserverstärkungen konnten die mechanischen Eigenschaften der Zemente
nur minimal verbessern. Da der Fasergehalt relativ niedrig gehalten werden musste, um die
7

injizierbarkeit aufrechtzuerhalten, muss davon ausgegangen werden, dass dies der Grund
für den geringen Verstärkungseffekt auf die Zemente war. Die FE Simulationen zeigen
Verbesserungen von Steifigkeit und Stabilität der mit VP behandelten VBF’s.
Nichtsdestotrotz werden relativ grosse Teile der Knochen-, Zement- wie auch der
Kompositstrukturen über die Streckgrenzen hinaus belastet. Dies weist darauf hin, dass die
VP als alleinige Behandlungsmethode für VBF’s nicht geeignet ist.
Die Resultate dieser Arbeit identifizieren folgende Gründe die eine VP als
Behandlungsmethode für eine VBF in Frage stellen: 1) Die bisher verwendeten
Testmethoden zur Ermittlung der mechanischen Eigenschaften von keramischen Zementen
sind nur bedingt für diese Anwendung geeignet; 2) Hohe Sprödigkeit von keramischen
Zementen; 3) Keramische Zemente können die mechanischen Eigenschaften der
trabekulären Knochenstrukturen nur minimal verbessern; 4) Es ist nicht möglich
faserverstärkte Zemente mit einem ausreichend hohen Faseranteil zu injizieren und 5)
Grosse Teile der Strukturen der mit VP behandelten VBF‘s werden überbelastet.
Es

wird

empfohlen

Zementformulierungen,

Wege

zur

Zementinjektion

und

Berechnungsmodelle weiter zu erforschen und zu verbessern. Mit den entsprechenden
Verbesserungen kann die VP als alleinige Behandlungsmethode bei VBF’s in Zukunft
erfolgreich angewendet werden.
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Abstract
Percutaneous vertebroplasty (VP) is a surgical technique used to augment fractured
vertebrae by injection of bone cement. The minimal invasiveness of VP makes it attractive as
a potential stand-alone treatment for stable vertebral burst fractures (VBFs). Moreover, the
development of injectable and osteoconductive ceramic cements may likely lead to an
outgrowth of the technique as a treatment for VBFs in young patients. However, inadequate
mechanical stabilization and the development of large tensile stresses in the cemented
regions of VP treated VBFs raise questions about its suitability. Therefore, the aim of this
thesis was to investigate the efficacy of VP as a stand-alone treatment for VBFs, with a focus
on the use of ceramic cements as a stabilizing material.
The experiments conducted during this thesis were designed to determine the effect of
water saturation on the mechanical properties of ceramic cements, the mechanical
properties of trabecular bone augmented using a ceramic cement (ceramic-bone composites)
and the effect of a novel fiber reinforcement on the mechanical properties of ceramic
cement. Compression, three-point bending and direct tension tests were performed on
soluble, insoluble and fiber reinforced ceramic cements to obtain their mechanical
properties. The clinical implications of VP treated VBFs were further investigated using
finite element (FE) analysis. The FE models comprised two VBFs virtually injected with
various cement volumes and distributions. The model response to multi-axial load cases
was studied.
It was determined, via the results generated experimentally during this study, that the
mechanical properties of ceramic cements are altered significantly following water
saturation. The alterations to the mechanical properties were observed in both soluble and
insoluble materials due to the changes in the number and sizes of ceramic crystals. It was
also found that the ceramic-bone composites were brittle, and had superior compressive
properties to the native trabecular bone, but inferior to the native ceramic cement. The
tensile properties of the trabecular bone showed minimal improvements with ceramic
cement augmentation. Furthermore, fiber reinforcement was shown to have minimum
impact on the mechanical properties of ceramic cement. It was proposed that the fiber
content, limited by the injectability of the cement into the trabecular bone, was inadequate
to obtain positive results. Finally, the results of the FE simulations showed improvements in
the stiffness and stability of VP treated VBFs. However, substantially large volumes of the
trabecular bone, ceramic cement and composite regions were found to deform beyond the
theoretical yield point, implying adverse effects of VP as a stand-alone treatment for VBFs.
9

In conclusion, the results obtained in this thesis have identified the drawbacks of using
VP and ceramic cement as a treatment for VBFs. Inappropriate testing protocols for the
determination of the mechanical properties of ceramic cements, brittleness of ceramic
cement, inadequate improvements in the mechanical properties of trabecular bone with
ceramic cement augmentation, inability to inject fiber reinforced ceramic cement with a
sufficient fiber content, and large volumes exceeding theoretical yield in VP treated VBFs
remain as challenges that restrict the development and applicability of VP as a stand-alone
treatment for VBFs. Further researches into ceramic cement formulation, injection
strategies, and pre-clinical evaluation with computational models are suggested to advance
the application of VP as a stand-alone treatment for VBFs.
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Chapter 1
Introduction

1.1.

Motivation

A burst fracture is a type of vertebral fracture associated with high impact loads [1].
Burst fractures are a common type of thoracolumbar (T10-L2) fracture [1] that can lead to
an impairment of patient mobility in the upper body [1, 2]. Burst fractures are subcategorized as stable or instable, based on the integrity of the posterior longitudinal
ligament (PLL) and the posterior ligament complex (PLC) [1]. A possible surgical treatment
for a stable burst fracture is a posterior short-segment pedicle screw fixation (SSPI) [1].
However, SSPI has drawbacks associated with post-operative instability in the anterior body
[1]. Therefore, SSPI is often used as an adjunct to vertebroplasty (VP) [3] to enhance the
stability of the treated vertebrae. Although the use of SSPI as an adjunct to VP was shown to
result in superior short term clinical performance, compared to the SSPI alone [2–4], the use
of VP with SSPI as a treatment for burst fractures remains controversial, as the long term
effects of SSPI on spine biomechanics are unknown [2].
In recent years, an increasing number of studies on the clinical use of VP as a standalone treatment for stable burst fractures have been published [5–10]. These studies
reported that VP resulted in a reduction of pain [5–10], increased chance of bone fracture
healing [6, 8, 10] and reduced surgical morbidity in patients [6, 11]. However, the use of
polymethylmethacrylate (PMMA) in the studies [5–9] was criticized, as PMMA is bioinert
[12, 13], is associated with risks of thermal and toxic side effects [12, 14–18], and may
promote cement or marrow embolization [12, 15, 18, 19]. Furthermore, VP using PMMA has
been found to provoke adjacent vertebral body fractures [12, 20]. Additionally, the removal
of PMMA from augmented tissues poses a problem [21]. Therefore, long term clinical
viability of PMMA treated burst fractures remains questionable, especially when the high
occurrence rate of burst fractures in young and active age groups is considered [4, 22].
An alternative material to PMMA for VP is a calcium-based ceramic cement (ceramic
cement) [4, 10]. Ceramic cements exhibit outstanding biological properties, including
biodegradability, osteoconductivity, and osteointegrativity [12, 14]. These properties
promote bone fracture healing, bone growth into the augmented region [4, 10], and result in
a further reduction of surgical morbidity via a gradual resorption of the ceramic cement [10].
However, a disadvantage of ceramic cement is its questionable capability in providing
adequate stability to the treated burst fracture. Ceramic cement treated burst fractures have
been shown to have significantly lower compressive strength [23] and stiffness [23, 24]
compared to intact vertebra or PMMA treated burst fractures [23, 24]. In other words, the
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ability of ceramic cement to mechanically stabilize burst fractures is potentially insufficient
to allow a benefit from its biological advantages to be realized.
In the past, the suitability of VP as a treatment for fractured vertebrae has been
investigated using computational simulations [24–26]. The results of these studies
highlighted the importance of cement distribution [24, 25], and the correct selection of
eligible fracture types for the treatment [26]. Although the results provided some insights
into the application of VP in the treatment of burst fractures, these models had limitations
that included: inadequate variations in cement volumes [24, 25], unphysiological cement
distributions [26], absence of adjacent intervertebral discs [24, 25, 27], omission of the
heterogeneity of trabecular bone [26], and insufficient considerations of physiological
loading conditions [24, 25]. Moreover, the studies were focused in investigating the
mechanical response and stability of VP treated vertebrae [24–26]. However, the results of a
pilot study included in this thesis (Chapter 3), showed a development of high tensile
stresses in the cemented region of VP treated burst fractures, especially when the treated
vertebra was subjected to torsion, bending and flexion. The results of the pilot study
highlighted the importance of considering the biomechanical performance of ceramic
cement under physiological loading conditions, when the applicability of VP as a treatment
for burst fractures is to be examined.

1.2.

Aim

The aim of this thesis was to investigate the applicability of VP as a stand-alone surgical
treatment for burst fractures, with a focus on the viability of ceramic cement as a stabilizing
material. In order to fulfil the aim of the thesis, three independent experimental and two
computational studies were performed.

1.3.

Thesis outline

Chapter 2 includes detailed descriptions of spine anatomy and pathologies indicating
the use of VP. Additionally, the chapter provides an overview of VP and relevant bone
cements (PMMA and ceramic).
Chapter 3 is a modified report on the pilot computational study presented at the
International Conference on Computational Bioengineering, which provides context and
motivation for the subsequent detailed research. Chapters 4 to 7 are unmodified
manuscripts of the studies conducted to fulfill the specific aims of the thesis. These
manuscripts are published, submitted or in preparation to be submitted to various peerreviewed journals.
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Chapter 8 contains a discussion and synthesis based on the findings of Chapters 3 to 7.
The thesis is concluded in Chapter 9, in which the outlook for future research is also
presented.

1.4.

Study objectives

To fulfil the aims of the thesis, the research was divided into five independent studies,
each with its own specific aims and hypotheses. The detailed objectives of the studies are
outlined below.
Chapter 3: In silico evaluation of vertebroplasty for complex fractured vertebra: a
pilot study
Computational simulations investigating the effect of vertebroplasty on a complex fractured
vertebra. The study was presented at 5th International Conference on Computational
Bioengineering (2013).
VP is a minimally invasive percutaneous technique used to augment fractured vertebra.
The clinical indications for the use of VP to treat stable burst fractures [5], and the
development of osteoconductive ceramic cements [28] presents a promising outlook for the
technique. Therefore, the aim of this study was to investigate the effect of VP on complex
vertebral fractures using a computational approach. Four finite element models with
different degrees of fractures were virtually augmented using random cement geometries.
The models were subjected to uni- and multi-axial loadings to observe the mechanical
responses of VP treated vertebral fractures.
Chapter 4: The compressive modulus and strength of saturated calcium sulphate
dihydrate cements: Implications for testing standards
An experiment performed to examine the suitability of standard testing protocols and to
determine the mechanical properties of hydrated ceramic cements. The study was published
in Journal of the Mechanical Behavior of Biomedical Materials (2014).
A common testing protocol used to determine the compressive properties of brittle
ceramic cement is ISO5833:2002 [29–32]. ISO5833:2002 is an international testing
standard used to determine the compressive strength of ductile PMMA [33]. The mechanical
responses of ductile and brittle materials are notably different. The mechanical responses of
brittle materials are highly dependent on the flaws, porosity, pore shapes, pore sizes [34]
and the alignment of the material's microstructure to the loading direction [35]. These
factors contribute to premature crack initiation and propagation, leading to an early onset
of brittle failure. ISO5833:2002, however, lacks a detailed considerations of these factors,
15

raising questions about the reliability of the obtained mechanical properties of brittle
ceramic cements. Therefore, this study was designed to examine the suitability of
ISO5833:2002 for the determination of the mechanical properties of ceramic cements.
Comparisons were made between the results obtained using ISO5833:2002 and the
international testing standard used to quantify the strength of concretes (ASTM C39) [35].
The investigation was performed using saturated and non-saturated calcium sulphate
dihydrate cement, a candidate for application in VP, due to its cheap cost, availability and
ease of handling.
Chapter 5: The effect of water on the mechanical properties of soluble and insoluble
ceramic cements
An experiment performed to investigate the effect of water on the flexural mechanical
properties of soluble and insoluble ceramic cements. The study was published in Journal of
the Mechanical Behavior of Biomedical Materials (2015).
The mechanical properties of ceramic cements are abundantly reported. However, many
of these reports omit a detailed description of sample saturation level (wet/dry) at the time
of testing [29–31, 34, 36–41]. The omission of sample saturation levels in these reports is
assumed to be a result of: 1) the absence of a standardized testing protocol to determine the
mechanical properties of ceramic cement, and 2) a general belief that the mechanical
properties of insoluble ceramic cements are independent of the level of saturation. Although
the reduction in the mechanical properties of soluble ceramic cements was clearly observed
with saturation [42], unknown effects of saturation on the mechanical properties of
insoluble ceramic cements justify the use of non-saturated (dry) samples to determine their
mechanical properties. Furthermore, tensile and bending stresses within the cement were
identified in pilot studies as critical factors governing success or failure of VP for VBFs.
Therefore, the aim of this study was to obtain a better understanding of the changes in the
flexural mechanical properties of ceramic cements upon saturation. Three-point bending
tests, X-ray powder diffraction analysis and scanning electron microscopy were performed
to identify the changes in the composition, crystal structures and mechanical properties of a
soluble and an insoluble ceramic cement.
Chapter 6: Mechanical properties of trabecular bone augmented with ceramic cement:
a study on ceramic-bone composites and ceramic-bone interfaces
An experiment performed to determine the mechanical properties of trabecular bone
augmented with ceramic cement and the effect of fiber reinforcement on the mechanical
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properties of ceramic cement. The study will be submitted to the Journal of Biomedical
Materials Research.
Ceramic cement treated burst fractures present four distinctive regions: 1) trabecular
bone, 2) ceramic cement, 3) ceramic cement-trabecular bone (ceramic-bone) composite, and
4) ceramic-bone interface, each of which likely have unique mechanical properties. An early
onset of failure in any of these four regions may lead to an inadequate mechanical stability
of ceramic cement treated burst fractures. While the mechanical properties of trabecular
bone and ceramic cements are well documented [29–31, 34, 36–41, 43, 44], the mechanical
properties of ceramic-bone composites and ceramic-bone interfaces remain unknown.
Previous studies investigating the mechanical properties of trabecular bone augmented
with PMMA (PMMA-bone) showed substantial differences in the mechanical responses
between PMMA, PMMA-bone composite [45, 46] and the PMMA-bone interface [47, 48].
Therefore, this study was designed to determine the mechanical properties of trabecular
bone augmented with ceramic cement. The effect of fiber reinforcement on the mechanical
properties of ceramic cement was also investigated as part of this study.
Chapter 7: In silico investigation of vertebroplasty as a stand-alone treatment for
vertebral burst fractures
Specimen-specific finite element analyses investigating the clinical implication of
vertebroplasty as a stand-alone treatment for burst fractures. The study has been submitted
to Clinical Biomechanics.
The major advantage of VP as a stand-alone surgical treatment for burst fractures is
reduced morbidity. The use of ceramic cement as a stabilizing material for VP adds further
advantages to the technique due to its osteoconductivity, biodegradability and
osteointegrativity [12, 14]. However, ceramic cement treated burst fractures were shown to
exhibit significantly inferior mechanical stabilization compared to intact vertebra or PMMA
treated burst fractures [23, 24]. In addition, indications on the loss of kyphotic correction in
long-term clinical studies raise concerns about its applicability [49, 50]. Therefore, the aim
of this study was to perform specimen-specific finite element analyses to investigate the
applicability of VP as a treatment for burst fractures and the viability of ceramic cement as a
stabilizing material. Finite element models were prepared using computed tomographic
images of laboratory-induced human vertebral burst fractures [51]. The models were
virtually injected with ceramic cements [52] using various cement volumes and treatment
methods (unipedicular vs bipedicular) for the analyses.
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Chapter 2
Background

2.1.

Anatomy of the Spine

The spine or a vertebral column is an important skeletal structure in the human body. It
protects the spinal cord, allows movement and maintains the structural integrity of the
upper torso [1]. The human vertebral column is comprised of thirty-three vertebrae.
Twenty-four of these vertebrae are articulating vertebrae, separated by intervertebral discs
(IVD) [1]. The human vertebral column is sub-divided into four different regions; cervical,
thoracic, lumbar and sacral. Each region is comprised of seven, twelve, five and nine
vertebrae, respectively [1]. Muscles and ligaments provide support and prevent damage to
the vertebral column by restricting excessive movement [1]. The anatomy and the functions
of three important structures of the vertebral column are described below.

2.1.1.

Vertebra

A vertebra is the bony part of a vertebral column that sustains applied loads [1]. Each
vertebra is divided into two sub-regions of a posterior element and an anterior body [1].
The bony part of posterior element is comprised of processes, laminae, pedicles, and two
synovial joints called zygapophysial joints (facet joints) [2]. Two vertebrae connected by a
pair of facet joints are referred to as a spinal segment. Spinal segments are protected from
excessive rotation by the facet joints [3] which provide additional rotational stability to the
vertebral column.
The main function of the anterior body is load transfer. In the human lumbar region, 80%
of the applied load is transferred through the anterior body [4]. Anatomically, an anterior
body is comprised of trabecular bone encapsulated by denser cortical bone. The superior
and inferior sides of the anterior body are defined by the endplates; thin porous bony
structures that separate the anterior body and IVDs. The anatomy and function of endplates
are discussed in Section 2.1.3.

2.1.2.

Intervertebral Discs (IVDs)

An IVD is a viscoelastic soft tissue structure positioned between two vertebrae [1]. The
IVD allows movement of the spine, transmits applied loads and provides some degree of
energy dissipation. The IVD is divided into two regions; the annulus fibrosus (AF) and the
nucleus pulposus (NP) [1]. Both of these regions have substantially different structural and
mechanical properties. The NP is an avascular structure with high water content [2] and an
ability to attract water. It consists of a loose network of fine proteoglycans and Type II
collagens [5] in an irregular arrangement [2]. The AF consists of concentric lamellae formed
from coarse collagen fibers encircling the NP. Both Type I and Type II collagen can be found
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within the AF [5]. These collagen fibers run obliquely within the lamella and the direction of
fibers alternates between the layers to provide resistance to rotational stresses [2]. The
endplates are found on the superior and inferior sides of the IVD. The anatomy and function
of endplates are discussed in Section 2.1.3.
The paired mechanical behavior of the AF and NP is as follows: Upon application of a
load, the NP exerts outwards pressure on the AF due to its high water content
(incompressible material). This outward pressure causes the AF collagen fibers to tense and
restrict the movement of the IVD within its functional range [5]. A disruption in the paired
mechanical behavior of AF and NP can occur in a degenerated IVD due to the reduction in
the water content of the NP.

2.1.3.

Endplates

An endplate is an avascular structure [6] located between the anterior body and the IVD.
Endplates are composed of a calcified cartilage layer with radial variations in thickness and
content. A thick calcified layer is found at the circumference of the AF [7]. The thickness of
the layer gradually decreases towards the NP [7]. The thin layer of cartilage neighboring the
NP is comprised of proteoglycans, collagen and water [7]. Some key functions of endplate
are: 1) prevention of the NP bulging into the adjacent anterior bodies [2], 2) distribution of
pressures absorbed by the IVD during loading [8], and 3) regulation of nourishment of IVDs
through selective solute diffusion transfer [6, 9].

2.2.

Pathologies

The functions of structures outlined in Section 2.1 can be disrupted due to pathological
alterations of their anatomy or composition. Although numerous pathologies can cause
these anatomical alterations, three major pathologies that can influence the anterior body
are described in this Section.

2.2.1.

Osteoporosis

Osteoporosis is defined as the weakening of skeletal structures due to a reduction in
bone density [10]. Osteoporosis is a progressive geriatric syndrome usually caused by the
changes in hormonal signaling [11]. The syndrome is abundantly observed in elderly
women after menopause [11]. The reduction in bone density of the anterior body of the
vertebra directly affects the ability of anterior body to sustain applied loads. This
subsequently increases the chances of vertebral compression fractures in the anterior body
[12]. A vertebral compression fracture can be treated using conservative or surgical
methods depending on the severity of the fracture [13–15]. Possible surgical treatments of a
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vertebral compression fracture are spinal fusion [15], vertebroplasty or kyphoplasty [14].
However, spinal fusion in osteoporotic patients is found to be challenging [16] due to the
increased risk of implant failures arising from low bone density.

2.2.2.

Metastasis

Spinal metastasis is caused by tumor cells, which gradually replace the trabecular bone
within the anterior body [13]. The growth of tumor cells eventually weakens the anterior
body, resulting in lower mechanical strength and stiffness compared to the trabecular bone.
Therefore, the anterior body infiltrated with tumor cells no longer can withstand the applied
daily loads leading to a possible occurrence of a vertebral compression fracture [17].
Similarly to the vertebral compression fracture in osteoporotic patients, spinal fusion, with
instrumented fixation or vertebroplasty are the most common surgical treatments [17].
However, due to the progressive nature of the disease, spinal fusion with instrumented
fixation techniques require additional chemotherapy or surgical re-interventions to support
stabilization of the implants in the bone [13].

2.2.3.

Trauma

Traumatic fractures occur in the case of accidents [18], where large impact loads are
suddenly applied along the axis of a vertebral column [19]. With the application of an impact
load, the incompressible NP may break the endplates with sufficiently large energy,
shattering the anterior body resulting in a trauma or burst fracture [19]. The high impact
load may also cause injuries to the surrounding muscles and ligaments leading to severe
vertebral instability and neurological defects in patients [20]. The most common treatment
modality of a vertebra fractured during trauma is a fracture reduction followed by a
instrumented fusion [21].

2.3.

Vertebroplasty and kyphoplasty

Vertebroplasty (VP) is a percutaneous technique used to augment vertebral compression
fractures [14, 22]. The technique involves the injection of bone cement (detailed discussion
in Section 2.4) into a fractured anterior body for augmentation and stabilization [22–25].
The injection of bone cement is achieved by inserting a needle through the pedicle of
targeted vertebra under radiographic guidance [22]. Depending on the number of needles
and pedicles used, the technique can be categorized as a unipedicular (one pedicle) or a
bipedicular (both pedicles) approach [22]. The main goals of VP are to relieve pain and to
provide strength to the weakened or fractured vertebra [22]. The common indications of VP
are metastatic lesions, osteoporotic fractures, vertebral hemangioma and multiple myeloma
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[22, 25]. Although VP is known to reduce pain in 70-85% of treated patients [23, 24], it
cannot increase the height of a fractured vertebra [26]. Therefore, patients experiencing
pain arising from kyphosis are subjected to kyphoplasty (KP). The surgical procedure of KP
is similar to VP. However, KP restores the height of a vertebra by creating a cavity in the
anterior body using a balloon prior to the cement injection [22, 25]. Despite the positive
clinical outcomes of VP and KP [23, 24], infection, cement embolism [24, 25, 27], cement
extravasation [24, 25, 27, 28], and vertebral fractures in the adjacent levels [24, 25, 27, 29]
are recognized as possible complications of the procedures.

2.4.

Bone Cements

A bone cement is a self-setting material originally used to fill free spaces between
implants and bone. Viscous PMMA [30] and ceramic cement [31] are common bone cements
available for clinical use. The injection of bone cement into trabecular space, as in VP and KP,
is known to have long term adverse effects, resulting in the loss of neighboring bone density
[32]. The loss of neighboring bone density is a direct consequence of structural bone
remodeling (remodeling) in accordance to Wolff’s law [33]. The remodeling process is
executed by osteoblasts and osteoclasts, responsible for bone formation and bone
resorption, respectively [34]. The degree of osteoblastic or osteoclastic activities at a given
site is mainly determined by local mechanical stimuli experienced by osteocytes within the
trabecular bone [35]. The introduction of a foreign material, such as a bone cement, can
disrupt such local mechanical stimuli, resulting in an abnormal formation or resorption of
bone tissue [32]. Therefore, it is important for a bone cement to have the capability to
interact and integrate with the native bone for its long-term biomechanical viability [36, 37].
Therefore, an ideal bone cement is osteogenetic, osteoinductive, osteoconductive,
osteointegrative, biocompatible, and biodegradable [36, 37]. Together with these biological
attributes, adequate mechanical properties to sustain applied loads, ease of use and low
manufacturing costs are other important factors to be considered [36].
Two main types of bone cements are available on the market: polymethylmethacrylate
(PMMA) and hydraulic calcium based ceramic cements (ceramic cements) [38]. PMMA is a
biocompatible but bioinert material [25, 28, 36–38], while ceramic cements are bioactive,
biocompatible and often osteointegrative and/or osteoconductive [36]. The composition,
use in the orthopedic industry, biodegradability, and osteoinductivity of PMMA and selected
ceramic cements are further discussed in the following sections.
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2.4.1.

PMMA

Polymethylmethacrylate (PMMA, (C5O2H8)n) is an organic thermoplastic material. Solid
PMMA is produced by mixing a polymeric powder phase with a liquid phase monomer [39].
The viscosity of PMMA gradually increases through an exothermic polymerization, where
the length of polymer chains increases until solid PMMA is formed [39].
PMMA was used to perform the first VP in 1987 [40]. The advantages of PMMA are its
ease of application, low cost and superior mechanical properties [25]. However, PMMA
possesses numerous biological and physiological disadvantages. First, PMMA is a bioinert
material and is not biodegradable. Therefore, the material does not integrate into the
neighboring bone nor degrade over time [25, 28, 36–38]. Second, the exothermic
polymerization of PMMA may induce thermal injuries to the surrounding tissues [24, 25, 28,
38, 39, 41]. Finally, toxic monomers of PMMA have been shown to cause cardiovascular
complications of hypotension, and cardiac arrhythmias [24, 25, 27, 38].

2.4.2.

Ceramic Cements

In an effort to circumvent the biological disadvantages of PMMA, biodegradable,
biocompatible, and osteoconductive ceramic cements were introduced [25, 28]. Commonly
marketed ceramic cements are calcium phosphate [25, 26, 28] and calcium sulphate [25]
with larger emphasis on the calcium phosphate cement. The disadvantages of ceramic
cements are their mechanical properties offering minimal immediate structural support [36]
when used as a bone cement for VP. This is a result of their brittleness [37, 42, 43, 44] and
low tensile and shear strength [37, 45, 46]. To benefit from their outstanding biological
advantages, recent efforts have been made to improve the mechanical properties of ceramic
cements [47–49]. As the focus of this thesis was on ceramic cements as stabilizing materials
for the treatment of burst fractures, the ceramic cements considered in this thesis are briefly
described below.

2.4.2.1. Calcium Sulphate
Calcium sulphate dihydrate (CSD, gypsum, CaSO4·2H2O) was first used in clinics in 1892
to treat tuberculous osteomyelitis [50]. Since then, CSD has been used as a filler for bone
defects. The benefits of CSD are: 1) cost effectiveness, 2) fast setting time, 3) ability to
control the viscosity, 4) biocompatibility, 5) biodegradability, and 6) osteoconductivity [51].
CSD is prepared by mixing partly (calcium sulphate hemihydrate, CSH, CaSO4·0.5H2O) or
fully (calcium sulphate anhydrite, CSA, CaSO4) anhydrous calcium sulphate powder with
water. The viscosity of CSD slurry can be controlled by varying the liquid-to-powder (L/P)
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ratio [51]. However, due to the positive correlation between the L/P ratio, and setting time
and porosity of the end product [46], incorrect L/P ratio may compromise the injectability
and mechanical properties of produced CSD [46]. CSD is known to exhibit brittle behavior
with poor mechanical strength [44]. The material is readily degradable in water, with full
degradation possible within 8 weeks in vivo [52]. Therefore, CSD alone is considered to be
an inappropriate material to fill a bone defect site [51].

2.4.2.2. Calcium orthophosphates
Calcium orthophosphates (CaP) are composed of three major elements: calcium,
phosphorous, and oxygen [53]. The orthophosphate group is characterized by a PO43- group,
an alternative phosphate group to meta (PO3-), pyro (P2O74-), and poly (PO3)nn- phosphate
groups [54]. The phases of CaP are distinguished by the ratio between calcium and the
phosphorous ion, the calcium to phosphate ratio (Ca/P) [55, 56]. The solubility of CaP is
inversely proportional to Ca/P [47, 55]. CaPs are successful bone replacement and/or
orthopedic implant materials, as calcium and phosphate ions influence the bone cell
activities [57]. Some selected CaP phases are briefly explained below.

2.4.2.2.1. Hydroxylapatite
Hydroxylapatite (HAp, Ca10(PO4)6(OH)2, Ca/P=1.67) has a similar stoichiometric
composition to the minerals found in bone [36, 47] and therefore, is frequently used in the
orthopedic industry. The solubility of HAp is comparably lower than other CaP phases in the
pH range of 4.2 to 8.0 [37, 47]. It is the most stable phase of CaPs. This means under the
correct surrounding ionic concentration and pH, other CaP phases will undergo a phase
transformation to form HAp [54]. Although HAp is osteointergrative, its biodegradability is
comparably poor [37]. An ion substitution can be used to increase the biodegradability of
HAp. A possible ionic substitution is a carbonate substitution (replacement of PO43- or OH-)
to form hydroxyl-carbonate-apatite (HCA) [47]. HCA has very similar chemical and
structural properties to HAp, but has higher bone apposition rate and solubility [47].
Alternative methods to increase the biodegradation rate of HAp are to use nanoscale HAp
crystals and/or to produce a calcium-deficient HAp (CDHAp, Ca10-x(HPO4)x(PO4)6-xOH2-x)
[57]. The compressive strength of HAp can be as low as 6MPa [58].

2.4.2.2.2. Tricalcium phosphates
Tricalcium phosphates (TCP, Ca3(PO4)2, Ca/P=1.5) are biodegradable ceramics with
similar stoichiometric compositions to amorphous bone precursors [36]. TCP exists in one
of three polymorphs of α-, β- and α’-TCP [59]. The occurrence of α- and β-TCP are higher
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than α’-TCP [47] as α’-TCP only exists above ~1430°C [59]. α-TCP is used to synthesize
highly bioresorbable CaP, biphasic calcium phosphate (BCP) or β-TCP [59]. β-TCP, on the
other hand, is used to produce biodegradable ceramics in the shapes of granules or blocks
[59]. β-TCP is extensively used in the clinics as a bone replacement material. β-TCP is highly
porous with the majority of its space occupied by interconnected voids [36]. The high
porosity of β-TCP allows the material to facilitate the infiltration of oesteogenic cells,
nutrients and growth factors for bone healing [36]. The low Ca/P ratio of β-TCP indicates a
faster biodegradation rate compared to HAp, allowing harmonious degradation with the
bone growth [36]. The surface layer of β-TCP is known to bind to adjacent bones, and
stimulate osteoclastic and osteoblastic processes [36]. Due to these outstanding biological
advantages of β-TCP, β-TCP is occasionally mixed with HAp to form BCP1 to improve its
functionality and biodegradation rate [36, 47]. However, the compressive strength of BCP is
known to be substantially lower than pure HAp (<3MPa) [58].

2.4.2.2.3. Octacalcium phosphates
Octacalcium phosphate (OCP, Ca8(HPO4)2(PO4)4·5H2O, Ca/P=1.33) is a proposed bone
precursor in humans [57]. OCP has better bone formation capabilities than HAp [57] with a
cell-mediated degradation mechanism [57]. Although OCP can be made into an injectable
form by mixing the OCP powder with hyaluronic acid (Hya) [60], bone cements comprised
of OCP are rare and the mechanical strength of injectable OCP is unknown.

2.4.2.2.4. Tetracalcium phosphates
Tetracalcium phosphate (TTCP, Ca4(PO4)2O, Ca/P=2.0) is an important starting phase of
HAp in its particulate form [56]. TTCP has very low solubility [37] and its in situ biological
behavior is unknown. Therefore, a single phase TTCP cement does not exist on the market
[56]. There have been indications on the use of TTCP to produce a pre-mixed injectable
cement [61]. However, the product was a two-powder phase (TTCP and dicalcium
phosphate anhydrate, DCPA) material forming HAp as the end product [56, 61]. The HAp
formed in this injectable cement showed very low compressive strength (<3MPa) [61].

2.4.2.2.5. Dicalcium phosphate dihydrate
Dicalcium phosphate dihydrate (DCPD, brushite, CaHPO4·2H2O, Ca/P=1.0) was first
discovered by Mirtchi and Lemaitre in 1989 [62] by mixing an acidic monocalcium
phosphate monohydrate (MCPM, CaH4P2O8) and a basic β-TCP in water [63]. The advantage
of DCPD is its biodegradability [55, 63]. Although the solubility of DCPD is low in water,
1

Also available in form of α-TCP+HAp [37]
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DCPD degrades fast in simulated body fluids through a cell mediated degradation process
[63, 64]. The mechanical properties of DCPD are comparable to HAp with low compressive
strength (<10MPa) [42] and brittle failures [42, 43]. The addition of retardants, substitution
of ions, ultrastructural organization of crystals, and use of smaller particles were shown to
improve the mechanical properties of DCPD [49, 63].

2.4.2.3. Calcium Aluminate
The first occurrence of calcium aluminate as a biomaterial was in 2003 as a dental filler,
Doxadent (Katoite (CaO)3(Al2O3)(H2O)6) [65–67]. The product was developed as a
replacement of amalgam, which started to lose its popularity due to mercury toxicity [66,
68]. Doxadent is a non-biodegradable but biocompatible, osteoconductive and
osteoinductive material [67-69] with no cytotoxicity [65, 66, 70]. The material is brittle but
has an outstanding compressive strength (>100MPa) [71]. However, despite its outstanding
compressive strength, it was observed that use of Doxadent resulted in material fractures,
tooth fractures, erosion, and ridge chip fractures, raising questions about its in situ longterm viability [68].
Endobinder is a dental filler introduced in Brazilian market in recent years. As a calcium
aluminate based dental filler, Endobinder exhibits similar properties to Doxadent:
biocompatibility [72], no cytotoxicity [73], and non-biodegradability [74]. As Endobinder
was introduced in 2012, the mechanical properties and long term clinical studies are yet to
be reported.

2.4.3.

Future materials

In order to circumvent the disadvantages posed by two different types of commercially
available cements (PMMA and ceramic cements), various attempts were made to improve
the biodegradability of PMMA or the mechanical properties of ceramic cements [36, 63]. As
a result, composites composed of biologically superior ceramic cements reinforced with
mechanically superior polymeric fibers [49, 75] are under investigation. In addition, to
enhance the vascularization, osteogenesis, and osteoinductivity of ceramic cements,
incorporation of additives such as bone marrow (BMA), and recombinant bone
morphogenetic protein (rBMP) are also being considered [36].

2.5.

Vertebroplasty for Fractured Vertebra

The effect of VP in fractured vertebrae has been investigated as in vitro experiments and
in silico computational simulations by various researchers in the past. An overview of these
studies is presented in the following sections.
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2.5.1.

In vitro Experiments

In vitro experiments investigating the effect of VP in fractured vertebre were performed
using compressive load cases [18, 26, 76-78]. The mechanical responses of VP treated
osteoporotic [26, 76, 77] and traumatic vertebral fractures [18, 78] were observed in the
studies. The vertebrae used in the experiments were augmented using PMMA [18, 26, 76,
78], biphasic ceramic cement (α-CSH/α-TCP) [77] or different phases of CaP [18, 26, 78].
The results obtained from these studies are compared in Sections 2.5.1.1 and 2.5.1.2. The
discussions on the results of these studies can be found in Section 2.5.1.3.

2.5.1.1. Osteoporotic vertebral fractures
The effect of VP treated osteoporotic vertebral fracture (OVF) was investigated in vitro
by three different research groups: Kinzl et al, Holub et al and An et al [26, 76, 77]. While
Kinzl et al [76] and Holub et al [77] used PMMA and biphasic ceramic cement, respectively,
to investigate the mechanical responses of VP treated OVFs, An et al [26] compared the
mechanical responses of PMMA and CaP treated OVFs [26]. The studies of Kinzl et al [77]
and An et al [26] indicated a significantly higher apparent strength of PMMA treated OVF
compared to intact vertebrae. However, contradicting results were presented on the
apparent stiffness of PMMA treated OVFs; while Kinzl et al observed an increase in the
apparent stiffness of PMMA treated OVFs, An et al observed a reduction in the apparent
stiffness of the PMMA treated OVFs compared to the intact vertebrae. Contrary to the results
of PMMA treated OVFs, the studies on the ceramic cement treated OVFs showed conforming
results. The results of An et al and Holub et al [26, 77] reported an increase in the apparent
strength and a reduction in the apparent stiffness of ceramic cement treated OVFs compared
to the intact vertebrae.

2.5.1.2. Traumatic vertebral fractures
Wu et al [78] and Tarsuslugil et al [18] performed in vitro experiments to observe the
mechanical responses of VP treated vertebral burst fractures (VBFs). The studies were
performed using PMMA and CaP cements. Similarly to the experiments on OVFs (Section
2.5.1.1), PMMA treated VBFs showed significantly higher apparent strength compared to the
intact vertebrae. However, the effect of PMMA treatment on the apparent stiffness of VBFs
was found to vary between the studies (lower [18] or higher [78] than the intact vertebrae).
The studies of Wu et al and Tarsuslugil et al also found that the CaP treated VBFs has
significantly lower apparent stiffness compared to the intact vertebra, while the effect on
the apparent strengths remained inconclusive (higher [18] or lower [78] than the intact
vertebrae).
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2.5.1.3. Factors influencing the mechanical responses
The disagreements observed in the results of the studies discussed in Sections 2.5.1.1
and 2.5.1.2 can be explained by the differences in the mechanical properties, and injected
volume and distribution of bone cements. A focus of Tarsuslugil's work [18] was to identify
the effect of injected cement volume and modulus on the mechanical responses of VP
treated vertebra. His study indicated that the injected cement volume has larger influence
on the mechanical responses of VP treated vertebra than the cement modulus. However, this
finding was in disagreement with Holub et al [77], who showed that the injected cement
volume is independent of the mechanical responses of VP treated vertebrae. It is possible
that the disagreement between the studies was due to the differences in the bone cement
utilized. However, further investigations are required to comprehensively define the effect
of injected cement volume on the mechanical responses of VP treated vertebra. The effect of
cement distribution and cement modulus on the mechanical response of VP treated vertebra
was investigated by Kinzl et al [76]. Kinzl et al showed significant improvements in the
mechanical response of VP treated vertebra when the injected cement was distributed to
bridge the two endplates. The cement modulus was found to play a minimal role in the
determination of the mechanical responses of VP treated vertebra. Through these various
studies, it can be concluded that the modulus of injected cement does not play a significant
role in the mechanical responses of VP treated vertebra while the volume and distribution
of injected cement may be significant. Other factors including the strength of cement and
cement-bone bonding strength [79, 80] were also proposed to play a role in the
determination of the mechanical responses of VP treated vertebra, and thus should be
considered in future investigations.

2.5.2.

Computational Simulations

Numerous computational investigations of the effect of VP in fractured vertebrae have
been performed using the finite element method (FEM) [18, 76, 81, 82]. The FEM is a
computational technique often used in biomechanics to evaluate the advantages and risks
involved with newly developed surgical techniques and implant designs. Briefly, the FEM
allows a complex problem to be discretized into discrete ("finite") elements, a solution to be
found for each individual element, then the response over the entire complex solution
domain to be re-assembled. The results of FEM are largely influenced by the accuracy of
material and mechanical descriptions that are implemented in the FE models. Therefore, in
order to increase the accuracy of the FE models used in bone mechanics, studies have been
performed to identify significant factors that may influence the obtained results. The factors
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that are particularly relevant to the FE models for the investigation of VP in fractured
vertebrae are: 1) the heterogeneity of trabecular bone [83–85], 2) heterogeneity of
trabecular bone and bone cement composites [85–88], 3) anisotropy of trabecular bone [89,
90], 4) adequate boundary conditions [91], and 5) the application of multi-axial load cases
[81].
Previous FE investigations of the effect of VP in fractured vertebrae, either osteoporotic
compression fractures of traumatic fractures, have identified the importance of cement
volume [18], distribution [76] and fracture types [81, 82] on the resulting mechanical
responses of the treated vertebrae. These investigations were, however, associated with the
limitations of: 1) inadequate cement volume [76, 18] and cement distribution variations [82]
2) absence of adjacent intervertebral discs (i.e. inadequate boundary conditions) [76, 18], 3)
absence of trabecular bone heterogeneity and anisotropy [81, 82], 4) use of uniaxial loading
conditions [76, 18], and 5) lack of FE model validation [81, 82]. Therefore, the development
of a validated FE model, that considers all factors influencing the results of the FE, would be
an advantageous advancement for the investigation of the use of VP as a stand-alone
treatment for burst fractures.

2.6.
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Chapter 3
In silico evaluation of vertebroplasty for
complex fractured vertebra: a pilot study
Koh I., Marini G., Vogt P.J. and Ferguson S.J.
Modified from the report presented at 5th International Conference on Computational
Bioengineering, Leuven, Belgium.

3.1.

Motivation

Vertebroplasty is a percutaneous surgical technique used to augment fractured vertebra
using a bone cement. With the indications on the use of vertebroplasty to treat stable,
trauma-induced fractures [1] and the development of osteoconductive ceramic bone cement
[2], vertebroplasty may be utilized as a stand-alone treatment for trauma-induced fractures
in young patients. Therefore, the aim of the study was to investigate the effects of
vertebroplasty on vertebrae with complex trauma fractures. Computational simulations
were performed to observe the changes in the stiffness of trauma-fractured vertebra upon
augmentation and the development of stresses within the ceramic cements. The simulations
were performed using multi-axial load cases.

3.2.

Methods

Four finite element (FE) vertebra models of intact, intact augmented, single-fracture
augmented, and multiple-fracture augmented vertebrae were prepared (Figure 1). Vertical
cortices and two adjacent intervertebral discs (IVD) were included in the model by
extruding the outer surface and endplate of the vertebra, respectively. Ideal planar gaps
were used to mimic fractures. An arbitrary cement geometry, potential cement-bone
composite areas and the preferential flow of cement through the fracture fissures were
included in the model (Figure 1).

FIGURE 1. 3D vertebra and cement geometries used for the simulation. Intervertebral discs (brown and
gray), fractured vertebral body (blue), cement-bone composites (white) and cement (red) are modeled.

The material properties were assumed to be linear isotropic and homogeneous for
vertebrae, with moduli of 1.2GPa, 100MPa [3] and 400MPa [4] for cortical bone, cancellous
bone and ceramic cement respectively (Table 1). The mechanical description of IVDs were
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in accordance to Marini and Ferguson [5]. The simulated load cases were individual
compression, torsion, bending and flexion (Table 2). The magnitude of loads were maximum
loads experienced during a normal gait cycle [6]. The stiffness of the models, and the
maximum magnitude and distribution of the maximum principal stresses (MPS) in the
augmented cements were compared.
Material Properties
E (MPa) ν
Trabecular
100
0.2
Cortical
1200
0.3
Endplate
1000
0.2
Cement
400
0.3
Cement Composite
600
0.3
IVD
UMAT[5]
TABLE 1. Material properties used for the simulation.

Investigated load cases
Compression
0.4 MPa (equiv. 500N)
Lateral Bending
2.3Nm
Flexion
0.6Nm
Torsion
1.1Nm
Multi-axial
All of above
TABLE 2. Investigated load cases [6].

3.3.

Results

The compressive and rotational stiffness of the model decreased with fracture (Figure 2).

FIGURE 2. Normalized stiffness of simulated models.
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The MPS was observed on the rims of preferential flow regions through the fracture
gaps (Figure 3) and the magnitudes of MPS increased with the inclusion of the fractures
(Table 3). The augmented cement experienced higher tensile than compressive stress under
torsion, bending and flexion (Table 3).

FIGURE 3. Deformed multiple fractured vertebra model and principal stress distribution observed in
cement and cement-bone composite areas.

Highest Maximum Principal Stress (MPa)
Intact
Single
Multi
Aug
Fract
Fract
Compression
0.33
-4.74
9.61
Lateral
0.12
31.73
17.28
Bending
Flexion
0.05
23.59
43.62
Torsion
0.01
14.87
3.05
Multi-axial
0.36
-5.4
13.22
TABLE 3. Highest principal stresses observed in the cement or bone-cement composite region in each
simulated cases.

3.4.

Discussion

The results showed that augmenting trauma fractured vertebrae does not fully
restore the overall stiffness for all load cases. The disruption of the cortical shell integrity
increased the mobility of vertebral fragments, decreasing the stiffness of the augmented
vertebrae while increasing the MPS in the cement. The stresses observed on the periphery
of the preferential cement flow increased as fragments of fractured vertebra closed the
fracture gaps under the different loading conditions. High tensile stress observed under
torsion, bending and flexion highlight the importance of the tensile strength of augmenting
biomaterial to resist multi-axial loading.
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4.1.

Abstract

Calcium sulphate-based bone cement is a bone filler with proven biological advantages
including biodegradability, biocompatibility and osteoconductivity. Mechanical properties
of such brittle ceramic cements are frequently determined using the testing standard
designed for ductile acrylic cements. The aims of the study were 1) to validate the suitability
of this common testing protocol using saturated calcium sulphate dihydrate (CSD), and 2) to
compare the strength and effective modulus of non-saturated and saturated CSD, in order to
determine the changes in the mechanical behavior of CSD upon saturation. Unconfined
compression tests to failure were performed on 190 cylindrical CSD samples. The samples
were divided into four groups having different saturation levels (saturated, non-saturated)
and end conditions (capped and non-capped). Two effective moduli were calculated per
sample, based on the deformations measured using the machine platens and a samplemounted extensometer. The effective moduli of non-saturated groups were found to be
independent of the end conditions. The saturated and capped group showed no difference in
the effective moduli derived from different measurement methods, while the saturated and
non-capped group showed a significant difference between the machine platen- and
extensometer-derived moduli. Strength and modulus values were significantly lower for
saturated samples. It was assumed that the existence of water in saturated CSD alters the
mechanical response of the material due to the changes in chemical and physical behaviors.
These factors are considered to play important roles to decrease the shear strength of CSD.
It was proposed that the reduction in CSD shear strength evokes local deformation at the
platen-sample boundary, affecting the strength and effective moduli derived from the
experiments. The results of this study highlighted the importance of appropriate and
consistent testing methods when determining the mechanical properties of saturated
ceramic cements.

Keywords: Osteoporosis, ceramic, calcium sulphate, mechanical properties, test method
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4.2.

Introduction

Compressive vertebral fractures arise from bone fragility due to osteoporosis or
metastasis. The vertebral fractures results in back pain which may lead to neurological
deficits in severe cases. Clinically, vertebral fractures are treated using conservative
therapies, external braces, vertebroplasty or spinal fusion surgeries, depending on the
severity of the fracture and the age of the patient. Vertebroplasty is a percutaneous
procedure first introduced in 1987 [1] to treat hemangioma. The procedure consists of
augmenting the damaged vertebral body, typically with a poly(methyl methacrylate)–based
bone cement. The usage of acrylic cements in vertebroplasty is associated with potential
risks and complications related to toxicity [2], exothermic curing reaction [3] and
bioinertness of the final biomaterial. Alternative ceramic bone cements, commonly based on
calcium phosphate (CPC) or calcium sulphate (CSC) [4, 5], have also been developed, with
additional advantages over acrylic bone cements. Ceramic bone cements have superior
biological

properties

of

biocompatibilty,

osteoconductivity,

osteoinductivity,

biodegradability [6–9] and non-exothermic setting reactions. A major disadvantage of
ceramic bone cements is its sub-optimal mechanical properties of low shear strength [10]
and low fracture toughness [11], which may lead to fragmentation under cyclic loads [12].
There are multiple studies reporting positive results on the aforementioned biological
properties of ceramic bone cements, together with reports on its cytotoxicity [6, 7],
injectability [6, 7, 13] and strength [6, 7, 9, 14–18]. The moduli of ceramic cements [14, 15,
17, 19–22] were also reported in various studies. However, many studies report the moduli
of non-saturated ceramic bone cements [15, 16, 18, 23] or bone-cement composites from ex
vivo studies [19–22]. In other words, studies comprehensively reporting the modulus of
pure saturated cements are rare [14, 17].
CSCs have a long history of clinical use since its first report in 1892 [24]. They are
known to undergo a complete and quick resorption without significant inflammatory
responses [6, 7]. A typical CSC consists of calcium sulphate hemihydrate (CaSO4·½H2O)
powders, which react with water to form calcium sulphate dihydrate (CaSO4·2H2O)
according to Equation 1 [16].
CaSO4· ½H2O + 1½H2O

CaSO4·2H2O

(1)

The phase of calcium sulphate hemihydrate (CSH, α- or β-) determines the final density
and solubility of the resulting calcium sulphate dihydrate (CSD). β-phase CSH is known to
yield a less dense CSD by precipitation of irregular crystals with interstitial and capillary
pores [16] as compared to the denser α-phase CSH.
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The strength of wet CSD is known to be lower than dry CSD [25]. According to Andrews
[25], the strength of CSD is the force required to overcome the frictional resistance between
the interlocked CSD crystallites. Andrews pointed out that the existence of water reduces
the strength of CSD, as it reduces the frictional resistance between the interlocked crystals.
In addition to his findings, dissolution of CSD with addition of water also plays a role in the
reduction of the strength of wet CSD. Thus, given that the physical behavior, hence the
mechanical properties of wet/saturated CSD differ from dry/non-saturated CSD, the most
appropriate protocol to test saturated CSD may also differ from those designed for nonsaturated CSD.
The most common testing protocol used to determine the compressive properties of
ceramic cements is derived from the international testing standard developed for (ductile)
acrylic cements (ISO5833:2002). This two page long testing standard outlines a general
method to prepare the testing samples (eg. filling cylindrical molds and grinding planeparallel ends) and basic compression test protocol (eg. the range of displacement rate and
suitable boundary condition). The benefit of an abstract mechanical testing protocol is that
it provides the flexibility to adapt the test according to specific needs or applications.
Therefore, many previous studies reporting the compressive strength of ceramic cement
follow the sample preparation method outlined in ISO 5833:2002 [6, 7, 13, 15, 17].
Ceramic cements are known to be brittle. Therefore, the experimentally obtained
material parameters are highly sensitive to porosity, pore sizes, pore shape, boundary
conditions and angularity between the sample end surfaces. Brittle materials exhibit small
deformations until rupture and are very sensitive to flaws within the samples. A small
misalignment of the end surfaces (end conditions) or the existence of macro-pores, for
example, may lead to premature crack initiation and propagation, and lower derived
compressive strength and modulus values than for flawless samples. Further, other factors
including chemical composition [7, 8, 26], liquid-to-powder ratio [13, 27, 28], mechanical
and chemical conditioning prior to testing [6, 7], the phase of the starting components and
crystal shapes [16] also influence the strength and modulus. Thus, the testing standard for
ceramic cements may require additional refinement, compared to the standards set for
acrylic cements, to produce reliable results.
In the field of civil engineering, especially in the studies of concretes and cements,
factors influencing the mechanical properties of ceramics have been extensively studied. As
a focus of study, the influences of intrinsic and extrinsic factors on the compressive strength
and modulus [29, 30] of concretes and cements were carefully examined. Based on this,
testing methods quantifying the strength and modulus of brittle materials [31, 32] have
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been developed. Hence, transfer of this expertise and knowledge to the field of biomaterials
may help to better understand the physical behavior of ceramic cements. Therefore, our
aims of the present study were: 1) to compare the compressive strength and effective
modulus of non-saturated and saturated CSD, thereby determining the mechanical changes
associated with saturation, and 2) to evaluate the suitability of the common acrylic cement
testing standard to determine the mechanical properties of CSD, by comparison to tests
based on the international testing standards developed to quantify the strength and
modulus of concretes (ASTM C39, ASTM C469).

4.3.

Materials and Methods

4.3.1.

Specimen Preparation

Calcium sulphate cylinders were prepared by manually mixing β-CaSO4·½H2O (purum
≥97.0%, Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) and water (L/P-ratio= 0.67 mL/g)
with a spatula for 3 minutes. The mixture was left in the mixing bowl for a further 2 minutes
to increase viscosity prior to casting. A set of Teflon split molds were filled with the mixture
and were vibrated for 5 minutes on a vibration table (KV-26 plus, Wassermann DentalMaschinen GmbH, Hamburg, Germany) at 6000rpm to release air bubbles entrapped in the
mold. The cylinders were left to set in the molds for 30 minutes. A total of 214 CSD cylinders
were cast using this method. The resulting cylinders had dimensions of 10.55 ± 0.04mm x
28 ± 0.5mm (diameter x length). The cylinders were dried at room temperature for 21 days.
The direction of casting was recorded to ensure sedimentation [33] does not play a role on
the fracture locations and tendencies. The cylinders having major surface damage upon
visual inspection were excluded, leaving 190 samples for the test. The remaining samples
were randomly distributed to four different groups having different saturation levels
(saturated, non-saturated) and end conditions (capped, non-capped). The non-saturated
and non-capped group served as the control group of the experiment, as it mimicked the
samples prepared for the compression test outlined in ISO 5833:2002 and the literature [7].
An outline of the groups, nomenclatures and geometrical summary of the samples in each
group is shown in Table 1.
A linear precision saw (IsoMet® 5000, Buehler GmbH, Dusseldorf, Germany) equipped
with a diamond-coated wafering blade (IsoMet® 15HC, Buehler GmbH, Dusseldorf,
Germany) was used to post-process the end surfaces of the samples to yield plane-parallel
surfaces at angular deviations less than 0.5° [32]. The samples were processed at a rotating
speed of 2000 rpm and a feed rate of 19 mm/min (9.5 µm/rotation) under constant water
irrigation. The length and the diameter of the samples were measured [31] at 4 and 2
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equally spaced positions around the circumference, respectively, using a digital caliper
(Mettler Toledo, Greifensee, Switzerland) to calculate the surface angularity and the aspect
ratio. The samples were weighed (Xs4002S, Mettler Toledo, Greifensee, Switzerland) to
calculate the sample density. The aluminum endcaps (inner diameter=10.61±0.1mm,
depth=3.0±0.05mm) were glued to the samples in capped groups using an epoxy-based
adhesive (Araldit Rapid, Araldite, Basel, Switzerland) [31], [34]. The samples in the
saturated groups were conditioned in phosphate-buffered saline (PBS) at room temperature
for 24 hours prior to the test.

4.3.2.

micro-CT Imaging

15 samples from each group were randomly selected and scanned using a µCT100
(Scanco, Brüttisellen, Switzerland; 55kVp, 72uA). The resolution of the images was 30µm.
The samples in the capped groups were scanned prior to the gluing of the aluminum end
caps. The images were post-processed to calculate the porosity of scanned samples (Table
1).

4.3.3.

Mechanical Testing

Unconfined compression tests to failure were performed on all prepared samples using
Zwick Z005 Materials Testing Machine (Zwick Roell GmbH, Ulm, Germany). The
deformations of the samples were measured using two different methods: A) measuring the
relative displacement of the top and bottom platens, and B) using an image-based video
extensometer, videoXtens (Zwick Roell GmbH, Ulm, Germany). The gauge length of
videoXtens was set to be a half of the sample height (10.7 ± 0.3mm) [31]. To eliminate shear
stresses that may exist due to non-parallelism of the samples, a ball bearing load platen [32]
was used (Figure 1). The tests were performed using a platen displacement rate of 0.15
mm/min. A series of preconditioning cycles up to 50N for non-saturated groups and 40N for
saturated groups were applied for repeatability [31]. The preconditioning cycles were
performed until two consecutive cycles had the identical moduli. The samples were then
loaded until the measured force was less than 20% the maximum force.
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No. of Samples

NonSaturated

Saturated

Cap
(Group 1)
No Cap
(Group 2)
Cap
(Group 3)
No Cap
(Group 4)

Diameter
(mm)

Length
(mm)

Aspect
Ratio

End surface
Angularity (°)

Density
(g/cm3)

Porosity (%)

Tested

Analyzed

47

38

10.55±0.04

20.76±0.95

1.97±0.09

0.11±0.06

1.16±0.02

1.35±0.2

48

47

10.55±0.01

21.29±0.40

2.02±0.04

0.09±0.05

1.16±0.03

1.35±0.2

48

35

10.55±0.01

20.50±0.59

1.94±0.05

0.12±0.07

1.16±0.02

1.35±0.2

47

40

10.55±0.01

21.39±1.00

2.02±0.10

0.11±0.08

1.16±0.03

1.45±0.4
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TABLE 1. Overview on the number, dimensions, aspect ratio, surface angularity, density and porosity (Mean±SD) of the samples. The length of the capped groups is
taken as the length between the endcaps.

FIGURE 1. A: The testing setup used to perform unconfined compression tests on cylindrical calcium
sulphate samples. A ball bearing fixture was used to apply pure compressive force on the samples. Two
methods were used to measure the deformation of the samples; a platen and a video extensometer. B:
Two types of samples having different end conditions of capped (B-a) and non-capped (B-b) were tested.
The samples were further divided into saturated and non-saturated to test for the effect of saturation on
the cements.

4.3.4.

Data Analysis

The mechanical parameters of interest were the ultimate strength and its
corresponding strain, and effective modulus of the material. The changes in the effective
modulus and sample height over the preconditioning cycles were also considered in the
data analysis. The ultimate strength (σf) was defined as the maximum force recorded during
the test divided by the nominal cross sectional area of the samples. Two strains at the
ultimate load were calculated per sample by dividing the initial gauge length from the
deformation measured using the platen (εp) and the extensometer (εe) at σf. A linear-fit over
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25-50% of σf was used on the stress-strain curve to calculate the effective modulus. The
range was chosen to exclude the regions of initial toe and plastic deformations. However, if
the range exhibited non-linear behavior, the most linear region of the stress-strain curve
was used to calculate the effective modulus. Two effective moduli were calculated per
sample; the effective moduli derived from the extensometer- (Ee) and the platen- (Ep)
measurements. The stress range used to calculate Ee and Ep in each sample were identical.
When Ep of the capped samples were calculated, the effective gauge length was taken as the
length of the cylinder between the endcaps plus half the length of the sample embedded in
the endcaps [34]. The samples showing complete non-linear stress-strain curves were
excluded from the analysis. Ep during the first three preconditioning cycles and the test to
failure were calculated between 25-50N for Groups 1 and 2 (non-saturated groups); and 2540N for Groups 3 and 4 (saturated groups). The changes in the sample height after each
preconditioning cycle were also analyzed by taking the platen position at 20N. Four samples
having similar Ee and Ep to the group averages were used to draw a representative stressstrain curve of each group. The platen-derived stress-strain curves were taken directly from
the acquired data without further processing whereas a 3rd order interpolation was used to
extract extensometer-derived stress-strain curves. n-way ANOVA tests (n=1,2,3; depending
on the number of factors) were used to determine the statistical significance of differences
in the geometrical and mechanical parameters of interest. A Tukey’s post-hoc test was used
for applicable inter-group comparisons. Statistical significance was defined at a level of α=
0.05.
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4.4.

Results

4.4.1.

Geometrical quality of samples

All sample groups showed no statistically significant differences in density and porosity.

4.4.2.

Strength, Modulus and Ultimate strains

The non-saturated CSD groups had significantly higher strength than the saturated CSD
groups (Table 2-3, Figure 2). The capped groups in both non-saturated and saturated
groups showed significantly higher strengths than the non-capped groups.
Strength
Non-Sat
Non-Cap
G1

G2
G3

Sat
Cap
G2
G3
G4
G3
G4
G4

p
***
**
**
***
***
***
***
*

TABLE 2. Statistical significances of strengths between the groups. Non-Sat: non-saturated groups, Sat:
saturated groups, Non-Cap: non-capped groups, Cap: capped groups, G1: Group 1 (non-saturated capped),
G2: Group 2 (non-saturated non-capped), G3: Group 3 (saturated capped), G4: Group 4 (saturated noncapped). (*** p<0.001, *** 0.001≤p≤0.01, * 0.01≤p≤0.05)

FIGURE 2. Boxplots showing the compressive ultimate strength of the tested groups. a: non-saturated
groups, and b: saturated groups. Group 1: non-saturated capped, Group 2: non-saturated non-capped,
Group3: saturated capped and Group 4: saturated non-capped.
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Group

Strength (MPa)

1
2
3
4

17.7±1.7
16.7±1.8
6.30±0.62
5.97±0.78

Ep (MPa)

Ee (MPa)

4600±457 6270±1492
4680±702 5680±1313
1720±547 1870±309
879±324
1680±527

εp
(%strain)
0.6±0.4
0.5±0.1
0.7±0.5
0.9±0.3

εe (%strain)
0.3±0.1
0.3±0.1
0.3±0.1
0.3±0.1

TABLE 3. Ultimate strengths and strains, and effective moduli (Mean±SD). The strain at the ultimate load
and effective moduli were determined using two different measurement methods; platen (E p and εp
respectively) and extensometer (Ee and εe respectively). Group 1: non-saturated capped, Group 2: nonsaturated non-capped, Group 3: saturated capped, and Group 4: saturated non-capped.

It was found that moduli of non-saturated and saturated groups were significantly
different (Table 3-4). The moduli of Group 1 and Group 2 (non-saturated, capped and noncapped group respectively) were equal when an equivalent measurement method (platenor extensometer-) was used to calculate the moduli. In both Groups 1 and 2, E e were
significantly higher than Ep (Table 3, Figure 3a). The higher Ee in Groups 1 and 2 were
explained by two distinctive failure locations, within or outside the extensometer gauge
length. The failures outside of the extensometer gauge length resulted significantly lower E p
than Ee (Figure 4A, Figure 4B-a). Although Group 3 (saturated capped group) showed the
same two distinctive failure locations (Figure 4B-b), Ee and Ep in this group were the same
(Figure 3b). Group 4 (saturated non-capped group) showed similar Ee to Ee (and Ep) of
Group 3. Group 4 also showed significantly lower Ep than Ee as it was observed in Groups 1
and 2. Contrary to Groups 1 and 2, the locations of failure in Group 4 were mainly at the
platen-sample boundaries (Figure 4B-c), suggesting large local deformation at the
boundaries.

FIGURE 3. Boxplots showing the moduli of the tested groups. The moduli were derived using two
different measurement methods; platens (Ep) and extensometer (Ee). a: non-saturated groups, and b:
saturated groups. Group 1: non-saturated capped, Group 2: non-saturated non-capped, Group3:
saturated capped and Group 4: saturated non-capped.
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Non-Sat
Non-Cap
P
G1P

G1E
G2P
G3P

G3E
G4P

Sat
Cap
E
G1E
G2P
G2E
G2P
G2E
G2E
G3E
G4P
G4E
G4P
G4E
G4E

Effective
Modulus
p
***
***
***
***
0.54
***
***
0.05
***
0.15
***
0.75
***
0.06
***

Strain at
ultimate load
p
***
0.14
***
***
0.10
***
***
0.75
***
***
*
***
***
1.00
***

TABLE 4. Statistical significances of effective moduli and strains at the ultimate load between the groups.
Non-Sat: non-saturated groups, Sat: saturated groups, Non-Cap: non-capped groups, Cap: capped groups, P:
platen-derived, E: extensometer-derived, G1: Group 1 (non-saturated capped), G2: Group 2 (non-saturated
non-capped), G3: Group 3 (saturated capped), G4: Group 4 (saturated non-capped). (*** p<0.001, ***
0.001≤p≤0.01, * 0.01≤p≤0.05)

FIGURE 4. A: Typical stress-strain curve showing the relationship between the failure locations and the
differences in Ep and Ee in Group 2 (non-saturated non-capped). B: Typical failure locations in Groups 1, 3
and 4 (non-saturated capped, saturated capped and saturated non-capped respectively).
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The strains at the ultimate load were significantly different between the non-saturated
and saturated groups (Table 3-4). The end conditions did not have any influence on the
measured strains at the ultimate load of Groups 1 and 2 (non-saturated groups). However,
εp of Groups 3 and 4 (saturated groups) were significantly different. εp varied between the
groups, with the highest εp observed in Group 4 (Table 3, Figure 5). εe was found to be the
equal in all groups as the video extensometer neglects dilatational deformation.

FIGURE 5. Boxplots showing the strains at ultimate load of the tested groups. The strains were derived
using two different measurement methods; platens (εp) and extensometer (εe). a: non-saturated groups,
and b: saturated groups. Group 1: non-saturated capped, Group 2: non-saturated non-capped, Group3:
saturated capped and Group 4: saturated non-capped.

4.4.3.
Change in modulus and sample height over preconditioning
cycles
The preconditioning cycles up to 40N and 50N applied to the saturated and nonsaturated samples, respectively, increased the repeatability of the samples in Groups 1, 2
and 3 (non-saturated capped, non-saturated non-capped and saturated capped group
respectively; Table 5, Figure 6). Over the first preconditioning cycle, statistically significant
changes in Ep and 6.0±8.9µm and 5.6±6.6µm reductions in the sample heights were
observed in Groups 1 and 2 respectively (Table 5-6, Figure 6-7). However, the changes in
the sample height and Ep were statistically insignificant in the subsequent cycles. The
changes in Ep and the sample heights over the first cycle in these groups may have resulted
from the collapse of mechanically weak structures. Group 4 (saturated non-capped group)
showed statistically significant increase in Ep throughout the entire preconditioning cycles.
The increase in Ep was accompanied by reduction in the sample heights (Figure 7). The
changes in Ep and the sample height in Group 4 suggest permanent deformation of the
samples through consolidation, regardless of the magnitude of the applied force.

58

Change in Sample Height
(µm)

Ep (MPa)
Group
1
2
3
4

Final
PostCycle
Cycle 1
1090±366 1383±304 1460±292 1430±288
6.0±8.9
651±213
893±242
943±264
873±276
5.6±6.6
888±386 1030±379 1060±380 1070±385
2.6±4.2
279±177
801±434 1280±491 1600±512 20.6±11.2
Cycle 1

Cycle 2

Cycle 3

PostCycle 2
0.7±0.9
0.9±1.6
0.7±1.1
4.9±4.0

PostCycle 3
0.3±0.5
0.5±1.0
0.2±0.6
1.2±1.6

TABLE 5. Changes in the platen-derived effective modulus (Ep) and the sample height (Mean±SD) over
the preconditioning cycles. Group 1: non-saturated capped, Group 2: non-saturated non-capped, Group 3:
saturated capped, and Group 4: saturated non-capped.

Group1
C1
C2
C3

C2
C3
C4

Group2
p
***
0.72
1.00

C1
C2
C3

C2
C3
C4

Group3
p
***
0.80
0.50

C1
C2
C3

C2
C3
C4

Group4
p
0.23
1.00
1.00

C1
C2
C3

C2
C3
C4

p
***
***
**

TABLE 6. Statistical significances of effective moduli throughout the preconditioning cycles. C1: Cycle 1,
C2: Cycle 2, C3: Cycle 3, C4: Cycle 4. Group 1: non-saturated capped, Group 2: non-saturated non-capped,
Group 3: saturated capped, and Group 4: saturated non-capped. (*** p<0.001, *** 0.001≤p≤0.01, *
0.01≤p≤0.05)

FIGURE 6. Boxplots showing the change in Ep over the preconditioning cycles. a: Group 1 (non-saturated
capped), b: Group 2 (non-saturated non-capped), c: Group 3 (saturated capped), and d: Group 4
(saturated non-capped). (*** p<0.001, ** 0.001≤p≤0.01, * 0.01≤p≤0.05).
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FIGURE 7. Changes in the sample height over the preconditioning cycles.

4.4.4.

Stress-Strain Graphs

The non-saturated samples showed initial toe-regions when stress-strain graphs were
plotted using the platen measurements (Figure 8a). The toe-regions were effectively
removed when the graphs were plotted using the extensometer measurements. The stressstrain graphs of saturated samples showed no apparent initial toe-region (Figure 8b). Ep up
to the preconditioning force, 40N (0.44MPa), were similar between Groups 3 and 4
(saturated, capped and non-capped group respectively). The stress-strain graph of Group 4,
plotted using the platen measurements, showed greater non-linearity than the stress-strain
graph of Group 3 plotted using the same measurement method. The non-linearity of the
stress-strain curve in Group 4 was removed by using the extensometer measurements. In
Group 4, post-40N Ep was lower than pre-40N Ep, and Ep gradually increased with the
increase in force. The stress-strain graphs and its non-linearity derived from a Group 4
sample further support the assumption of local and permanent deformation at the platensample boundary.

FIGURE 8. Representative stress-strain curves. a: non-saturated groups, and b: saturated groups. Group 1:
non-saturated capped, Group 2: non-saturated non-capped, Group3: saturated capped and Group 4:
saturated non-capped.
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4.5.

Discussion

The testing standard developed for acrylic bone cement is frequently used on ceramic
cements to determine mechanical properties. Thus, one aim of this study was to validate the
suitability of this frequently used testing protocol on CSD and to compare the compressive
strength and effective modulus between the non-saturated and the saturated CSD. The study
has shown that the testing protocol commonly used to determine the mechanical strength of
ceramic cements is inadequate to determine the effective modulus of saturated CSD, as the
material suffers from end effects.
The strength of saturated groups was significantly lower than the strength of nonsaturated groups. The changes in the strength of CSD upon saturation can be explained by
the chemical and physical properties of CSD. CSD is formed by dissolution of CaSO4·½H2O
into Ca2+ and SO42- ions in presence of water. Once the equilibrium is reached, the solution
becomes supersaturated with CaSO4·2H2O, CSD precipitate and crystallites interlock to form
a solid material [26]. As the reaction is reversible, upon reintroduction of water to CSD, the
crystallites dissociate back into Ca2+ and SO42- ions. The dissociation reduces the occurrence
of (weakens) crystal interlocks, hence its strength [25]. In addition, water molecules may
also allocate itself within the existing pores of the structure. These water molecules may act
as a lubricant [25], reducing the frictional resistance at the crystal interlocks, hence the
overall strength of CSD. The reduction in strength upon saturation is a widely accepted
behavior of permeable porous materials [35]. When both chemical and physical changes of
CSD are considered together, it can be carefully said that the saturated CSD behaves in the
domain of soft rocks (or clays depending on the degree of dissociation), where both
chemical dissociation and water lubrication effectively reduce the strength of the material
[36]. Therefore, it is concluded that the saturated CSD could be considered as a biphasic
material, comprised of a solid CSD phase and a liquid phase [36–38].
Although the study was designed for inter-group comparisons, the mean strength of the
control group (Group 2) was also compared to the literature values. It was found that the
strength of CSD in the current study was higher than previously reported [7]. Possible
factors that may explain the difference are associated with the sample preparation method.
The initial phase of CSH, L/P ratio, size of the testing samples, compaction method and the
duration of setting are a few that can be compared. Different initial phases of the CSH, β- or
α- , have different strength due to its crystal density [16]. Also, it is known that the
compressive strengths of ceramic cements are closely related to the porosity of the samples.
Thus, L/P ratio [13, 39], dimension of the samples [40] and compaction method [41] may
also have influenced the strengths. Lastly, the hydration of CSD is known to stabilize after 14
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days [42] at room temperature. Dehydration or fixation prior to the complete hydration may
influence the evolution of CSD crystals, hence the strength of the prepared sample.
Therefore, if direct inter-laboratory comparisons of mechanical properties are desired, it is
important to use a standardized sample preparation method.
The end condition was found to strongly influence the fracture pattern, and thus the
derivation of the material modulus in the saturated groups. A clear classification of the
fracture pattern according to ASTM-C39 was not possible, as fractures were not fully
developed within the defined testing conditions (loading until a 20% drop from maximum
force is achieved). If definite fracture characterization is required, we suggest that extending
the testing limits is required. While there were no differences in Ee values in the saturated
groups (capped vs. non-capped), Ep were statistically different. Ep of non-capped saturated
samples were significantly lower than Ep of capped saturated samples. Together with the
changes in chemical and physical properties of the material upon saturation, shear force at
the platen-sample boundary [43] induces local shear deformation at the boundary (Figure
4). This is a similar behavior to the local shear deformation observed by Keaveny et al [34]
in their trabecular study, referred as the end effect. Keaveny also observed larger platen
deformation due to local shear as it was observed in the saturated non-capped group in this
study. The larger platen deformation eventually decreased the derived Ep. The end effect in
saturated groups was further observed throughout the preconditioning cycles. The changes
in Ep and the sample height throughout the preconditioning cycles were insignificant in the
saturated capped group. However, the saturated non-capped group showed reduction in
both Ep and the sample height throughout the preconditioning cycles. The compaction at the
sample surfaces (Figure 5B) due to shear force at the platen-sample boundary [43] is
assumed to be the cause of these reductions. Therefore, it is important to remove the end
effect by using endcaps to obtain correct material modulus of saturated CSD.
The measurement method (platen- or extensometer-) influenced the derivation of the
moduli in non-saturated groups. In non-saturated groups, the moduli derived using the
same measurement method (platen- or extensometer-) were equal in the capped and noncapped groups (eg. capped Ep equals to non-capped Ep). The dependency on the
measurement method for the derivation of non-saturated material modulus may be a result
of local macro-pores entrapped outside the extensometer gauge length. Samples having
higher Ee than Ep had tendency to fail outside the extensometer gauge length (Figure 4) due
to these local macro-pores. The deformations measured by the extensometer in such cases
were therefore smaller than those measured by the platens. The failures in the saturated
capped group were observed either inside- or outside- the extensometer gauge length,
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similar to the failure locations observed in non-saturated groups. However, the
measurement method did not influence the derivation of the moduli in saturated capped
group. It is thought that, upon compression of saturated samples, the water-filled macropores redistribute the stress in the vicinity of the pores [44]. The redistribution of the stress
eventually reduces the effective stress [45], supporting the mechanically weak structures.
This mechanism may result a homogeneous deformation throughout the sample length,
explaining the independency of the measurement method in the saturated capped group.
The sample preparation method and experimental protocol used in the current study
was different from ISO5833:2002 to some extent in order to incorporate also relevant
requirements of ASTM C39 and C469 as the comparison testing protocol. The deviations and
justifications are: 1) The size of the sample was 1.66 times larger than those specified in the
ISO5833:2002. However, the aspect ratios of the samples were maintained at 2. Given that
the aspect ratio of the samples has a larger influence on the material parameters than the
sample size [46], the larger sample size used in this study, aimed at inter-group comparison,
should not have influenced the results. 2) CSD cylinders were prepared without a C-clamp,
as the usage of C-clamp may introduce local densification near the end surfaces, hence
inhomogeneous samples. 3) A precision saw was used to post-process solidified CSD
cylinders. This was to achieve parallel sample surfaces to an accuracy outlined in ASTM C39
(<0.5°). The precision on the angularity of the end surfaces are therefore considered to be
higher than the samples prepared using ISO5833:2002. 4) The samples were set at room
temperature for 21 days, longer than 24h specified by the ISO standard. Longer storage time
was chosen to ensure complete hydration of CSH [42] to draw a clear distinction between
the non-saturated and saturated groups. 5) The deformation rate was comparably slower
than the rate specified by ISO standard (0.15mm/min (𝜀̇=10-4) vs 19.8mm/min (𝜀̇=10-2)). A
slower deformation rate was used to record an adequate number of sample points for the
calculation of both platen- and extensometer-derived moduli. The strength and effective
moduli measured using the chosen deformation rate should not have any effect on the
results obtained as the deformation rate was within the reported static range [47] of brittle
materials.
The limitations of the current study are the following: 1) Only one type of ceramic
cement was tested. Since the chemical and mechanical properties are different among the
different types of ceramic cements, further tests are required to ensure the developed
experimental protocol is suitable for other types of ceramic cements; 2) Preparation and
hardening of CSD were not performed in a physiological environment (at room temperature
for 21 days). The decision was made to obtain distinctive differences between non63

saturated and saturated groups. The developed experimental protocol should be further
improved to prepare the cements at an environment close to the in vivo environment using
commercially available bone fillers; 3) The tests of the saturated groups were performed in
a non-physiological environment. As the aim of the current study was to determine the
mechanical changes associated with saturation, the tests were carried out in ambient
conditions, to reduce the number of influencing factors. However, specimen drying in the
short testing time is not believed to be an issue. Nevertheless, in future studies it is
necessary to test the cements in a carefully designed apparatus mimicking in vivo
environment to investigate the in vivo factors (temperature, humidity, pH, solution
composition) that may influence the mechanical properties of CSD; 4) The variation in the
loading direction was another limitation of the study. Compressive behavior of CSD was only
considered in this study, as it is the most common test used to compare the mechanical
performances of different types of ceramic cements. As shown, saturated ceramic cements
can undergo substantial changes in mechanical behavior with saturation. Therefore, it is
necessary to perform mechanical tests investigating the effect of loading directions (eg.
tension and shear tests), time (eg. creep and/or stress-relaxation tests) and durability (eg.
fatigue test) to fully characterize the material behavior.
In conclusion, it was found that CSD undergoes substantial changes in its mechanical
behavior with saturation. It was proposed that the saturated CSD exhibits biphasic behavior
due to its chemical and physical properties. The results have also shown that the widely
accepted testing protocol (ISO5833:2002) for acrylic cements may not be suitable when
saturated ceramics are tested to obtain elastic modulus of the material. Therefore, it is
suggested to use the endcaps on the saturated ceramic cements to reduce end effects and/or
to use an extensometer to determine the elastic modulus at higher accuracy.
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Chapter 5
The effect of water on the mechanical
properties of soluble and insoluble ceramic
cements
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5.1.

Abstract

Ceramic cements are good candidates for the stabilization of fractured bone due to their
potential ease of application and biological advantages. New formulations of ceramic
cements have been tested for their mechanical properties, including strength, stiffness,
toughness and durability. The changes in the mechanical properties of a soluble cement
(calcium sulphate) upon water-saturation (saturation) was reported in our previous study,
highlighting the need to test ceramic cements using saturated samples. It is not clear if the
changes in the mechanical properties of ceramic cements are exclusive to soluble cements.
Therefore the aim of the present study was to observe the changes in the mechanical
properties of soluble and insoluble ceramic cements upon saturation. A cement with high
solubility (calcium sulphate dihydrate, CSD) and a cement with low solubility (dicalcium
phosphate dihydrate, DCPD) were tested. Three-point bending tests were performed on four
different groups of: saturated CSD, non-saturated CSD, saturated DCPD, and non-saturated
DCPD samples. X-ray diffraction analysis and scanning electron microscopy were also
performed on a sample from each group. Flexural strength, effective flexural modulus and
flexural strain at maximum stress, lattice volume, and crystal sizes and shape were
compared, independently, between saturated and non-saturated groups of CSD and DCPD.
All calculated mechanical properties decreased significantly in both CSD and DCPD upon
saturation. No changes in the lattice volume were observed. Therefore, we conclude that the
solubility of a ceramic cement cannot be used as a sole measure to predict the deterioration
of mechanical properties upon saturation. It is suggested to test any implantable ceramic
cements in saturated condition to estimate the in vivo mechanical properties.

Keywords: ceramic cement, gypsum, brushite, Xray-diffraction, SEM, mechanical testing
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5.2.

Introduction

A bone fracture is a frequently diagnosed clinical condition, especially with increasing
fragility in an ageing population. Fractured bone initiates its healing process through the
formation of granulation tissue, which is slowly converted into a cartilaginous callus with
time [1, 2]. The progenitor cells (chondroblasts and osteoblasts) in the cartilaginous callus
differentiate to form either chondrocytes or osteocytes. The degree of proliferation and
differentiation of each type of cell is dependent on the local mechanical stimuli. The
formation of osteoblasts occurs when the progenitor cells in the callus experience low shear
strains while the formation of chondrobalsts occurs when the cells experience comparably
higher shear strains [3–6]. The formation of osteoblasts, which promote mineralization, can
thus be promoted at the site of fracture by stabilizing the fractured bone to control local
tissue strain.
Ceramic bone cements are considered as potential candidates for the stabilization of
fractured bones. This is due to their ease of application and biological advantages [7–11].
Calcium sulphate dihydrate (CSD, gypsum) and dicalcium phosphate dihydrate (DCPD,
brushite) are self-setting, biocompatible, bioresorbable, osteoinductive and non-toxic
injectable pastes. Therefore both materials are commonly used to fill the fracture gaps in
injured bones and to act as scaffolds for bone ingrowth. The bioresorbability of the filling
material is an important property. The bioresorbable filling material can undergo resorption
during the formation of bone, with a gradual replacement of the material by bone over time.
Thus, a ceramic cement used to fill bone defects should be able to: 1) accommodate bone
ingrowth and 2) degrade/resorb over the time period of bone healing. The healing of bone
defects can take up to 2 months [12, 13]. As CSD has typical resorption time of 2 months
[14], CSD may not be a suitable material to fill large defects. On the other hand, DCPD was
shown to take 6 months to convert into poorly crystalline carbonated apatite [15].
Therefore, DCPD is clinically preferred over CSD as a filler material [14, 16]. A disadvantage
of DCPD is its inadequate mechanical properties [17].
Adequate mechanical properties of a filler ceramic cement are: 1) primary strength to
sustain the applied loads, 2) optimal stiffness to transfer sufficient mechanical stimuli for
the formation of bones, and 3) toughness and durability to support the damaged bone until
mineralization has progressed. Over the past decades, strengths of newly developed ceramic
cements have been frequently reported [8, 9, 11, 18–24]. Stiffnesses of ceramic cements are
reported sporadically [18, 19, 21, 22, 24, 25], while only limited reports are available on the
toughness and durability of ceramic cements [21, 24]. Although the strength of ceramic
cements is commonly tested using water-saturated (wet) samples, the stiffness of ceramic
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cements is frequently determined using non-water-saturated (dry) samples. The
discrepancy in testing methods underlines the lack of a standardized protocol to test
ceramic cements. Considering that ceramic implants are exposed to human body fluids, it
seems critically important to perform the experiments under relevant conditions, i.e. using
water-saturated samples, to resemble in vivo conditions.
Our previous investigation has reported the significant differences in the strength and
apparent modulus of CSD upon water-saturation [26]. It was suggested that these changes
may be due to: 1) dissolution of CSD crystals, and/or 2) inter-crystal water lubrication,
however the exact mechanism remain unclear. Since CSD has a high solubility, it may be
more reasonable to state that the reduction in the strength and apparent modulus were
purely due to crystal dissolution. This uncertainty justifies testing also non-degrading
ceramic or insoluble ceramic cements in both a water-saturated (wet) and non-watersaturated (dry) state.
The aim of the current study was to better understand the cause of the changes in the
mechanical properties of ceramic cements upon water-saturation. To achieve the aim, a
ceramic cement with high solubility (CSD, Ksp=2.4x10-5 in water) [27] and low solubility
(DCPD, Ksp=2.47x10-7 in water) [27] were mechanically tested in water-saturated and nonwater-saturated conditions. The composition and crystal structure of the samples were also
obtained to relate it to the mechanical properties. It is hypothesized that the change in
mechanical properties are independent to the solubility of ceramic cements. The study was
designed as an inter-group comparison study. The changes in the mechanical properties of
CSD and DCPD due to saturation were analyzed independently.

5.3.

Methods

5.3.1.

Sample Preparation

A set of stainless steel molds (90 x 8 x 6mm) were manufactured according to the
tolerances outlined in ASTM standard [28]. The molds were used to cast two types of
ceramic cements (CSD and DCPD) into beams. The stainless steel molds were coated with a
lubricant (Diverses Multigliss, Molykote, Dow Corning GmbH, Wiesbaden, Germany) to ease
the removal of the prepared sample [18].

5.3.2.

Preparation of CSD samples

The CSD slurry was produced by mixing β-CaSO4·½H2O (purum ≥97.0%, Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland) and distilled water (0.67mL/g) with a spatula for 5
minutes. The stainless steel molds were filled with the slurry using a spatula and placed on a
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vibration table (KV-26 plus, Wassermann Dental-Maschinen GmbH, Hamburg, Germany).
The molds were vibrated at 6000rpm for further 5 minutes to remove entrapped air. The
samples were left to set in the mold for 30 minutes. The hardened CSD samples were
removed from the mold and the open-end of the mold was marked on the samples. This was
to observe the influence of slurry sedimentation on the results [29]. The CSD samples were
left to set at room temperature for 20 days.

5.3.3.

Preparation of DCPD samples

The DCPD samples were prepared by mixing β-tricalcium phosphate (β-TCP, Ca3(PO4)2,
purum ≥96.0%, Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) to monocalcium
phosphate monohydrate (MCPM, Ca(H2PO4)2·H2O, purum ≥85.0%, Sigma-Aldrich Chemie
GmbH, Buchs, Switzerland) at 1:1 molar ratio. Distilled water (0.5mL/g) was subsequently
added to the powder mixture, and mixed for 10 seconds using a spatula. Similarly to CSD
preparation, the stainless steel molds were filled with the slurry using a spatula, and
vibrated on a vibration table at 6000rpm for 50 seconds. The samples were left to set in the
mold for 10 minutes. Once the samples were removed from the molds, the open-end of the
mold was marked on the samples. The DCPD samples were let to set at room temperature
for 24 hours [16, 30].
The total preparation time of the DCPD was set to be shorter than CSD. The times that
the ceramic cements were left in the mold were decided depending on the final setting time
of DCPD [31] and complete dehydration time of CSD [32]. This was to ensure easy removal
of the hardened samples and to avoid any potential transformation of DCPD into monetite
(DCPA, CaHPO4) [8, 16]. The differences in the sample preparation method between CSD
and DCPD should not have influence the results of the study, as the analysis on CDS and
DCPD were performed independently.
A total of 66 CSD and 76 DCPD samples were prepared. The CSD and DCPD samples
were then weighed (Xs4002S, Mettler Toledo, Greifensee, Switzerland), and the cross
sectional dimensions (width and depth) of the samples were measured using a digital
caliper (Mettler Toledo, Greifensee, Switzerland). The CSD and DCPD samples were
randomly divided into two groups, namely water-saturated (saturated) and water-nonsaturated (non-saturated) groups. The samples in the saturated group were immersed in
separate baths of 1L PBS for 24 hours prior to the mechanical tests. The amount of PBS was
equivalent to a liquid to cement volume ratio of 6mL/cm3 and liquid to cement surface ratio
of 1mL/cm2. The samples in the non-saturated groups were left at room temperature for 24
hours prior to the mechanical tests.
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5.3.4.

X-ray Powder Diffraction analysis

X-ray powder diffraction data were collected on a Stoe STADI P diffractometer (STOE &
Cie GmbH, Darmstadt, Germany). One sample from each group was used to collect the data.
The tested samples were transported to the Laboratory of Crystallography, Department of
Materials, ETH-Zürich in separate re-sealable zipper bags (Minigrip, Georgia, USA). This
allowed the humidity of the saturated samples to be maintained throughout the transfer and
storage time. Data collection details are given in Table 1. The crystallographic phases
contained in each of the samples were identified by using the STOE Powder Diffraction
Software Package WinXPOW. Rietveld refinements were performed using Topas [33].
Radiation
Sample
Step size
2θ range
Counting time

CuKα1
rotating 0.5 mm capillary
0.1 º2θ
7.0-60.0 º2θ
90 s/step

TABLE 3. X-ray data collection parameters.

5.3.5.

Mechanical Testing

A three-point bending apparatus (Figure 1) was manufactured according to ASTM
C1161 specifications. The special features of the apparatus were a rotating indenter and
support. These rotating parts increased the accuracy of the test by ensuring alignment of the
loading points with the sample face, even with potential non-parallelism of sample faces.
The span length of the support was 80mm. The samples were placed centrally on the
apparatus (Figure 1) and tested on an Instron (ElectroPuls 5900 Series, Instron, Norwood,
Massachusetts) at a crosshead speed of 1mm/min until failure. No preconditioning cycles
were used. The machine was stopped manually when the recorded force returned to 0N.
The compression surfaces of the samples were marked prior to test.
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FIGURE 1. Bending apparatus manufactured according to the specifications outlined in ASTM C1161. The
rotatable indenter and supports compensate potential non-parallelism of the sample faces.

5.3.6.

Scanning Electron Microscopy

Scanning electron microscopy (Quanta 200 FEG, FEI, Oregon, USA) was used to evaluate
the surface morphology. One tested sample from each group was scanned at EMEZ, ETHZürich using low vacuum mode with no dehydration or coating step.

5.3.7.

Data Analysis

The mechanical properties of interest were: flexural strength, effective flexural modulus
and flexural strain at maximum stress. The geometrical and mechanical properties of CSD
and DCPD samples were compared separately. Comparisons were made between the
saturated and non-saturated CSD samples, and the saturated and non-saturated DCPD
samples. The load and displacements were post-processed using four-point moving average
filter. The flexural strengths of the materials were calculated, assuming homogeneity of the
samples, by Equation 1 [28]:

𝜎𝑡 =

3𝑃𝐿
2𝑤ℎ2

(1)

Where σf is the flexural strength, P is the maximum applied load, L is the span length, w
is the width and h is the depth of the sample.
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The effective flexural moduli of the samples were calculated using Equation 2. To
exclude potential initial toe- and plastic- deformation regions, the most linear region
between 0.2Pmax and 0.8Pmax was used to calculate the modulus.

𝐸𝑓 =

∆𝑃𝐿2

4𝑤ℎ3 𝑑
Where Ef is the effective flexural modulus, P is the specified force range, L is the span

(2)

length, w is the width, h is the depth of the sample and d is the corresponding deflection at
given force range.
The flexural strain at maximum stress was calculated using Equation 3.

𝜀𝑓 =

6𝑑ℎ

(3)
𝐿2
Where εf is the flexural strain, d is the deflection at maximum force, h is the depth of the
sample, and L is the span length.
Unpaired student t-tests were used to determine the statistical significance of
differences in the geometrical and mechanical properties of interest, comparing saturated to
non-saturated cements. A p-value of 0.05 was defined as significant.
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5.4.

Results

5.4.1.

Geometrical Properties

The number of samples, cross sectional dimensions, weights and apparent density of the
samples in each group are outlined in Table 2. No significant differences in width, depth,
weight and apparent density were found between the non-saturated and saturated groups
of CSD and DCPD. The skeletal density, the density calculated using the volume of the solid
material without pores, of CSD and DCPD are 2.31g/cm3 and 2.32g/cm3 respectively.
Despite the similarity in the skeletal density of the materials, the measured weight and
apparent density were larger in DCPD compared to CSD. The weight in DCPD was observed
to continuously decrease over 48 hours. This phenomenon was also observed and reported
by [34]. The differences in the apparent density between the CSD and DCPD groups should
not influence the results as the analysis on CSD and DCPD were performed independently.
CSD

DCPD

Non-sat

Sat

p-value

Non-sat

Sat

p-value

n

33

33

-

38

38

-

Width (mm)

8.01±0.02

8.02±0.02

0.71

8.01±0.01

8.01±0.01

0.48

Depth (mm)

6.05±0.01

6.06±0.01

0.85

6.05±0.01

6.05±0.01

0.33

Weight (g)

4.92±0.07

4.92±0.06

0.95

6.84±0.41

6.86±0.40

0.95

Apparent Density
(g/cm3)

1.13±0.02

1.13±0.01

0.86

1.58±0.09

1.58±0.09

0.98

TABLE 2. Summary of the cross sectional dimensions, weights and apparent density of the samples in
each group. No statistically significant differences were observed between the saturated and nonsaturated groups (p<0.05).

5.4.2.

X-ray powder diffraction analysis

The X-ray powder diffraction patterns of CSD and DCPD, both saturated and nonsaturated samples are shown in Figure 2.
Each sample consisted of a mixture of two phases, together with traces of an
unidentified impurity (Figure 2). The CSD samples contained gypsum (CaSO4·2H2O) and
another calcium sulphate hydrate with different water content, probably CaSO4.0.15H2O.
The saturated DCPD sample contained monetite (CaHPO4) and its hydrated version brushite
(CaHPO4·2H2O). The non-saturated DCPD sample contained brushite and MCPM
(Ca(H2PO4)2·H2O). Each of the XRD patterns was indexed using Topas [33] to obtain more
accurate unit cell parameters for each phase. These were used as starting values for a full
profile fit procedure (Pawley method, [35]) in which the zero correction sample
displacement peak width and unit cell were refined (Table 3).
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The atomic coordinates for brushite [36], monetite [37] and MCPM [38] were obtained
from the literature and kept fixed during the subsequent quantitative phase analysis using
the Rietveld method. The relative amounts of each of the phases refined to the values given
in Table 4. For the CSD samples, a satisfactory Rietveld refinement could not be achieved
and only a profile fit was performed. Therefore, the relative amount of each of the phases
was not reported.

Brushite
Monetite
Unreacted MCPM

DCPD
Non-saturated saturated
94.0
95.7
4.3
6.0
-

CSDa
Non-saturated
saturated
-

A satisfactory Rietveld refinement could not be achieved. Therefore, the relative amount of each phases are not
reported.
a

TABLE 4. Composition of the samples (in wt. %) obtained from the Rietveld refinement.
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FIGURE 2. X-ray diffraction patterns of a) DCPD and b) CSD samples. The tick marks correspond to the reflection positions of the main phase, DCPD in (a) and CSD in
(b). The peaks highlighted with a “+” correspond to MCPM, those with an “x” to calcium sulphate hydrate (CaSO4.0.15H2O), and those with an “*” to traces of an
unidentified impurity.

Material
Conditioning
Group

DCPD

CSD

Mineral
Phase

Lattice parameters
a (Å)

b (Å)

c (Å)

α (°)

β (°)

γ (°)

V (Å3)

Non-sat

Brushite

5.8138 (3)

15.1918 (9)

6.2427 (3)

116.382 (3)

493.95

Sat

Brushite

5.81312(8)

15.1875(2)

6.24297(9)

116.3763(9)

493.80

Sat

Monetite

6.8858(6)

6.7035(6)

6.2654(6)

Non-sat

Gypsum

10.49456(3) 15.20726(4) 6.52543(1)

151.6083(7)

495.23

Sat

Gypsum

10.4917(3)

151.602(1)

495.13

15.2091(4)

91.25(2)

6.5238(2)

TABLE 3. Refined unit cell parameters for the different cement samples a,b.
a

The estimated standard deviation is given in parentheses in the units of the least significant digit given.

b

Only the cell parameters of the main phases are reported (MCPM and CaSO4·0.15H2O are not included in the table)

105.52(1)

86.750(9) 285.77
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5.4.3.

Failure Modes

All samples failed at the mid-span of the sample, directly under the indenter (Figure 3). This
indicates sedimentation that may have occurred during the preparation of the samples does not
influence the material homogeneity.

FIGURE 3. Exemplary failure modes of CSD (left) and DCPD (right) samples after the bending test.

5.4.4.

Flexural Strength

The flexural strengths (strengths, σf) were significantly lower when the samples were
saturated. The same trend was observed in both CSD and DCPD (Figure 4). The reduction in
strength due to saturation was greater in DCPD. The strength of saturated CSD was 58%
lower than non-saturated CSD while the strength of saturated DCPD was 66% lower than
non-saturated DCPD (Table 5).

FIGURE 4. Flexural strengths of non-saturated and saturated CSD (left) and DCPD (right). The flexural
strengths of saturated groups were significantly lower than non-saturated groups in both CSD and DCPD.
(*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).
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5.4.5.

Effective Flexural Modulus

The effective flexural moduli (moduli, Ef) were significantly lower in saturated groups
compared to non-saturated groups. The same observation was made in both CSD and DCPD
(Figure 5, Table 5). Contrary to the strengths, the reduction of CSD modulus (53%) was
larger than DCPD modulus (28%).

FIGURE 5. Effective flexural modulus of non-saturated and saturated CSD (left) and DCPD (right). The
effective flexural moduli of saturated groups were significantly lower than non-saturated groups in both
CSD and DCPD. (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).

5.4.6.

Strain at maximum stress

The strains at maximum stress (failure strain, εf) were reduced due to saturation in both
CSD and DCPD (Figure 6). However, the reduction in failure strain due to saturation in CSD
was lower (7%) than DCPD. DCPD gave a substantial reduction in failure strain (61%) due
to saturation (Table 5).

81

FIGURE 6. Strain at maximum stress of non-saturated and saturated CSD (left) and DCPD (right). The
strains at maximum stress of saturated groups were significantly lower than non-saturated groups in
both CSD and DCPD. (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).

CSD
Strength
(MPa)
Eff. Modulus
(GPa)
Failure
Strain (%)

DCPD

Non-Sat

Sat

% diff

p

Non-Sat

Sat

% diff

p

7.86±0.91

3.26±0.30

58.5

***

5.38±1.07

1.83±0.39

66.0

***

15.59±1.62

7.36±1.00

52.8

***

8.88±1.47

6.00±0.79

28.3

***

0.06±0.01

0.05±0.01

7.6

*

0.08±0.01

0.03±0.01

60.9

***

TABLE 5. A summary of calculated mechanical properties. The saturated CSD and DCPD showed lower
strength, modulus and failure strains compared to the non-saturated CSD and DCPD. (*0.01≤p≤0.05,
**0.001<p≤0.01, ***p<0.001).

5.4.7.

Scanning Electron Microscopy

The scanning electron micrographs showed that the CSD (Figure 7) and DCPD (Figure 8)
groups exhibited typical microstructures consisting of interlocked needle-like and plate-like
crystals with varying sizes, respectively. Large crystals can be observed in saturated DCPD
(Figure 8f). Additionally, the saturated CSD group showed a reduction in the number of
crystal interlocks (Figure 7) where the crystals are sparsely packed possibly due to
dissolution into water. The dissolved particles can be seen on the CSD crystals (Figure 7d,
indicated with arrows). Conversely, the sizes and density of non-saturated and saturated
DCPD crystals remained the same (Figure 8).
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FIGURE 7. SEM images of non-saturated (a,b,c) and saturated (d,e,f) CSD at various magnifications.
Dissolved particles are indicated with arrows.
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FIGURE 8. SEM images of non-saturated (a,b,c) and saturated (d,e,f) DCPD at various magnifications.
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5.5.

Discussion

Two groups of ceramic cements with high solubility (CSD) and low solubility (DCPD)
have been mechanically tested with three-point bending to determine whether or not
dissolution is responsible for observed changes in the mechanical properties of ceramic
cements upon water-saturation (saturation). We have found that the solubility cannot be
used as a measure to predict the reduction in the mechanical properties of ceramic cement
upon saturation.
The mechanical properties of ceramic cements are directly related to their physical
structure. At the macroscopic level, the frequency and shape of entrapped pores within the
sample determine the mechanical properties obtained [16, 24]. At the microscopic level, the
strength of ceramic cements is highly dependent on crystal size and structure [39]. At the
atomic level, distortions in the crystal lattice will have a noticeable effect in the macroscopic
properties of the ceramic material [40]. The crystallization (setting) process of ceramic
cements depends on the relative stability of the reactants and involves dissolutionprecipitation reactions, nucleation, and crystal growth [14, 16, 41, 42]. As crystals grow, the
crystals interlock with each other. Such crystal interlocks possess inter-crystal friction at the
interlocking boundary. The friction force can be translated into strength of the ceramic
cement [14, 43]. The relationship between the mechanical properties and physical structure
of ceramic cement explains the reduction in the mechanical properties of soluble ceramic
cements upon saturation [26, 43–45]. The crystals of soluble ceramic cement dissolve upon
saturation. The dissolution of crystals increases the distance between the crystals [44]. The
increased inter-crystal spacing is followed by two consequences: 1) reduction in the number
of crystal interlocks [44], and 2) increase in the thickness of the water layer between the
crystals, effectively reducing the inter-crystal friction [43, 45].
The main component of CSD is gypsum. Gypsum is a highly soluble material in water
(Ksp=2.4x10-5) [27]. Therefore, saturated CSD group in our study underwent crystal
dissolution as evidenced in Figure 8. The dissolution of crystals reduced the number of
crystal interlocks and inter-crystal friction, effectively deteriorating the mechanical
properties of CSD. The combined influence of reduced number of crystal interlocks and
inter-crystal friction on the mechanical properties of CSD was first suggested by Reynaud
and his colleagues [45]. Reynaud and his colleagues prepared CSD of 55% porosity. The CSD
samples were saturated in either water or ethanol. Their experiment showed a
deterioration of CSD mechanical properties in both liquid media, but to a larger extent in
water. This result indicates that both a reduction in the number of crystal interlocks and an
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increase in water thickness play important roles in the alteration of CSD mechanical
properties. Our results are explained by the findings of Renaud and his colleagues and
further support their results. In our experiment, we found 59% reduction in the strength of
CSD upon saturation. This is in the same range as the reduction in the modulus (53%).
However, the failure strain was not substantially reduced by the saturation (Table 5).
Moreover, the unit cell volumes of the gypsum phase, obtained from the refined lattice
parameters, were virtually equal (Table 3), which indicated that there was no lattice
distortion at the atomic level that might have affected the mechanical properties upon
saturation. It is believed that the reduction in the number of crystal interlocks is responsible
for the reduction in the strength, while the increase in the water thickness is responsible for
the reduction in the modulus. As the number of interlocks decrease upon saturation [44],
[45], the sum of inter-crystal friction surfaces decrease. Therefore, the strength of the
saturated CSD is lower than non-saturated CSD. On the other hand, the reduction in modulus
can be explained by a decrease in the friction between the crystals [43, 45]. With saturation,
crystals readily slide past one another allowing a larger displacement at a given load.
Our results with DCPD suggest that the degree of crystal dissolution (solubility) cannot
be used as a sole measure to predict the deterioration of mechanical properties of ceramic
cements. The mechanical properties of DCPD also deteriorated upon saturation. The DCPD
group was mainly composed of brushite, which has a low solubility in water (K sp=2.47x10-7)
[27]. In addition, crystal dissolution of DCPD is known to be negligible in PBS over the
period of 24 hours [16, 46, 47]. The SEM images showed no apparent DCPD crystal
dissolution upon saturation (Figure 8) which was in alignment with previous reports [16, 46,
47]. Therefore, it can be assumed that the number of crystal interlocks was equal between
the saturated and non-saturated DCPD groups. Also, the unit cell volumes of the brushite
phase were virtually equal (Table 4). This indicates that there was no lattice distortion at
the atomic level that might have affected the mechanical properties upon saturation. In
addition, a small amount of monetite phase, which is less soluble and has a smaller unit cell
volume than brushite, precipitated upon saturation (Table 3). This may be due to
dissolution of the acidic unreacted MCPM, since monetite is favored at low pH [16]. Despite
the absence of crystal dissolution, the lack of lattice distortion, and the precipitation of the
monetite phase, DCPD showed deterioration in its mechanical properties upon saturation.
This indicates a possible alternative mechanism promoting deterioration of DCPD
mechanical properties other than dissolution and/or increase in the water thickness
between the crystals.
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SEM analysis showed that exceptionally large crystals of up to 100µm size (Figure 8f)
were also present in the saturated DCPD group. Therefore it is cautiously suggested that the
deterioration of DCPD mechanical properties was due to the existence of these large crystals.
The relationship between the crystal size and the deterioration of DCPD mechanical
properties may be explained with help of Hall-Petch effect [48]. Although Hall-Petch effect is
a phenomenon observed in metallurgy [48], various studies reported the observation of the
effect in ceramic materials [39, 49–51]. Hall-Petch effect states the inverse relationship
between the yield strength and the grain size [48]. It states that: 1) the presence of large
crystals decrease the number of crystal boundaries, and 2) the number of crystal boundaries
is positively related to the number of obstacles disrupting the sliding of crystals [48]. This
means, a material with a lower number of crystal boundaries require less force to break
through the obstacles (less number of them) [48], therefore lower material strength [48].
Unlike CSD, the reduction of modulus in DCPD (28%) was significantly less than the
reduction of strength (66%). This may be due to the absence of crystal dissolution, which
did not increase the water thickness between the crystals substantially. Therefore, the
reduction of strength is thought to be compensated by the reduction of failure strain (61%).
However, further investigations are required to verify these suggestions and to determine
the exact cause of the deterioration in the mechanical properties of DCPD.
The limitations of the study are: 1) PBS was used to immerse the ceramic cements. The
viscosity and content of the immersing fluid may have an effect on the degree of changes in
the mechanical properties. The use of serum as an immersing fluid would have provided
information on the changes in the mechanical properties as found in vivo [47, 52]. 2) Only
two types of basic ceramic cements were tested. It would be interesting to test other
formulations of ceramic cements to compare the degree of changes in the mechanical
properties upon saturation.
In conclusion, the results of the study have indicated that the deterioration of
mechanical properties in two different ceramic cements can occur through different
mechanisms. Despite the differences in the solubility of the ceramic cements used in this
study, both materials showed deterioration in strength and modulus. Therefore, crystal
dissolution is not the sole determinant of cement weakening with saturation; solubility of a
ceramic cement cannot be used as a sole measure to predict the deterioration of mechanical
properties upon saturation. Considering the final application, it is suggested to test
implantable ceramic cements in a saturated condition to estimate their in vivo mechanical
properties.
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6.1.

Abstract

Background: A vertebral burst fracture (VBF) treated with vertebroplasty using a ceramic
cement is consisted of four regions; native bone, native ceramic cement, ceramic cementtrabecular bone (ceramic-bone) composite and ceramic-bone interface. Although the
mechanical properties of native bone and native ceramic cements are well investigated, the
mechanical properties of ceramic-bone composite and ceramic-bone interface remain
unknown. Therefore, the aim of this study was to determine the mechanical properties of
ceramic-bone composites and ceramic-bone interfaces. Two types of ceramic cement,
calcium aluminate (CAC) with (w/F) and without (wo/F) fiber reinforcement, were
investigated.
Methods: Ceramic-bone composite (Full, wo/F and w/F) and ceramic-bone interface (Fract,
wo/F and w/F) groups were tested to determine their compressive and tensile properties.
While a complete bone cylinder was used to produce a sample in Full groups, each bone
cylinder used to generate the samples in Fract groups contained a 3mm geometrical
discontinuity to mimic the fracture gaps in VBFs. Two Cement groups (wo/F and w/F) and a
Bone group were included in the study as controls. Micro-CT images were used to determine
the bone morphological parameters, as potential predictors of the mechanical properties of
Full and Fract groups.
Results: The compressive strengths of Full and Fract groups were substantially lower than
CAC, but higher than bone. The tensile strength of Full group was equal to bone, while the
tensile strength of Fract group was equivalent to CAC. Variable relationships between the
bone morphological parameters and mechanical properties of Full and Fract groups were
observed. Fiber reinforcement at an injectable level had a minimal influence on the
mechanical properties.
Conclusions: The mechanical properties of Full or Fract group are different to native CAC or
bone. The properties of these augmented groups did not correlate with bone morphological
properties. Further investigations are recommended to provide a better prediction of the
mechanical properties of Full and Fract groups.
Keywords: compression, tension, ceramic cements, fiber-reinforcement, composite,
interface
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6.2.

Introduction

The first clinical use of percutaneous vertebroplasty (PVP) as a stand-alone treatment
for stable vertebral burst fractures (VBFs) was reported in 2004 [1]. Since then, an
increasing number of successful clinical implementations of PVP for VBFs have been
reported [1–5]. These studies highlight the positive clinical outcomes of reduced pain [1–5]
and morbidity [2]. The most frequently used material for PVP is PMMA [1–5]. Although
PMMA possesses excellent mechanical properties, its suboptimal biological properties (e.g.
bioinertness, tissue necrosis, and toxicity) [6] raise concerns about the long term viability of
PMMA treated VBFs. Contrary to PMMA, calcium-based ceramic cements (e.g. calcium
sulphates and calcium phosphates) exhibit the desirable biological properties of
bioresorbability, osseointegration and osteoconductivity [7]. However, the mechanical
responses of VBFs treated using ceramic cements having the desirable biological properties
were found to be significantly inferior to that of intact or PMMA treated vertebrae [8, 9].
Moreover, these ceramic cements were found to resorb at different rates in vivo [10], raising
questions about their ability to provide adequate immediate and long term mechanical
stabilization of VBFs. Therefore, a biocompatible ceramic cement exhibiting outstanding
mechanical properties without in vivo resorbability (e.g. calcium aluminate [11, 12]) can be
considered as a potential alternative, providing a permanent solution to fulfill the required
mechanical stability to the treated VBFs.
Four regions with distinctly different mechanical properties exist in ceramic cement
treated VBFs: 1) native trabecular bone, 2) ceramic cement, 3) ceramic cement-trabecular
bone (ceramic-bone) composite, and 4) ceramic-bone interface (Figure 1). The mechanical
properties of ceramic-bone composites and ceramic-bone interfaces are especially
interesting due to their possible independence from the bone morphological parameters [13,
14] and the need to withstand high tensile stresses developed under physiological loading
conditions [15] respectively. Inadequate mechanical properties (e.g. strength) in any of the
four regions may lead to poor immediate stabilization of ceramic cement treated VBFs,
resulting in an early onset of failure, especially under the influence of complex, multi-axial
spinal loading. Therefore, the ability to predict the mechanical properties of each of the four
regions would be a valuable step towards the development of ceramic cements for the
stabilization of VBFs.
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FIGURE 1. Four regions observed in a ceramic cement treated vertebral burst fracture. The area of
ceramic cement infiltration is represented in gray.

The mechanical properties of trabecular bone can be predicted using local bone density
and anisotropy [16, 17]. The mechanical properties of ceramic cements, on the other hand,
vary depending on their formulation [18]. General consensuses on the mechanical
properties of ceramic cements is that they are brittle [18] with inferior tensile and shear
strength compared to PMMA [19–21]. Considering the bending and torsional loads applied
to the spine, the tensile strength of the cement may be a deciding factor for the successful
reduction and stabilization of bone fragments. Fiber reinforcement has been suggested as a
means to improve the tensile properties [18]. Fiber reinforced ceramic cements can exhibit
improved tensile strength, flexural strength and work to failure [22–24]. Despite these
improvements in the mechanical properties of ceramic cements, the use of fiber reinforced
ceramic cement to treat VBFs has not been investigated. The mechanical properties of the
ceramic-bone composite and ceramic-bone interface regions are unknown. The mechanical
properties of PMMA-bone composites are found to be independent of the bone
morphological parameters, but dependent on the porosity of PMMA in PMMA-bone
composites and the mechanical properties of the injected PMMA [13, 14, 25]. The
mechanical properties of the PMMA-bone interface are determined by the amount of bone
interdigitated with PMMA [26, 27]. These imply possible differences in the mechanical
properties of ceramic-bone composites and ceramic-bone interfaces. Thus, investigations on
the mechanical response of ceramic-bone composite and ceramic-bone interfaces must be
performed independently.
Therefore, the overall goal of the study was to investigate the mechanical properties of
ceramic-bone composites and ceramic-bone interfaces. Two specific aims were defined: 1)
to investigate the changes in the tensile and compressive mechanical properties of bone
augmented with ceramic cement, and 2) to determine the correlation between the
morphological parameters of the bone and the mechanical properties of ceramic-bone
composites and ceramic-bone interfaces. Two different types of calcium aluminate cement
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(CAC, with and without fiber reinforcements) were used to investigate the effect of fiber
reinforcement on the mechanical properties of ceramic-bone composites and ceramic-bone
interfaces.

6.3.

Methods

6.3.1.

Design of the study

Seven groups were tested in two loading modes (compression and tension). The groups
were divided into native bone cylinders (Bone), native cement cylinders (Cement), bone
cylinders without fracture (Full or ceramic-bone composites, Figure 2), and bone cylinders
with fracture (Fract or ceramic-bone interfaces, Figure 2). Full and Fract groups were
augmented with injectable calcium aluminate ceramic cements (CAC, see Cement
preparation section). Two different types of CAC, CAC without fiber (wo/F) and CAC with
fiber (w/F), were used to prepare the Cement, Full and Fract groups. An overview of the
groups is presented in Table 1.

FIGURE 2. Samples from Full and Fract groups. Samples in Full group consisted of complete bone
cylinders (ceramic-bone composite) while samples in Fract group included a 3mm discontinuity in the
middle of the sample (ceramic-bone interface), characteristic of the fracture gap in VBFs.

96

Compression
CAC wo/F

CAC w/F
Cement w/F
Full w/F
Fract w/F

native bone cylinders
native cement cylinders
bone cylinders wo/ fracture
bone cylinders w/ fracture

Cement wo/F
Full wo/F
Fract wo/F

native bone cylinders
native cement cylinders
bone cylinders wo/ fracture
bone cylinders w/ fracture

Tension
CAC wo/F
CAC w/F
Cement wo/F
Cement w/F
Full wo/F
Full w/F
Fract wo/F
Fract w/F

TABLE 1. Tested groups and their corresponding name conventions used throughout the study.

6.3.2.

Preparation of bone samples

Thirty fresh bovine proximal tibiae (age ≤ 5 years) were obtained from a local butcher
(Metzgerei Angst AG, Zurich, Switzerland). The following procedure was used to harvest
cylindrical bone samples from the tibiae: Soft tissues were removed using a scalpel. A band
saw (Bizerba FK23; Obrecht Technologie, Germany) was used to sequentially cut parallel
5mm slices from the tibia plateau until the growth plate was removed. A diamond coated
coring tool (BREU Diamantwerkzeug GmbH, Arbon, Switzerland) with an inner diameter of
8mm was used to core out cylindrical trabecular bone samples (bone cylinders). The
samples were aligned approximately in the longitudinal axis (proximal-distal) of the tibia.
The bone was kept cool throughout the coring process with continuous distilled water
irrigation. The bone cylinders were placed in an ultrasonic bath (VWR International Ltd,
Lutterworth, UK) for 4 hours to aid bone marrow removal using a water jet lavage
(Palavage®; Heraeus Holding GmbH, Hanau, Germany). The cleaned bone cylinders were
trimmed to two different final sample lengths (long or short) using a precision saw (IsoMet
Low Speed Saw, Buehler GmbH, Dusseldorf, Germany) equipped with a diamond coated
wafering blade (IsoMet 30HC, Buehler GmbH, Dusseldorf, Germany). Any bone cylinders
with the following defects were excluded from the study: 1) visible cortical bone or growth
plates, and 2) heterogeneous distribution of bone density within the bone cylinder. The
dimensions of the bone cylinders were measured using a digital caliper (Mettler Toledo,
Greifensee, Switzerland, accuracy=±0.01 mm). The bone cylinders were individually
wrapped in phosphate buffered saline (PBS) soaked tissue and stored at -20°C until the day
of micro-CT scanning. The bone cylinders were micro-CT scanned using the protocol
outlined in Table 2 to obtain bone morphological parameters.
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6.3.3.

Preparation of cement

CAC was prepared by mixing the powder and liquid phases. The powder phase of CAC
contained 85 wt% calcium aluminate (CaAl2O3; TERNAL White, Kerneos SA, France) and 15
wt% zirconia (ZrO2; Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). 0.15 vol% of
polyvinyl-alcohol fibers (F PVA 401, Heinrich Kautzmann GmbH, Schenkenzell, Germany)
were added to the powder phase for w/F groups. The liquid phase of CAC contained 0.2 wt%
polyvinylpyrrolidone (PVP, average mol wt 10,000, Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland), 15 wt% glycerol (ReagentPlus, ≥99.0% (GC), Sigma-Aldrich Chemie GmbH,
Buchs, Switzerland), 0.15 wt% lithium chloride (anhydrous, ≥99.0% (AT), Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland) and distilled water. The powder and liquid phases were
mixed for 10 s (L/P ratio=0.3mL/g) in an ESPE CapMix machine (3M Deutschland GmbH,
Neuss, Germany). Three different molding procedures were used to produce Cement, Full
and Fract groups.

6.3.3.1. Molding procedure for Cement group
The samples in the Cement group were prepared by transferring the CAC slurry to PTFE
split-molds using a plastic spatula. Each mold was filled with the CAC slurry and agitated on
a vibration table (KV-26 plus, Wassermann Dental-Maschinen GmbH, Hamburg, Germany)
for 30 seconds to remove entrapped air. The mold was then immediately placed in a bath
(Aqua S Plus, Grant Instruments Ltd, Shepreth, England) filled with 37°C PBS (pH=7.4).

6.3.3.2. Molding procedure for Full group
The samples of the Full group were prepared by placing a long bone cylinder in a PTFE
split-mold (Figure 4). The CAC slurry was transferred into a 5mL syringe (with the tip cut off)
using a spatula. The slurry was then immediately injected into the bone cylinder via the top
opening of the PTFE mold. The injection was stopped when the slurry was visible at the
bottom opening of the mold or no further injection was possible. The mold was then
immediately placed in a bath filled with 37°C PBS (pH=7.4).

6.3.3.3. Molding procedure for Fract group
The samples of the Fract group were prepared using split PTFE molds having an
injection hole at the mid-height (Figure 4). This was to mimic clinical injection of ceramic
cements into burst fractures. Two short bone cylinders were placed on either side of the
injection hole. The ends of the short bone cylinders were aligned to ensure a 3mm
discontinuity in each Fract sample. The prepared CAC slurry was transferred into a 5mL
syringe (with the tip cut off) using a spatula. The slurry was then immediately injected to
98

the mold through the injection hole. The injection was stopped when the slurry was visible
on either side of the openings or no further injection was possible. The mold was then
immediately placed in a bath filled with 37°C PBS (pH=7.4).
The temperature of PBS was maintained at 37°C throughout the setting of the cement.
The volume of PBS used for setting was equal to the sample surface area to liquid ratio of
30mm2/mL. The samples were de-molded after 3 hours of initial setting and placed
individually in 40mL plastic containers filled with 30mL fresh 37°C PBS (pH=7.4). The
cement was left to set for a further 20 hours at 37°C.
The ends of the samples were trimmed using the precision saw to the desired sample
heights (26mm). Two diameter and four height measurements were taken using a digital
caliper (Mettler Toledo, Greifensee, Switzerland, accuracy=±0.01 mm) to determine the
specimen aspect ratio. The samples were labelled and micro-CT scanned using the protocol
outlined in Table 2. The samples were then bonded to aluminium end caps (cap depth=5mm)
using two-part epoxy (Technovit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany). The
final dimensions of the samples were 8mm diameter and 16mm height (aspect ratio=2). The
capped samples were returned to the container filled with 37°C PBS (pH=7.4) and kept at
37°C until testing. An overview on the workflow of the sample preparation and group sizes
are outlined in Figure 3.

FIGURE 3. Work flow and group sizes prepared for mechanical tests.
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6.3.4.

Micro-CT analysis

The micro-CT scanning of the samples was performed using a micro-CT 50 (Scanco
Medica AGl, Bruttisellen, Switzerland). Two micro-CT scans were performed: a scan on bone
cylinders and a scan on cement augmented samples. The voxel size of cement augmented
samples was set to 34.4μm in order to observe micro-pores that may have developed within
the cement during molding and setting. The settings used for micro-CT scans are outlined in
Table 2.
Scanner Type
Tube Voltage
Tube Current
Tube Power
Filter
Voxel Size

Bone cylinders
Cement Injected
Samples

Projection/180°
Calibration

Scanco microCT50
70kVp
114μA
8W
Aluminium 0.5mm
82μm
34.4 μm
125
1200mg HA/cc

TABLE 2. micro-CT scanning protocol used to obtain bone and cement morphologies.

IPL post-processing language (Scanco Medical AG, Bruttisellen, Switzerland) was used to
quantify morphological parameters of the scanned samples. The images were filtered using
Gaussian filter (sigma=1.2, support=1 for bone and 5 for cement) prior to segmentation. The
support of the Gaussian filter in cement-augmented samples was higher than bone cylinders
to remove image noise generated by the heavy zirconium metal. The volume of interest (VOI)
of post-process was 7mm diameter and 16mm height, centered at the middle of the scanned
samples. The height of VOI was reduced to 6.5mm for short bone cylinders.

6.3.5.

Mechanical tests

Custom made ball bearing compression and tension fixtures (Figure 4) were used for the
mechanical tests. The capped samples were taken out of the containers and tested using an
Instron (ElectroPuls E10000, Instron, High Wycombe, UK). The samples were preloaded to
2N prior to the actual testing. The mechanical tests were displacement controlled with a
loading profile that included five sinusoidal pre-conditioning cycles with peak magnitudes
of ±0.1mm [26]. The samples were then deformed monotonically until fracture. The
displacement rate was kept at 1mm/min throughout the test. The loads and displacements
were recorded at 100Hz until a force drop of 80% from the maximum force was observed.
The direction of displacement was adjusted according to the test type (negative
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displacement for compression and positive displacement for tension). The machine
compliance was measured using stainless steel rods (X5CrNi18) to remove its effect from
the recorded compression and tension results.

FIGURE 4. ABOVE: PTFE spilt -molds used to produce samples of Full and Fract groups. The injection hole
in the Fract sample mold is marked with a circle. BELOW: Fixtures used to perform compression and
tension tests. Ball-bearings were used to align the samples to the loading direction.

6.3.6.

Data analysis

Injected cement volume ratio (CV/MV, %), defined as the percentage marrow space
infiltrated by cement, were examined to determine its dependency on the length of the bone
cylinders (Full vs Fract) and fiber reinforcement (w/F vs wo/F). CV/MV from both
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compression and tension groups were used for the analysis. A simple linear regression was
used to determine the dependency of CV/MV on bone volume fraction (BV/TV) and
trabecular spacing (Tb.Sp.) [24].
The mechanical properties of interest were ultimate strength (σu), apparent modulus of
elasticity (E), and strain at ultimate strength (εu). E of a sample was calculated by taking the
gradient of the stress-strain curve in the range 0.2σu < σ < 0.8σu. The data used for analysis
were corrected for machine compliance. The mechanical properties of interest were
compared between the groups.
Multivariate linear regression was used to identify the predictor(s) of mechanical
properties of Full and Fract groups. The following morphological parameters were
considered. 1) bone volume fraction (BV/TV, %) defined as percentage of volume occupied
by bone, 2) CV/MV, and 3) degree of anisotropy (DA), a measure of anisotropy of the
trabecular bone. The morphological parameters were averaged between the two short
cylinders for the samples in Fract groups.
Statistical analysis was carried out using R (R-3.1.3, R Foundation for Statistical
Computing, Vienna, Austria). ANOVA was used to determine the statistical significance of
differences in CV/MV, σu, E and εu between the groups. A Tukey’s post-hoc test was used for
inter-group comparisons (α=0.05). Linear regressions were used to identify the predictor(s)
of CV/MV, σu, E and εu. Adjusted coefficient of determination (R2) was used to determine the
goodness of fit.
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6.4.

Results

6.4.1.

Injected Cement Volume Ratio (CV/MV)

CV/MV was found to be independent of the length of bone cylinders (Figure 5, Table 3).
A significant reduction in CV/MV was observed with inclusion of fibers (Figure 5, Table 3).
Evidence on the preferential flow of cement was observed (Figure 5b). CV/MV was
independent of bone structural morphology in all cases (Figure 5c).

FIGURE 5. A: Injected cement volume ratio (CV/MV) in Full and Fract groups. B: micro-CT images
indicating the preferential flow of cement within the trabecular space. C: no significant relationship
between CV/MV and bone volume fraction (BV/TV) or trabecular spacing (Tb.Sp.) was found.
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Full

Fract

wo /F
n

w /F

30
70.30±25.50
(18.64-100)

wo /F

w /F

29
43
48
49.06±28.84 75.59±26.82 52.80±33.07
(13.42-97.94)

(23.87-100)

(11.92-100)

TABLE 3. Injected cement volume ratio (CV/MV) in Full and Fract groups.

6.4.2.

Mechanical properties - compression

6.4.2.1. Mechanical properties
σu and E of the Cement groups were significantly higher than in the Bone, Full and Fract
groups (Table 4-5, Figure 6). σu and E were significantly lower in the Bone group than in the
Full and Fract wo/F groups. The Fract w/F group showed similar σu and E to the Bone group
(Table 4-5, Figure 6). σu and E of the Cement groups decreased with the inclusion of fibers
(Table 4-5). The inclusion of fibers had no influence on σu and E of the Full and Fract groups
(Table 4-5). εu was equal to the Bone group in all tested groups (Table 5).
Bone

Cement
wo/F

Full
w/F

wo/F

Fract
w/F

wo/F

w/F

n
13
13
13
16
16
11
12
CV/MV
99.30±0.18
99.11±0.28 86.19±85.62 57.65±29.88 72.68±23.20 49.90±30.34
(99.05-99.63) (98.60-99.48)
(68.91-100) (0.79-97.94)
(27.82-100) (15.60-97.36)
(%)
σu
14.38±6.96 109.72±8.54
95.22±6.67 43.31±12.70 33.99±16.05 33.82±16.90 24.74±13.94
(MPa) (5.71-26.75) (91.77-125.97) (82.05-107.14) (12.70-64.89) (11.69-70.45) (7.79-69.70) (6.30-45.87)
E
1.38±0.65
11.25±1.48
9.60±1.16
4.92±1.29
4.47±2.07
3.76±1.42
2.75±1.43
(0.58-2.44)
(7.52-13.33)
(7.21-11.01)
(1.29-6.95)
(1.46-8.11)
(1.26-6.23)
(0.73-5.59)
(GPa)
εu
1.49±0.16
1.45±0.14
1.45±0.14
1.36±0.16
1.34±0.26
1.58±0.55
1.26±0.27
(1.21-1.75)
(1.25-1.74)
(1.24-1.71)
(0.16-1.61)
(1.00-1.82)
(1.01-2.69)
(0.76-1.85)
(%)
TABLE 4. Injected cement volume ratio (CV/MV), ultimate strength (σu), apparent modulus (E) and
strain at ultimate strength (εu) of the samples subjected to compression. The values represent
average±standard deviation. The values in the brackets represent the range (minimum-maximum) of
values.
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Cement
wo/F
Bone

wo/F
Cement
w/F

wo/F
Full
w/F

Fract

wo/F

w/F

Full
wo/F

Fract
w/F

wo/F

w/F

σu

***

***

***

**

**

0.363

E

***

***

***

***

**

0.217

εu

1.00

1.00

0.955

0.917

0.186

0.670

σu

0.054

***

***

***

***

E

0.062

***

***

***

***

εu

1.00

0.995

0.986

0.091

0.853

σu

***

***

***

***

E

***

***

***

***

εu

0.992

0.981

0.102

0.830

σu

0.361

0.462

**

E

0.974

0.398

*

εu

1.00

**

0.992

σu

1.00

0.446

E

0.869

*

εu

*

0.997

σu

0.576

E

0.627

εu

**

TABLE 5. p-values of ultimate strength (σu), apparent modulus (E) and strain at ultimate strength (ε u)
between the samples subjected to compression (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).

FIGURE 6. Ultimate strength (σu, a), strain at ultimate strength (εu, b) and apparent modulus (E, c) of the
samples subjected to compression (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).
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6.4.2.2. Predictor(s) of mechanical properties
All σu, εu and E were linearly related to BV/TV for the Bone group (Table 6,
0.72<R2<0.82). No relationship was found between CV/MV and σu, εu and E of the Cement
groups (R2<0.4). σu, εu and E were best predicted by CV/MV in the Full and Fract groups. εu
of the Full and Fract groups showed comparably weak (0<R2<0.63) correlations with all
investigated predictors. The Full and Fract groups with fibers had better correlation with
the predictors (max R2=0.93) than the Full and Fract groups without fibers (max R2=0.62).
σu and E of the Fract groups were plotted against the predictor with the highest R2 (CV/MV)
to demonstrate the differences in the correlation between the Fract wo/F and w/F groups
(Figure 7). The regression coefficients of the best linear fit for Fract groups are presented in
Table 7. The low R2 between the σu and CV/MV in Fract wo/F resulted in an unrealistic
negative intercept (β).

BV/TV CV/MV
σu
Bone
E
εu
σu
wo/F E
εu
Cement
σu
w/F E
εu

Full

Fract

σu
wo/F E
εu
σu
w/F E
εu
σu
wo/F E
εu
σu
w/F E
εu

DA

BV/TV+
BV/TV+ CV/MV+
CV/MV+
DA
DA
DA
0.7
na
na
na
0.7
0.8

BV/TV+
CV/MV

0.72
0.73
0.82

na

0.37
0.38
0.32

na

<0.1

na

na

na

na

na

na

na

na

na

na

0.24
0.24
0.25
0.65
0.41
0.21

0.29
0.28
0.21
0.63
0.38
0.42

0.52
0.33

0.48
0.23

<0.1

<0.1

0.91
0.83
0.37

0.93
0.81
0.62

0.39
na

<0.1

<0.1

<0.1

<0.1
0.25
0.15
0.3
0.66
0.42
0.25
0.57
0.4

<0.1

<0.1

<0.1

<0.1

0.48
0.3
0.56

0.84
0.73
0.42

0.35
0.31
0.28
0.66
0.43
0.37
0.53
0.33

<0.1

<0.1

<0.1

<0.1

0.7
0.72
0.27

0.91
0.74
0.63

0.72
0.69
0.51

TABLE 6. Adjusted coefficient of determination (R2) of simple and multivariate linear regression. R2
greater than 0.7 are highlighted in bold.
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FIGURE 7. Ultimate strength (σu, a) and apparent modulus (E, b) of the Fract groups plotted against the
injected cement volume ratio (CV/MV). The Fract w/F group showed higher correlation in both σu and E
compared to the Fract wo/F group

Fract wo/F
Fract w/F

σu

E
σu

E

Slope (α) Intercept (β)
0.607
-9.79
44.05
599.1
0.43
3.51
40.95

705.3

TABLE 7. Regression coefficients of best linear fit for Fract groups. The equation used for the fit is
y=αx+β, where y represents either strength (σu) or apparent modulus (E) and x represents injected
cement volume ratio (CV/MV).
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6.4.3.

Mechanical testing - tension

6.4.3.1. Mechanical properties
No significant difference was found for σu and E between the Bone and Full groups
(Table 8-9, Figure 8). Further, E of the Full groups were equivalent to the Cement group
without fiber (Table 9). No statistical differences were found between σu and εu of the
Cement and Fract groups. The effect of fiber reinforcement on σu and εu of the Cement and
Fract groups was minimal (Table 9). Inclusion of fibers was found to reduce E of the Cement
group (Table 9). εu in all Cement, Full and Fract groups were significantly lower than the
Bone group (Table 8-9, Figure 8).
Bone

Cement
wo/F

Full
w/F

wo/F

Fract
w/F

wo/F

w/F

n
14
14
12
15
13
11
13
CV/MV
99.34±0.17 99.23±0.31 54.40±22.96 38.50±24.61 78.51±14.81 55.47±28.71
(98.94-99.61) (98.41-99.56) (18.64-97.87) (13.43-79.16) (54.34-99.34) (22.53-100.0)
(%)
σu
9.89±3.70
3.48±1.28
1.68±0.73 10.26±3.08 10.88±3.17
1.04±0.42
0.93±0.48
(2.12-5.85)
(0.74-3.25) (6.27-14.91) (5.79-16.59)
(0.36-1.70)
(0.22-1.95)
(MPa) (3.06-15.88)
E
0.91±0.32
1.27±0.47
0.68±0.35
1.12±0.22
1.18±0.25
0.49±0.21
0.36±0.17
(0.29-1.35)
(0.49-1.96)
(0.25-1.25)
(0.69-1.41)
(0.72-1.67)
(0.23-0.90)
(0.09-0.73)
(GPa)
εu
2.09±0.58
0.46±0.12
0.38±0.13
1.67±0.31
1.66±0.53
0.31±0.13
0.48±0.24
(1.41-3.39)
(0.30-0.64)
(0.20-0.63)
(1.24-2.32)
(0.85-2.82)
(0.13-0.55)
(0.25-1.14)
(%)
TABLE 8. Injected cement volume ratio (CV/MV), ultimate strength (σ u), apparent modulus (E) and strain
at ultimate strength (εu) for the samples subjected to tension. The values represent average±standard
deviation. The values in the brackets represent the range (minimum-maximum) of values.

108

Cement
wo/F
Bone

wo/F
Cement
w/F

wo/F
Full
w/F

Fract

wo/F

w/F

Full
wo/F

Fract
w/F

wo/F

w/F

σu

***

***

1.00

0.926

***

***

E

*

0.455

0.511

0.215

*

***

εu

***

***

*

*

***

***

σu

0.442

***

***

0.13

0.080

E

***

0.801

0.988

***

***

εu

0.997

***

***

0.926

1.00

σu

***

***

0.995

0.985

E

**

**

0.762

0.135

εu

***

***

1.00

0.992

σu

0.992

***

***

E

0.997

***

***

εu

1.00

***

***

σu

***

***

E

***

***

εu

***

***

σu

1.00

E

0.938

εu

0.887

TABLE 9. p-values of ultimate strength (σu), apparent modulus (E) and strain at ultimate strength (εu)
between the samples subjected to tension (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001).

FIGURE 8. Summary of ultimate strength (σu, a), strain at ultimate strength (εu, b) and apparent modulus
(E, c) of the samples subjected to tension (*0.01<p≤0.05, **0.001<p≤0.01, ***p<0.001)..
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6.4.3.2. Predictor(s) of mechanical properties
σu and E were linearly related to BV/TV in the Bone group (Table 10, 0.64<R2<0.76). No
relationship was found between CV/MV and σu, εu and E of the Cement groups (R2<0.4). σu
and εu of the Full groups were best predicted by BV/TV, while no correlations were found
for E of the Full groups. σu, εu and E of the Fract groups had weak to no correlation with the
predictors considered in the study (0<R2<0.42). The addition of fibers did not alter R2 in Full
and Fract groups.

BV/TV CV/MV
σu
E
εu

Bone

wo/F
Cement
w/F

wo/F
Full
w/F

wo/F
Fract
w/F

σu
E
εu
σu
E
εu

0.76
0.64
<0.1

0.38
0.38
<0.1

<0.1

na

<0.1

na

na

na

na

na

na

<0.1

na

na

na

na

na

0.18

0.85

0.89

0.13

0.89

<0.1

<0.1

<0.1

<0.1

<0.1

0.24
0.28

0.51
0.79

0.61
0.8

0.18
0.29

0.57
0.8

<0.1

<0.1

0.56
0.39
0.2
<0.1
0.33

0.41

σu

0.86

E
εu
σu
E
εu
σu
E
εu
σu
E

<0.1

εu

na

BV/TV+
BV/TV+ CV/MV+
CV/MV+
DA
DA
DA
0.74
0.62
na
na
na

BV/TV+
CV/MV

DA

<0.1

0.53
0.8
<0.1

<0.1

0.38
<0.1

<0.1

<0.1

<0.1

0.14
<0.1

<0.1

<0.1

<0.1

<0.1

0.31
<0.1

<0.1

<0.1

<0.1

0.51
0.42
0.14
<0.1

0.15

0.32

<0.1

<0.1

TABLE 10. Adjusted coefficient of determination (R2) of simple and multivariate linear regression. R2
greater than 0.7 are highlighted in bold.
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6.5.

Discussion

The aim of this study was to investigate the mechanical properties of ceramic-bone
composites and ceramic-bone interfaces under compressive and tensile loading. We found
that the mechanical properties of ceramic-bone composites and ceramic-bone interfaces are
significantly different to the native bone and native ceramic cement, and its mechanical
properties cannot be predicted using the bone morphological parameters.
The results showed that complete infiltration of the ceramic cement into the marrow
space is highly unlikely using the current cement formulation and injection strategy. The
micro-CT images of augmented bone cylinders revealed the appearance of void spaces
between trabeculae (Figure 5b). The observed incomplete infiltration of ceramic cements
can potentially be attributed to the viscosity of the cement slurry [29, 30]. The viscosity of
the slurry is known to increase with fiber reinforcement [31]. The increase in the viscosity
directly impacts the injectability of the cement, causing an early onset of filter pressing. An
increase in the mixing liquid viscosity or a reduction in the powder permeability was found
to improve the injectability of ceramic cements [32]. However, the effectiveness of these
techniques on the cement infiltration into trabecular bone remains unknown.
No improvement in the compressive and tensile properties of CAC was observed
with fiber reinforcement. These results are in disagreement with previous studies reporting
enhancement of mechanical properties using fiber reinforcement in ceramic cements [22–
24]. Three possible reasons are proposed to explain this outcome. First, the amount of PVA
fiber used to reinforce CAC was low, to enable injection. The volume percentage (vol%) of
PVA used in this study was 0.15, the upper maximum for successful injection into the bone
cylinders. This is substantially lower than the volume percentage of fibers used in previous
fiber reinforced cements, which ranged between 2.5-25 vol% (i.e. non-injectable) [22, 23].
Second, the chemical bond strength between CAC and PVA was not optimized. The matrix
and fiber in a fiber reinforced material require a chemical bond to transfer loads from one
phase to another [31]. Nevertheless, optimization of the chemical bond is necessary for fiber
reinforced cements, as excessive binding between the fibers and matrix is known to result in
fiber ruptures [33] leading to an early onset of failure [34]. Third, the critical length (lc) of
PVA in CAC is unknown. The load transfer between fibers and matrix occurs through the
shear stresses developed on the fiber surfaces [31]. lc defines the most suitable surface area
of fibers in the matrix to maximize the strengthening capability [31]. With unknown lc of
PVA in CAC, the PVA fibers utilized in current study may not have been optimal for the best
results.
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The compressive strength and stiffness in the Full and Fract groups were found to be
lower than the Cement groups (Figure 6, Table 4-5). The mechanical properties of the Full
and Fract groups correlated strongly with CV/MV (max R2=0.84). This is in agreement with
previous findings of high correlation between the cement porosity and compressive
strength in PMMA-bone composites [13, 14], where the definition of cement porosity [13]
was equivalent to CV/MV in this study.
The tensile strengths and stiffness of the Full groups were equal to those of the Bone
group (Table 9). The tensile strength of the Full groups correlated strongly with BV/TV
(max R2=0.86, Table 9), indicating that the majority of applied tensile load was carried by
the bone structures with no further strengthening benefits from augmentation. The tensile
stiffness of the Full groups did not correlate to any predictors considered in the study (Table
9). Further, the absence of individual trabecular strut failures in the Full group, visible in the
load-deformation curves of Bone samples (Figure 9), suggests a possible alteration in the
deformation behavior with CAC occupancy in the marrow spaces.

FIGURE 9. Sample stress-strain graphs of a sample from the Bone and the Full groups subjected to tensile
loading.

The tensile mechanical properties of the Fract group were found to be similar to the
Cement group (Figure 8). The tensile mechanical properties of Fract groups were
independent of all predictors considered in the study (Table 9). Although the tensile
strength of the PMMA-bone interface has been found to be dependent on the amount of
bone interdigitated with PMMA [26, 34], the predictors of tensile strength of ceramic-bone
interface are expected to be different to those of PMMA-bone interface. This is due to the
differences observed in the failure modes and post-yield behaviors. Three failure modes
have been observed at PMMA-bone interfaces: 1) failure at the interface with bone
remaining in the cement side, 2) failure at the interface with bone remaining in the cement
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side and cement remaining on the bone side, and 3) failure of bone near the interface [27,
36]. Only one failure mode was observed in the ceramic-bone interface (Figure 10a), with
cement cleanly separating from the bone pore space and no bone remaining in the cement
side. Further, the tension strengthening post-yield behavior observed at PMMA-bone
interface [27] was absent at the ceramic-bone interface (Figure 10b). Therefore, it may be
likely that the ceramic-bone interface behavior is primarily governed by the strength of CAC.

FIGURE 10. A: Fracture surface at the ceramic-bone interface. B: A sample stress-strain graph from a
sample in Fract group subjected to tensile loading.

The presented results should be interpreted with care due to the limitations of the
study: 1) only one combination of ceramic cement and fiber was investigated. The
mechanical and chemical properties of ceramic cement are dependent on its formulation
[18]. Thus, variations in the mechanical and chemical responses of ceramic cement may be
possible with the variations in the cement and fiber formulations. 2) bovine trabecular bone
was used in the study. Bovine bones have substantially higher BV/TV compared to human
trabecular bone [37]. The differences in BV/TV may not reflect the compressive and tensile
mechanical properties of ceramic-bone composites and ceramic-bone interfaces seen in
human bones. 3) the number of samples used in the study varied between the groups. The
variation was due to the observation of no cement infiltration (Full w/F group) or the
development of premature cracks within the sample (Fract groups). Samples identified with
such defects were excluded from subsequent analysis.
In conclusion, the mechanical properties of ceramic-bone composites and ceramicbone interfaces were found to be significantly different to native bone and native ceramic
cements. The mechanical properties of ceramic-bone composites and ceramic-bone
interfaces cannot be predicted using a single bone morphological parameter. Furthermore,
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fiber reinforcement was shown to have minimal effect on the mechanical properties of CAC.
In order to predict the mechanical properties of ceramic-bone composites and ceramic-bone
interfaces, further investigations are required to better understand the interaction between
the ceramic cements and trabecular bone. The effects of fiber reinforcement on the
mechanical properties of ceramic-bone composites still remain questionable. Although an
attempt was made to inject CAC with the highest vol% of PVA into trabecular bone, the PVA
vol% used in this study did not influence the mechanical properties of CAC. Therefore, in
order to further investigate the effect of fiber reinforcement in ceramic cements, the
development of a new cement formulation, a fiber coating strategy or a new injection
strategy to prevent filter pressing is required.

6.6.

Acknowledgements

The authors would like to thank Simon Rast and Domenica P. Brütsch for their inputs in
the designing of the tensile test apparatus and optimization of the micro-CT image
processing protocol. The funding for this study was provided by the Swiss Commission for
Technology and Innovation (CTI, project number 155202) and the Mäxi Foundation.

6.7.

References

[1]
J. F. Chen and S. T. Lee, “Percutaneous vertebroplasty for treatment of thoracolumbar spine
bursting fracture,” Surg. Neurol., vol. 62, no. 6, pp. 494–500, 2004.
[2]
G. C. Tender and D. Serban, “Traumatic spinal fracture treated by vertebroplasty: a case
report.,” J. Med. Case Rep., vol. 6, no. 1, p. 390, 2012.
[3]
N. Amoretti, E. Hovorka, P. Y. Marcy, C. Lamasse, P. Brunner, C. Roux, P. Chevallier, P. Boileau,
and J. N. Bruneton, “Burst fracture of the spine involving vertebrae presenting no other lesions: The
role of vertebroplasty,” Clin. Imaging, vol. 29, no. 6, pp. 379–382, 2005.
[4]
J. J. Shin, D. K. Chin, and Y. S. Yoon, “Percutaneous vertebroplasty for the treatment of
osteoporotic burst fractures,” Acta Neurochir. (Wien)., vol. 151, no. 2, pp. 141–148, 2009.
[5]
O. Doody, C. Czarnecki, M. F. Given, and S. M. Lyon, “Vertebroplasty in the management of
traumatic burst fractures: A case series,” J. Med. Imaging Radiat. Oncol., vol. 53, no. 5, pp. 489–492,
2009.
[6]
Y. C. Hu and D. J. Hart, “Complications of vertebroplasty and kyphoplasty,” Tech. Reg. Anesth.
Pain Manag., vol. 11, no. 3, pp. 164–170, 2007.
[7]
P. V Giannoudis, H. Dinopoulos, and E. Tsiridis, “Bone substitutes: an update.,” Injury, vol. 36
Suppl 3, pp. S20–S27, 2005.
[8]
X. Wu, X. Jiang, S. Zhang, and H. Yang, “Biomechanical evaluation of vertebroplasty using
calcium sulfate cement for thoracolumbar burst fractures,” Chinese J. Traumatol., vol. 10, no. 6, pp.
327–333, 2007.
[9]
S. M. Tarsuslugil, R. M. O’hara, N. J. Dunne, F. J. Buchanan, J. F. Orr, D. C. Barton, and R. K.
Wilcox, “Experimental and computational approach investigating burst fracture augmentation using
PMMA and calcium phosphate cements,” Ann. Biomed. Eng., vol. 42, no. 4, pp. 751–762, 2014.
[10]
S. M. Barinov and V. S. Komlev, “Calcium phosphate bone cements,” Inorg. Mater., vol. 47, no.
13, pp. 1470–1485, 2011.
[11]
H. Engqvist, T. Persson T., J. Lööf, a. Faris, and L. Hermansson, “Chemical stability of a novel
injectable bioceramic for stabilisation of vertebral compression fractures,” Trends Biomater. Artif.
Organs, vol. 21, no. 2, pp. 98–106, 2008.
[12]
L. D. A. Garcia, M. A. Chinelatti, H. L. Rossetto, and F. D. E. Pires-de-Souza, “Solubility and
disintegration of new calcium aluminate cement (EndoBinder) containing different radiopacifying
agents.,” J Endod, vol. 40, no. 2, pp. 261–265, 2014.

114

[13]
M. Kinzl, A. Boger, P. K. Zysset, and D. H. Pahr, “The effects of bone and pore volume fraction
on the mechanical properties of PMMA/bone biopsies extracted from augmented vertebrae,” J.
Biomech., vol. 44, no. 15, pp. 2732–2736, 2011.
[14]
B. Helgason, P. Stirnimann, R. Widmer, a. Boger, and S. J. Ferguson, “Influence of cement
stiffness and bone morphology on the compressive properties of bone-cement composites in
simulated vertebroplasty,” J. Biomed. Mater. Res. - Part B Appl. Biomater., vol. 101 B, no. 2, pp. 364–
374, 2013.
[15]
I. Koh, G. Marini, P. . Vogt, and F. S.J, “Investigating the effect of vertebroplasty on complex
vertebral fractures,” in 5th ICCB, 2013.
[16]
C. H. Turner, “on Wolff ’ S Law of Trabecular,” vol. 25, no. 1, pp. 1–9, 1992.
[17]
P. K. Zysset and a. Curnier, “An alternative model for anisotropic elasticity based on fabric
tensors,” Mech. Mater., vol. 21, no. 4, pp. 243–250, 1995.
[18]
J. Zhang, W. Liu, V. Schnitzler, F. Tancret, and J. M. Bouler, “Calcium phosphate cements for
bone substitution: Chemistry, handling and mechanical properties,” Acta Biomater., vol. 10, no. 3, pp.
1035–1049, 2014.
[19]
S. Dorozhkin, “Bioceramics of calcium orthophosphates,” Biomaterials, vol. 31, no. 7, pp.
1465–85, 2010.
[20]
E. F. Morgan, D. N. Yetkinler, B. R. Constantz, and R. H. Dauskardt, “Mechanical properties of
carbonated apatite bone mineral subsitute:strength, fracture and fatigue behaviour.,” J Mater Sci
Mater Med, vol. 8, pp. 559–570, 1997.
[21]
J. T. Zhang, F. Tancret, and Bouler, J.M., “Fabrication and mechanical properties of calcium
phosphate cements (CPC) for bone substitution.,” Mater Sci Eng C, vol. 31, pp. 740–747, 2011.
[22]
E. F. Burguera, H. H. K. Xu, S. Takagi, and L. C. Chow, “High early strength calcium phosphate
bone cement: Effects of dicalcium phosphate dihydrate and absorbable fibers,” J. Biomed. Mater. Res.
- Part A, vol. 75, no. 4, pp. 966–975, 2005.
[23]
S. Maenz, E. Kunisch, M. Mühlstädt, A. Böhm, V. Kopsch, J. Bossert, R. W. Kinne, and K. D. Jandt,
“Enhanced mechanical properties of a novel, injectable, fiber-reinforced brushite cement,” J. Mech.
Behav. Biomed. Mater., vol. 39, pp. 328–338, 2014.
[24]
H. H. Xu, F. C. Eichmiller, and a a Giuseppetti, “Reinforcement of a self-setting calcium
phosphate cement with different fibers.,” J. Biomed. Mater. Res., vol. 52, no. 1, pp. 107–114, 2000.
[25]
A. López, G. Mestres, M. Karlsson Ott, H. Engqvist, S. J. Ferguson, C. Persson, and B. Helgason,
“Compressive mechanical properties and cytocompatibility of bone-compliant, linoleic acid-modified
bone cement in a bovine model,” J. Mech. Behav. Biomed. Mater., vol. 32, pp. 245–256, 2014.
[26]
K. A. Mann, M. A. Miller, R. J. Cleary, D. Janssen, and N. Verdonschot, “Experimental
Micromechanics of the Cement-Bone Interface,” J Orthop Res, vol. 26, pp. 872–879, 2008.
[27]
K. A. Mann, D. C. Ayers, F. W. Werner, R. J. Nicoletta, and M. D. Fortino, “Tensile strength of the
cement-bone interface depends on the amount of bone interdigitated with PMMA cement,” J Biomech.,
vol. 30, no. 4, pp. 339–346, 1997.
[28]
R. P. Widmer and S. J. Ferguson, “On the interrelationship of permeability and structural
parameters of vertebral trabecular bone: a parametric computational study,” Comput. Methods
Biomech. Biomed. Engin., no. July 2015, pp. 1–15, 2012.
[29]
X. Wang, J. Ye, and H. Wang, “Effects of Additives on the Rheological Properties and
Injectability of a Calcium Phosphate Bone Substitute Material,” J Biomed Mater Res B Appl Biomater.,
vol. 78, no. 2, pp. 259–64, 2006.
[30]
M. Bohner and G. Baroud, “Injectability of calcium phosphate pastes,” Biomaterials, vol. 26,
no. 13, pp. 1553–1563, 2005.
[31]
R. Krüger and J. Groll, “Fiber reinforced calcium phosphate cements - On the way to
degradable load bearing bone substitutes?,” Biomaterials, vol. 33, no. 25, pp. 5887–5900, 2012.
[32]
K. L. Low, S. H. Tan, S. H. S. Zein, J. a. Roether, V. Mouriño, and A. R. Boccaccini, “Calcium
phosphate-based composites as injectable bone substitute materials,” J. Biomed. Mater. Res. - Part B
Appl. Biomater., vol. 94, no. 1, pp. 273–286, 2010.
[33]
T. Kanda and V. C. Li, “Interface property and apparent strength of high-strength hydrophilic
fiber in cement matrix,” J. Mater. Civ. Eng, vol. 10, no. 1, pp. 5–13, 1998.
[34]
R. B. Jewell, K. C. Mahboub, T. L. Robl, and A. C. Bathke, “Interfacial bond between reinforcing
fibers and calcium sulfoaluminate cements: Fiber pullout characteristics,” Civ. Eng. Fac. Publ., vol. 5,
no. 39–48, 2015.
[35]
D. Waanders, D. Janssen, M. a. Miller, K. a. Mann, and N. Verdonschot, “Fatigue creep damage
at the cement-bone interface: An experimental and a micro-mechanical finite element study,” J.
Biomech., vol. 42, no. 15, pp. 2513–2519, 2009.

115

[36]
K. A. Mann, M. J. Allen, and D. C. Ayers, “Pre-yield and post-yield shear behavior of the
cement-bone interface,” J Orthop Res1, vol. 16, pp. 370–378, 1998.
[37]
M. J. Jaasma, H. H. Bayraktar, G. L. Niebur, and T. M. Keaveny, “Biomechanical effects of
intraspecimen variations in tissue modulus for trabecular bone,” J. Biomech., vol. 35, no. 2, pp. 237–
246, 2002.

116

Chapter 7
In silico investigation of vertebroplasty as a
stand-alone treatment for burst fractured
vertebra
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7.1.

Abstract

The use of percutaneous vertebroplasty (VP) as a stand-alone treatment for stable
vertebral burst fractures (VBF) has been investigated in vitro and in clinical studies. These
studies present inconsistent results on the mechanical response of VP-treated VBFs. In
addition, observations of the loss of sagittal alignment after VP raise questions on the
applicability of VP for VBFs. Therefore, the aim of this study was to investigate the
mechanical stability of VBFs after stand-alone treatment by VP. Finite element simulations
were performed with models generated from two laboratory-induced VBFs in human
throracolumbar specimens. The VBF models were virtually injected with various cement
volumes using a unipedicular or bipedicular approach. The models were subjected to four
individual loads (compression, lateral bending, extension and torsion) and a multi-axial load
case in the physiological range. All treated VBFs showed improvements in stiffness and a
reduction in inter-fragmentary displacements, thus potentially providing a suitable
mechanical environment for fracture healing. However, large volumes of the trabecular
bone (<43%), cement (<53%) and bone-cement composite (<58%) were predicted to
experience strain levels exceeding the yield point. While damage was not specifically
modeled, this implies a potential collapse of the treated vertebra due to local failure.
Therefore, to improve the primary stability and to prevent the collapse of treated VBFs, the
use of posterior instrumentation is suggested as an adjunct to VP.

Keywords: Vertebroplasty, burst fracture, posterior instrumentation, FEM
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7.2.

Introduction

The clinical use of percutaneous vertebroplasty (VP) as a stand-alone surgical technique
to treat stable vertebral burst fractures (VBF) has been reported recently [1–3]. These
reports suggest the potential of VP in VBFs to reduce pain [1–3] and to promote bone
fracture healing [2]. Polymethylmethacrylate (PMMA)-based bone cements are the most
commonly used materials for clinical VP [1, 3]. However, the use of PMMA as a stabilizing
material for VBFs have been criticized due to inadequate bone growth into the augmented
region, potential thermal and toxic effects leading to surrounding tissue necrosis and
potential cement or marrow embolization [4]. Furthermore, adjacent vertebral body
fractures [5] and the inability to remove the injected cement [6] remain as challenges
limiting a broader application of VP for spinal fracture treatment. This raises concerns about
the long term viability of PMMA for the treatment of VBFs, especially considering the high
frequency of VBFs in young and active patient groups [3, 5].
A promising alternative for VP is the use of ceramic cements, which possess superior
biological properties of osteoconductivity, biodegradability and non-toxicity [7]. However,
potential disadvantages of ceramic cements are related to their suboptimal brittle
mechanical properties [8]. The mechanical fragility of ceramic cements was found to affect
the organ level mechanical response of ceramic cement treated VBFs by exhibiting
significantly lower compressive strengths and stiffness compared to intact vertebra or
PMMA treated VBFs [9, 10]. In addition, indications of a loss of kyphotic angle correction in
long term clinical studies [11, 12] underlines the potential for local failure in the cement, the
bone, and the cement-infiltrated bone.
Previous computational simulations investigating the use of VP as a treatment for
vertebral fractures highlighted the importance of cement distribution [9, 13] and the
fracture types of treated vertebrae [9, 13–15]. However, these studies were still limited by:
1) inadequate cement volume variations [9, 13] and cement distributions [14], 2) absence of
adjacent intervertebral discs [9, 13] and trabecular bone heterogeneity [14 15], and 3)
investigation of uniaxial loading conditions only [9, 13].
The aim of the current study was to investigate the mechanical stability of ceramic
cements in VP as a stand-alone treatment for VBFs under multiple loading conditions. Finite
element (FE) simulations were performed on models derived from human specimens with
VBF, representing two fractures of varying severity, virtually injected with various ceramic
cement volumes and treatment methods (unipedicular and bipedicular approach).
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7.3.

Methods

7.3.1.

FE Model Preparation

Two anonymized, calibrated HR-pQCT datasets of burst fractured human functional
spinal units (hFSUs, T12-L2, L1 fractured) were obtained from a previous study [16] and
processed for the FE modeling. The fractured hFSUs were classified into two types: A.3.2, a
burst split fracture, and A.3.3, a complete burst fracture, according to the AO/Magerl
classification [17]. The images were segmented (ITK Snap 2.4.0 [18]) to obtain the geometry
of the inferior endplate of T12, the superior endplate of L2 and the burst fractured L1
vertebra. Posterior elements including lamina and facet joints, and small fracture debris
were excluded from the model. T12/L1 and L1/L2 intervertebral discs (IVDs) were
reconstructed (NX 8, Siemens PLM Software, Texas) from the inferior and superior
endplates of T12 and L2 respectively, assuming a limited intrusion of the soft tissues into
the fracture fissures. The IVDs were sub-divided into annulus fibrosus (AF) and nucleus
pulposus (NP) by radial scaling of the outer annulus. The NP was assumed to occupy 50% of
the disc volume. Cement geometries after augmenting the VBFs were obtained using a flow
simulation, which explicitly models the flow of cement through the porous domain of the
bone and fracture regions, with local permeability directly derived from local bone density
[19]. Two different VP approaches, unipedicular and bipedicular were considered in the
study. The target injected cement volumes were 2.5mL, 5mL and 10mL for the unipedicular,
and 5mL and 10mL for the bipedicular approach. The resulting cement geometries were
post-processed to define cement only (cement) and cement-bone composite (composite)
volumes. The geometry of the composite was subtracted from the vertebral body to obtain
trabecular regions without cement infiltration (trabecular region). The geometries were
then meshed (C3D10) using ABAQUS (6.12-1, Dassault Systems, Simulia Corp, Rhode Island,
USA) and mechanically tied to build a complete FE model. The surfaces between the IVD and
the fracture fissures were defined to have frictionless contact. The friction coefficient
between the bone surfaces was assumed to be 0.62, equivalent to the friction coefficient
measured between trabecular bone and cortical bone [20]. The geometries of the models
are shown in Figure 1.
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FIGURE 1. TOP: Overview of the assembled models including intervertebral discs (blue) and trabecular
region (orange). MIDDLE: Geometries of cement (white) and cement-bone composite (red). BOTTOM:
geometries of augmented vertebrae (orange) used for FE analyses.
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7.3.2.

Material modeling

The constitutive response of the IVD was modelled by a large deformation approach [21]
using material properties based on the collagen distribution for 13-18 year old subjects. As
an endplate fracture depressurizes the intervertebral disc, pre-tensioning of the AF caused
by the swelling of NP was omitted in the numerical analysis. The mechanical properties of
the cement and composite were assumed to be linear-elastic, isotropic, homogeneous and
exhibit tension-compression symmetry. The Young’s modulus of cement was set to that of
hydrated calcium sulphate material (E=1.7GPa) [22] and the Young’s modulus of the
composite was assumed be 5% higher than cement (E=1.8GPa) [23]. The mechanical
properties of the trabecular region were assumed to be linear-elastic and isotropic.
However, heterogeneity of the trabecular region was considered by relating the gray scale
values of the HR-pQCT images to the apparent Young’s modulus (Eapp). The tissue mineral
density (mgHA/ccm) was converted into ash density (ρash) using the calibrated phantom
density (1200mgHA/ccm). ρash was then used to define apparent density (ρapp) [24], which
was subsequently converted into Eapp using a modulus-density relationship for vertebrae
[25] (Equation 1). The mechanical parameters used to describe the models are outlined in
Table 1.
1.56
𝐸𝑎𝑝𝑝 = 4730𝜌𝑎𝑝𝑝

(1)
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Case 1

NoAug
Uni
2.5mL
Uni 5mL
Uni
10mL
Bi 5mL
Bi 10mL

Trabecular Region
Cement
Composite
NP
Eapp (MPa)
#
E
#
E
# Elem
ν
ν
ν # Elem
Elem
(GPa)
Elem
(GPa)
max min mean
sup. inf.
439
1
220
68108
N/A
N/A
434
436
447
435
435

1 217.5
1 218.5
1
1
1

0.2

224
216
218

74696
73686
59130
63872
52800

763
1492
1.7

0.3

3169
3284
4095

2731
5324
1.8

0.3

AF
# Elem
sup. inf.

5338 4257 5764 3842

10034
5628
8157

Case 2

NoAug
Uni
2.5mL
Uni 5mL
Uni
10mL
Bi 5mL
Bi 10mL

Trabecular Region
Cement
Composite
NP
# Elem
Eapp (MPa)
#
E
#
E
ν
ν
ν # Elem
Elem
(GPa)
Elem
(GPa)
max min mean
sup. inf.
389
1
195
87794
N/A
N/A
379
383
371
379
373

1
1
1
1
1

190
192
186
190
187

0.2

87328
87698
70491
86035
71854

3840
7071
1.7

0.3

13356
8082
16055

1316
3294
1.8

0.3

AF
# Elem
sup. inf.

6538 4675 7238 7300

6954
2605
4895

TABLE 1. Maximum, minimum and mean apparent modulus, Poisson’s ratio, and number of elements used for each region in the FE models. The equations and
parameters used to describe the mechanical properties of the nucleus pulposus (NP) and annulus fibrosus (AF) can be found in [20].

7.3.3.

FE simulation

Four different single load cases (compression, lateral bending, extension and torsion)
and a combined multi-axial load case were investigated, representing physiological loads
experienced by VBFs, as measured in vivo [26] (Table 2). Peak values of the reaction forces
and moment measured during a single gait cycle (Fig 2, [26]) were used to define the
individual load cases, while a complete combined set of forces and moments at heel-strike (t
= 0.3s) was used to simulate the multi-axial load case. The loads were applied to a point
located 3mm above the center of the T12 endplate. A boundary point located 3mm below
the L2 endplate center was used to fully constrain the L2 endplate against rotation and
translation. Load and boundary points were mechanically tied to the respective endplates to
govern their movements or constraints

Compression
Lateral Bending
Extension
Torsion

Multi

Time (s)
0.3

Individual load cases
Fx (N) Fy (N) Fz (N) Mx (Nm)
0
0
-217.2
0
0
0
0
1.5
0
0
0
0
0
0
0
0
Multi axial load case
Fx (N) Fy (N) Fz (N) Mx (Nm)
-57.2 -49.9 -191.2
1.3

My (Nm)
0
0
-0.6
0

Mz (Nm)
0
0
0
-1.0

My (Nm)
-0.5

Mz (Nm)
-0.9

TABLE 2. The magnitudes and directions of investigated load cases [22].
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FIGURE 2. Forces and moments applied to L1 vertebra during a gait cycle. The graphs are generated from
the data obtained from [25].

7.3.4.

Data Analysis

The output parameters of interest were: 1) model stiffness, 2) relative inter-fragmentary
displacements (IFDs), and 3) ratio of volume reaching yield in the trabecular (%Ytrab),
cement (%Ycem) and composite (%Ycomp) regions.
Model stiffness was calculated using the model reaction force/moment and their
respective resultant displacement/rotation extracted from the boundary and the load points,
respectively. Therefore, the model stiffness included the response of IVDs. The relative IFDs
were calculated by extracting and comparing the initial and final locations of fifteen node
pairs. The node pairs were randomly selected across the vertebra to represent
displacements between two adjacent fragments, and an effort was made to keep the node
selection as similar as possible between the models. Relative IFDs were calculated using
Equation 2 [27] and compared between the models.
∆𝐷
𝐷𝑖

𝐼𝐹𝐷(%) = |100 · ( )|

126

(2)

where ΔD represents the change in the distance between a node pair, while D i
represents the initial distance between the node pair. Differences in IFDs across the
sampling points between the individual model conditions were evaluated with ANOVA and
Tukey’s post-hoc test (significance level defined at p=0.05).
To define regions reaching or exceeding yield in trabecular bone, a principal strainbased modified super ellipsoid criterion was used. (Equation 3, Table 3) [28].

𝑔(𝜀1 , 𝜀2 , 𝜀3 ) = |

𝜀1 −𝑐 2/𝑛
|
𝑟

+|

𝜀2 −𝑐 2/𝑛
|
𝑟

+ |

𝜀3 −𝑐 2/𝑛
|
𝑟

+|

𝑡(𝜀1 +𝜀2 +𝜀3 ) 2/𝑛
|
3𝑟

−1

(3)

Coefficients of trabecular yield criterion
c

r

n

t

-0.157

0.738

0.414

1.417

TABLE 3. Coefficients used for principal strain-based modified super ellipsoid criterion [24].

To define yield in cement and composite regions, the principal stress criterion
(σc=6MPa, σt =0.6MPa) was used [22]. The tensile yield stress of cement and composites
were assumed to be 10% of compressive yield stress [29]. %Ytrab, %Ycem and %Ycomp were
calculated by: 1) extracting principal strains or stresses from the elements of region of
interest (Trab, Cem or Comp), 2) applying appropriate yield criterion to identify yielded
elements in the region, 3) calculating the volume of yielded elements, then 4) dividing the
volume of yielded elements by the total volume of region of interest.
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7.4.

Results

7.4.1.

Individual Loading

7.4.1.1. Stiffness
The segmental stiffnesses for A.3.2 were higher than A.3.3 in all load directions (Figure
3). The stiffness increased with increasing cement volume. The stiffness increase was more
substantial under compressive loading (max. +198%; A.3.3, Bi10mL) than for the lateral
bending, extension or torsion load cases (max. +135%; A.3.3, Bi10mL in Extension) for both
A.3.2 and A.3.3.

FIGURE 3. Segmental stiffness for A.3.2 and A.3.3 models injected with various cement volumes using a
unipedicular or bipedicular approach.
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7.4.1.2. Inter-fragmentary displacement (IFD)
IFDs were shown to vary depending on the loading directions and treatment method
(Figure 4). In most cases, VP reduced the magnitudes and variability of IFDs for both A.3.2
and A.3.3 (Figure 4). Cement volume was found to have a relatively minor influence on IFDs
compared to the treatment method (Figure 4). The bipedicular approach showed a
statistically significant reduction in IFDs, compared to the untreated or unipedicular
approach, in all loading conditions for both A.3.2 and A.3.3 (Figure 4).

FIGURE 4. Inter-fragmentary displacement (IFD, %) of A.3.2 and A.3.3 models injected with various
cement volumes using a unipedicular or bipedicular approach. The plot indicates the median, upper and
lower quartiles, maximum and minimum non-outlier values, and outliers (*) of IFDs.

129

7.4.1.3. Yielded Volume (%Y)
%Y varied depending on the severity of fracture, loading direction, injected cement
volume, and treatment method (Figure 5). All %Ytrab, %Ycem and %Ycomp were lower in A.3.2
than A.3.3 (Figure 5). The %Ytrab in A.3.2 increased following VP (except 10mL injection),
while %Ytrab in A.3.3 decreased following VP. The highest %Ycem and %Ycomp were observed
for the 5mL bipedicular approach in both A.3.2 and A.3.3 (Figure 5).

FIGURE 5. Yielded volume (%) of A.3.2 and A.3.3 models injected with various cement volumes using a
unipedicular or bipedicular approach.
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7.4.2.

Multi-axial load cases

The results from A.3.2 were analysed for the multi-axial load case. Due to severe
geometrical discontinuities and lack of damage descriptions in the model, the computational
stability for the more severe fracture, A.3.3, was insufficient to allow a full solution of this
load case (see Discussion). Therefore, the results of multi-axial load case for A.3.3 were not
presented. Further, the stiffness evaluation of the models in A.3.2 was not performed for the
multi-axial load case, due to the ambiguity in loading and displacement directions under
multi-axial loading.

7.4.2.1. Inter-fragmentary displacement (IFD)
None of the cement volumes nor treatment methods were shown to sufficiently stabilize
the fractured vertebra under multi-axial loading. However, the bipedicular approach
showed significantly lower IFD magnitudes compared to the untreated VBF or the
unipedicular approach. Similarly to the individual load cases, the injected cement volume
had less influences on the IFDs compared to the treatment methods (Figure 6).

FIGURE 6. Inter-fragmentary displacement (IFD) of A.3.2 models injected with various cement volumes
using a unipedicular or bipedicular approach. The plot indicates the median, upper and lower quartiles,
maximum and minimum non-outlier values, and outliers (*) of IFDs.
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7.4.2.2. Yielded Volume (%Y)
All %Ytrab, %Ycem and %Ycomp were significantly higher in the multi-axial load cases than
in individual load cases (Figure 7). A higher %Ytrab was predicted for the Uni2.5mL and
Bi5mL treatment than for untreated vertebra. While an injected cement volume of 10mL
resulted in the lowest %Ytrab and %Ycem, the largest %Ycomp was predicted in Uni10mL
approach (Figure 7).

FIGURE 7. Yielded volume (%) of A.3.2 models injected with various cement volumes using a
unipedicular or bipedicular approach.

7.5.

Discussion

There have been clinical reports on the use of vertebroplasty (VP) as a stand-alone
surgical procedure to treat vertebral burst fractures (VBFs) [1–3]. The aim of the current
study was to investigate the mechanical stability of VP for this application, using specimenspecific FE models encompassing two degrees of burst fracture severity. The burst fractured
FE models were virtually injected with various cement volumes (2.5mL, 5mL and 10mL)
using two treatment methods (unipedicular or bipedicular). The overall mechanical
response, stability of fractured fragments and local response of the cement, neighboring
trabecular bone and cement-bone interface were analyzed under several physiological
loading scenarios.
Although considered clinically "stable", in the case of an intact posterior column,
vertebral burst fractures with multiple fragments nevertheless present a high level of local
mechanical instability and a challenging environment for fracture healing. The segmental
stiffness of VBFs improved following VP in all individual loading directions. However, the
stiffness increase was found to vary depending on the loading direction (101-198%). The
largest increase was observed in compression (107-198%) which was in agreement with
previous in vitro experiments [10, 13]. Prior to VP, relative inter-fragmentary displacements
(IFDs) of over 50% were predicted. The IFDs, however, were shown to be reduced with the
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application of VP (e.g an IFD reduction from 55.5% to 0.6% for bipedicular VP of A.3.2). The
IFD of 0.6%, observed in this case, is substantially lower than the maximum IFD limit for
accelerated bony fracture healing (<7%) in large fracture gaps (> 6mm) [27]. Therefore, VP
in VBFs has the potential to provide an adequate mechanical stability to promote fracture
healing [1, 27].
Despite the improvements in global stiffness and fragment stability in VP-treated VBFs,
a significant amount of local yielding in the trabecular bone, cement and composite regions
were predicted for all individual loading directions (Figure 5). The simulations indicate that
the severity of the fracture (A.3.2 vs A.3.3) has an effect on the amount of local yielding in all
regions (Figure 5). However, the limited number of cases studied in this report restricts the
definition of the minimum requirements for successful implementation of VP in VBF.
Furthermore, given that the range of injected cement volumes used to treat VBFs in clinics
ranges between 4-6mL [30], the results predict a possible adverse effect of VP in VBFs. The
observation of a significant amount of local yielding in the trabecular bone region is also in
agreement with a previous in vitro analysis, where gradual collapse of the trabecular bone
was observed in VP-treated vertebrae under long-term cyclic loading [31]. This implies that
the loss of kyphotic correction observed in clinical studies [11, 12] may be a result of a
gradual collapse of the trabecular bone, cement and composite regions through local
yielding and damage.
The study also highlighted the importance of investigating the effect of VP in VBFs using
a multi-axial load case. The reductions in IFDs achieved by VP were less substantial in the
multi-axial load case compared to individual load cases (Figure 4, Figure 6). In addition,
despite the higher magnitudes of applied loads in the individual load cases (Table 2), the
amount of yielding (Figure 5) was found to be lower in the individual load cases than in the
multi-axial scenario (Figure 7). This finding is consistent with the results of Rohlmann et al
[15], in which fracture severity and loading direction were shown to have the greatest
influence on vertebral stability. In contrast to the study of Rohlmann et al, in which fracture
planes were modeled simply by a reduction of the local bone modulus within a continuous
vertebral model, the present model allowed for contact and relative sliding between bone
fragments, and also simulated a more severe A.3.3 fracture.
The projection of these results to the clinical situation has to be carefully assessed since
various assumptions are involved in the model development and FE analyses: 1) the effect
of posterior elements was excluded from the study to focus on anterior column stability, 2)
geometric changes of the anterior body due to VP treatment (reduction/traction) were not
considered [2, 3], 3) contact definitions between trabecular-trabecular and trabecular133

endplate surfaces were assumed as the contact behaviors of the aforementioned surfaces
are unknown, 4) the effects of anisotropy in the mechanical description [33] and yield
criterion [34] of trabecular bone were omitted, 5) post-yield damage in trabecular,
composite and cement were not modelled. Nevertheless, the present models incorporated
the adjacent intervertebral discs and trabecular bone heterogeneity, not considered in [9,
13–15] and the application of multiple load cases can be considered as a further
improvement to the previous FE models investigating the applicability of VP in VBFs [9, 14,
15].
In conclusion, the use of VP as a stand-alone treatment for VBF remains controversial
with respect to its long term viability [5]. Despite the assumptions of the study, the
presented results, together with the results from previous experiments [9, 10], indicate that
improvements in stiffness and inter-fragmentary displacement can be achieved with VP.
However, these improvements are accompanied by local overloading that may negatively
influence the integrity of trabecular bone, cement and composite regions, possibly leading to
a gradual collapse of treated VBFs as seen in the clinic [11, 12]. Local yielding was found to
be dependent on the severity of fracture, load direction, cement volume and treatment
method. Therefore, in order to successfully implement VP as a stand-alone treatment for
VBF, further improvements to the cement or its application must be made. Therefore, the
combined use of posterior instrumentation and VP [11] is still strongly encouraged to
guarantee stability.
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Chapter 8
Discussion

8.1.

Discussion

The use of vertebroplasty (VP) as a stand-alone treatment for vertebral burst fractures
(VBFs) has been investigated in clinics and in vitro studies [1–8]. Percutaneous VP has a
lower surgical morbidity compared to conventional short segment pedicle instrumentations
(SSPI) [4, 9]. Moreover, the recent developments in injectable, biocompatible, biodegradable
and osteoconductive ceramic bone cements (ceramic cements) [10–13] has enabled VP to
gain recognition as a potential treatment for VBFs in younger patients. However, the use of
ceramic cement to treat VBFs has been criticized due to its low tensile and shear strengths,
and low fracture toughness [14, 15]. These mechanical limitations have raised questions
about the viability of ceramic cements for the treatment, especially when the material is
exposed to a complex stress environment under physiological loading conditions (Chapter
3). Moreover, the low fracture toughness of ceramic cements [14, 16, 17] raise concerns
about sudden crack initiation and propagation leading to premature failure. These
mechanical disadvantages of ceramic cements imply an insufficient mechanical stability of
VBFs treated using ceramic cements [1, 2, 18, 19], raising questions about the applicability
of VP as a stand-alone treatment for VBFs in young patients. Therefore, the aim of this thesis
was to investigate the applicability of VP as a treatment for VBFs in young patients, with a
focus on the use of ceramic cement as a stabilizing material. The aims were addressed using
both experimental and computational approaches.
A finite element (FE) study was performed to investigate the effect of VP on the stiffness
of VBFs (Chapter 3). In this study, four finite element models with varying degrees of
vertebral fractures were virtually augmented with random cement geometries. The
biomechanical response of the simulated fractures was evaluated using physiologically
relevant multi-axial load cases, and the stiffness and local stresses in the cemented regions
were compared. The results of Chapter 3 suggested that the stiffness of VBFs cannot be fully
restored using VP treatment. The stiffness of VBFs was found to decrease with an increase
in the severity of the fracture. Furthermore, it was found that the increased mobility of the
fractured fragments results in development of large tensile stresses in the cemented regions,
raising concerns with regards to the importance of the tensile strength of the cement used
to treat VBFs. The findings of Chapter 3 suggested the possibility of inadequate post-surgical
stability and collapse of VP treated VBFs [1, 2, 18, 19], especially when the mechanical
disadvantages of ceramic cements (e.g. weak tensile strength [16]) are considered.
The focus of Chapter 4 was to examine the suitability of a common testing protocol (ISO
5833:2002) as a method to determine the mechanical properties of ceramic cements. The
mechanical properties of a new ceramic cement are often determined to investigate its
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feasibility as an augmenting material [10, 11, 13, 16, 17, 20–25]. A common testing protocol
used to determine the mechanical properties of a ceramic cement is ISO 5833:2002, an
international testing standard developed to obtain the mechanical properties of ductile
acrylic bone cements [26]. The use of ISO 5833:2002 on brittle ceramic cements was
challenged in Chapter 4 by comparing its results to ASTM C39, a testing standard used to
quantify the mechanical properties of brittle concretes [27]. The major differences between
ISO 5833:2002 and ASTM C39 were the use of end-caps for specimen confinement and an
extensometer for the measurement of strain. The results of Chapter 4 showed that the ISO
5833:2002 under-estimates apparent stiffness (Eapp), especially when the samples are
saturated (wet). The reduction in the occurrence of crystal interlocks [28] and the reduction
in the frictional resistance at the crystal interlocks [28] were proposed to decrease the shear
strength of the tested material [28]. The reduced shear strength was found to evoke local
deformations and premature failure at the platen-sample boundary, which was especially
relevant when the samples were tested using ISO5833:2002. ISO 5833:2002 was found to
disregard the effects of water on ceramic cements, and hence result in an under estimation
of Eapp. Therefore, ISO 5833:2002 was found to be an inappropriate testing protocol to
determine the mechanical properties of saturated ceramic cement.
The results of Chapter 4 also demonstrated substantial differences in the compressive
mechanical properties of saturated and non-saturated ceramic cements. Therefore, the
effect of water on the mechanical (flexural) properties of ceramic cements was further
investigated in Chapter 5. Together, the results of Chapter 4 and Chapter 5 provide
important and novel insight into the true in situ (in vivo) properties of ceramic cements.
Considering the juxtaposition of ceramic cements and body fluids, the mechanical
properties derived using saturated samples possess higher clinical relevance than nonsaturated samples. Despite its clinical relevance, previous studies reporting the mechanical
properties of ceramic cements often omit a detailed description of sample saturation level
(wet vs dry) at the time of testing [11, 16, 17, 23]. In Chapter 4, two factors, dissolution of
crystals [29, 30] and inter-crystal water lubrication [28, 30], were suggested to result in the
changes in the mechanical properties of ceramic cement upon saturation. Acknowledging
the findings of Chapter 4, the aim of Chapter 5 was set to determine the effect of saturation
on the mechanical properties of soluble and insoluble ceramic cements. In order to achieve
the aim of Chapter 5, three-point bending tests were performed on soluble and insoluble
ceramic cements. The results of Chapter 5 showed substantial changes in the mechanical
properties of both ceramic cements following saturation. The reduction in the mechanical
properties of soluble ceramic cement was found to be due to a reduced number of crystal
interlocks [29, 30]. The reduction in the number of crystals and therefore inter-crystal
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interactions increases the volume of water between crystals [28, 30]. The increased volume
of water decreases the friction between the crystals; therefore the strength of the ceramic
cement is reduced. The mechanical properties of insoluble ceramic cement, on the other
hand, were influenced by the increase in crystal sizes [31–35]. The findings in Chapter 5
demonstrated the necessity of testing the ceramic cements in a saturated condition,
irrespective of material solubility. The results also highlighted the unique mechanisms
governing the mechanical properties of soluble and insoluble ceramic cements due to
saturation.
In Chapter 6, the compressive and tensile properties of trabecular bone augmented with
a ceramic cement were determined, a logical progression beyond the material-specific tests
of Chapter 4 and Chapter 5. The design of the experiment included the determination of
bone morphological parameters to allow the prediction of the mechanical properties of
trabecular bone augmented with ceramic cement. The study implemented two different
trabecular bone specimen geometries for the augmentation: a complete bone cylinder, and a
bone cylinder with a discontinuity at the mid-height. The discontinuity in the bone cylinder
was introduced to mimic the fracture gaps found in VBF, in order to investigate the
suitability of ceramic cement as a stabilizing material for VBFs. The variations in the
geometry of the trabecular bone specimens resulted in two test groups of ceramic-bone
composites, and ceramic-bone interfaces respectively. The determination of the mechanical
properties of these two test groups represents the novel aspect of this study. Although the
mechanical properties of PMMA-bone composites and PMMA-bone interfaces were
investigated in the past [36–38], the mechanical properties of ceramic-bone composites and
ceramic-bone interfaces, and their correlation to the morphological parameters were
unknown. The results of Chapter 6 indicated substantial differences between the
compressive properties of ceramic-bone composites and ceramic-bone interfaces, when
compared to the compressive properties of native bone and native ceramic cements.
Furthermore, the compressive properties of ceramic-bone composites and ceramic-bone
interfaces were found to be best predicted by the volume of ceramic cement in the marrow
space. This result was in agreement with previous studies, reporting the correlation
between the compressive properties of PMMA-bone composites and the porosity of injected
PMMA [36, 37]. The weak correlations between the compressive properties and the bone
volume density of ceramic-bone composites and ceramic-bone interfaces highlight the
shortcomings of the use of rule of mixtures2 to predict their compressive properties [36-38].

2

A rule used to calculate the mechanical properties of a composite material. The equation uses the volume fraction of individual
phases in the composite material to calculate its mechanical properties [39].
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It may be possible that a complex interaction between the ceramic cement and trabecular
bone exists, which results in such shortcomings.
The results of Chapter 6 also demonstrated the significant differences between the
tensile properties of ceramic-bone composite and ceramic-bone interfaces. The tensile
strength of ceramic-bone composite was found to be similar to the native bone, while the
tensile strength of the ceramic-bone interface closely resembled the tensile strength of
native ceramic cement. The high correlation between the bone volume density and the
tensile strength of ceramic-bone composites indicated that the majority of applied tensile
loads were carried by the bone structures, and the cement augmentation did not provide
further strengthening effects to the bone. However, contrary to the native bone, the stressstrain curve of ceramic-bone composites was lacking the individual trabeculae failures,
providing further support to the existence of a complex interaction between the ceramic
cement and trabecular bone. The tensile strength of the ceramic-bone interface was found to
be unrelated to any of the investigated morphological parameters. Therefore, it may be
possible that the tensile strength of the ceramic-bone interface is determined by the tensile
strength of the native ceramic cement. The failure modes and post-yield behavior of the
ceramic- and PMMA-bone interface [40] were shown to be different. The findings in Chapter
6 highlight the importance of independent investigations into the compressive and tensile
properties of ceramic-bone composites and ceramic-bone interfaces, especially for the
development of accurate simulation models of these composites. The identified brittleness
and low tensile strength of native ceramic cement and cement-bone interfaces also raised
questions about the feasibility of ceramic cement as a stabilizing material for VBFs.
Fiber reinforcements are known to improve the tensile strengths and work to fracture of
ceramic cements [41]. Therefore, in order to circumvent the brittleness and low tensile
strength of the ceramic cement, the effect of fiber reinforcement in the ceramic cement was
investigated in Chapter 6. A fiber reinforced ceramic cement (FR-ceramic) was used to
produce ceramic-bone composite and ceramic-bone interface samples. These samples were
used to evaluate the feasibility of FR-ceramic as a stabilizing material for VBFs. A novel
aspect of this study was the direct injection of FR-ceramic into the trabecular bone.
Although injectable FR-ceramics (brushite based) were introduced in the past [42], their
injectability into the trabecular bone has remained unknown. The injection of FR-ceramic
into the trabecular bone is challenging due to the dependency between the injectability,
viscosity and fiber content (vol%) [41, 43, 44]. Therefore, the FR-ceramic used in this study
contained an optimized fiber vol% (Appendix 2) to facilitate a successful injection into the
trabecular bone. The results, however, indicated no added benefits of fiber reinforcements
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on the mechanical properties of native ceramic cement, ceramic-bone composites or
ceramic-bone interfaces. It was proposed that the fiber vol%, chemical bond strength
between the fiber and the matrix, and the length of fibers utilized in the study may have
been insufficient to provide a significant outcome within the study [41].
Alongside the experimental investigations on the applicability and viability of ceramic
cement as a stabilizing material for VBFs, computational simulations were performed to
investigate the clinical implications of VP as a stand-alone treatment for VBFs (Chapter 7). A
benefit of computational simulations is the ability to implement and compare various
clinical scenarios independent of the specimen variability (e.g. bone volume density,
geometry and fracture types). The scenarios considered in Chapter 7 were; two burst
fracture types augmented with four possible cement volumes (0mL, 2.5mL, 5mL and 10mL)
using a unipedicular or bipedicular treatment approach. The models were subjected to five
different load cases including: compression, lateral bending, extension, torsion and multiaxial load cases. The variability in the burst fracture types, cement volumes, treatment
techniques, and load cases represent the novel aspect of this study, as previous studies
investigating the effect of VP in vertebral fractures were limited to the application of a
uniaxial load case [2, 45], the use of models derived from pre-augmented vertebrae [2, 45],
or inadequate variations in the cement geometries [46]. Furthermore, the inclusion of
adjacent intervertebral discs with physiologically relevant material descriptions [47], as
was done in this study, was considered to better represent in situ behavior of VP treated
VBFs [47] compared to the conventional PMMA embedded endplates [2, 45]. The results of
Chapter 7 indicated improvements in the stiffness and stability of VP treated VBFs
compared to non-treated VBFs. This result was in agreement with previous in vitro
experiments [1, 46] and suggested VP as a promising stand-alone treatment for VBFs.
However, the results predicted that remarkably large volumes of trabecular bone, cement
and cement-bone composite regions may deform beyond the theoretical local yield limit,
resulting in a gradual collapse of the treated VBFs, as seen in clinics [18, 19]. The results of
the simulation also highlighted the importance of performing simulations using multi-axial
load cases. The stability and the volume exceeding the theoretical local yield were found to
be directly influenced by the direction of applied loads. This finding was in agreement with
previous results from Rohlmann et al [49], who identified the importance of loading
direction on the stability of VP treated VFBs. From the findings of Chapter 7, it can be
concluded that, although VP may improve the stiffness and stability of treated VBFs, further
investigations are required to consider VP as a stand-alone treatment for VBFs, based on the
perceived risk of local bone damage. However, these findings must be taken with care as the
models in Chapter 7 require experimental validation to establish the accuracy of the
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presented results. Therefore, the focus of future investigations should be made on the postsurgical survivability of the trabecular, cement and composite regions to prevent the
collapse of treated VBFs, and to experimentally validate the presented computational
models.
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Chapter 9
Conclusions and Outlook

9.1.

Conclusions

The aim of this thesis was to investigate the applicability of VP as a stand-alone
treatment for VBFs. The main focus was to investigate the viability of ceramic cement as a
stabilizing material. To fulfill the aim of the thesis, a generic computational simulation to
investigate the effect of VP on VBFs, a series of experiments to investigate the effect of water
saturation on the mechanical properties of ceramic cements and the viability of ceramic
cement as a stabilizing material, and specimen (pathology) specific computational
simulations to investigate the clinical implications of VP in VBFs were performed.
Several novel contributions to the field can be highlighted:
1) The importance of the tensile strength of the ceramic cement used to treat VBFs was
identified. The ceramic cement residing in the fracture gaps of VBFs was found to
experience large tensile stresses due to the mobility of fractured fragments of VBFs and
complex stress environments developed under physiological loading conditions.
2) The use of the testing standard ISO 5833:2002 on ceramic cements was found to
under-estimate Eapp. It was found that the under-estimation of Eapp was a result of reduced
shear strength of ceramic cements upon saturation, leading to local deformations at the
platen-sample boundary. A recommendation was made to use end-caps to increase the
accuracy of Eapp measurements in saturated ceramic cements.
3) The importance of testing ceramic cements under saturated conditions, irrespective
of material solubility, was identified. Changes in the number and sizes of crystals due to
saturation were found in both soluble and insoluble ceramic cements. The changes in the
crystals were found to directly impact the mechanical properties of ceramic cements.
Therefore, a suggestion was made to perform all mechanical tests using saturated samples
to determine more physiologically relevant mechanical properties of ceramic cement.
Further improvements in cement properties may be achieved through controlling the
crystal structure upon hydration.
4) The compressive properties of ceramic-bone composite and ceramic-bone interfaces
were found to be independent of bone volume density, but correlated to the volume of
ceramic cement in the marrow space. This indicated that the compressive properties of
ceramic-bone composites and ceramic-bone interfaces cannot be estimated by the rule of
mixtures, and complex interactions exist between the trabecular bone and ceramic cement.
5) Cement augmentation was found to have a minimal strengthening effect on the
tensile properties of trabecular bone. However, it does change the overall mechanical
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response of trabecular bone (i.e. no strut failures). This finding further strengthened the
previous suggestion about the existence of complex interactions between the trabecular
bone and ceramic cement.
6) Fiber reinforcement in ceramic cement was found to have a minimal effect on the
mechanical properties of ceramic-bone composites and ceramic-bone interfaces. It was
proposed that the fiber vol% used in this study may have been insufficient to improve the
mechanical properties of ceramic cement. Therefore, further developments of injection
strategy and formulation of FR-ceramics were recommended to investigate FR-ceramics as
potential stabilizing material for VBFs.
7) The stiffness and stability of VBFs were found to improve with VP, thereby providing
a promising mechanical environment for bone fracture healing. Importantly, this response
was predicted for specimen (pathology) specific cases and under the influence of complex
loading. However, large volumes of trabecular, cement and cement-bone composite regions
were found to deform beyond the theoretical yield point, possibly facilitating a gradual
collapse of the treated VBFs.
In summary, the results of this thesis have demonstrated potential and important
adverse effects of VP, when used as a stand-alone treatment for VBFs. Although the
biological benefits of ceramic cement support the use of the material to stabilize VBFs in
young patients, its brittleness and low tensile strength highlight concerns about its
biomechanical potential for long-term stabilization. Furthermore, the large volumes
predicted to exceed theoretical yield in the trabecular bone, cement and cement-bone
composite regions are suggested to limit the ability of VP to provide adequate post-surgical
stabilization to the treated VBFs under physiological loading conditions.

9.2.

Limitations and outlook

The results presented in this thesis should be interpreted with caution due to
assumptions and simplifications in the individual studies. These assumptions and
simplifications represent potential avenues for future research to provide greater insight
into the topic of VP and ceramic cements to treat VBFs.
The computational models presented in Chapter 7 were simplified to exclude the effects
of posterior elements [1], and anisotropy and damage of the trabecular bone [2].
Furthermore, limited mechanical knowledge of the specific model components required a
reasonable, assumed definition of certain properties. Furthermore, the simulations are
presented as exploratory and predictive, to guide future experimental studies, which would
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also serve for validation and improvement of the simulation model. Careful and detailed
investigations of the following aspects are proposed to increase the accuracy of the models.
1) Tension-compression asymmetry of the apparent modulus of ceramic-bone
composite. The mechanical properties of the ceramic-bone composites in the models
presented in Chapter 7 were considered to be isotropic, linear-elastic and homogeneous
with tension-compression symmetry. Although the experimental results in Chapter 6
showed linear-elasticity of ceramic-bone composites, the observed asymmetry between
the tensile and compressive apparent modulus of ceramic-bone composites needs to be
addressed to increase the accuracy of the models.
2) Prediction of the strengths of ceramic-bone composite. In the computational models
developed in Chapter 7, two strength values (compressive and tensile) were used to
predict the failure limit of native ceramic cement and ceramic-bone composites.
However, this assumption was found to be flawed, due to the substantial differences in
the strengths of native ceramic cement and ceramic-bone composites (Chapter 6).
Furthermore, the assumption of the tensile strength, 10% of the compressive strength,
was found to be inappropriate for both native ceramic cement and ceramic-bone
composites. The tensile strengths of native ceramic cement and cement-bone
composites were found to be ~5% and ~25% of their respective compressive strength
(Chapter 6). These findings indicate the requirement of independent failure criterion for
native ceramic cement and ceramic-bone composites. The determination of a failure
criterion for ceramic cement is straightforward (principal stress yield criterion), while
the determination of ceramic-bone composite strengths can be challenging due to the
existence of possible complex interactions between the trabecular bone and ceramic
cement. Nevertheless, the ability to predict the strengths of ceramic-bone composites
using morphological parameters and the mechanical properties of ceramic cement
would be a beneficial advancement in the development of ceramic cement for the use of
VP for VBFs.
3) The contact description between trabecular-trabecular and trabecular-endplate
surfaces. The exposure of trabecular bone is inevitable in VBFs due to the
fragmentation of the anterior body upon impact. It is also assumed that the endplates
undergo axial displacements into the inter-fragmentary spaces of the anterior body
upon impact. The exposure of the trabecular bone and axial displacement of endplates
create contact surfaces between the trabecular bones, and between the trabecular bone
and endplates. The contact description between these surfaces is, however, unknown,
and this limits the accuracy of the simulated models presented in Chapter 7.
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4) A mathematical description of the post-yield behavior of native ceramic cement,
ceramic-bone composite and ceramic-bone interface can be implemented. The
models presented in Chapter 7 do not incorporate any post-yield behavior. As the
inclusion of a damage description is known to alter the mechanical responses [3–5], the
inclusion of post-yield behavior in the regions of the trabecular bone, native ceramic
cement, ceramic-bone composite and ceramic-bone interface will influence the results
obtained in Chapter 7. While the post-yield behavior of trabecular bone is known [6-12],
the post-yield behavior of ceramic cements, ceramic-bone composites and the interface
are unknown. Therefore, the development and implementation of post-yield behavior of
these regions are believed to increase the accuracy of obtained simulation results
substantially.
5) Investigation of the mechanical responses of impact fractured intervertebral discs.
An assumption that the nucleus pulposus is compressible was made to describe the
impact-ruptured intervertebral discs in the models of Chapter 7. Other possible
alterations in the mechanics of impact-ruptured intervertebral discs are unknown, and
therefore neglected in the models. Experimental investigations of impact-ruptured
intervertebral disc mechanics detailing the changes in the mechanical responses of the
nucleus pulposus and annulus fibrosus would improve the characterization of load
transfer between the intervertebral discs and vertebral body in VBFs.
The reliability and accuracy of the computational models can be improved with
experimental validation. A bottom-up validation is suggested to be an appropriate approach
prior to the validation of a complete computational model of VP treated VBFs. The
individual parts of the model, including the mechanical responses of ceramic cement and its
composites, surface contact mechanics, mechanical response of impact fractured
intervertebral discs, and post-yield behavior of ceramic cement and its composites are
suggested to be validated separately prior to its assembly. This bottom-up approach is
suggested to reduce the number of uncertainties that may be involved with the validation of
a full scale model.
Improved and validated computational models can be further developed to identify the
dynamic response of ceramic cement and VP treated VBFs. Mathematical models describing
temporal changes to the mechanical properties of ceramic cements would be an interesting
investigation, enabling the observations of long term viability of ceramic cement as a
stabilizing material. The time dependent variables to consider in the dynamic modelling
include damage or remodelling of trabecular bone [13], cement degradation (water or cellmediated [14, 15]) and/or osteointegration [16, 17].
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In an effort to provide a direction for the future development of ceramic cements, a
study was performed to investigate the effect of cement stiffness on the mechanical
response of VP treated VBFs (Appendix 3). The results of the study showed no correlation
between the volume of trabecular bone exceeding yield and the stiffness of the augmenting
cement. However, the survival rate of the cement region was shown to be inversely related
to the stiffness of the augmenting cement. Based on these findings, the development of a
ceramic cement with low stiffness and high strength may increase the possibility of using VP
as a stand-alone treatment for VBFs.
Finally, a lack of standardized mechanical testing protocols for ceramic cements results
in difficulties where inter-laboratory comparisons are required [18, 19]. A systematic
approach to develop a testing standard with a standardized sample geometry [20], sample
saturation level [21], saturation medium [14], sample porosity [22], testing method [23, 24]
and report format would harmonize the results obtained from various research groups, and
accelerate developments in ceramic cements for use in VP.
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Appendix I
Supplementary figures to Chapter 7
Yielded elements of all models under all individual loading conditions

Compression

FIGURE 1. Yielded elements in trabecular, cement and composite regions under compressive load. Light
blue lines define the contour of the modelled anterior body, solid blue elements represent yielded
elements in trabecular region, solid red elements represent yielded elements in cement region, solid
yellow elements represent yielded elements in composite region.

Lateral Bend

FIGURE 2. Yielded elements in trabecular, cement and composite regions subjected to lateral bend. Light
blue lines define the contour of the modelled anterior body, solid blue elements represent yielded
elements in trabecular region, solid red elements represent yielded elements in cement region, solid
yellow elements represent yielded elements in composite region.
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Extension

FIGURE 3. Yielded elements in trabecular, cement and composite regions subjected to extension. Light
blue lines define the contour of the modelled anterior body, solid blue elements represent yielded
elements in trabecular region, solid red elements represent yielded elements in cement region, solid
yellow elements represent yielded elements in composite region.

Torsion

FIGURE 4. Yielded elements in trabecular, cement and composite regions subjected to torsion. Light blue
lines define the contour of the modelled anterior body, solid blue elements represent yielded elements
in trabecular region, solid red elements represent yielded elements in cement region, solid yellow
elements represent yielded elements in composite region.
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Investigation of the effect of PVA fiber and
micro-silica content on the injectability of
calcium aluminate cement: a pilot study
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Investigating the effect of PVA fiber and micro-silica
content on the injectability and mechanical properties of
calcium aluminate cement: A pilot study
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Motivation
Gombert (unpublished data) have shown improvements in the compressive strength of
calcium aluminate cement (CAC) by adding 2.5wt% of PVA fibers. However, the developed
CAC exhibited filter pressing when injecting into the trabecular bone. This was due to the
limited pore sizes within the trabecular region, quantified by trabecular spacing (average
0.6mm [1]). Therefore, this pilot study was performed to quantify adequate content of PVA
fibers in CAC to avoid filter pressing phenomenon and to investigate the effect of microsilica on the injectability of CAC reinforced with PVA fibers.

Methods
CAC was prepared by mixing powder and liquid phases. The powder phase of CAC
contained 85 wt% calcium aluminate (CaAl2O3; TERNAL White, Kerneos SA, France) and 15
wt% zirconia (ZrO2; Sigma-Aldrich Chemie GmbH, Buchs, Switzerland). The liquid phase of
CAC contained 0.2 wt% polyvinylpyrrolidone (PVP, average mol wt 10,000, Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland), 15 wt% glycerol (ReagentPlus, ≥99.0% (GC), SigmaAldrich Chemie GmbH, Buchs, Switzerland), 0.15 wt% lithium chloride (anhydrous, ≥99.0%
(AT), Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) and distilled water.
Six different powder mixtures were investigated for injectability. The mechanical
responses of these powder mixtures in compression and tension were also investigated. The
powder mixtures were varied by incorporating three different PVA fiber contents (0 vol%,
0.15 vol % or 2.5 vol %) or the presence/absence of 3 wt% micro-silica (SiO2, Sigma-Aldrich
Chemie GmbH, Buchs, Switzerland) (Table 1).
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Group 1
Group 2
Group 3
Group 4
Group 5
Group 6

# of samples
3
3
3
3
3
3

PVA Fiber (%vol)
0
0.15
2.5
0
0.15
2.5

SiO2 (%wt)
0
0
0
3
3
3

TABLE 1. Overview of fiber and micro-silica compositions in tested groups

The powder and liquid phases were mixed for 10 s (L/P ratio=0.3mL/g) using ESPE
CapMix (3M Deutschland GmbH, Neuss, Germany).

Injectability Test
To test the injectability of the prepared cement slurries, a surgical needle with 0.7mm
diameter was used to mimic the size of trabecular spacing. A 5mL syringe equipped with a
surgical needle was filled with CAC slurry. A manual injection of CAC was performed. The
ease of injection through the needle was compared between the prepared CAC powders.

Mechanical Test
The samples for mechanical tests were prepared by using PTFE split molds. The molds
were designed to prepare cylindrical samples having 28mm height and 8mm diameter. The
PTFE molds were filled with CAC slurry and vibrated on a vibration table for 30 seconds to
remove entrapped air. The mold was then transferred to a bath filled with PBS (37°C,
pH=7.4). The molds were left to set for 3 hours prior to de-molding. Each of de-molded
samples was placed in a plastic container filled with PBS (37°C, pH=7.4). The samples were
kept at 37°C for further 20 hours to harden. The ends of the prepared samples were ground
using an abrasive paper to trim the samples to the length of 26mm and create two parallel
end surfaces. The samples were then capped with aluminium caps using two-phase epoxy
(Technovit 3040, Heraeus Kulzer GmbH, Wehrheim, Germany). The capped samples were
tested in two testing modes (compression and tension) using an Instron (ElectroPuls
E10000, Instron, High Wycombe, UK). Three samples were tested per group, per direction.
The samples were preloaded to 2N. Five sinusoidal pre-conditioning cycles at amplitude of
0.1mm were performed prior to the test to failure. The displacement rate was kept at
1mm/min throughout the test sequence. The ultimate strength, strain at maximum force
and modulus were calculated and load-displacement curves were plotted for each tested
samples.
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Results
Injectability Test
The test has shown no influence of SiO2 on the injectability of the prepared CACs.
Moreover, with an increase in the amount of PVA fiber, a larger effort was required to inject
CACs through the 0.7mm surgical needle. A PVA fiber content of 0.15 vol% was found to be
the upper limit for injection using current cement formulations.

Mechanical Test
One sample from Group 4 and two samples from Group 5 failed during the handling.
Table 2 presents the mechanical properties of the tested samples. Figure 1 shows the loaddisplacement curve for all samples under compressive load, while Figure 2 shows the loaddisplacement curve for all samples under tensile load. Two samples from Group 1 and all
samples from Group 3 de-bonded from the caps during tensile testing. Thus the loaddisplacement curves of these samples were omitted.
The ultimate strength, modulus and strain at maximum force were substantially lower
with SiO2. This trend was seen in both compression and tension. No differences in the
mechanical properties were observed between 0 vol% and 0.15 vol% fiber, while 2.5 vol%
fiber showed reductions in the compressive strength and tensile modulus, and increase in
the tensile strength.
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Group

PVA Fiber SiO2 Sample
(%vol)
(%wt)
#

Strength (MPa)
Comp.

Ten.

Strain @ Max.Force
(%)
Comp.
Ten.

Modulus (MPa)
Comp.

Ten.

1
1
1
2
2
2

0
0
0
0.15
0.15
0.15

0
0
0
0
0
0

1
2
3
1
2
3

90.73
82.24
86.51
97.08
92.94
94.03

1.21
2.82
3.55
3.24
2.07
2.57

1.86
1.75
1.83
2.10
1.98
1.88

0.88
0.54
1.05
0.75
0.62
1.23

4874.82
4704.05
4738.74
4614.98
4697.80
4999.55

136.85
524.56
339.27
434.03
334.34
209.53

3
3
3
4
4
4
5
5
5

2.5
2.5
2.5
0
0
0
0.15
0.15
0.15

0
0
0
3
3
3
3
3
3

1
2
3
1
2
3
1
2
3

76.56
67.84
70.41
14.23
11.85
11.63
10.67
-

4.29
2.65
3.22
0.83
1.41
0.95
0.64
0.93
-

1.57
1.80
1.67
0.91
0.94
0.62
0.95
-

1.54
1.15
0.77
0.45
0.34
0.62
0.26
0.28
-

4862.79
3768.20
4226.03
1568.37
1254.62
1886.17
1123.05
-

278.61
230.22
418.15
185.98
409.81
153.18
247.75
331.81
-

6
6
6

2.5
2.5
2.5

3
3
3

1
2
3

9.67
14.37
12.57

1.30
1.11
1.46

1.17
1.07
0.92

0.44
0.51
0.29

823.63
1341.45
1368.73

297.95
220.23
506.00

TABLE 2. Strength, strain at maximum force and modulus of each tested samples. Samples de-bonded from caps during tensile test are indicated with gray.

FIGURE 1. Load-displacement curves of the samples subjected to compressive load case.
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FIGURE 2. Load-displacement curves of the samples subjected to tension.

Discussion
The results of the pilot study showed an improvement of tensile properties of CAC with
the inclusion of a high fiber percentage. However, the applicability of CAC with a high fiber
percentage remains questionable due to filter pressing. The addition of SiO2 did not improve
the injectability of fiber reinforced CAC, but rather decreased the mechanical strength of
CAC.
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Motivation
The results of the study in silico investigation of vertebroplasty as a stand-alone
treatment for burst fractures (Chapter 7) indicated the occurrence of large yield volumes in
trabecular, cement and bone-cement composite regions of vertebral burst fractures (VBFs)
treated using vertebroplasty (VP). The study (Chapter 7) utilized only one type of cement
(one stiffness value) to obtain this result. Although previous reports on PMMA treated
vertebrae showed no dependency of the biomechanical response on the stiffness of PMMA
[1], it may be possible that the volumes exceeding yield in the treated vertebrae may be
reduced with a lower stiffness cement. Therefore, the aim of this study was to investigate
the effect of cement stiffness on the mechanical response of VP treated VBFs. The focus was
on the fragment stability and yield volumes of trabecular, cement and cement-bone regions.

Methods
The study was performed using a finite element (FE) model developed in Chapter 7. The
selected model was Case 1 injected with 2.5mL of cement using a unipedicular approach.
This model was selected as it showed the worst stabilization and the highest volume
percentages of the trabecular bone and cement regions exceeding yield. To briefly explain
the FE model, a laboratory induced burst fractured human vertebra (VBF, L1) was imaged
(HR-pQCT) [2] and segmented (ITK-Snap [3]) to obtain the geometry of VBF. The
geometries of superior and inferior intervertebral discs (IVDs) of VBF were reconstructed
(NX) using information obtainable from the HR-pQCT images. The geometry of cement
augmenting the VBF (2.5mL unipedicular injection) was obtained using the flow simulation
developed by Widmer and Ferguson [4]. The prepared geometries for the model are shown
in Figure 1.
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FIGURE 1. Geometries of the intervertebral discs (IVDs), cement (gray), cement-bone composite (red)
and burst fractured vertebra (orange).

The constitutive response of the IVDs was described according to Marini and Ferguson
[5]. The mechanical properties of trabecular bone were assumed to be linear-elastic and
isotropic. However, heterogeniety of the trabecular region was considered by relating the
gray scale values of HR-pQCT images to apparent Young’s modulus [6]. The cement and
composite regions were assumed to be linear-elastic, isotropic and homogeneous. The
Young’s modulus of the composite was considered to be ~5% higher than cement [7]. Three
different cement moduli of 400MPa (LowE), 1700MPa (MedE) and 2500MPa (HighE) were
investigated in the study. The corresponding Young’s moduli of composites were 500MPa
(LowE), 1800MPa (MedE) and 2600MPa (HighE) (Table 1). No damage was modelled in the
study.
LowE
Cement
Composite

400
500

MedE

HighE

1700
1800

2500
2600

TABLE 1. Young’s modulus used to investigate the effect of cement stiffness on VP treated VBFs.

The prepared models were subjected to a multi-axial load case. The magnitudes of the
load in each direction were taken at a heel strike of a gait (Table 2).

Multi

Time (s)
0.3

Multi axial load case
Fx (N) Fy (N) Fz (N) Mx (Nm)
-57.2 -49.9
-191.2
1.3

My (Nm)
-0.5

Mz (Nm)
-0.9

TABLE 2. Magnitudes of loads used to simulate multi-axial load case.

The data analyses performed in this study were equivalent to those in Chapter 7. The
relative inter-fragmentary displacement (IFD) and ratio of yielded volume in trabecular,
cement and composite regions were compared between the models. IFDs were obtained
from fifteen node pairs of the models. Relative IFDs were calculated using the Equation 1 [8].

170

∆𝐷

𝐼𝐹𝐷(%) = |100 · ( 𝐷 )|

(1)

𝑖

Where ∆𝐷 is the change in the distance between a node pair and 𝐷𝑖 is the initial distance
between the node pair. ANOVA was performed to check for statistical variability between
the models (α=0.05).
A principal strain-based modified super ellipsoid criterion (Equation 2, Table 3) [9] and
the principal stress criterion (σc=6MPa [10], σt =0.6MPa [11]) were used to define the yield
of the trabecular bone, and cement and composite regions respectively.

𝑔(𝜀1 , 𝜀2 , 𝜀3 ) = |

𝜀1 −𝑐 2/𝑛
|
𝑟

+|

𝜀2 −𝑐 2/𝑛 𝜀3 −𝑐 2/𝑛
| +| 𝑟 |
𝑟

+|

𝑡(𝜀1 +𝜀2 +𝜀3 ) 2/𝑛
|
3𝑟

−1

(2)

Coefficients of trabecular yield criterion
c
r
n
t
-0.157
0.738
0.414
1.417
TABLE 3. Coefficients used for principal strain-based modified super ellipsoid criterion [12].

The ratio of yielded volumes were calculated by: 1) extracting principal strains or
stresses from the elements of region of interest (Trab, Cem or Comp), 2) applying
appropriate yield criterion to identify yielded elements in the region, 3) calculating the
volume of yielded elements, then 4) dividing the volume of yielded elements by the total
volume of region of interest.
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Results
Inter-fragmentary displacements (IFDs)
No statistically significant differences in IFDs were found between the models (p=1.00)
(Table 4, Figure 2).
HighE

MedE

LowE

IFD (%) 31.78±37.20 31.88±37.25 32.19±37.24
TABLE 4. Inter-fragmentary displacement (IFD) in the models injected with 2.5mL of cement using
unipedicular approach. The comparison is made between different cement stiffness (mean±standard
deviation).

Multi (t=0.3)

IFD(%)

60

40

20

0

LowE

MedE
HighE

LowE

HighE
MedE

FIGURE 2. Inter-fragmentary displacement (IFD) in the models injected with 2.5mL of cement using
unipedicular approach. The comparison is made between different cement stiffness.

Yielded Volume
The effect of cement stiffness on the ratio of yielded volume in the trabecular region was
minimal (~36% for all models) (Table 5, Figure 3). However, the ratio of yielded volume in
the cement region increased with an increase in the cement stiffness (35%-51%). The ratio
of yielded volume in the composite region was a minimum with MedE (5%).

Trabecular (%)
Cement (%)
Composite (%)

HighE

MedE

LowE

35.96
50.69
18.14

36.10
44.14
4.91

36.36
35.38
14.59

TABLE 5. Ratio of yielded volumes in the models injected with 2.5mL of cement using unipedicular
approach. The comparison is made between different cement stiffness (mean±standard deviation).
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FIGURE 3. Ratio of yielded volumes in the models injected with 2.5mL of cement using unipedicular
approach. The comparison is made between different cement stiffness.

Discussion
The current study was designed to investigate the effect of cement stiffness on the
mechanical response of VP treated VBFs. The results of this study indicated no relationship
between the stability of VP treated VBFs and the cement stiffness. Further, the ratio of
yielded volumes in the trabecular bone was not influenced by the cement stiffness. However,
the ratio of yielded volumes in the cement region was found to be positively related to the
stiffness of the cement. These findings indicate that the development of low stiffness and
high strength ceramic cement is a plausible solution to increase the survival of ceramic
cement. Nevertheless, with indications on the independency between the cement stiffness
and survival rate of the trabecular bone, the advantages of a ceramic cement with low
stiffness and high strength remain controversial. As outlined [1] and suggested [13] in
previous reports, the distribution of augmenting cements may have a higher influence on
the mechanical responses of VP treated VBFs than the mechanical properties of augmenting
cement. The results presented in this study are to be interpreted with caution, as the
simulated models do not incorporate any propagation of damage in the trabecular and
cement regions.
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