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Abstract
The present work aimed to test in vivo a new biomaterial for vertebral augmentation.

Vertebral compression fractures not healing with conservative management are treated
through minimally invasive surgical techniques. Presently, most of the cements used in
percutaneous bone interventions are based on a polymeric non-resorbable matrix. However,
they can present some complications. Calcium suphate-based cements are effective bone

substitutes. Disadvantages include their limited shear and compressive strength.

To go beyond the state of the art, a new bioactive calcium sulphate-based cement was
developed — Spine-Ghost. To test the suitability of the injectable cement for percutaneous

vertebroplasty, a preclinical study was mandatory.

A new large animal model for percutaneous vertebroplasty was developed in sheep. In
the ex vivo model, bone defects were created in the cranial hemivertebrae through a bilateral
modified parapedicular approach, and mechanical tests were performed. The ex vivo model is
reproducible, and safe under physiological loads.

In the in vivo study, two groups of Merino sheep were defined (n=8): a) the control group,
injected with a commercial ceramic cement; and b) the experimental group, injected with Spine-
Ghost. Of the first interventioned animals, two presented cardiorespiratory distress during the
cement injection, and one had mild neurologic deficits in the hindlimbs. All sheep survived and

completed the 6-month implantation period.

After sacrifice, the samples were assessed by micro-computed tomography, histological,
histomorphometric, and immunohistological studies. There was no evidence of cement leakage
into the vertebral foramen. No signs of infection or inflammation were observed. Most
importantly, there was cement resorption and new trabecular bone formation in the bone defects

of all sheep.

The model of percutaneous vertebroplasty is considered suitable for preclinical in vivo

studies, mimicking clinical application.

Spine-Ghost proved to be an adequate material for percutaneous vertebroplasty, with a
biological response identical, if not superior, to the one elicited by the available commercial

control.
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Desenvolvimento de modelo animal superior para vertebroplastia

percutanea para avaliacdo in vivo de um novo cimento injetavel.

Sumario

O trabalho aqui apresentado teve por objetivo a avalia¢do in vivo de um novo biomaterial

injetavel para vertebroplastia a cifoplastia percutaneas.

As fraturas de compressédo vertebral com indicacdo cirdrgica sdo tratadas com recurso a
técnicas minimamente invasivas. Presentemente, a maioria dos cimentos utilizados baseiam-se
numa matriz polimérica ndo reabsorvivel. Podem, no entanto, causar algumas complicaces.
Os cimentos a base de sulfato de calcio sdo substitutos dsseos eficazes, cujas desvantagens

incluem resisténcia limitada a esforcos de corte e compresséo.

Um novo cimento bioativo de sulfato de célcio — Spine-Ghost — foi desenvolvido. Para
testar a sua aplicabilidade na vertebroplastia percutanea, tornou-se imperativo um estudo pré-

clinico.

Para o efeito, um novo modelo animal para vertebroplastia percutanea foi desenvolvido
em ovinos e sujeito a ensaios mecanicos. No modelo ex vivo, foram criados bilateralmente dois
defeitos dsseos interligados, nas hemivértebras craniais, através de uma abordagem

parapedicular modificada. O modelo ex vivo € reprodutivel e seguro sob cargas fisioldgicas.

No estudo in vivo, definiram-se dois grupos de ovelhas Merino (n=8): a) grupo controlo,
injetado com cimento comercial de base ceramica; b) grupo experimental, injetado com Spine-
Ghost. Nos primeiros animais intervencionados, dois apresentaram alteracfes
cardiorrespiratorias durante a injecdo de cimento, e um défices neuroldgicos ligeiros nos
membros pélvicos. Todos os animais sobreviveram e completaram o periodo de implantacéo

de 6 meses.

Apds a ocisdo, as amostras foram avaliadas por microtomografia computorizada,
histologia, histomorfometria e imunohistoquimica. N&o se observou derrame de cimento para
o canal vertebral, nem sinais de infecdo ou inflamagdo. Ademais, verificou-se a reabsorgéo do
cimento e a neoformac&o de tecido 6sseo trabecular no interior dos defeitos 6sseos, em todos

0S animais.

O modelo de vertebroplastia percutanea é considerado adequado para estudos pré-
clinicos, mimetizando a aplicacéo clinica.
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O Spine-Ghost demonstrou ser um biomaterial adequado para vertebroplastia percutanea,

com uma resposta bioldgica idéntica, se ndo superior, a elicitada pelo controlo comercial.
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Introduction

1.  Introduction
1.1. Context and objectives

Presently, it’s reasonable to discuss biomedical research in an integrated,
transdisciplinary way. The contemporary “One medicine — One health” concept implies that
multidisciplinary teams of medical doctors, veterinarians, engineers, biologists, among other
experts (Cook & Bal, 2014), share the responsibilities and synchronise local and global
activities to address health problems at the animal-human-environment interfaces, either these
problems concern the whole population or the individual, since a better understanding and a
more adequate control of animal health (often through environmental management) potentially
lead to less human risks (Kaplan et al., 2008). The collaboration between the specialists from
the different scientific areas is the vital key that will result in a better health for humans and

animals in a near future.

The improvement of the living conditions and the aging of the world population, along
with the evolution of medicine, led to the necessity of new approaches to pathologies and the
development of novel therapeutics. Likewise, the evolution of animal healthcare and welfare
and the subsequent raise of the life span of our pets and domestic animals triggered the increase
of disorders commonly associated with geriatrics. These diseases occasionally can be compared
with some human conditions, considering the interspecies similarities. Conditions like cancer,
diabetes, asthma, orthopaedic disorders — like osteoarthritis and osteoporosis —, cardiovascular
diseases, and neurologic diseases — like dementia — are thoroughly studied in companion
animals, as well as in other species. These studies can be of benefit to both animal and human

health, in the sense that they can generate longer, healthier lives for all species.

The testing of innovative biomaterials — for clinical application in orthopaedic surgery
and other areas — in living and sentient animal models in direct benefit to the human race, must
be the subject of careful planning and consideration, given the ethical conflict that arises. There
are several currents of thought within the international scientific community, either for or
against the use of animals. For example, the "Medical Research Modernization Committee™
believes that animal testing is mainly driven by economic interests. Moreover, it says that
animal testing should not be considered a valid method for medical research due to the
anatomical, physiological and pathological differences between human and non-human
(Anderegg, 2002). Bearing this in mind, in order to deepen the knowledge in bone structure and
physiology, and responding to an invitation made by Professor Joana Reis, Chapter 2 was
written. Nonetheless, numerous evidences show that animal testing is inexorable and an
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important way to advance in science, by allowing the observation of the in vivo processes that
otherwise would not be evaluated (Paul, 2001). This theme is succinctly approached in Chapter
3, in a small paper that was presented orally and published in the Proceedings of the “VI

Congresso Nacional de Biomecanica”.

In accordance to the previous insights, the present doctoral research work was integrated
in a multidisciplinary European project — Resorbable Ceramic Biocomposites for Orthopaedic
and Maxillofacial Applications [RESTORATION] — led by the University of Newcastle Upon
Tyne, United Kingdom. This project involved several consortium partners, each with different
tasks — from the development of the biomaterials, through the in vitro testing and the in vivo

testing in the small animal model, until the in vivo testing in the large animal model.

The project’s research team from the University of Evora, coordinated by Professor Joana
Reis, was responsible for the development and application of the large animal models and
ulterior biomaterials testing. Encompassing the different models, a total of 40 Merino sheep
were intervened. All animals were daily assessed and taken care by members of the research
team, for over 6 months. After the sacrifice of the animals, the samples were collected and
processed for ulterior analysis. This work is the result of multiple tasks, such as sheep handling
and care, surgery planning and performance, postoperative animal care, and bone samples
processing and evaluation. For confidentiality reasons imposed on the Consortium partners, in
this thesis the only shown data are those relative to vertebroplasty, even though this was just
one of the models developed. Nevertheless, other surgical models were implemented and

biomaterials assessed.

The entire project was designed and developed respecting the prevailing European
legislation for the protection of animals used for scientific purposes — Directive 2010/63/EU
(Official Journal of the European Union, 2010) —, and the Federation of European Laboratory
Animal Science Associations [FELASA] guidelines (Mahler et al., 2014), which follows the
3R’s recommendations of replacement, reducing and refinement of animals. Consortium
partners’ local laws were also respected; hence, the work regarding the large animal models
was developed under the Portuguese law decree — Decreto-Lei n° 113/2013 (Diario da
Republica, 2013).

Accordingly, researchers are advised to minimize the use of animals through
Replacement — e.g. with computational models, in vitro studies, studies in invertebrates —;
Reducing — e.g. with proper study’s experimental design, pilot tests, ex vivo studies, and the use

of non-invasive techniques of diagnostic, like ultrasonography, fluoroscopy, radiology and
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fluorochromes, which allows the collection of data from the same animal at different
experimental time points —; and methodology Refinement, in such a way that the pain, suffer
and anxiety inflicted to the animals are reduced to minimum levels. At this time, it is important
to refer the responsibility of all the team researchers, as well as their experience and technical
knowledge as imperative requisites to be able to recognize the distinct behaviours of each
chosen experimental species and to prevent and minimize the negative impact over the
individuals, not only acting when the distress or pain are installed, but also assuming a proactive

attitude and avoiding unnecessary noxious stimulus or manipulations.

In consideration of the foregoing, it is within the 3R’s concepts that the veterinarian role
assumes utmost importance in basic science’s research, through the development of new better
models and other refinement techniques, in a synergy with the other researchers — e.g.
physicians, engineers, and biologists —, which help to minimize the animal usage. This way, in
addition to contribute to the progress of medicine, the veterinarian guarantees the best health
care to the experimental animals. Therefore, it is of utter importance the investment in
veterinary science as a mean to a general medical benefit, diminishing the gap between animal
models and clinical trials and profiting every species (Cook et al., 2010; Vainio, 2012; Baird et
al., 2013).

Finally, the ultimate purpose of the project was to evaluate, in a controlled in vivo study,
the bone response to a novel resorbable calcium sulphate injectable bone cement, developed by
one of the consortium partners for application in percutaneous vertebroplasty. As in the clinical
context, the biomaterial was to be injected in a vertebral body defect through a minimally
invasive procedure. Considering the difficulties and limitations found in previous techniques
and studies (Zhu et al., 2011; Galovich et al., 2011; Benneker et al., 2012; Verron et al., 2014),
the development of a new reproducible and feasible preclinical model for percutaneous
vertebroplasty in sheep was mandatory. The use of sheep is largely accepted due to its
translational features regarding the human species, besides its availability, low cost, easy
handling and good homogeneity when selected for age, race and gender. In addition, sheep are
considered a good model for orthopaedic research due to its anatomical similarities when
compared to the human model, when it comes to the size, weight, skeletal structure, bone
remodelling and biomechanical behaviour of the bone, also consenting the use of some of the
same prosthetic material (Alini et al., 2008; Li et al., 2015; Wancket et al., 2015). Chapter 4
presents an article describing the development of the ex vivo model and chapter 5 the in vivo
application of the previously developed model for the novel biomaterial testing.
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In the past two decades, the development of bone fillers and cements as bone substitutes
for trauma and orthopaedic surgery saw an exponential growth due to the overall gratifying
results (Kopylov et al., 1996; Goodman et al., 1998; Wolfe et al., 1999; Jubel et al., 2004;
Cassidy et al., 2003; Poitout, 2016).

Up to date, most of the cements used in orthopaedic surgery are based on a polymeric
matrix — polymethylmethacrylate (PMMA) (Magnan, 2013; Puoci, 2015). These cements have
been thoroughly used and investigated over the years, mainly for its immediate effect and
safety, but they also present some limitations, such as high polymerization temperatures, low
bioactivity, bioinertia, absence of resorbability, and high elastic modulus. These properties are
related to the — relatively rare — complications that have been documented with the use of
PMMA. For instance, the high polymerization temperatures potentially induce inflammation
and/or necrosis of the neighbour structures; likewise, the formation of new healthy tissue is
hindered by the cement’s the low bioactivity. Another syndrome, known as Bone Cement
Implantation Syndrome (BCIS), is described as a possible complication of PMMA injection
during total hip arthroplasty and vertebroplasty/kyphoplasty. It occurs around the cement
injection, secondary to medullary fat embolism, and is characterized by hypoxia and/ or
hypotension, with or without unexpected loss of consciousness and ultimately death. Finally,
subsequent fractures of the contiguous vertebrae are also described as complications, due to the
cement’s high elastic modulus (Becker et al., 2014; Puoci, 2015).

Synthetic ceramics are widely known and are proved to be safe and effective in bone
substitution, since they are highly biocompatible, resorbable, and osteoconductive, displaying
mechanical properties similar to those of the cancellous bone, with reduced Young’s Modulus,
and a low risk of infection or donor site morbidity (Campana et al., 2014). They also present
low setting temperatures and short setting times. Some disadvantages include their limited shear
and compressive strength, when compared to those of the normal bone (Campana et al., 2014;
Gupta et al., 2015). To overcome these limitations, ceramics are most of the times combined
with other composites (Campana et al., 2014). Numerous different formulations are
commercially available, like different-sized granules, blocks, and injectable pastes.
Furthermore, currently there is an investment in developing new composites that can act as
delivery vehicles for cells, growth factors and antibiotics into fractures (Waselau et al., 2007,
Larsson et al., 2011; Campana et al., 2014).

Calcium sulphate-based injectable ceramics present themselves as good alternatives to
PMMA, concerning vertebroplasty/kyphoplasty. Calcium sulphate offers an effective, low cost

gap filler, by allowing vascular ingrowth and by being resorbable, thus allowing new bone
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formation (Kumar et al., 2013); it’s also known for being osteoconductive and osteoinductive.
Disadvantages include the — sometimes — too fast resorption (6-8 weeks) and secondary
inflammatory reaction (Larsson et al., 2011; Kumar et al., 2013; Campana et al. 2014).
Subsequently calcium sulphate, like other ceramics, is widely used mixed with other

biomaterials.

To progress beyond the state of the art in terms of available calcium sulphate cements for
percutaneous vertebroplasty, a novel bioactive injectable cement for percutaneous
vertebroplasty was developed — Spine-Ghost (Vitale-Brovarone et al., 2015). Spine-Ghost was
implanted into a sheep vertebral defect model. The performance was compared to a commercial
biphasic cement — Cerament™|Spine Support. Cerament™’s application for vertebral
compression fractures (VCFs) has been well documented (Marcia et al., 2014). Spine-Ghost
supported new bone formation into the vertebral body defect, while slowly biodegraded,
suggesting it allows a safe and unpainful medical recovery, thus reducing pain and morbidity.
Chapter 6 presents the final in vivo study and the biological response to the biomaterial.
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Bone: functions, structure and physiology

Maria Teresa Oliveira! and Joana da Costa Reis?

Abstract The bone is reviewed regarding its functions, regulation, morphological
structure and physiology; addressing how complex, how responsive to external and
internal stimuli, and how intimately intertwined with other organs it is. From
embryogenesis to endocrine regulation and bone remodelling, an overall view is
presented. Special emphasis is given to how cell structure and tissue organization
contribute to the response to mechanical stimuli.

1. Introduction

Bones are dynamic structures. They vary in shape, size and number, and are divided
in axial and appendicular skeleton. Through life they are subjected to loads and
strains that induce their shape, with old matrices being replaced by newly formed
ones. This process is important for maintaining bone volume and strength. In the
case of fractures, bones are capable of healing, as long as stability and alignment
are assured.

It is the entanglement of environment, cell-to-cell interactions and cell-extracellular
matrix interactions that direct and model osteogenesis, bone repair and remodelling.

Mechanical forces are essential in early embryonic development. There is evidence
that morphogenesis is regulated through fluid flow mechanisms and by cellular
contractility. Cells generate tensional forces through contraction of actin-myosin
cytoskeleton filaments, which are transmitted through cadherin-mediated adhesion
sites to neighbour structures, these being either cells or extracellular matrix.
Cohesivity determines morula contraction and the definition of multiple layers -
with the development of endoderm, mesoderm and ectoderm in the blastula - and
thus early embryo shaping (Oster et al., 1983; Takeichi, 1988; de Vries et al., 2004;
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Ingber, 2006). The stress-dependent changes in cytoskeletal conformation and cell
shape act locally to regulate cell phenotype, of utter importance are interactions with
the extracellular matrix (Ingber, 2006). Unidirectional fluid flow, dependent on the
specialized motor protein complex dynein, determines organ lateralization and
asymmetry, by causing differences in key molecules expression (such as the TGF-
family signalling molecules) (Collignon et al., 1996, Okada et al., 1999; Cartwright
et al., 2004, Nakamura et al., 2006). Lateralization may also depend on fluid shear,
in the embryo, by acting on a group of non-motile cilia, coupled to calcium
channels; fluid shear may cause the intracellular calcium concentrations to rise and
initiate the cascade of events responsible for lateralization (McGrath et al., 2003).

The mechanical environment is also determinant for vasculogenesis, angiogenesis
(Schmidt et al., 2007; le Noble et al., 2008; Patwari and Lee, 2008), and neuronal
development (Bray, 1979; Dennerll et al., 1989; Anava et al., 2009).

The embryo mesoderm is constituted by spindle or star-shaped cells called
mesenchymal stem cells (MSCs). MSCs are the most pluripotential cells in the
organism, giving rise to different tissues such as the connective tissue, muscle,
cardiovascular tissue and the entire skeletal system. Bone, cartilage, tendons and
ligaments develop through mechanisms of proliferation, migration and
differentiation, but also apoptosis (Carter and Beaupré, 2001).

For a long time, bone was generally regarded as a less interesting organ, but we are
only now starting to address how complex it is in its functions, its responsiveness
to external and internal stimuli, and its intimate intertwining with other organs.

2. And yet it moves

2.1 Bone functions

Bone or osseous tissue is the most rigid and resilient tissue of the body. Constituted
by dense connective tissue, it’s the primary tissue of the skeleton, thus providing
structure, support, and protection to vital organs, like the brain (skull), the spinal
cord (vertebrae), and the heart and lungs (ribs and sternum). Moreover, the vertebrae
participate in the spine shock absorbance — providing adequate load cushioning for
the intervertebral disks (fibrocartilaginous joints) —, whilst long bones, along with
the joints, enable body movement — providing levers for the muscles.

Additionally, bones act as the major source of blood, since haematopoiesis occurs
in their medullary cavity. In infants, the bone marrow of all long bones is capable
of this synthesis. As a person gets older, part of the red marrow turns into yellow
fatty marrow, no longer capable of haematopoiesis. Functional red marrow in adults
is restricted to the vertebrae and the extremities of femur and tibia.
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Bones also have an important role as:

Mineral storage: mostly calcium (Ca?*), phosphate (Pi), and magnesium;
it plays an important metabolic role, regulating mineral homeostasis
(Bélanger et al., 1968; Zallone et al., 1983; Teti & Zallone, 2009), a
process mediated by many hormones.

Growth factor storage: insulin like growth factors 1 and 2 (IGF-1 and IGF-
2), transforming growth factor-beta (TGF-B), acidic and basic fibroblast
growth factor, platelet-derived growth factor, and bone morphogenetic
proteins have been isolated from bone matrix (Mohan & Baylink, 1991).
Osteoblasts have been shown to produce many of these growth factors and
their production is regulated by systemic hormones and local mechanical
stress (Baylink et al., 1993).

Adipose tissue storage (yellow bone marrow as a fatty acid/ energy
reserve) (Rosen et al., 2009; Krings et al., 2012; Suchacki et al., 2016).
Acid-base balance, as it buffers the blood against excessive pH changes by
absorbing or releasing alkaline salts (Green & Kleeman, 1991; Arnett et
al., 2003; Bushinsky & Krieger, 2015).

Heavy metal and other foreign elements storage, after detoxification from
the blood, that are, later on, excreted (Roelofs-lverson et al., 1984; Sharma
etal., 2014).

Endocrine organ, as it produces two known circulating hormones:

a. Fibroblast Growth Factor 23 (FGF23): produced mainly by
osteocytes (Rhee et al., 2011), but also by osteoblasts (Masuyama et
al., 2006), acts on the kidney to inhibit 1a-hydroxylation of vitamin
D and promote phosphorus excretion in urine (Shimada et al., 2004;
Fukumoto & Martin, 2009; Haussler et al., 2012). FGF23 also inhibits
phosphorus absorption in the intestine, thus regulating inorganic
phosphate metabolism and mineralization (Feng et al., 2006). It is
now acknowledged that the serum calcium concentration regulates
FGF23 production (David et al., 2013), thus making FGF23 into a
calcium-phosphorus regulatory hormone (Lopez et al., 2011,
Rodriguez-Ortiz et al., 2012). Hence, FGF23 excess or deficiency
results in several abnormalities of phosphate metabolism. Excess
FGF23 inhibits renal phosphate reabsorption and 1,25
dihydroxyvitamin D3 [1,25(0OH);D] production, leading to
hypophosphatemia and suppression of circulating 1,25(0OH)2D levels
and, ultimately, rachitic changes in bone (Fukumoto & Yamashita,
2007), such as happens in autosomal dominant hypophosphatemic
rickets and osteomalacia (ADHR) and in the paraneoplastic syndrome
called tumour-induced osteomalacia (T10O). In contrast, reductions in
FGF23 cause the syndrome of tumoral calcinosis (Shimada et al.,
2001), characterized by hyperphosphatemia, increased 1,25(0H).D
and soft tissue calcifications (Lyles et al., 1988; Fukumoto &
Yamashita, 2007). An obligate FGF23 coreceptor was identified —
Klotho— (Urakawa et al., 2006). Klotho is required to activate FGF
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receptors and their signalling molecules. Secreted Klotho suppresses,
by itself, activity of insulin, insulin-like growth factor-1 (IGF-1)
(Kurosu et al., 2005), Wnt (Liu et al., 2007), and TGF-B1 (Doi et al.,
2011) by interacting with these growth factors or their receptors. The
resulting FGF23-Klotho axis represents a specialized system
responsible for the external and internal Ca2* e P; balance in the bone,
intestine and kidney. FGF23-Klotho axis works under parathormone
regulation, since parathormone directly promotes FGF23 expression
by osteocytes (Quarles et al., 2012), whereas balance is sought by
FGF23 inhibiting action on parathyroid glands (Ben-Dov et al., 2007,
Krajisnik et al., 2007).

b. Osteocalcin: a protein produced by osteoblasts in bone, major
regulator of insulin secretion by direct action over the pancreatic -
cell, and increasing sensitivity of peripheral tissues, e.g. muscles and
liver, enhancing glucose uptake and energy expenditure, thus
intervening in glycaemia regulation (Lee & Karsenty, 2008; Ferron
et al., 2008; Ferron et al., 2010; Fulzele et al., 2010); it also acts on
adipocytes to increase adiponectin, thus reducing fat deposition
(Ribot et al., 1987; Reid et al., 1992). Furthermore, studies on clinical
diabetes have shown that blood osteocalcin levels are significantly
lower in diabetics, when compared to non-diabetic controls, and that
these levels are inversely related to fat mass and blood glucose
(Kindblom et al., 2009; Pittas et al., 2009). Lastly, osteocalcin shows
some influence in male fertility, by enhancing testosterone
production by Leydig cells in the testes (Oury et al., 2011).

2.2 Regulation of bone metabolism (modelling/ remodelling)

Bone functions, like (re)modelling and fracture repair, are accomplished by four
types of cells: osteoblasts, bone lining cells, osteocytes and osteoclasts. These
processes are regulated locally by cytokines and growth factors, and systemically
by hormones, neuropeptides and other mediators (Harada and Rodan, 2003;
Karsenty et al., 2009).

2.2.1 Parathormone (PTH), Vitamin D and calcitonin:

The regulation of the bone mineral metabolism (calcium and phosphorus) results
from the interplay between parathormone (PTH), calcitonin, FGF23 and vitamin D.
PTH is released from the parathyroid glands in response to low levels of
extracellular ionized calcium, through the presence of specific cell-surface calcium-
sensing receptor (CSR) on the glands. High levels of PTH cause the increase of the
number of osteoclasts, and resorption of bone matrix, with consequent release of
calcium phosphate and increasing calcaemia. Inversely, low levels of PTH cause
the elevation of osteoblast numbers. It also acts over osteoblasts’ receptors, thus
stimulating osteoblasts to stop synthetizing collagen, and to inhibit the secretion of
stimulating factor by osteoclasts (Calvi et al., 2003). At renal level PTH, stimulated
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by low plasma calcium, inhibits phosphate reabsorption and accelerates its
excretion, stimulates calcium reabsorption, and upregulates a hydroxylase enzyme
(CYP27B1), thus stimulating the final step of 1,25(0OH); vitamin D3 synthesis
(Murayama et al., 1998).

Circulating hormonal metabolite, 10,25-dihydroxyvitamin Dz (1,25(0OH).Ds)
originates an activated complex that enhances several physiological functions,
including intestinal calcium and phosphate absorption, bone phosphate and calcium
resorption, and renal calcium and phosphate reabsorption, which results in a rise in
the blood calcium and phosphate, required for bone passive mineralization of
unmineralized bone matrix to occur (Haussler et al., 1998; Saini et al., 2013).
Additionally, 1,25(0OH),Ds stimulates differentiation of osteoblasts and the
expression of several bone proteins, like bone-specific alkaline phosphatase,
osteocalcin, osteonectin, osteoprotegerin, and other cytokines; and influences the
proliferation and apoptosis of other skeletal cells, including hypertrophic
chondrocytes (Clarke, 2008).

Calcitonin is produced by parafollicular cells of the thyroid, in direct relationship to
extracellular calcium, through the same sensor that regulates the production of PTH.
It inhibits matrix resorption, promotes calcium and phosphate excretion, thus
reducing calcium and phosphate serum levels; calcitonin has an inhibiting effect
over osteoclast mobility and over the secretion of proteolytic enzymes through its
receptor on osteoclasts (Boissy et al., 2002; Hadjidakis & Androulakis, 2006).

222 Growth hormone (GH):

Growth hormone, or somatotropin, is produced in the anterior hypophysis,
stimulates growth in general, particularly over the epiphyseal cartilage (Isaksson et
al., 1982). It stimulates certain organs, as the liver and the skeleton, to synthetize
somatomedins that have effect over growth, like insulin-like growth factor 1 (IGF-
1) and 2 (IGF-2). Thus, GH stimulates bone formation in two ways: 1) via a direct
interaction with GH receptors on osteoblasts and 2) via an induction of endocrine
and autocrine/paracrine IGF-1 (Ohlsson et al., 1998).

According to Ohlsson et al. (1998), GH action in bone remodelling follows a
“biphasic model”: initially it increases bone resorption with a concomitant bone
loss, which is followed by a phase of increased bone formation. When bone
formation is stimulated more than bone resorption (transition point), bone mass is
increased. A net increase of bone mass will be seen after 12-18 months of GH
treatment in GH deficient adults.

Moreover, a recent study developed in rats showed that GH increased bone growth,
by increasing both periosteal and endocortical bone formation, bone mineral content
(BMC) and bone mineral density (BMD), and that the administration of GH along
with PTH increases bone growth and bone formation, decreases bone resorption,
and has a synergistic effect on increasing bone density and bone mass (Guevarra et
al., 2010).

17



Bone: functions, structure and physiology

2.2.3 Sexual hormones and steroids (oestrogen and testosterone):

Oestrogen is an important regulator of skeletal development and homeostasis, both
via direct and indirect effects over the skeleton (Turner et al., 1994; Prince et al.,
1994). Indirectly it influences, for example, the calcium intestinal absorption (Liel
et al., 1999; ten Bolscher et al., 1999) and secretion (Draper et al., 1997), and the
calcium renal excretion; oestrogen also influences the secretion of PTH (V&&nénen
et al., 2005; Robinson et al., 2009). On the other hand, the mechanisms by which
oestrogen acts directly on bone tissue are not completely understood. Nevertheless,
it’s now acknowledged that oestrogen maintains bone homeostasis by inhibiting
osteoblast and osteocyte apoptosis (Tomkinson et al., 1997; Kousteni et al., 2002;
Emerton et al., 2010). Moreover, oestrogen inhibits the osteoclast formation and
activity as well as induces osteoclast apoptosis, thus indirectly preventing excessive
bone resorption (Hughes et al., 1996; Rodan & Martin, 2000; Faloni et al., 2007;
Faloni et al., 2012; Khosla et al., 2012).

Androgens are also important to bone homeostasis, in both sexes. It has been shown
that they stimulate bone formation in the periosteum, through several effects on
osteoblasts and osteoclasts, and by influencing the differentiation of pluripotent
stem cells toward distinct lineages (Wiren & Marcus, 2010). Similarly, to the loss
of oestrogen, the loss of androgen influences the rate of bone remodelling by
removing restraining effects on osteoblastogenesis and osteoclastogenesis, and
creates an imbalance between resorption and formation, as it prolongs the lifespan
of osteoclasts and shortens the lifespan of osteoblasts. Likewise, androgens
maintain cancellous bone mass and integrity, regardless of age or gender (Compston
et al., 2001; Vanderschueren et al., 2004).

2.2.4 Thyroid hormones:

Thyroid hormones (T3 and T4) levels influence bone growth during early
development as well as adult bone turnover and maintenance. They act both
indirectly, by enhancing the effects of growth hormone over tissues, and directly,
by stimulating bone resorption and formation. Hypothyroidism causes impaired
bone formation and growth retardation; inversely, thyrotoxicosis is an established
cause of secondary osteoporosis. Osteoclastic receptors for thyroid hormone have
been demonstrated (Abu et al., 1997). Thus, bone turnover is increased by thyroid
hormones, which is confirmed by increased biochemical markers of bone turnover,
such as osteocalcin and bone-specific alkaline phosphatase (Harvey et al., 1991; El
Hadidy et al., 2011; Waring et al., 2013), and therefore bone loss can occur (Britto
et al., 1994; Hadjidakis & Androulakis, 2006). Recent studies also suggest a
potential direct effect of thyroid stimulating hormone (TSH) on bone (Abe et al.,
2003) and TSH receptors have been found on osteoblasts and osteoclasts.
Furthermore, recombinant TSH showed antiresorptive effects in ovariectomized
rats (Abe et al., 2003; Sun et al., 2008) and lower TSH levels — with no apparent
association with free T4 levels — have been related with hip fracture risk, supporting
the idea that TSH effect on the skeleton may be independent from free T4 (Waring
et al., 2013). Finally, abnormal thyroid hormone signalling has been recognized as
an osteoarthritis’ risk factor (Bassett & Williams, 2016).
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225 Leptin (“satiety” hormone):

Leptin is produced mainly in adipose tissue, influences bone metabolism via direct
signalling from the central nervous system (CNS). It inhibits osteoclast generation
(Holloway et al., 2002), promotes the decrease in cancellous bone and increase in
cortical bone, thus enhancing bone enlargement (Ducy et al., 2000; Elefteriou et al.,
2004; Hamrick & Ferrari, 2008); it also increases osteoblast number and activity,
acting primarily through the peripheral pathways (Turner et al., 2013). Another
study showed that leptin increases bone mineral content and density, especially at
the lumbar spine (Mantzoros et al., 2011). Leptin also increases the expression of
IGF-1 receptor and IGF-1 receptor messenger RNA (mMRNA) within the
chondrocytes and the progenitor cell population, thus acting as a skeletal growth
factor with a direct peripheral effect on skeletal growth centre; it also induces
chondrocytes proliferation and differentiation through specific leptin binding sites
(Maor et al., 2002). Leptin is also a key up regulator of FGF23 secretion (Tsuji et
al., 2010) and it has recently been described as a direct enhancer of parathormone
secretion (Lopez et al., 2016).

226 Bone Morphogenetic Proteins (BMPs):

BMPs are group of 15 growth factors also known by cytokines, which belong to the
transforming growth factor B (TGF-p) superfamily, with the ability to induce the
formation of bone (Urist et al., 1965) and cartilage (Kobayashi et al., 2005). Bone
formation is a very complex process wherein BMPs play the major role in the
regulation of osteoblast lineage-specific differentiation and later bone formation
(Beederman et al., 2013). Alterations in BMPs activity are often associated to a
great variety of clinical pathologies, like skeletal and extra-skeletal anomalies,
autoimmune, cancer, and cardiovascular diseases (Rahman et al., 2015). BMPs
crosstalk with several other major signalling pathways, e.g. Wnt, Akt/mTOR,
miRNA, among others, having Runx2 as a key integrator (Lin & Hankenson, 2011;
Rahman et al., 2015). Among all BMPs, several authors refer to BMP9 as one of
the most potent BMPs in inducing osteogenic differentiation of MSCs, both in vitro
and invivo (Kang et al., 2004; Kang et al., 2007; Beederman et al., 2013); moreover,
TGF-B and GH are known to act synergistically with BMP9 to enhance bone
formation (Li et al., 2012; Huang et al., 2012; Rahman et al., 2015). In addition to
BMP9, other BMPs also have shown the ability to induce osteogenesis in vivo, such
as BMP2, BMP6 and BMP7 (Franceschi et al., 2000; Jane et al., 2002; Cheng et al.,
2003), with recombinant human-BMP2 and -BMP7 already being commercialized
with the purpose of enhancing bone healing (Carreira et al., 2014). Contrariwise,
BMP3 is known to be a negative regulator of bone formation (Kang et al., 2004).

2.2.7 Insulin and insulin-like growth factors (IGF-1 and IGF-2):

IGF-1 stimulates chondrocyte proliferation in the growth plate, thus playing a
crucial role in longitudinal bone growth (Lupu et al., 2001). It is also involved in
the formation of trabecular bone, which is essential to bone mineralization (Zhang
et al., 2002). Insulin and IGF-1 have shown to be anabolic agents in osteoblast and
bone development, mainly through the activation of Akt and ERK signalling
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pathways; also, IGF-1, but not insulin, was capable of inducing osteoblasts in vivo
proliferation (Zhang et al., 2012). IGF-1 inhibits the gene expression of osteocalcin,
a marker for differentiating osteoblasts, whilst insulin enhances it. Furthermore,
insulin indirectly enhances Runx2 expression, which is a regulator of osteoblast
differentiation, by inhibiting the expression of Runx2 inhibitor Twist2 (Fulzele et
al., 2010; Zhang et al., 2012). A study with insulin-deficient type | diabetic mice
showed that these mice presented a decreased expression of Runx2 and the Runx2-
regulated genes, like osteocalcin and collagen type I, and a secondary decrease in
bone formation. Bone loss was restored after insulin treatment, which increased
Runx2 expression and the expression of related genes (Fowlkes et al., 2008).

Likewise, IGF-2 potentiates BMP-9-induced osteogenic differentiation and bone
formation (Chen et al., 2010) through PI3K/AKT signalling. Moreover, a recent
study in mice aortas showed that IGF-2 induces the expression of miR-30g, in a
feedback loop, which is a major down-regulator of osteogenic differentiation in
MSCs and smooth muscle cells (SMCs) (Ding et al., 2015).

2.3 Bone structure and mechanical properties

Bone mechanical properties depend on mineralization degree, porosity,
composition and organization of solid matrix. Therefore, the mechanical behaviour
of a whole bone is highly dependent on its properties at a microscale (Rho et al.,
1998).

Bone is composed of 70% inorganic component (of which 95% is hydroxyapatite
and 5% are impurities impregnated in hydroxyapatite), 22% to 25% of organic
component (of which 94-98% is mainly collagen type | and other non-collagen
proteins and 2%-6% are cells) and 5 to 8% is water (Sommerfeldt & Rubin, 2001).

Mature, lamellar bone is morphologically classified in two different types: cortical
or compact and cancellous bone. Cortical and cancellous bone types differ in
structure and functional properties.

The typical structure of a long bone such as the femur or the humerus comprises the
shaft, or diaphysis, and the extremities, or epiphysis (Fig. 1). The diaphysis consists
of a cylinder of compact bone surrounding the central medullary cavity, lined by a
thin layer of connective tissue, the endosteum.
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Fig. 1 Hlustration of a long bone structure, showing
the distribution of two different types of lamellar bone:

cancellous and cortical compact bone.
Diaphysis — A@

Epiphysis {

Articular
cartilage

The epiphysis consists of cancellous bone surrounded by a layer of cortical bone.
Within the porous chambers of cancellous bone lays red bone marrow. A layer of
dense connective tissue called periosteum covers the outer surface of the bone,
except for the areas of articulation, covered with hyaline cartilage. The periosteum
is highly vascular and is responsible for appositional bone growth (Van De Graaff,
2001).

Cortical bone (Fig. 2) is a porous mineralized tissue and accounts for approximately
80% of the skeletal mass. It is formed by tightly packed collagen fibrils, forming
concentric lamellae. Each lamella is 2 — 3 pum thick and is arranged in several
discrete layers of parallel fibrils, each layer having a different orientation of fibrils
(Weiner et al., 1999). Apatite crystals (mainly carbonated apatite) are deposited
within and around these fibrils. The lamellae form cylinders containing a hollow
central tube wherein blood vessels and nerves run. The ensemble is called Haversian
system or osteon and it is the microstructural unit of cortical bone. Blood vessels
form a three-dimensional network, from the centre of the osteon (Haversian canals)
and penetrating the cortical bone layer perpendicularly (Volkman’s channels)
(Meyer & Wiesmann, 2006). In between the osteons are remnants of incomplete
osteons, known as interstitial systems or interstitial bone.
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Fig. 2 Microphotograph of cortical bone in vertebrae (undecalcified bone section
of sheep vertebra, Giemsa-Eosin, 20x magnification; slide digitalized using
Nanozoomer SQ, Hamamatsu Photonics, Portugal). Haversian systems are
evident, along with organized fibrils. Osteocytes are visible in their lacunae, in
between lamellae.

Cancellous (or trabecular) bone has a more loosely organized structure and higher
porosity. The lamellae are organized in a parallel manner, forming trabeculae in a
flattened and spongy-like network (Fig. 3). Trabeculae are covered by osteoblasts
and bone-lining cells. Osteoblasts actively depose extracellular matrix (ECM) and
bone-lining cells are in an inactive state.

The metabolic rate of trabecular bone is higher than that of cortical bone, and so are
the remodelling phenomena. The trabecular network is a light structure, of uttermost
importance for load transfer through the bone. This can be clearly seen in epiphyses
and metaphysis of long bones, but also in vertebrae and ribs; trabeculae are
orientated according to routine load bearing direction (Carter & Beaupré, 2001;
Currey, 2003).
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Fig. 3 Image of vertebral trabecular bone (undecalcified bone section of sheep
lumbar vertebra, Giemsa-Eosin, 1.25x magnification; slide digitalized using
Nanozoomer SQ, Hamamatsu Photonics, Portugal). The picture illustrates the
sponge-like structure of cancellous bone.

The bone exhibits a stress-strain response of sequential elastic and plastic responses.
The slope of the elastic region is called the elastic or Young’s modulus, and is a
measure of the intrinsic stiffness of the material.

Bone can withstand a maximum level of stress, corresponding to a maximum strain,
before a fracture occurs. In its elastic region, no permanent damage is caused to the
bone structure; if the stress increases, a gradual transition to a plastic response
occurs. Elastic and plastic regions of the stress-strain curve are separated by the
yield point. Post-yield deformations are permanent and may include lesions at
cement lines, cracks and trabecular fractures. Crack formation and growth is a mean
to dissipate energy. In the elastic phase of the curve energy builds up, whilst in the
plastic region the energy levels are lowered by damage to the bone structure, and
ultimately, by fracture. Generally speaking, the higher bone mineral density, the
higher the stiffness. However, a higher Young’s modulus corresponds to less
ductility and higher brittleness (Turner, 2006). Long bones, as other natural
composite tubular structures, combine great strength and fatigue resistance against
axial compression forces with minimum weight. However, much of the strain
measured in bone is due also to bending moments (Sommerfeldt et al., 2001).
Normal loading of long bones combines compressive and bending efforts, causing
in humans a large variation of strains, up to 400 to 2000 pstrains or even as high as
4000 pstrains (Duncan & Turner, 1995; Burr et al., 1996; Sommerfeldt et al., 2001).
Strains are local deformations and 1 pstrain corresponds to 1 pm deformation per
meter of length (Duncan & Turner, 1995).
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However, due to difficulties to measure bone mechanical properties at a
microstructural level, in the various possible directions, further knowledge about
the actual strains bone cells are subjected to and able to sense in vivo is necessary.

Both cancellous and compact bone show anisotropic behaviour, i.e. the Young’s
modulus depends on the direction of the load, due to the deliberate direction of
lamellae (Heinonen et al., 1995; Carter & Beaupré, 2001). In long bones,
fundamental for load bearing and leverage, stiffness along the long axis was
favoured. Vertebral bodies function like shock absorbers and flexibility was
preferred and achieved through the cancellous porous architecture (Carbonare et al.,
2005).

Woven or primary bone is present in growth, fracture healing and in certain diseases
(like Paget’s disease). Cells and ECM are laid randomly. During intramembranous,
endochondral or rapid appositional bone growth, woven bone is formed. In large
animals (whether reptiles, birds or mammals), woven bone with large vascular
canals is rapidly deposited in the subperiosteal region. The canals are lined with
osteoblasts that slowly will deposit lamellae, until the canal has a reduced diameter;
the resulting structure is a primary Haversian system or osteon. The random
distribution of its components explains woven bone’s isotropy.

2.4 The bone matrix

The mineral phase comprises most of bone mass, but the organic component is
essential for normal function. The collagen network is coated by hydroxyapatite
crystals.

Structure and biomechanical properties of the bone depend on collagen. Three long
peptide sequences, arranged helicoidally, constitute the collagen | molecule.
Collagen goes through several enzymatic modifications whilst still within the
osteoblast (Young, 2003). Further cross-linking within and between collagen
molecules occurs after leaving the cell. Diseases such as osteogenesis imperfecta
are caused by collagen chain mutations (Young, 2003; Bodian et al., 2009). As
reviewed ahead in this chapter, the triple tropocollagen units are aligned in fibrils,
displaying a permanent dipole moment. Therefore, collagen acts as a piezoelectric
and pyroelectric material, and as an electromechanical transducer (Fukada &
Yasuda, 1964; Noris-Suarez et al., 2007). The piezoelectric properties of collagen
and the native polarity of the molecules are associated with the mineralization
process. Under compression, negative charges on the collagen surface become
uncovered and entice calcium cations, which are followed by phosphate ions (Noris-
Suérez et al., 2007; Ferreira et al., 2009).

Non-collagenous proteins, present in much smaller quantities, are also paramount
for normal bone function and properties. Some of these proteins are shortly
introduced: osteopontin, fibronectin, osteonectin and bone sialoprotein.
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Osteopontin (OPN) is a non-collagenous secreted glycoprotein, present in bone
matrix, where it binds both to cell surface and to hydroxyapatite. It is mainly
produced by proliferating pre-osteoblasts, osteoblasts and osteocytes, but also by
fibroblasts, osteoclasts and macrophages (Ashizawa et al., 1996; Perrien et al.,
2002). OPN intervenes in cell migration, adhesion, and survival in many cell types.
OPN production is known to be increased in association with mechanical loading
(Harter et al., 1995; Perrien et al., 2002), and its deficiency significantly diminishes
bone fracture toughness and causes anomalous mineral distribution (Fisher et al.,
2001; Thurner et al., 2010).

Fibronectin mediates a large number of cellular interactions with the ECM, also
playing an important part in cell adhesion, migration, growth and differentiation. It
is vital for vertebrate development and is mainly synthesized by osteoblast
precursors and mature bone cells, but can also be produced at distant sites (such as
the liver), and enter systemic circulation. Some studies suggested that only
circulating fibronectin exerts effects on the bone matrix (Young, 2003; Bentmann
et al., 2010). Fibronectin binds to collagen and may act as an extracellular scaffold
that binds and facilitates interactions of BMP1 with substrates that include
procollagen and biglycan (Huang et al., 2009). Fibronectin may also be vital for
MSC differentiation into osteoblastic lineage (Linsley et al., 2013).

Osteonectin or SPARC (secreted protein acidic and rich in cysteine) is one of the
most abundant non-collagenous protein present in bone matrix. It has a strong
affinity to collagen and mineral content; osteonectin knockout mice suffer from
osteopenia in consequence of low bone turn-over, and osteoblasts and osteoclasts
defective function. Changes in osteonectin encoding gene have also been linked to
idiopathic osteoporosis and osteogenesis imperfecta (Rosset & Bradshaw, 2016).

Thrombospondin-2 is another matricellular protein that also exerts its effects on
osteoblast proliferation and function, being involved in MSCs adhesion and
migration; it has also influence on angiogenesis and tumour growth (Delany et al.,
2000; Delany & Hankenson, 2009).

Bone sialoprotein (BSP) is a highly glycosylated and sulphated phosphoprotein that
is found almost exclusively in mineralized connective tissues (Ganss et al., 1999).
BSP knockout mice present reduced amounts of cortical bone and higher trabecular
bone mass with very low turn-over. BSP defective mice maintain unloading bone
response, as opposite to OPN knockout mice (Malaval et al., 2008).

Proteoglycan (PG) encoding genes are expressed both in skeletal and non-skeletal
tissues but with stronger expression in bone, joints and liver; in bone PG encoding
PrG4 gene expression is under PTH control (Novince et al., 2012); structure and
localization is varied and PG perform a large number of biological functions. PGs
help structuring the bone tissue by regulating collagen secretion and fibril
organization. PGs also modulate cytokines and growth factors biological activity in
bone (Lamoureux et al., 2007).
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2.5  Bone cell population

Mature bone comprises three main types of cells: osteoblasts, osteocytes and
osteoclasts.

25.1 Osteoblasts

Osteoblasts derive from MSCs, sharing a common background with chondrocytes,
myoblasts and fibroblasts. Osteoblasts differentiate under the influence of a variety
of hormones and cytokines and the local mechanical environment (Nakamura,
2007). These cells, when active, are characteristically round, with specific features
consistent with their secretory role (Fig. 4).

Fig. 4 Osteoblasts are round cells that when actively deposing matrix on bone surfaces show
prominent Golgi complexes (on the left, microphotograph, undecalcified bone section, Giemsa Eosin,
magnification 100x). When quiescent, osteoblasts appear as flat bone lining cells.

These cells present very evident Golgi complexes and endoplasmic reticulum (with
multiple vesicles and vacuoles) especially ostensive during matrix secretion and
early stages of mineralization (Palumbo, 1986).

Osteoblasts can also remain on inactive bone surfaces as flat bone lining cells, with
scarce cell organelles evident. Increased levels of expression of pro-collagen,
osteopontin and osteocalcin are present during osteoblast maturation process; bone
sialoprotein seems to be more strongly expressed at intermediate phases of
differentiation (Bellows et al., 1999; Bellows & Herschel, 2001). Osteoblast
differentiation is impaired when gap junctions are inhibited, suggesting
communication to neighbouring cells is essential for differentiation (Schiller et al.,
2001). Osteoblasts produce non-mineralized matrix — osteoid — that becomes
gradually mineralized, wherein they become trapped and some differentiate into
osteocytes. Osteoblast differentiation is influenced by 1,25(OH),Ds and mechanical
stimuli, amongst other factors (van der Meijden et al., 2016).

252 Osteocytes

Osteocytes are the most abundant cells of bone by far, comprising more than 90%
of the osteoblast lineage and contributing to both bone formation and resorption
(van Bezooijen et al., 2004; Bonewald et al., 2007). They are fully differentiated
osteoblasts embedded in mineralized matrix, sitting in the osteocytic lacunae.
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Lacunae are located between adjacent lamellae and are interconnected to
surrounding lacunae by a canalicular system (Fig. 5). Osteocytes’ long cell
processes lay within the canaliculi. The extremities of the dendritic processes
connect osteocytes amongst themselves, also establishing contact with osteoblasts
and bone lining cells (Carter & Beaupré, 2001; Knothe Tate et al., 2004; Jiang et
al., 2007). The resulting functional syncytium shares a common environment
(Knothe Tate, 2003).

Fig. 5 Microphotograph of undecalcified bone section of sheep vertebra, Giemsa-Eosin, on the left,
showing osteocytes (Giemsa-Eosin, 24x magnification; slide digitalized using Nanozoomer SQ,
Hamamatsu Photonics, Portugal). Some of the canaliculi where cell processes run are evident. The
image on the right illustrates the resulting three-dimensional syncytium.

Osteocytes have no matrix secretion functions; however, they are responsible for
sensing changes in the bone structure and commanding bone remodelling.

Pre-osteoblasts and osteoblasts are less responsive to fluid shear stress than
osteocytes. Mechanosensitivity seems to increase during differentiation although it
is now known that osteoblasts are able to modulate response to mechanical stimulate
in function of its intensity (Sommerfeldt et al., 2001; Kringelbach et al., 2015).
Osteocyte functions include maintaining bone matrix and mechanosensing (Burger
& Klein-Nulend, 1999; Mullender et al., 2004). Sensation of electrical signals may
be one of the functions of osteocytes, and electrical signals mediated by osteocytes
may regulate the cell behaviour in bone tissue (Huang et al., 2008). The same
mechanical stimulus may cause a different response in osteocytes according to their
cell body shape (van Oers et al., 2015).

Osteocytes early response to mechanical loading results in vesicular ATP release
by exocytosis, tuned according to the magnitude of the stimulus (Kringelbach et al.,
2015).

Osteocytes also respond to mechanical stimuli by producing various messengers’
molecules such as nitric oxide and prostaglandins, in particular prostaglandin E;
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(PGEy) (Klein-Nulend et al., 1998; Cherian et al., 2003; Mullender et al., 2004).
This response is dependent on function of stretch-activated calcium channels
(Rawlinson et al., 1996). PGE; has anabolic effects, stimulating osteoblast activity
and new bone formation (Jee et al., 1990). Nitric oxide inhibits bone resorption, by
suppressing osteoclast formation and increasing the expression of osteoprotegerin
(Kasten et al., 1994; Fan et al., 2004).

The life span of osteocytes is highly variable but is probably associated with the rate
of bone remodelling, depending on mechanical and environmental factors such as
hormones; osteocytes apoptosis may be inhibited or induced by a variety of
physiological, pathological conditions and by biological effectors such as
hormones, without being necessarily accompanied by an increase in
osteoclastogenesis (Tomkinson et al., 1997; Lee et al., 2004; Plotkin et al., 2005;
Hirose et al., 2007; Jika et al., 2013).

Osteocyte density is intimately related to bone architecture and thus to its
mechanical behaviour (Metz et al., 2003). Young osteocytes are polarized toward
the mineralization front, just like osteoblasts are, with the nucleus remaining in
close to vessels (Palumbo, 1986). As lamellar bone matures, the osteocytes tend to
spread their processes perpendicularly to the longitudinal axis of trabeculae and
long bones and appear as flattened cells. In immature bone, plump osteocytes with
randomly distributed processes predominate (Hirose et al., 2007).

2.5.3 Osteoclasts

Osteoclasts are multinucleated cells, of the same lineage as macrophages and
monocytes (Fig. 6).

Like macrophages, they have the ability to merge and form multinucleated cells,
and to phagocytise (Rubin & Greenfield, 2005). The cell precursor may differentiate
into either an osteoclast or a macrophage, and the differentiation path depends on
the precursor cell being exposed to a receptor activator of several ligands (Receptor
Activator of Nuclear factor kB Ligand - RANKL, osteoprotegerin (OPG) and
osteoclast differentiation factor - ODF) or to colony-stimulating factors related to
immune system (Nakagawa et al., 1998; Asagiri & Takayanagi, 2007; Takayanagi,
2008).

The osteoclast presents distinctive functional features:

« osteoclasts are able to attach firmly to the bone surface, isolating the area
under the cell membrane from its surroundings; the membrane domain
responsible for the isolation of the resorption site is called sealing zone
(Marchisio et al., 1984; VVaananen & Horton, 1995);

» osteoclasts acidify the mineral matrix by the action of protons pumps at
the ruffled border membrane, a resorbing organelle; the lowering of the pH
causes the dissolution of the hydroxyapatite crystals (Baron et al., 1985;
Blair et al., 1989; Rousselle & Heymann, 2002);

» osteoclasts are capable of synthetizing and secreting enzymes such as
tartrate-resistant acid phosphatase (TRAP) and cathepsins in a directional
manner; the proteases secreted by osteoclasts cleave the organic matrix;
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through the combined action of lysosome enzymes, matrix
metalloproteinases and the pH reduction, bone is resorbed (Littlewood-
Evans et al., 1997; VVadraniemi et al., 2004);

« osteoclasts can phagocytise the resultant organic debris and minerals,
removing them from the resorption lacunae, through a transcytosis process
(Salo et al., 1997; Yamaki et al., 2005).

et

Fig. 6 On top, microphotograph of TRAP positive osteoclasts in cutting cone; on bottom, a schematic
detail of the ruffled border membrane in direct contact with bone. This is the resorbing organelle;
along its enlarged ruffled contact surface, proton pumps lower the local pH, dissolving
hydroxyapatite.

The bone resorption process begins with differentiation and recruitment of
osteoclast precursors, which merge and originate matured multinucleated bone-
resorbing osteoclasts. To initiate resorption the osteoclast attaches to the bone
matrix via the interaction of integrins with matrix proteins, like osteopontin and
bone sialoprotein, previously laid down by osteoblasts (V&ananen & Horton, 1995).
However, bone resorption is only attainable if appropriate matrix mineralization
exists (Chambers & Fuller, 1985).
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2.6 Bone remodelling and cell interplay

The dynamic process of bone resorption and formation occurs on both cortical and
trabecular bone, and arises in response to mechanical loading, calcium serum levels
and a wide array of paracrine and endocrine factors.

The bone remodelling process depends on the coordinate actions of osteoblasts,
osteoclasts, osteocytes and osteoblast-derived bone lining cells, along with other
cells, such as macrophages and immune cells, in what is known as the “Basic
Multicellular Unit” (BMU) or “Bone Remodelling Unit” (BRU). In the BMU, the
amount of bone destructed by osteoclasts is equal to the amount produced by
osteoblasts. The balance between osteoblastic and osteoclastic activity is known as
coupling. Osteoclasts can resorb bone in the absence of osteoblasts and bone is
formed in the absence of osteoclasts, signifying that osteoclasts and osteoblasts
within the BMU may function under the control of other cell types (Corral et al.,
1998; Kong et al., 1999). This scenario is reinforced by the fact that cells from the
osteoblast lineage express receptors for cytokines and other local secreted factors
that stimulate osteoclast formation (Suda et al., 1999). The BMU may be inhibited
by old age, drugs, endocrine, metabolic or inflammatory diseases.

Independently from the triggering stimulus, osteoclast formation depends on
RANKL. Osteoblasts express membrane-bond RANKL and this regulatory
molecule interacts with a receptor (receptor activator of nuclear factor-«B - RANK),
expressed on the surface of osteoclast precursors. The RANK activation by
RANKL is essential for fusion of the osteoclast precursor cells and osteoclast
formation (Miyamoto & Suda, 2003). Whilst some studies suggest down-regulation
of the RANKL expression by osteoblasts under mechanical stimulation, others
describe up-regulation of RANKL expression under similar mechanical conditions
(Fan et al., 2006; Kreja et al., 2008).

RANKL-bond (that is reported to increase) and soluble RANKL (reported to
decrease) are differentially secreted by osteoblasts in response to different
mechanical stimuli regimens (Kim & Lee, 2006). Human osteoblasts subjected to
strains varying from 0.8 to 3.2% respond to higher strain with increased expression
of osteocalcin, type | collagen and Cbfal/Runx2, and to lower strain magnitudes
with an increase of alkaline phosphatase activity (Zhu et al., 2008).

Cells belonging to the osteoblast-cell lineage also produce OPG. OPG is soluble
and blocks the interaction between RANKL and RANK (it acts as a decoy receptor
for RANKL), thus inhibiting osteoclast formation. Osteoblasts, in addition, secrete
macrophage colony stimulating factor-1 (M-CSF-1); this factor promotes osteoclast
precursor proliferation and expression of RANK by these same precursor cells (Arai
et al., 1999; Romas et al., 2002), demonstrating how intimate is the interplay of
these different cell types.

Osteoblast-like cells cultures mechanically stimulated may respond by a decrease
in the production of OPG, without change in the RANKL production, with
consequent increase in the ratio of RANKL/OPG. In an in vivo scenario, this would
translate into increased bone remodelling. However, subjecting osteoclast-like cells
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to the same mechanical stimuli regimen, decreased TRAP and with one-minute
stimulation at 0.3 Hz frequencies, a decrease in cell fusion and resorption activity
was observed (Kadow-Romacker et al., 2009).

RANKL expression by osteoblast-lineage cells is enhanced when microdamage
within the bone matrix occurs. Microdamage may occur in pathological conditions
or under physiological bone loading. The existence of microcracks is sensed by
osteocytes, and may induce osteocyte apoptosis, as suggested by several studies;
osteocyte apoptosis may also be induced by disuse and is closely correlated with
higher bone remodelling levels (Mori & Burr, 1993; Bentolila et al., 1998; Verborgt
etal., 2002; Noble et al., 2003; Mann et al., 2006; Martin, 2007, Jika et al., 2013).

Pulsating fluid flow (PFF)-treated osteocyte cultures condition the culture medium,
inhibiting osteoclast formation and decreasing in vitro bone resorption. These
effects have not been detected in the medium from PFF-treated fibroblast cultures
(Tan et al., 2007).

Consequently, osteocytes regulate osteoclastogenesis and osteoclast activity,
through soluble factors and messenger molecules. In osteocytes subjected to PFF,
nitric oxide is involved in the up and down regulation of at least two apoptosis-
related genes (Bcl-2 and caspase-3, with antiapoptotic protective and pro-apoptotic
functions, respectively) (Tan et al., 2008). Nitric oxide (NO) is a second messenger
molecule produced in response to mechanical stimulation of osteoblasts and
osteocytes, and other cell types such as endothelial cells, with a large variety of
biological functions (Smalt et al., 1997; Zaman et al., 1999; Rdssig et al., 2000;
van’T Hof, 2001).

Other pathways are relevant for osteoblasts, osteocytes and osteoclasts interweaved
regulation, such as the Notch signalling pathway. In osteocytes, the Notch receptors
activation induces OPG and Wnt signalling, decreasing cancellous bone
remodelling and inducing cortical bone formation (Canalis et al., 2013).

2.7 Bone mechanotransduction

Bone mechanotransduction, essential in health and disease states, is not fully
understood, despite the many advances. The transduction elements include ECM,
cell-cell adhesions, cell-ECM adhesions, membrane components, specialized
surface processes, nuclear structures and cytoskeleton filaments.

2.7.1 The membrane elements, ECM-cell and cell-cell adhesions

Cell membrane-associated mechanotransduction mechanisms depend on the
integrity of the phospholipid bilayer. Mechanotransduction pathways are disrupted
if membrane cholesterol is depleted, inhibiting the response to hydrostatic and fluid
shear stress (Ferraro et al., 2004; Xing et al, 2011). Cytoskeleton actin
polymerization and assembly is influenced by membrane cholesterol levels
(Klausen et al., 2006; Qi et al., 2009). More recently, it has been proposed that actin
polymerization during synaptic vesicle recycling is influenced by vesicular
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cholesterol, but not plasma membrane cholesterol, as shown by a study wherein the
inhibition of actin polymerization by the extraction of vesicular cholesterol resulted
in the dispersal of synaptic vesicle proteins (Dason et al., 2014). But even with an
intact membrane, if integrin binding is impaired, actin cytoskeleton will not
reorganize in response to shear stress (Radel & Rizzo, 2005).

The integrins are a superfamily of cell adhesion receptors that bind to ECM ligands,
cell-surface ligands, and soluble ligands. Integrins are heterodimers of non-
covalently associated 18a and 8f subunits, in mammals, that can combine to
generate 24 different receptors with different binding properties and different tissue
distribution (Hynes et al., 2002; Barczyk et al. 2010). These subunits possess an
extracellular portion with several domains, able to bind to large multi-adhesive
ECM molecules, which in turn bind to other ECM molecules, growth factors,
cytokines and matrix-degrading proteases (Barczyk et al., 2010). Integrins were first
acknowledged as bridging the ECM and the cell cytoskeleton, including the actin
cytoskeleton but also the intermediate filament network, essentially vimentin and
laminin (Nievers et al., 1999). Recruitment of vimentin has been shown to depend
on integrin B3 subunits, further pointing out the relationship between the various
cytoskeletal elements and integrins (Bhattacharya et al., 2009). The cytoplasmatic
portions of integrin § subunit are able to bind to talin, which can also directly bind
to vinculin and actin filaments (Cram & Schwarzbauer, 2004). On the other hand,
integrin 04 subunit binds to paxillin (Brown et al., 1996), a protein that integrates
focal adhesions.

Integrins allow communication between structures within and out of the cell, in a
bi-directional way. The inside-out signalling brings the integrin extracellular
domains into the active conformation. In the outside-in pathway, receptor clustering
and redistribution of cytoskeletal and signalling molecules occurs into focal
adhesions at the sites of cell-ECM contact (Cram & Schwarzbauer, 2004; Geiger et
al., 2009). Recently, it has been demonstrated that the connective tissue growth
factor (CTGF), which is a matrix protein, enhances osteoblast adhesion (via o1
integrin) and cell proliferation, by inducing cytoskeletal reorganization and Racl
activation (Hendesi et al., 2015). Another study suggested that another matrix
protein — osteoactivin — also plays a role in the regulation of osteoblast
differentiation and function, by stimulating alkaline phosphatase (ALP) activity,
osteocalcin production, nodule formation, and matrix mineralization (Moussa et al.,
2015). Finally, a5B1 integrin interacts with its high affinity ligand CRRETAWAC,
enhancing the Wnt/B-catenin signalling mechanism to promote osteoblast
differentiation independently of cell adhesion (Saidak et al., 2015).

Initial adhesions to substrates are characterized by small dot-like or punctuate areas
at the edges of lamellipodia, usually known as focal complexes. The mature
elongated form of cell-matrix adhesion, referred to as focal adhesions or focal
contacts, is associated with bundles of actin and myosin (stress fibres). There is a
specialized form of focal contact, in which integrin binds to fibronectin fibrils and
tensin but with low levels of tyrosine kinases (Katz et al., 2000; El-Hoss et al.,
2014). Most focal adhesions contain several types of signalling molecules like
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tyrosine phosphatases and tyrosine kinases and adaptor proteins (Parsons, 1996;
Yamada & Geiger, 1997; Geiger et al., 2009; Teo et al., 2013).

Force application to bound integrins activates the GTPase Rho, causing myosin Il
contraction, making the cell apply tension to the substrate; another one of the Rho
targets, when active, ensures by itself the development of focal contacts (Riveline
etal., 2001).

Cell adhesion and mechanical stimulation depend on integrin mediation (Carvalho
et al., 1998). Forces applied to integrin receptors cause local adhesion proteins to
be recruited and the cell adapts by making the integrin-cytoskeleton linkages more
rigid (Riveline et al., 2001). Different signalling pathways are triggered by sensed
stress through integrin receptors. Sequential expression of integrin ligands
(osteopontin, fibronectin and bone sialoprotein) in response to mechanical
stimulation of osteoblasts has been described (Carvalho et al., 2002). Bonds
between integrin and ligands becomes stronger in the presence of cell tension
(Friedland et al., 2009).

Osteocytes are highly specialized in their interaction with ECM; osteocyte cell
bodies express Bl integrins while cell processes express B3 integrins, the latter in a
punctuate distribution similar to matrix attachment sites but involving far fewer
integrins, being essential for mechanically induced bone formation (Phillips et al.,
2008; McNamara et al., 2009; Litzenberger et al., 2009 Litzenberger et al., 2010).
Thi et al. identified the cell processes as the mechanosensory organs in osteocytes
(Thi et al., 2013). Recently, it has been demonstrated that integrin avf33 is essential
for the maintenance of osteocyte cell processes and also for mechanosensation and
mechanotransduction by osteocytes (Haugh et al., 2015). These conclusions are
supported by another study, wherein cortical osteocytes from knockout mice were
depleted of B1 integrin, but the unloading of the hindlimb did not reduce cortical
bone size and strength, in contrast to wild type mice (Phillips et al., 2008). Another
study showed that ERK1/2 activation by strain prevented osteocyte apoptosis,
however it required the integrin/cytoskeleton/Src/ERK signalling pathway
activation (Plotkin et al., 2005).

Apart from integrin, other membrane proteins are responsible for conduction of
mechanical stimuli. Cadherins, which connect to the cytoskeleton, mediate force-
induced calcium influx (Gillespie & Walker, 2001; Kazmierczak et al., 2007), and
participate also in the Wnt/B-catenin pathway, potentially interfering in
osteoblastogenesis and bone formation (Marie et al., 2013). In osteoblasts,
mechanical load applied to Pl-integrin subunit results in calcium influx
(Pommerenke et al., 2002), independently from gap junctions (Saunders et al.,
2001). Also in osteoblasts, it has been suggested that GPI-anchored proteins may
play an important role in osteoblastic mechanosensing, by demonstrating that the
overexpression of GPI-PLD, an enzyme that can specifically cleave GPl-anchored
proteins from cell membranes, inhibits flow-induced intracellular calcium
mobilization and ERK1/2 activation in MC3T3-Elcells (Xing et al., 2011). Ephrins
(ligands) and Ephs (receptors) contribute to cell-cell interactions between
osteoclasts and osteoblasts, helping to regulate bone resorption and formation, and
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appear to be necessary for h(MSC differentiation (Tamma & Zallone, 2012; Matsuo
& Otaki, 2012). Lastly, another family of proteins — galectins —, are also involved
in regulating osteogenesis; for example, Gal-3, which is expressed both by
osteocytes and osteoblasts, plays a significant role as a modulator of major
signalling pathways, such as Whnt signalling, MAPK pathway, and PI3K/AKT
pathway (Nakajima et al., 2016); Gal-8 induces RANKL expression by osteoblasts
and osteocytes, osteoclastogenesis and bone mass reduction in mice (Vinik et al.,
2015); and Gal-9 induces osteoblast differentiation through the CD44/Smad
signalling pathway in the absence of bone morphogenetic proteins (BMPS)
(Tanikawa et al., 2010).

Gap junctions are transmembrane channels that connect the cytoplasm of
neighbouring cells. Small metabolites, ions and signalling molecules like calcium
and cAMP pass through these channels, since molecular weight must be lower than
1 kDa (Flagg-Newton et al., 1979; Steinberg et al., 1994). Gap junctions are
essential for bone mechanosensation and thus for bone remodelling, since in
osteoblastic cells fluid flow induces PGE2 production, dependent on intact gap
junctions; if these are disturbed, PGE2 production does not occur (Saunders et al.,
2001; Saunders et al., 2003). Mice lacking Cx43 gap junctions in osteoblasts and/or
osteocytes exhibit increased osteocyte apoptosis, endocortical resorption, and
periosteal bone formation (Bivi et al., 2012).

2.7.2 Primary cilia

In different cell types, different structures ensure recognition of mechanical stimuli;
kidney epithelial cells possess a sole microvillar projection on their apical surface
(primary cilia). The same kind of structure was described in osteoblasts and
osteoblast-like cells (Myers et al., 2007; Delaine-Smith et al., 2014). Primary cilia
originate in the centrosome and project from the surface of bone cells; its deflection
during flow indicates that they have the potential to sense fluid flow. These cilia
deflect upon application of 0.03 Pa steady fluid flow and recoil after cessation of
flow (Xiao et al., 2006; Malone et al., 2007).

In bone, primary cilia translate fluid flow into cellular responses, independently of
Ca?* flux and stretch-activated ion channels (Malone et al., 2007). Moreover,
recently it has been demonstrated in vitro that, apart from mediating the up-
regulation of specific osteogenic genes, primary cilia are also important mediators
of oscillatory fluid flow-induced extracellular calcium deposition, thereby playing
an essential role in load-induced mineral matrix deposition (Delaine-Smith et al.,
2014). Finally, two in vivo studies using knockout mice of Kif3a, which results in
defective primary cilia, showed that primary cilia are essential for the ability of pre-
osteoblasts to sense strain-related mechanical stimuli at a healing bone-implant
interface and induce differentiation into bone-forming osteoblasts (Leucht et al.,
2013) and MSCs to sense mechanical signals and enhance osteogenic lineage
commitment in vivo (Chen & Hoey et al., 2016).

Shear stresses resulting from fluid flow cause calcium influx through
mechanosensitive channels (Nauli et al., 2003; Praetorius et al., 2003). Calcium
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influx occurs is osteoblasts in response to oscillatory fluid flow (Saunders et al.,
2001).

Finally, concerning osteocytes, there are still many conflicting information
regarding in vivo expression of cilia. Their role as mechanosensors depends on the
type and number of cells with cilia, and on the local mechanical environment. The
low incidence of primary cilia in osteocytes (about 4%) may indicate that cilia
function as mechanosensors on a selected number of cells or that cilia function in
concert with other mechanosensing mechanisms (Coughlin et al., 2015).

2.7.3 The cytoskeleton

Specific transmembrane receptors couple the cell cytoskeleton network to the ECM.
Integrins connect to the cytoskeleton through focal adhesions that contain actin-
associated proteins such as talin, vinculin, paxillin and zyxin. Both paxillin and
zyxin belong to a group of LIM domain proteins, which have been suggested as
mechanoresponders responsible for regulate stress fibres assembly, repair, and
remodelling in response to changing forces (Smith et al., 2014). The transfer of
forces across the network of microfilaments, microtubules and cell adhesions allows
that focused stresses applied to the surface membrane affect distant cellular sites
such as the mitochondria and nucleus, or the plasma membrane on the opposite side
of the cell. The transmission of strain towards the ECM stimulates structural
changes at a higher organization level, making it stronger (Wang et al., 1993; Wang
& Ingber, 1994).

The cell deformation in consequence of an applied stress does not correspond to the
predicted behaviour of an isotropic viscoelastic material; the interior of the cell, and
thus the cytoskeleton, is anisotropic. The complex network of microtubules and
microfilaments and the way this network spreads and is connected to the point of
applied force, may result in structures away from the load application point to be
further displaced than closer ones; displacements towards the origin of the
compressive stimulus are also possible. Behaving in an anisotropic way, cells are
able to respond to an external force according to its magnitude and direction (Hu et
al., 2003; del Alamo et al., 2008; Silberberg et al., 2008). An intact cytoskeleton is
necessary for the rendering of applied forces into mitochondria movements. Since
mitochondria are semi-autonomous organelles, highly dynamic, the distress caused
by mechanical stimulus exerts biological effects on their function (Silberberg et al.,
2008), both in health and disease (Koike et al., 2015).

Nonetheless, there is evidence that mechanical properties of the ECM affect the
behaviour of cells from osteoblastic lineage, with mature focal adhesions and a more
organized actin cytoskeleton associated with more rigid substrates, suggesting that
controlling substrate compliance enables control over differentiation (Khatiwala et
al., 2006) and that this influence on differentiation is independent from protein
tethering and substrate porosity (Wen et al., 2014).

Other factors are determinant for cell fate. A recent in vitro study showed similar
patterns in cell growth, differentiation, and gene expression in human osteoblasts
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and endothelial cells, when implanted in two different ceramic scaffolds — beta
tricalciumphosphate and calcium-deficient hydroxyapatite —, with different
chemical and physical characteristics, which suggested that the interaction between
different cell types and scaffold materials is crucial for growth, differentiation, and
long-term outcomes of tissue-engineered constructs (Ritz et al., 2016). Moreover,
biomaterial surface modification with chitosan enhances osteoblast mechanical
response and induces favourable structural organization for the implant integration
(Moutzouri & Athanassiou, 2014). Lately, it has also been highlighted the
importance of surface roughness of the biomaterials in osteogenic differentiation,
and demonstrated the contribution of specific integrin subunits in mediating cell
response to different materials (Olivares-Navarrete et al., 2015); additionally, the
application of synthetic integrin-binding peptidomimetic ligands (avB3- or a5p1-
selective) to a titanium graft enhanced cell adhesion, proliferation, differentiation
and ALP expression in in vitro osteoblast-like cells, resulting in a higher
mineralization on the surfaces coated with the ligands (Fraioli et al., 2015).

The biochemical nature of the substrate, its rigidity and spatial organization are
recognized by cells through signalling from molecular complexes that are integrin-
based.

In most anchorage-dependent cells, cell spreading on ECM is required for cell
progression and growth; increasing cytoskeletal tension results in cell flattening, a
rise in actin bundling and bucking of microtubules. Spread cells are able to transfer
most of the load to the ECM.

The cell shape is influenced by how the cytoskeleton organizes its elements and it
is determinant for cell function. For example, osteocyte morphology and alignment
differ in two types of bone, fibula and calvaria, probably due to different mechanical
loading patterns, which influence cytoskeletal structure and thus cell shape (Vatsa
et al., 2008). Also, osteocyte and lacunae morphology may vary in pathological
bone conditions, and these morphological variations may be an adaptation to the
differences in matrix properties and thus, different bone strain levels under similar
stimulus (van Hove et al., 2009). Osteocyte morphology is characterized by long
dendritic-like processes, cell shape also assumed by osteoblast MC3T3 cells
cultured in 3D; however, differences in cytoskeleton elements in the processes of
these two cell types may indicate differences in function; microtubules are
predominant on osteoblasts’ processes while actin ensures integrity of osteocytes’
cytoplasmatic projections (Murshid et al., 2007). In agreement with section 2.7.1,
osteocyte sensitivity to mechanical load applied to the microparticles varies
between those attached to the cell bodies and those to the processes: a much smaller
displacement of the second ones is needed to cause an intracellular calcium influx
that rapidly propagates to the cell body; if local stimulus is applied to the cell body,
the reaction is slower and a higher displacement is needed to elicit the calcium
transient (Adachi et al., 2009).

Osteoblasts, osteoid-osteocytes and mature osteocytes have different mechanical
properties. The elastic modulus is higher on the cell peripheral area than in the
nuclear region; as bone cells mature, the elastic modulus decreases, both in the
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peripheral and nuclear regions. These differences in elastic modulus probably
depend on the amount of actin filaments, as it has been shown in other cell types.
Furthermore, focal adhesion area is smaller in mature osteocytes, when comparing
to osteoblasts. If peptides containing RGD sequence are added to culture medium,
both the focal adhesion area and the elastic modulus of osteoblasts decreases whilst
osteocytes remain unaffected (Sugawara et al., 2008).

2.8 Mechanotransduction mechanisms

Although there is emergent gathered knowledge on mechanotransduction
mechanisms in distinct cells and tissues, the multitude of cellular structures,
messenger substances, environmental factors and organ levels of organization,
makes it extremely complex to understand how responses are composed at cellular,
organ and living organism levels.

2.8.1 Strain, frequency and loading duration

Strain magnitude, frequency and loading duration influence bone remodelling.
Wolff defined the mathematical equations that allowed prediction of trabeculae
orientation and thickness (Prendergast & Huiskes, 1995). Turner enunciated three
essential rules critical for bone remodelling:

1. Dynamic loading determines remodelling;

2. Short periods of loading quickly trigger a response; prolonging
loading times any further diminishes the magnitude of bone cell
response;

3. Bone cells have memory and accommodate to routine loading,
diminishing the amplitude of the answer triggered by a same repeated
stimulus.

In in vivo studies, increasing loading frequency decreased the threshold for
osteogenesis and increased strain-related bone deposition (Hsieh & Turner, 2001).
Cortical bone adaptation is nonlinear when it comes to frequency response; the
changes in geometry are more significant with increasing load frequency, with a
plateau for frequencies beyond 10 Hz (Warden & Turner, 2004). Bone formation
also depends on strain magnitude (Mosley et al., 1997), along with the number of
loading cycles at low frequencies (Cullen et al., 2001). The skeletal adaptation is
also conditioned by strain distribution. Unusual strain distribution will quickly
trigger an osteogenic response, as suggested by the extensive periosteal and
endosteal bone proliferation described by Rubin & Lanyon (1984) in a study
conducted in poultry. Rest periods between loading cycles also intensify osteogenic
response (Srinivasan et al., 2007) and maximize cell response (Pereira &
Shefelbine, 2014).

Other mechanisms apart from direct deformation of cells, are involved in bone cells
mechanical stimulation. Peak strains may be considerable high in long bones during
strenuous exercise, but strains as low as 0.15% are enough to ensure osteoblast
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recruitment in vivo (Rubin & Lanyon, 1984). Due to bone’s architectural
complexity, it is impractical to measure with precision the separate actual
deformation of a cell.

Bone is a porous structure and the canalicular system within it is filled with fluid.
The fluid flows within the canalicular system wherein the osteocytes extend their
cell processes, and it is displaced by loading. Simulation of load levels as the ones
described as inducing significant osteogenesis, has produced higher shear stresses
due to fluid flow in the canaliculi, reinforcing osteocyte processes as the main
mechanosensing organ in mature bone cells (Verbruggen et al., 2014).

Fluid also carries electrically charged particles. When bone is deformed, a thin layer
of fluid with particles with opposite charge to that of the matrix and bone cells is
formed (Gross & Williams, 1982); when a non-uniform mechanical load is applied
to the bone structure, the freely moving ions in the fluid move away from the matrix.

The fluid flow phenomenon thus resulting is common to other biological tissues,
but not only. The fact that fluid flow changes interfacial chemistry has been
acknowledged; for example, the flow of fresh water along the surfaces disturbs the
equilibrium of dissolved ions, changing the surface charge and the molecular
orientation of the water at the interface (Waychunas, 2014). Likewise, in bone, the
displacement of the electrically charged fluid creates an electrical field aligned with
the fluid flow. This causes an electrical potential and the phenomenon is known as
strain generated bone streaming potential (Gross & Williams, 1982; Frijns et al.,
2005; Hong et al., 2008). The density of matrix fixed charges influences the
magnitude of the generated streaming potential (latridis et al., 2003), so the
mechanosensory ability along bone may vary and ultimately, influence dynamic
stiffness.

2.8.2 Bone piezoelectricity

Fukada and Yasuda first described bone piezoelectrical properties, in the 50’s. In
dry bone samples submitted to compressive load, an electrical potential was
generated, a phenomenon explicated by the direct piezoelectric effect (Fukada &
Yasuda, 1957). In connective tissues, such as bone, skin, tendon and dentine, the
dipole moments are probably related to the collagen fibres, composed by strongly
polar protein molecules aligned (Fukada & Yasuda, 1964; Elmessiery, 1981;
Halperin et al., 2004). The proper architecture of bone, with neatly aligned lamellae,
contributes for potentials’ generation along bone structure (EImessiery, 1981).

The polarization generated per unit of mechanical stress, that is, the bone
piezoelectric constants, changes with moisture content, maturation state (immature
bone has lower piezoelectric constants than mature bone) and architectural
organization (altered areas, such as the ones with bone neoplasia osteosarcoma,
show lower values) (Marino & Becker, 1974). Piezoelectric constants are higher in
dentin when moisture contents increase and behave in an anisotropic fashion; tubule
orientation strongly effects piezoelectricity (Wang et al., 2007). Initially, it was also
argued whether or not wet bone behaved as a piezoelectric material; it is now
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accepted that certainly it does (Fukada & Yasuda, 1957; Marino & Becker, 1974;
Reinish & Nowick, 1975).

Bone piezoelectrical properties have been related to bone remodelling processes,
and to streaming potential mechanisms (Ramtani, 2008; Ahn & Grodzinsky, 2009).
Due to its potential impact on therapeutic approaches to bone remodelling and
healing, more and more research is being conducted.

The use of a piezoelectric substrate and the piezoelectric converse effect were tested
in vitro and in vivo with promising results, mechanically stimulating osteoblastic
cells and bone, suggesting the potential for clinical application (Frias et al, 2010;
Reis et al, 2012). The development of new synthetic scaffolds, like for instance
hydroxyapatite/ barium titanate, with high piezoelectric coefficients that could
enhance bone remodelling, is a new emergent field for the bone tissue engineering
industry (Zhang et al., 2014).
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Analgesia em Modelo Animal Superior
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RESUMO: O teste de novos biomateriais para aplicagées clinicas em ortopedia, ou noutras areas
da medicina, em modelos animais vivos e sencientes, em prol do beneficio humano, deve ser
objecto de planeamento cuidado e ponderado, dado o conflito ético que se coloca. Compete-nos,
enquanto investigadores, garantir que as condi¢oes de vida, satide e bem-estar sdo asseguradas.
O uso de ovinos como modelo superior pré-clinico, para investigagdo em Ortopedia, tem-se
evidenciado devido as suas caracteristicas translacionais para a espécie humana. Neste estudo
retrospectivo deu-se énfase ao plano anestésico/ analgésico instituido em trés tipos de técnicas
ciriirgicas ortopédicas, realizadas em ovinos. Os animais intervencionados foram adquiridos
com 2 meses de antecedéncia em relagdao as cirurgias e mantidos em rebanho, com condigoes
adequadas de abrigo, alimentagiao e maneio. As téenicas cirtirgicas inovadoras foram treinadas
previamente em pegas anatomicas adquiridas no matadouro. Todas as cirurgias e anestesias
Joram realizadas por médicos veterinarios devidamente qualificados. Durante os periodos pos-
operatorios os animais foram mantidos no Hospital Veterinario, sob vigilancia e tratamento,
apos o que regressaram ao pasto. Considera-se que os protocolos anestésico e analgésico
instituidos foram suficientes para eliminar a dov ortopédica/ newropatica causada pelas técnicas
ciriirgicas referidas.

1 INTRODUCAO internacional, quer a favor quer contra a

utilizagdo de animais. Por exemplo, o
O teste de novos biomateriais para *Medical Research Modernization
aplicagoes clinicas em ortopedia, ou noutras Comittee™ considera que a experimentacio
areas da medicina, em modelos animais animal ¢ movida principalmente por
vivos ¢ sencientes, em prol do beneficio interesses economicos. Mais, afirma que
humano, deve ser objecto de planeamento perante  as  diferencas  anatomicas,
cuidado e ponderagio, dado o conflito ético fisiologicas e patologicas entre humanos e
que se coloca. Existem diversas correntes de nao humanos, a experimentagao animal ndo
pensamento na comunidade cientifica deve ser considerada um método valido para
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investigagdo médica [1]. Contudo, intimeras
evidéncias mostram que a experimentacdo
animal €, inevitavelmente, uma via
importante para o avang¢o da ciéncia, por
permitir a observagdo de processos in vivo
que, de outra forma, ndo teriam condi¢des de
ser avaliados [2].

Actualmente a sociedade encontra-se
sensibilizada para a questio do bem-estar
animal, encontrando-se esta tematica bem
documentada e legislada (Directiva
2010/63/EU, Decreto-Lei n® 113/2013, de 7
de Agosto) [3], [4]. Como tal, também a
utilizagdo de animais em investigagdo €
abrangida por regras e leis que tém de ser
cumpridas. Assim, qualquer projecto que
passe pela utilizagdo de modelos animais,
desde oratinho de laboratorio ao cdo, devera
ser aprovado por um oOrgdo institucional
(Comissdo de ética), responsavel pelo bem-
estar dos animais e, posteriormente,
submetido a Direc¢do Geral do Alimentacao
e Veterindria (DGAYV), enquanto autoridade
sanitaria e veterinaria, para obten¢do das
respectivas autorizagoes legais. S6 deverdo
ser submetidos projectos com modelos
animais se ndo existirem alternativas “ndo

animais” vidaveis. Todos os projectos
deverdo garantir métodos susceptiveis de
proporcionar resultados satisfatorios

provocando o minimo de dor, sofrimento ou
angistia ao animal, sendo fixado limites
maximos a partir dos quais 0s animais nao
podem ser submetidos a mais procedimentos
cientificos. Todos os procedimentos que
causem dor severa, sofrimento ou angustia,
susceptiveis de serem prolongados e sem
possibilidade de serem aliviados ndo estdo
autorizados. Os procedimentos devem ser
realizados, quando possivel, sob anestesia
geral ou local, analgesia ou outro método de
contencdo adequado, para assegurar que a
dor, o sofrimento e a angustia sdo reduzidos
ao minimo. A morte, como limite critico de
um procedimento, deve ser evitada, e
quando necessaria devera ser indolor. O
decreto-lei supracitado prevé, ainda, a
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realizagido de inspecgdes periodicas aos
criadores, fornecedores e utilizadores, que
deverdo assegurar condi¢des condignas de
alojamento e enriquecimento ambiental,
capacidade de avaliacdo da dor, da angistia
¢ do sofrimento infligidos e devido
acompanhamento médico-veterinario dos
animais.

A legislacdo em vigéncia rege-se assaz pelo
principio dos 3R’s, de modo a minimizar o
uso de animais em investigagdo cientifica:
“replacement™ (substitui¢do), “reduction”
(redugdo) e “refinement” (refinamento) [5].
Sempre que possivel, o uso de animais deve
ser substituido e/ou precedido por modelos
computacionais, estudos in vitro, estudos em
tecidos animais obtidos em matadouros ou
tecidos doados, estudos em
invertebrados, entre outros. O nimero de
animais devera ser reduzido, entre outros,
através do uso de testes piloto e da
determinagdo do Power das andlises e de
delineamento  experimental  apropriado,
utilizando animais com caracteristicas
similares de modo a diminuir a variabilidade
dos grupos, do desenvolvimento preferencial
de estudos ex vivo, da utilizagdo de técnicas
ndo invasivas de diagnostico, como € o caso

humanos

dos fluorocromos, ecografia e radiografia,
que permitem a recolha de informagio do
mesmo animal em tempos distintos e,
quando vidavel, da colaboragio entre
investigadores, que poderdo retirar dados de
um mesmo animal, e também da reutilizagio
de animais para projectos distintos, em
condigdes excepcionais previstas pela
legislagao portuguesa. Devera haver um
refinamento da metodologia, de modo a
minimizar a dor, o sofrimento ¢ a angustia
inevitavelmente infligidos, ou em arranjos
de  enriquecimento  ambiental  que
possibilitem o  desenvolvimento  dos
comportamentos intrinsecos a espécie. Neste
ponto ¢ importante referir a experiéncia € o
conhecimento técnico-cientifico do
investigador, de forma a minimizar o
impacto negativo sobre o animal. Quando as
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caracteristicas e exigéncias dos projectos
forem impeditivas do tratamento de dor e
desconforto, devem-se considerar o
estabelecimento de limites humanamente
aceitaveis (humane endpoints), que em
ultima analise levardo a eutanasia do animal.
E ainda de extrema importincia todo um
conjunto de condi¢des de maneio prestadas
aos animais, em conformidade com a
legislagdo vigente ¢ a espécie seleccionada,
do alojamento a alimentagdo e cuidados
higiossanitarios, que deverdo ser instituidos
desde a recepcao dos animais até ao términus
do projecto. O manuseamento devera ser
efectuado com base no maneio racional que
envolvem procedimentos que reduzam a
angustia e a reactividade. Deve ter-se em
consideracdo a necessidade dos animais
serem recebidos em instalagoes adequadas
com alguma antecedéncia em relagio ao
periodo das cirurgias (no minimo trés a
quatro semanas) [6], [7], uma vez que o
transporte, alojamento ¢ maneios distintivos
e diferentes niveis de actividade
indubitavelmente causario ansiedade nos
animais e de forma a minimizar a angustia
nos animais intervencionados e a influéncia
alterada sobre a actividade de remodelacao
ossea, causada pela deslocagdo, alojamento
e maneio distintivos em relagdo ao rebanho
de origem [6], [7]. Ademais, durante este
periodo, os animais deverdo ser vigiados
para detecgdo prévia de qualquer problema
existente e, se
substituidos.

necessario,  serem

E no ambito do refinamento da metodologia
que se encaixa o plano analgésico e
anestésico, encontrando-se inclusive esta
questdo contemplada na legislagdo. A
analgesia ¢ tanto mais efectiva quanto mais
cedo for iniciada (no periodo pré-
operatorio), uma vez que a dor pos-
operatoria, resultante dos danos teciduais
infligidos pelo cirurgido, podem originar
sensibilizagio e desinibigdo central e
periférica. Recomenda-se a utilizagdo de um
plano multimodal, que iniba todos os
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mecanismos responsaveis pela produgio de
dor [8], [9]. Este devera ser iniciado no
periodo  pré-operatorio,  através  da
administragdo de farmacos da familia dos
a2- agonistas, opidceos ¢ anti-inflamatorios
ndo esteroides (AINE’s), e prolongar-se até
ao fim do periodo pos-operatorio, em
consondncia com a avaliagdo clinica. Nos
ovinos uma das tarefas mais dificil no
controlo da dor ¢ o reconhecimento da
mesma, pois Sdo animais extremamente
estoicos, que nao demonstram facilmente
sinais de desconforto [8],[9]. Deve-se terem
atengdo desvios, por vezes subtis, de
comportamento, de apetite ¢ de habitos de
defecagdo e micgdo, e outros sinais de dor,
como odontoprise, alteragdes na locomogao,
que dardo informacdo acerca do estado
nociceptivo do animal. Os o2-agonistas (ex.:
xilazina, detomidina € medetomidina) sdo
primordialmente utilizados pelo seu efeito
sedativo; tém também um ligeiro efeito
analgésico visceral (de curta duragdo) e
podem potenciar a accio de outros
analgésicos opiaceos. Como principais
efeitos secunddrios refere-se a hipotensao.
Sao (por exemplo, com
atipamezole ou ioimbina), no entanto ¢
preciso ter em atencdo que a analgesia
produzida por estes farmacos serd também
revertida. Os opidceos sdo analgésicos
potentes, mas de curta duragdo; induzem
algum grau de sedagdo, depressdo
respiratoria, diminuigdo da motilidade
gastro-intestinal e do apetite. Em ovinos
apresentam  eficacia  variavel  contra
estimulos nocivos [8], [9]. Entre os mais
utilizados temos a morfina, buprenorfina, o
butorfanol e, mais recentemente, o fentanilo.
O uso do fentanilo transdérmico vislumbra-
se como uma alternativa em casos de dor

reversiveis

severa prolongada uma vez que a duragio da
analgesia ¢ de 72 horas apos uma aplicagdo
anica [10]. Os AINE’s reduzem a
inflamacao secundaria  ao trauma,
apresentando indirectamente algum efeito
analgésico. Tém varias vantagens em
relagdo aos o2- agonistas e aos opidceos, tal
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como ndo causarem sedagdo e depressio
cardiovascular e terem uma acgio mais
prolongada no tempo. Nio sdo analgésicos
potentes, sendo eficazes contra dor ligeira a
moderada. O seu uso ndo deve ser muito
prolongado no tempo uma vez que podem
levar a ulceragdes do tracto gastrintestinal e
nefrotoxicidades.
passiveis de providenciar analgesia, como ¢
o caso de alguns anestésicos locais, como a
lidocaina, que  apresentam  efeitos
analgésicos sistémicos comprovados, entre
outros [9]. Em conclusdo, recomendam-se
terapias analgésicas multimodais, de modo a
potenciar a ac¢do dos das
diferentes familias, com recurso a doses

Existem mais farmacos

farmacos

inferiores, minimizando assim os seus
efeitos  secundarios.  Neste  estudo
retrospectivo  dar-se-a énfase ao plano
analgésico instituido em ftrés tipos de
técnicas cirirgicas ortopédicas, realizadas
neste modelo animal superior, o ovino.

O uso de ovinos como modelo superior pré-
clinico para investigagdo biomédica tem-se
evidenciado devido as suas caracteristicas
translacionais para a espécie humana, a sua
disponibilidade, baixo custo, facilidade de
alojamento e maneio e boa homogeneidade,
quando seleccionados para a idade, raca e
género. Ademais ¢ considerado um bom
modelo para investigagio ortopédica devido
as suas semelhangas anatomicas, quando
comparado com o modelo humano,
relativamente ao tamanho, peso, estrutura
ossea, processo de remodelagio oOssea e
comportamento  biomecdnico do o0sso,
permitindo o uso de alguns dos mesmos

materiais prostéticos [11].

Por tltimo, fala-se ainda de um quarto “R” —
a responsabilidade. A responsabilidade do
uso dos animais € de todos aqueles que se
encontram ligados ao projecto. Logo,
compete aos investigadores procurar a
reducdo, substituicio e refinamento no
projecto que integramos, garantir que as
condi¢oes de vida, satude e bem-estar dos
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animais sdo asseguradas no periodo total em
que decorre a experiéncia e estabelecer
limites de humanamente
aceitaveis a partir dos quais a experiéncia
cessa.

sofrimento

2  EXPERIMENTAL

Foram realizadas, no ambito de projectos
distintos, trés técnicas cirtrgicas: a) hemi-
artroplastia coxofemoral, b) vertebroplastia
percutinea e c¢) artrotomia’ artroplastia
medial do joelho. Todos os projectos foram
desenvolvidos de acordo com as directrizes
da FELASA e foram submetidos a
aprovagio da Comissio de Etica do Hospital
Veterinario da Universidade de Evora
(HVUE) e da DGAV. Com dois meses de
antecedéncia adquiriram-se ovelhas fémeas
adultas, de raga Merina, que foram mantidas
em rebanho, numa cerca de pastagem natural
exclusiva para o grupo, onde constava um
abrigo com 40 m® Os animais foram
alimentados com feno de erva ad libitum e
suplementados
concentrado comercial (calculado para 1,2%
de peso vivo). O maneio efectuado teve

bidiariamente com

como objectivo a redugdo da reactividade,
utilizando-se técnicas de reforgo positivo
sempre que foram necessdrias verificagdes
higiossanitarias Todas as
técnicas inovadoras

nos animais.
cirirgicas foram
treinadas previamente em pecas anatomicas
adquiridas no matadouro e, no caso da
vertebroplastia, seleccionadas de forma a
serem minimamente invasivas, com acesso
percutineo e recurso a imagiologia, através

do uso do fluoroscopio (figura 1).

Fig. | Vertebroplastia percutinea com fluoroscopia.
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Antes da cirurgia, com o objectivo de
minimizar os riscos de pneumonia por
aspiragdo, os animais foram sujeitos a um
jejum de 24 horas, numa boxe do HVUE,
onde se juntaram os animais em grupos de
dois. O plano anestésico utilizado incluiu
pré-medicagdo com atropina subcutinea
(0,05 mgkg), xilazina intramuscular (0,1
mg/kg), butorfanol intravenoso (0,01 mg/kg)
e carprofeno subcutineo (2 mg/kg); a
indu¢do da anestesia realizou-se com
tiopental sodico a 5% intravenoso (5-10
mg/kg) e a manutengio com isofluorano
volatil a 1-2,5% em ventilagdo espontinea.
Todos foram intubados
orogastricamente para prevenir a ocorréncia

animais

de pneumonias por aspiragio e timpanismo
ruminal. A anestesia foi vigiada por um
médico veterindrio qualificado, com apoio
de um monitor anestésico que avalia a
frequéncia respiratoria, a actividade eléctrica
cardiaca (ECG), a pressdo arterial nao
invasiva, a pulsoximetria e a capnografia
(figura 2).

Fig. 2 Vertebroplastia em ovino com monitorizagio
anestésica adequada.

Os animais intervencionados ao joelho
foram, imediatamente apos a cirurgia,
submetidos a um exame radiologico. Apos a
recuperagao anestésica os animais foram
recolhidos, em grupo, numa boxe, onde
ficaram alojados durante o periodo pos-
operatorio (10 dias), sob vigilincia do
médico veterindrio. A medicagdo analgésica
pos-operatoria instituida foi efectuada por
meio de butorfanol intramuscular (0,15
mg/kg, de 12 em 12 horas, durante 3 dias),
carprofeno subcutineo (2 mg/kg, uma vez
por dia, durante 7 dias) e antibioterapia, para
prevengdo de infecgdes, com amoxicilina/
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acido clavulinico subcutineos (15 mg/kg,
uma vez por dia, durante 7 dias). Apos a
cirurgia foi administrado a cada animal, por
via subcutinea, um fluorocromo (calceina
verde, 15 mg/kg). Terminado o periodo pos-
operatorio as ovelhas regressaram para o
rebanho (figura 3). No final do periodo de
implantagdo, a eutandsia ¢ efectuada com

pentobarbital sodico concentrado
endovenoso, que sera antecedida pela
administragio  subcutinea de  outro

fluorocromo (alizarina complexona, 25
mg/kg).

Fig. 3 Ovinos intervencionados em pasto.

3 DiIScussio

A minimizacdo da dor e do desconforto dos
animais foi alcangada quer através da
terapéutica meédica instituida (analgesia e
anestesia), quer através das outras medidas
preventivas  tomadas, referentes  ao
alojamento e maneio.

Durante todo o trabalho foi dedicada
extrema atengdo ao maneio dos animais
intervencionados. O planecamento temporal
do projecto assumiu um papel fulcral, tendo
sido tomada em consideracdo a necessidade
dos animais serem recebidos com alguma
antecedéncia em relagio ao periodo das
cirurgias (dois meses), de forma a minimizar
a ansiedade nos animais e permitir a
detecgdo prévia de animais doentes ou, por
outro motivo, incapazes de serem sujeitos ao
procedimento cirtrgico. Durante o periodo
em que decorreu o projecto os animais foram
sujeitos a vigilancia bididria por técnicos
qualificados para a espécie seleccionada, e
assim vocacionados para a detecgdo precoce
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de problemas, o que se considera uma
importante mais-valia para o sucesso do seu
tratamento € maneio.

Relativamente ao refinamento das técnicas
cirirgicas, o treino prévio ex vivo foi
absolutamente relevante, visto que permitiu
o aperfeicoamento de técnicas inovadoras,
de modo a minimizar as lesdes, e
consequentemente dor, infligidas ao animal.
E ainda de referir a importancia dos meios
complementares de diagnostico, como € o
caso do fluorocoscopio e da radiografia, que
permitiram, por um lado a utilizagdo de
técnicas minimamente invasivas (no caso da
vertebroplastia percutdnea) € por outro a
avaliagdo, em pontos temporais distintos, do
processo cirirgico desenvolvido. Ainda no
seguimento deste proposito, considera-se
também relevante a administracio de
fluorocromos, que irdo permitir a datagdo
histologica das alteragdes osseas ocorridas.
O protocolo analgésico utilizado verificou-
se suficiente, tendo sido verificado o retorno
ao nivel de actividade normal, ao fim do
periodo pos-operatorio, em todas as ovelhas.
Contudo, ndo inviabiliza a utilizagdo de
outros farmacos mais potentes, tais como o
fentanilo e a flunixina meglumina, em casos
de dor mais severa, de acordo com a
avaliagdo clinica.

4 CONCLUSOES

O protocolo analgésico instituido foi
suficiente para eliminar a dor ortopédica/

neuropatica  causada pelas  técnicas
cirargicas referidas, pelo que se afigura uma
alternativa vidvel para este tipo de
procedimentos.

Nio foi nosso proposito neste artigo avaliar
tdo-somente a ac¢do dos farmacos usados,
mas antes sensibilizar os investigadores para
uma ciéncia mais altruista, responsavel e
ética.
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Abstract. The testing of novel biomaterials for percutaneous vertebroplasty depends on suitable
animal models. The aim of this study was to develop ex vive a reproducible and feasible model of
percutaneous vertebroplasty for ulterior application in vivo. A large animal model was used (Merino
sheep) due to its translational properties. Vertebroplasty was performed under tactile and
fluoroscopic control through a bilateral modified parapedicular access in lumbar vertebrae. Care
was taken in order to avoid disruption of the vertebral foramen. The average defect volume was
12344240 mm® which ensures practical defects to test novel injectable biomaterials. Six vertebrae
were injected with a commercial cement (Cerament®, Bone Support, Sweden) and adequate defect
filling was observed in all vertebrae. All vertebrae were assessed by microCT, prior to and post
defect creation, and after biomaterial injection. All vertebrae were mechanical tested and no
mechanical failure was observed under loads higher than the physiological ones. Ultimately, this
model is considered suitable for pre-clinical in vive studies, mimicking clinical application.

Introduction. Percutaneous vertebroplasty (PVP) and kyphoplasty (KP) are minimally invasive
techniques used for effective vertebral augmentation in humans when conservative treatment for
vertebral compression fractures is not possible and/ or sufficient. Their purpose is to augment and
stabilize the defective vertebral body by injecting percutaneously a material that will fill the bone
defect. This will allow to achieve immediate pain relief and function [1-3]. In PVP small entry
points for needle placement are made through the soft tissues (skin and muscles) to access the
vertebrae, under fluoroscopic guidance, as an alternative to the conventional “open™ approach
techniques wherein an incision along the soft tissues is made.

To test biomaterials for PVP, the availability of a feasible animal model close to the human
conditions is vital. Sheep is considered a suitable model for biomedical research due to its
availability, low animal cost, easy handling and housing, and good homogeneity, when selected for
age, breed, and sex [4]. Moreover, due to its anatomical similarities when compared to human
bones, regarding weight, size, bone structure, bone remodelling process and biomechanical
behaviour [7-9], it is also considered a good model for orthopaedic research, as these enables the
use of the same prosthetic devices [4,8].
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Up to date a small number of PVP studies were performed in animals, as most of the procedures
were executed under “open” techniques wherein an incision through the skin and muscles is made;
for example, Zhu et al. (2011) developed a sheep vertebral model with bone defect through a lateral
open approach with different diameter drills: the vertebral model bone defect was replicable and
effective for assessing injectable biomaterials [8]. Regarding minimal invasive techniques, a recent
study by Benneker et al. (2012), using PVP advocated that the transition between the transverse
process and the pedicle is the ideal entry point, aiming towards the cranial- and caudal hemivertebra
respectively, through a para- to transpedicular approach: however cement leakage into the vertebral
foramen was observed in 19 of the 33 vertebrae studied [4]. Galovich et al. (2011) developed
another sheep PVP model for biocements testing in which a lateral approach to the vertebral body
was performed: nevertheless created bone defects were small, thus this model wasn’t considered
suitable for biomechanical analysis of biocements [5].

Considering the limitations of the models described so far, not safe enough for the animal and bone
defect volume too small to allow a satisfactory product assessment, this study aimed at developing
ex vivo a reproducible and feasible model of percutaneous vertebroplasty, for ulterior application in
vivo. A large animal model was used (Merino sheep), due to its translational properties [7,8], and
important features were taken into account. Although considered a suitable model, differences
between sheep and human vertebrae exist, such as the hourglass-shape of vertebral bodies, the
sagitally oriented pedicles, the size of the transverse processes, the different orientation of the facet
joints, and ultimately the hard cortical bone and high bone mineral density of sheep lumbar
vertebrae [9], which make surgical approach complex and somewhat different of that advocated for
humans [4]. Thus, bilateral modified parapedicular approach was developed to create two
interconnected defects in the cranial hemivertebrae, with average defect volumes sufficient to
ensure practical defects in which novel injectable biomaterials may be tested, concerning both their
biological and biomechanical responses.

For this study a commercial biphasic cement (Cerament®, Bone Support, Sweden), 60% calcium
sulphate: 40% hydroxyapatite, was chosen for its known qualities as a bone substitute [10] and
microCT was used to allow easily visualization of: vertebrae distinctive anatomic features; vertebral
body defects: and bone cement. The following parameters were evaluated: (1) vertebral body height
(VBH), (2) bone mineral density (BMD), (3) volume of interest of each bone defect (VOI) and (4)
vertebrae stiffness. Cortical disruption, injected cement volume, bone cement radiopacity, and
cement leakage (into the vertebral foramen/ nutritional foramen) were also assessed.

Experimental. Eighteen vertebral segments (L4-L6) were excised from 6 skeletally mature Merino
sheep and divided into 3 groups: group A (n=6) — intact vertebrae: group B (n=6) — vertebrae with
defect; group C (n=6) — vertebrae injected with cement.

Soft tissue was detached: spinous and transverse processes were removed using a bone saw, in order
to fit into the microCT chamber. Vertebrae were conserved in the freeze at -18°C.

All vertebrae underwent microCT scanning when intact. MicroCT examination was done using a
CT scanner (Skyscan 1174, Kontich, Belgium). The vertebrae were posed in air in a rotation stage
fixed by commercial play-dough, with their longitudinal axis matching the system rotational axis.
Scans were performed with 50 kVp, 800 pA, 1 mm aluminium filter, the pixel size was 62.08,
exposure time 2200 ms, rotation step 0.8° full rotation over 360°, 2 average frames per image. Each
vertebra went through two consecutive automated scans (oversize scan), over approximately 110
min, to assure the imaging of the whole vertebral body, comprising 906 cross-sections. The cross-
section images were reconstructed using N-Recon software (Skyscan, Kontich, Belgium). The
following parameters were evaluated in the analyzing software (CTAn, Skyscan, Kontich,
Belgium): vertebral body height (VBH), endplates area and trabecular bone mineral density (BMD).
Uniform threshold method was applied.

After scanning the intact vertebrae, vertebral body defects were made in groups B and C. All
defects were created under tactile control and fluoroscopic guidance (Digital C-Arm ZEN 2090 Pro,
Genoray, Co., Ltd., Korea). Vertebrae were fixed in a radiolucent table in supine position and two
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defects were made bilaterally in each cranial hemivertebra, through a parapedicular approach. For
this purpose, an osteo introducer system (Medtronic Spine LLC, Portugal) was used. The access
was made between the pedicles and transverse processes of each vertebra. Thus a 3.5 mm-blunt
osteo introducer stylet inside a 4 mm-cannula was positioned to manually access the dorsolateral
cortex of the vertebral bodies. Then the blunt osteo introducer stylet was removed and a 3.35 mm-
manual drill was advanced inside the cannula, with an orientation of 30-50° regarding a transverse
plane, and 0°-30° regarding the frontal plane, towards the centre of the cranial hemivertebra. Bone
debris were removed from the defects. All vertebrae underwent scanning again under the same
procedure described above. In CTAn a volume of interest (VOI) was defined for each bone defect
and its area was calculated: it was also evaluated the disruption of cortical bone (ventral vertebral
body’s cortical bone and ventral vertebral foramen’s cortical bone). Vertebrae were conserved at -
18°C.

In group B vertebrae the defects remained empty. Vertebrae with defect from group C were then
injected with 60% calcium sulphate: 40% hydroxyapatite commercial cement (Cerament®, Bone
Support, Sweden). For the vertebroplasty procedure all vertebrae were fixed in a radiolucent table
and injected under fluoroscopic guidance. Biomaterial injection was performed using a bone filler
system device (Medtronic Spine LLC, Portugal). Cerament® was prepared at room temperature
accordingly to the manufacturer instructions. Regard was taken towards handleability, injectability
and radiopacity. Cerament® is easy to handle, with 8-10 minutes setting time, good injectability
and high radiopacity, conferred by an iodate positive contrast (iohexol), when comparing to the
bone’s radiopacity.

All injected vertebrae underwent scanning again under the same procedure described for group A.
In CTAn a volume of interest was defined limiting the injected cement and the VOI area was
calculated. Cement leakage to vertebral and nutritional foramina was also assessed.

After vertebroplasty all vertebrae (including intact group) were mechanical tested under axial
compression. In order to do so vertebrae were embedded in two parallel flat plates of polymethyl
methacrylate resin (PMMA, Vertex Cold Cure), one for each top. The tests were conducted using a
Shimadzu Autograph AG-50 kKNG. The load was applied over a ventral point of the vertebral bodies
relative to 25% of their heights with a crossing velocity of 2 mm/s for all vertebrae.

Results data from microCT analysis, ie. vertebral body height, bone mineral density and volume of
interest of each bone defect, and stiffness assessment, according to mechanical compression tests,
from the three groups were treated using SPSS. One way ANOVA analysis was performed.
Normality was verified using the Kolmogorov-Smirov test, homogeneity of variance was verified
with resource to Brown-Forsythe test and means compared using Tukey.

. . ca Spinous
Results and Discussion. Pedicle process
Interconnected bone defects were created
bilaterally in each cranial hemivertebra, through
a modified parapedicular approach, with an
access point placed between the pedicles and
transverse processes of each vertebra (figure 1).
Some limitations of the ovine model are
anatomical differences between ovine and human
vertebrae, such as the orientation angle of the
lumbar facet joints and pedicles (less than 30° to Vertebral
the frontal plane, compared to over 60° in body
humans) and the relative short and sagitally
oriented pedicles. In order to diminish the risk of ) ) )
sdicle’s. ‘fracture .and veitebral foramina’s Fig. l D parual~ reconstructed L4 showing
p'_“ ; i i B major anatomical landmarks and PVP
disruption  verified in the transpedicular access point, with the advocated access
approach, a parapedicular approach was chosen. angle (large arrow).

Vertebral
foramen

Transverse
process
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The transpedicular approach was used by Benneker and co-workers (2012), with a resulting cement
leakage into the vertebral foramen in 19 of the 33 vertebrae studied. Moreover, transpedicular
approach only permits a limited access angle, which would result in smaller and not connected
defects.

The relatively high trabecular bone density and the hard cortical bone of ovine lumbar vertebrae
were other of the difficulties verified on the defects creation. The wide lumbar vertebrae nutritional
foramina were a surgical limitation (figure 2). Precaution must be taken to maintain vertebral and
nutritional foramina intact so that neurologic complications, and ultimately death, do not occur. In
L6 vertebrae, problems arose due to short vertebral bodies, leading to smaller defects, in order to
prevent vertebral foramina disruption. The resulting interconnected bone defect is reproducible
(figure 3): minor cement leakage into the vertebral foramen was observed in 2 out of 6 vertebrae.

Fig. 2: Scan image of a ovine lumbar Fig. 3: 3D partial reconstructed L4 showing
vertebra showing the wide nutritional the interconnected defect (white arrow).

foramen (while arrow).

The mean total VBH (n=18) was 37.52 + 1.83 mm; the mean total BMD (n=18) was 0.371 + (0.039
gem™; and the mean total defect VOI (n=12) was 1234.51 + 251.23 mm®. Individual group results
are shown in table 1.

Table 1. Descriptive statistics analysis for vertebrae groups (n=18)

Vertebrae Groups N VBH [mm] BMD [gem™] Defect VOI [mm°]
A — intact vertebrae 6 38.13+ 201 0.397 + 0.010 -

B vericbrac withdefect | 6 [37.19£203 | 035920056 | 1160.99 = 168.26
C — vertebrae with cement | 6 3723+ 1.61 0.358 + 0.029 1308.03 £ 312,36

MicroCT provided important information for the development and refinement of the surgical
procedure, allowing adaptation to the distinctive anatomic characteristics of ovine vertebrae. Scans
and 3D reconstructed images were useful to decide the entry point and to correct the angle
orientation for the access to the vertebral body, allowing to perform defects without disrupting
cortical bone and vertebral and nutritional foramina. MicroCT analysis also enabled to acknowledge
that in 25% of the vertebrae a small disruption of the vertebral foramen occurred (figure 4). This
fact, followed by an eventual leakage, may decrease with further training. The usage of slightly
smaller instrumentation, as the ones used for PVP of thoracic vertebrae, could also be beneficial.
The presence of iohexol in Cerament®’s constitution contributes to its high radiopacity which is
convenient as it enables visualization of the cement whilst injected. However, iohexol also
generates artefacts in the microCT images that prevent the correct evaluation of the injected cement
in the bone defect, so as to calculate the volume of injected cement and to evaluate its possible
leakage to the vertebral formanen. Artefacts were not eliminated due to Skyscan 1174’s limitations
(figure 5).
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Fig. 4: MicroCT scan image of a L4 Fig. 5: MicroCT scan image of a L4
showing the disrupted vertebral showing the artefact caused by
foramen (white arrow). Cerament®.

Regarding mechanical compression tests, fracture and failure were observed in the PMMA plates
but not on the vertebrae, so it was not

possible to determine the compressive 12 Vertebrae Stiffness

strength of vertebrae from any of the groups.

However, vertebrae stiffness was determined = e
for all groups. For one of the vertebrae of ~ o

group A (intact vertebrae), it was not E &

possible to recover the data, so for this group, - r oo -
results are presented for n=5 (Figure 6). Two - 17 = :
very important conclusions are drawn from 5 4 * 4 bl

these results: 1) all vertebrae withstood v 26 3
compressive loads much higher than the :

expected peak compressive loads under .

physiological conditions (reported as 1.3 Totact Defect Ceciins et
kN): and 2) the developed model is

reproducible and safe under much higher Fig. 6: Stiffness of vertebrae (groups A-C).

loads than the physiological ones. No

statistical significant differences were found in stiffness of the different groups.

This paper presents an ex vivo ovine model for PVP testing which allowed to evaluate some specific
features of ovine vertebrae that will enable a much safer approach for the in vivo PVP procedure.
The designed defect is innovative regarding both the parapedicular approach and the interconnected
bone defects created bilaterally in each cranial hemivertebra, which allows a higher volume of
cement to be injected with lower risk of cement leakage.

Conclusions. This experimental model developed ex vive was reproducible, and safe under
physiological loads. The model is considered to be suitable for pre-clinical in vivo studies,
mimicking clinical applications.
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Abstract BACKGROUND CONTEXT: Percutaneous vertebroplasty (PVP) is a minimally invasive surgical
procedure and is frequently performed in humans who need surgical treatment of vertebral fractures.
PVP involves cement injection into the vertebral body, thereby providing rapid and significant pain relief.
PURPOSE: The testing of novel biomaterials depends on suitable animal models. The aim of this
study was to develop a reproducible and safe model of PVP in sheep.
STUDY DESIGN: This study used ex vivo and in vivo large animal model study (Merino sheep).
METHODS: Ex vivo vertebroplasty was performed through a bilateral modified parapedicular access
in 24 ovine lumbar hemivertebrae, divided into four groups (n=6). Cerament (Bone Support, Lund,
Sweden) was the control material. In the experimental group. a novel composite was tested—Spine-
Ghost—which consisted of an alpha-calcium sulfate matrix enriched with micrometric particles of
mesoporous bioactive glass. All vertebrae were assessed by micro-computed tomography (micro-
CT) and underwent mechanical testing.

For the in vivo study, 16 sheep were randomly allocated into control and experimental groups
(n=8). and underwent PVP using the same bone cements. All vertebrae were assessed postmortem
by micro-CT, histology. and reverse transcription- polymerase chain reaction (1-PCR).
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RESULTS: In the ex vivo model, the average defect volume was 1,275.46+219.29 mm®. Adequate
defect filling with cement was observed. No mechanical failure was observed under loads which were
higher than physiological. In the in vivo study, cardiorespiratory distress was observed in two animals,
and one sheep presented mild neurologic deficits in the hind limbs before recovering.
CONCLUSIONS: The model of PVP is considered suitable for preclinical in vivo studies, mim-
icking clinical application. All sheep recovered and completed a 6-month implantation period. There
was no evidence of cement leakage into the vertebral foramen in the postmortem
examination. @ 2016 Elsevier Inc. All rights reserved.
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Introduction

Percutancous vertebroplasty (PVP) is a minimally inva-
sive technique of vertebral augmentation for compression
fractures. Its aim is 1o augment and stabilize the defective ver-
tebral body by percutancously injecting a material that will
fill the bone defect, thus achieving immediate pain relief and
functional recovery [1-5].

Sheep are considered a suitable model for biomedical re-
search because of availability, low cost, easy handling and
housing, and good homogeneity (when selected for age, breed.,
and sex) [6]. Moreover, because of the anatomical similari-
ties to human bones (regarding weight, size, structure,
remodeling process, and biomechanical behavior) [7-9], sheep
are considered a good model for orthopedic research [6.8].

To date only a small number of PVP studies have been per-
formed in animals. Most were execuled using “open surgery”™
techniques, wherein an incision through the skin and muscles
is made to expose the vertebrae [ 10-12]. Studies using min-
imally invasive techniques, including the ones with a modified
parapedicular approach, encountered vaned issues, including
cement leakage into the vertebral foramen [6], incomplete defect
filling, orlack of information on postoperative evolution [13,14].

Our study aimed to develop ex vivo a reproducible and fea-
sible model of PVP, and its use in vivo. A large animal model
was used based on Merino sheep because of its potential to
support preclinical translation [7-9]. Consideration of the dif-
ferences between sheep and human vertebrae [6] resulted in
the development of a modified approach, enabling the cre-
ation of large enough defects as to ensure testing of novel
biomaterals without neurologic or biomechanical compro-
mise [15].

Material and methods
Ex vivo model development

Animal model

From 8 skeletally mature Mernino sheep, 24 vertebral seg-
ments (L4-L6) were excised, collected from cadavers from
different sources, with no further information on their back-
ground. The segments were randomly distributed (n=6) into
four groups: A, intact vertebrae; B, vertebrae with defects;

C. vertebrae with defects injected with a well-known biphasic
commercial cement, Cerament; and D, vertebrae with defects
mjected with a novel composite—Spine-Ghost—which con-
sists of an alpha-calcium sulfate matrix enriched with
micrometric particles of mesoporous bioactive glass [ 16]. Soft
tissue was extracted, and using a bone saw, the spinous and
transverse processes were removed to fit the vertebrae into
the micro-computed tomography (micro-CT) chamber while
preserving the vertebral arch. Vertebrae were stored at —18°C.

Micro-CT assessment

All vertebrae underwent initial micro-CT scanning (Skyscan
1174, Kontich, Belgium) while stll intact. The vertebrae were
posed in a rotation stage fixed by commercial play-dough,
with their longitudinal axis matching the system’s rota-
tional axis. Scans were performed with 50-kVp, 800-pA, and
a l-mm aluminum filter. The pixel size was 62.08, exposure
time 2,200 ms, rotation step (.8°, full rotation over 360°, with
2 average frames per image. Each vertebra went through two
consecutive automated scans (oversize scan), over approxi-
mately 110 minutes, to assure the imaging of the whole
vertebral body, comprising 906 cross sections. The cross-
section images were reconstructed using N-Recon software
(Skyscan, Kontich, Belgium). The following paramelers were
evaluated in the analyzing software (CTAn, Skyscan, Kontich,
Belgium): vertebral body height (VBH), end plates area, and
trabecular bone mineral density (BMD). A uniform thresh-
old method was applied.

Bone defect creation

In all vertebrae from Groups B, C. and D, vertebral body
defects were created, in the order B-C-D, under visual and
tactile control and fluoroscopic guidance (Digital C-Arm ZEN
2090 Pro, Genoray, Co, Ltd, Gyeonggi-Do, Korea). With the
vertebrae fixed on a radiolucent table, in their ventral posi-
tion, an osteo introducer system (Medtronic Spine LLC,
Lisboa, Portugal) was used to create two interconnected defects
(one in each side of the cranial hemivertebra). A 3.5-mm blunt
stylet was positioned through a 4-mm cannula to manually
access the dorsolateral cortex of the vertebral bodies—
between the pedicles and transverse processes of each vertebra
in a parapedicular approach. The stylet was then removed and
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Fig. 1. Three<dimensional (3D) partially reconstructed L4 showing the in-
struments’ orientation regarding a transverse plane.

a 3.35-mm manual drill was advanced toward the center of
the cranial hemivertebra—onentation: 30-50° regarding a
transverse plane (Fig. 1) 0°-30° regarding a frontal plane
(Fig. 2), creating a V-shaped defect of two intersecting cyl-
inders. Bone debris were removed from the defects.

Cement injection

Group B vertebrae defects remained empty. Vertebrae
defects from Groups C and D were injected with their cor-
responding cement. During the vertebroplasty procedure, all
vertebrae were fixed on a radiolucent table and injected under
fluoroscopic guidance. Biomaterial injection was per-
formed using a bone filler system device (Medtronic Spine
LLC, Portugal). Cerament and Spine Ghost were prepared
at room temperature, according to the manufacturers’ in-
structions. Regard was taken toward handleability, mjectability,
and radiopacity.

All these vertebrae underwent rescanning using the same
procedure as outlined above for initial scanning. In CTAn a
volume of nterest (VOI) was defined for each bone defect
and its area was calculated. Cement distnibution and integ-
rity of the anatomical structures were assessed. Verlebrae were

Fig. 2. Three<dimensional (3D) partially reconstructed L4 showing the in-
struments’ orientation regarding a frontal plane.

stored at —18°C, with vertebrae from every group undergo-
ing the same number of freezing and thawing cycles.

Mechanical testing

After vertebroplasty all vertebrae were mechanically tested
under axial compression to assess stiffness and fracture
strength. End caps for the vertebrae were made using
polymethylmethacrylate resin (Vertex Cold Cure, Vertex
Dental, Soesterberg, The Netherlands), with care taken to try
to keep the two outer flat surfaces parallel. The tests were
conducted using a Shimadzu Autograph AG-50 kKNG
(Shimadzu Corporation, Kyoto, Japan). The load was applied
over a ventral point of the vertebral bodies relative to 25%
of their heights with a crosshead speed of 2 mm/s.

Statistical analysis

Results from the micro-CT analysis (VBH, BMD, and VOI
of each bone defect) and stiffness assessment were ana-
lyzed using SPSS Statistics for Windows, Version 22.0 (IBM
Corp.. Armonk, NY, USA). One-way analysis of varnance was
performed. Normality was verified using the Kolmogorov-
Smimov test, homogeneity of variance was verified with
resource Lo Brown-Forsythe test, and means were com-
pared using Tukey.

In vivo model application

Animal model

Animal handling and surgical procedures were con-
ducted according to European Community guidelines for the
care and use of laboratory animals (Directive 2010/63/UE)
and after obtaining approval from the national compelent au-
thorities [17-19]. Sixteen skeletally mature female Merino
sheep with an average body weight of 56.8+5.3 kg under-
went PVP, divided into two groups: Group E (n=8), a control
group injected with Cerament; and Group F (n=8), an ex-
perimental group injected with a novel biphasic cement, Spine-
Ghost. Before surgery the animals fasted for 24 hours.

Anesthetic protocol

The animals were premedicated with atropine (0.05 mg/
kg subcutancous), xilazine (0.1 mg/kg intramuscular),
butorphanol (0.01 mg/kg intravenous), and carprofen (2 mg/
kg subcutancous); induction was achieved with thiopental
sodium 5% (5-10 mg/kg intravenous) and maintenance with
isoflurane 1%-2% under spontancous ventilation. After pre-
medication the sheep were inducted and positioned in ventral
decubitus with the hind limbs retracted caudally and fixed to
the surgery radiolucent table (Fig. 3). The surgical field was
prepared with povidone-iodine solution and alcohol at 70°
and the anesthetic monitoring equipment was connected Lo
the animal (Fig. 4). Anesthetic monitoring included cardiac
electric activity; respiratory rate; partial CO, concentration
in expired air; partial blood O: concentration and non-
invasive arterial blood pressure. Orogastric intubation was
performed.
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Fig. 3. Anesthetized sheep, with the surgical location (over the lumbar ver-
tebrae) already clipped and sheep's position supported with foam wedges.

Surgery

L4 was identified under tactile and fluoroscopic guidance
(Digital C-Arm ZEN 2090 Pro, Genoray, Co, Ltd, Korea) and
2.5-mm surgical osteo introducer stylet (Kyphon, Express,
Osteo Introducer System, size 2, Medtronic Spine LLC, Por-
tugal) was positioned inside a 3-mm cannula approximately
2-3 emapart from the spine midline ina 45° angle regarding
a transverse plane. At this point, the surgical instrumentation
was introduced, crossing the skin and muscles, until the ver-
tebra was reached. As advocated in the ex vivo study, the access
pointinto the vertebral body was the space between the pedicle
and the cranial side of the transverse process.

After penetrating the cortical bone of the vertebral body.
the osteo introducer stylet was replaced by a 2.5-mm preci-
sion manual drill which advanced 1-2 ¢m until reaching the
cranial hemivertebra’s midline (onentation: 30°-50° regard-
ing a transverse plane; 0°-30° regarding the frontal plane).
The same procedure was performed contralaterally, and care

Fig. 4. Ancsthetic monitor providing data from the sheep.

Fig. 5. C-Amm image showing an L4 with an interconnected defect, in a dor-
soventral projection.

was taken to interconnect both defects and extend them as
much as possible, again creating a V-shaped defect (Fig. 5).

Biomaterial injection

Cerament and Spine-Ghost were prepared at room tem-
perature, according to the manufacturers’ instructions. The
osteo introducer system was replaced by a nozzle (Kyphon
Express Bone Biopsy Device size 2, Medtronic Spine LLC,
Portugal). and sterile cement was injected into the defect, under
fluoroscopic guidance, using a bone-filler system device
(Medtronic Spine LLC, Portugal). The mean time of injec-
tion was 1 minute (as shown in the animation Online Resource
1), and the injected volume was approximately 1.2 mL (Fig. 6).

Post-surgery

After injection all sheep remained anesthetized for 2 hours,
assuring immobilization to allow the curing process of the
cement. Upon recovery, sheep were moved into a pen, inside
the Veterinary Hospital of the University of Evora, and treated
with amoxicillin and clavulanate acid (15 mg/kg, once a day.
subcutaneous), carprofen (2 mg/kg, once a day, subcutane-
ous), and butorphanol (0.15 mg/kg, twice a day, mtramuscular),
for 7 days. Fifteen days postsurgery, a fluorochrome (calcein
green, 15 mg/kg) was subcutancously injected, and sheep were
released into the pasture. Another fluorochrome (alizarin
complexone 25 mg/kg) was subcutancously injected 2 weeks
before sacrifice. After 6 months of implantation time, the
animals were sacrificed by pentobarbiturate intravenous in-
jection. Biological response and material integration were
assessed by micro-CT, histologic studies. and reverse
ranscription-polymerase chain reaction.
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Fig. 6. C-Am image showing Cerament filling the interconnected defects

{in vivo slud}' ), in a dorsoventral p“)]L‘\'.‘lI(lllA

Results and discussion
Ex vivo model

A known limitation of the ovine vertebral model is the an-
atomical differences from human vertebrae. Because of the
orientation angle of the lumbar facet joints and pedicles, and
the relatively short and sagittally oriented pedicles, a con-
ventional transpedicular approach is associated with the nsk
of pedicle fracture and vertebral foramina disruption. Addi-
tionally. the access angle is limited, resulting in smaller and
isolated defects.

Previous studies have detected cement leakage into the ver-
tebral foramen in more than half the injected vertebrae [6].
To overcome these limitations, a parapedicular approach
limited to the cranial hemivertebrae was developed [15],
because the nutritional foramina are very prominent and act
as low resistance accesses to the vertebral foramen. Precau-
tion had to be taken to preserve vertebral and nutritional
foramina to prevent neurologic and vascular complications.

The surgical limitations in this study were the high tra-
becular bone density; the hardness of the cortical bone of ovine
lumbar vertebrae when compared with human; and the wide
lumbar vertebrae nutritional foramina (Fig. 7). The L6 ver-
tebrae, because of its shortness, may be more prone to vertebral
foramina disruption with the described technique. The re-
sulting interconnected bone defect is illustrated in Fig. 8, but
minor cement leakage into the vertebral foramen was ob-
served in two out of six vertebrae in the ex vivo study.

This model could potentially be used with alternative per-
cutaneous vertebral augmentation techniques, most obviously
kyphoplasty, as long as adequate-size instrumentation and suit-

Fig.7. Scan image of an ovine lumbar vertebra showing the wide nutri-
tional foramen (white arrow).

able means for creating a bone defect in the highly dense
trabecular network of the vertebral body was ensured. Ap-
plication for SKyphoplasty would depend on the ability of
the plastic device to break through the trabecular structure;
however, because this technique demands a larger cannula
and only a fixed degree of expansion of the devices is pos-
sible, its use would also be highly dependent on proper sizing
of the mstrumentation [4.20].

The mean total VBH (n=24) was 37.10£1.80 mm; the mean
total BMD (n=24) was 0.3512£0.0493 gem™; and the mean
total defect VOI (n=18) was 1.275.46£219.29 mm". Individ-
ual group results are shown in Table 1, and the distribution
of defect VOI values is shown in Fig. Y. Despite being ran-
domly distributed into the groups, vertebrae from Group D
showed lower VBH and lower BMD values. This may be ex-
plained because of individual anatomical differences between
the vertebrae, which came from different sources with no

Fig. 8. 3D partial reconstructed L4 showing the interconnected defect (white
arow).
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Table |
Descriptive statistics analysis for vertebme groups (n=24)

Vertebrae groups N VBH (mm) BMD (gem™) Defect VOI (mm’)
A, intact vertebrue 6 38.13x2.01 0.3970.010 —

B, vertebrue with empty defect 6 37.19£2.03 (L35920.056 L160.992168.26
C, vertebrue with Cerament 6 37.23z1.61 0.35840.029 L308.03£312.36
D, vertebrae with Spine-Ghaost 6 35.8620.96 0.292£0.019 1,357.35z112.17

VBH, ventebral body height: BMD, bone mineral density: Defect VOI, defect volume of interest.

background information available. Besides that, defect VOI
values from Group D showed less vanance than those values
from the other groups, perhaps due to the surgeon gaining
more experience of the echnique (as Groups B and C were
completed before Group D), because this is a novel ap-
proach requiring high precision to manually drill the
interconnected bilateral bone defects without disrupting the
vertebral or nutritional foramina. No statistically significant
differences were found between these three groups for defect
VOI values. On the basis of the defect VOI and consistent
defect morphology. the procedure is considered reproducible.

The micro-CT information of the distinctive charactenis-
tics of ovine vertebrae facilitated decisions regarding the
surgical entry points and onentation angles for accessing each
vertebral body. This enabled the creation of defects without
disrupting cortical bone or the vertebral and nutritional fo-
ramina. On the other hand, micro-CT analysis revealed small
disruptions of the vertebral foramen in 25% of the verte-
brae (Fig. 10), which was expected to decrease with further
training and with the use of slightly smaller instruments (which
were chosen for the in vivo procedures).

Cerament was easy to handle, with 8-10 minutes setting
time, good injectability, and a high radiopacity compared with
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Fig. 9. Defect volume of interest (VOI)'s values distnbution shown in a his-
togram with normal curve (SPSS 22 graph).

bone (because of the presence of iohexol). Its higher radi-
opacity enabled visualization of the cement while being
mjected (Fig. 11) [21]. However, iohexol generates artifacts
in the micro-CT images that prevent a comrect evaluation of

Fig. 10. Micro-computed tomography (micro-CT) scan image of an L4
showing the disrupted vertebral foramen (white arrow).

o
T GENORAY

Fig. 11. C-Arm image showing an L4 with defect injected with Cernment
ina dorsoventral projection.



M.T. Oliveira et al. / The Spine Journal 16 (2016) 1253-1262 1259

Fig. 12. Micro-computed tomography (micro-CT) scan image of an L4
showing the artifact caused by Cerament.

the cement inside the bone defect. impairing the evaluation
of njected cement volume and the determination of possi-
ble leakage (Fig. 12).

Spine Ghost was also casy to handle, with a smaller
setting time than that of Cerament’s, and good injectability,
but only moderate radiopacity (conferred by its bioactive
glass-ceramic phase [22]). The micro-CT images had fewer
artifacts, but the material was harder to visualize during
injection.

A typical mechanical compression test trace is shown in
Fig. 13, Top. All vertebrae withstood compressive loads
much higher than the peak loads expected under physiolog-
ical conditions (~1.3 kN). A vertebral stffness was calculated
from the slope of the linear section of the curve (typically
this involved caleulating the gradient at loads of between 2
and 5 kN). The net stiffnesses are shown in Fig. 13, Middle.
As BMD values were significantly lower in Group D, and
bone mass parameters (ie, BMD and Bone Volume/ Total
Volume (Relative Bone Volume)) are strongly correlated
with failure load. compressive stiffness, and work to failure
[23], a nomalized vertebral stiffness was calculated by
dividing the vertebral stiffness by the BMD value of each
vertebra, as shown in Fig. 13, Bottom. No statistically
significant differences were found in stiffness or normal-
ized stiffness between the different groups.

The developed model is reproducible and safe under much
higher loads than would arise physiologically.

In vivo model

As noted previously, the in vivo procedure was per-
formed informed by the ex vivo results. The chosen vertebra
to create the bone defect was L4. The end plate height is higher,
potentially permitting bigger defects than L6 would. In the
second sheep intervened, from control Group E, rupture of
the ventral cortical bone of the vertebral body occurred, with
cement leakage to the vertebral body ventral surface. During
the cement injection, an abrupt drop in the arterial blood

pressure was observed (probably due to pulmonary fat em-
bolism [24.25]). the animal went nto cardiovascular arrest,
and cardiopulmonary resuscitalion maneuvers were per-
formed. No secondary neurologic reactions were subsequently
observed in this sheep. The fourth sheep (Group E) also suf-
fered abrupt arterial blood pressure decrease duning cement
injection. To prevent any other cardiovascular changes in the
other sheep, the injection speed was reduced, thus decreas-
ing the cement injection force. No further cardiovascular
changes were observed in the other animals. In two sheep from
the control group, contact between the two bilateral con-
nected defects was not wide enough, and the cement could
only be injected from only one side without risking leakage.
In these two cases the defect was filled bilaterally. All sheep
remained anesthetized for 2 hours after injection, then re-
covered well and rapidly stood up and began to eat. One sheep
of the first group that underwent surgery developed proprio-
ceptive deficits of the hind limbs, due to cement leakage around
the defect entry point affecting the spinal nerve roots, but the
sheep remained ambulatory. After approximately 2 months
the animal had fully recovered.

In vivo procedures were successful with all animals com-
pleting the 6 months implantation period. Ancillary imaging
was crucial in offering visualization of vertebral landmarks
and complementing the surgeon’s visual and tactile control.
It is also important to emphasize that constant anesthetic moni-
toring by a qualified veterinary enabled prompt intervention
when necessary.

Al the end of the in vivo study, micro-CT scanning was
performed. The artifacts caused by iohexol in Cerament
were less prominent because of cement resorption and new
bone formation (Fig. 14). Iohexol may also cause hypersen-
sitivity responses, and we suspect that it caused one of the
animals to develop a transient mild angioedema after PVP.
The micro-CT analysis revealed small disruptions of (1) the
vertebral foramina in 26.7% of the vertebrae (Fig. 15). (2)
the vertebral cortex in 13.3% of the vertebrae. and (3) the
nutritional foramina in 20% of the vertebrae (n=15). Never-
theless, no cement leakage was observed into the vertebral
foramina, which is in accordance with the low number of
animals presenting postsurgical neurologic deficits, even if
mild (1 out of 16), and with the high survival rate (100%)
obtamed.

Biological response and material integration were also as-
sessed by histologic studies and reverse transcription-
polymerase chain reaction.

Conclusions

A new ovine model for PVP has been developed. The sur-
gical technique described, first developed ex vivo, is
reproducible and safe under physiological loads. The model
is mnovative both in approach and design—interconnected
defects created bilaterally in each cranial hemivertebra, al-
lowing a controlled volume of cement to be injected
with a low risk of leakage. This model enabled a much safer
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Fig. 14. Micro-computed tomography {micro-CT) scan image of an L4 in-
jected with Cernment, from the in vivo stdy, showing cement resorption,
new bone formation, and no artifact.

Fig. 15. Micro-computed tomography (micro-CT) scan image of an L4 in-
jected with Cerument, from the in vivo study, showing a potential cortical
disruption of the vertebral foramen (white amrow).

approach to the in vivo procedure with a survival rate of 100%.
Although requiring surgical expertise, the procedure is suit-
able for preclinical in vivo studies, mimicking clinical
applications.
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Appendix: Supplementary material

The following is the supplementary data to this article:

Video 1 C-Arm image showing Cerament filling the inter-
connected defects (in vivo study) in a dorsoventral projection.
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Novel mesoporous bioactive glass/calcium sulphate cement for percutaneous vertebroplasty and Ryphoplasty: in vivo study

Testing a new bioactive composite — Spine-Ghost — for percutaneous
vertebroplasty/ kyphoplasty. From the sheep to the slide.

Abstract

In the field of tissue engineering, synthetic cements are in expansion as valid alternatives
to existing therapeutic options. To develop an innovative, resorbable and injectable composite
cement — Spine-Ghost —, type III a-calcium sulphate hemihydrate was used as the bioresorbable
matrix, while spray-dried mesoporous bioactive particles were added for high bioactivity, and
a zirconia containing glass-ceramic was added to increase radiopacity. An injectable paste was
obtained by adding water. To test the suitability of the injectable cement for percutaneous
vertebroplasty, a sheep study was conducted, following a previously developed animal model.
Two groups of mature Merino sheep were defined (n=8): A) the control group injected with a
known commercial calcium sulphate-based biphasic cement; B) the experimental group
injected with the novel cement. Bone defects were manually drilled percutaneously in the L4
vertebral bodies. Micro-CT overall mean tissue volume, an indicator of the injected defect
volume, was 1.217+0.235 mL. All sheep survived and completed the 6-month implantation
period. After sacrifice, the samples were assessed by micro-CT and by histological,
histomorphometric, and immunohistological studies. There were no signs of infection or
inflammation. Importantly, there was cement resorption and new bone formation. Spine-Ghost

proved to be an adequate material for percutaneous vertebroplasty.

Keywords: Spine-Ghost; resorbable cement; percutaneous vertebroplasty; kyphoplasty; in vivo
study; ovine.
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1. Introduction

Vertebral compression fractures (VCFs) are the most frequent osteoporosis-related event
in the elderly, especially in post-menopausal women [1-3]. Other causes, particularly in
younger patients, include trauma [4] and cancer [5]. With the existing tendency of population
ageing, the prevalence of VCFs will continue increasing [6]. VCFs not healing with
conservative management and not demanding open surgery for spine instability, are currently
treated through minimally invasive surgical techniques performed with radiological guidance:
percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP). Both techniques aim
to augment and/or stabilize the defective vertebral body by percutaneously injecting a material
that will interdigitate with the cancellous bone or fill the bone defect thus achieving immediate

and lasting pain relief with functional recovery [7-9].

In the field of tissue engineering, synthetic materials composites are in expansion as valid
bone graft alternatives. Optimal bone cement for vertebroplasty would show a reduced Young’s
modulus - around 120 MPa [10] —, comparable to that of the cancellous bone; a reduced
polymerization temperature — approximately 40 °C at most [10]; and an increased bioactivity
and resorbability. Additionally, it should be injectable to enable percutaneous vertebral
augmentation procedures; easy to handle and sterilize; and present high radiopacity to allow

fluoroscopic guidance [11].

Presently, most of the cements used in percutaneous bone interventions are based on a
polymeric matrix — polymethylmethacrylate (PMMA) —, provide immediate effect and safety
and have been thoroughly used and investigated over the years. However, they can present some
complications: 1) secondary fractures of the contiguous vertebral bodies due to the cement high
elastic modulus [12]; 2) high polymerization temperatures: around 70 °C [13], but can rise over
90 °C, as assessed by in vivo measurements [14], which can cause inflammation/ necrosis of
the neighboring tissues; 3) excessive setting times; 4) low bioactivity and bioinertia [7]; 5)
absence of resorbability, inhibiting the formation of new healthy tissue [15]; 6) pulmonary

embolism and cardiorespiratory arrest due to PMMA leakage [16,17].

Calcium sulphate-based injectable ceramic cements, like Cerament™ (Bone Support,
Lund, Sweden) are effective, well documented bone substitutes [18-20] since they are
biocompatible, resorbable, and osteoconductive, displaying mechanical properties similar to
those of cancellous bone, with reduced Young’s Modulus [18], and a low risk of infection or
donor site morbidity. Some disadvantages include their limited shear and compressive strength.
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In order to overcome these limitations, ceramic biomaterials are most of the times combined

with other composites [21].

To go beyond the state of art, a new bioactive injectable cement for percutaneous
vertebroplasty was developed — Spine-Ghost — based on Vitale-Brovarone’s patent
(EP2569025), as described elsewhere [22]. It is composed of type III a-calcium sulphate
hemihydrate combined with mesoporous particles of a bioactive glass (MBG), and a radiopaque
glass-ceramic phase. MBG was used for its high bioactivity and ability to release silicon and
calcium ions, which had been proven to be osteoinductive [23]. Arcos et al. reported the
production of spherical mesoporous particles of bioactive glass by spray-drying [24] — to
overcome the time-consuming sol-gel synthesis combined with an evaporation-induced self-
assembly (EISA) process [25] —, and they were used as the dispersed phase in the calcium
sulphate matrix to impart high bioactivity to the material. This allows a faster and more
repeatable process [26]. An additional dispersed phase was added, consisting of a glass-ceramic

bioactive phase containing zirconia (ZrOz) to enhance the injectable cement’s radiopacity.

Sheep are considered an appropriate large animal model for biomedical research,
including orthopedic research [27], because of their anatomical similarities to human bones
[28]. To date, most studies wherein a vertebral bone defect model was presented were executed
using “open surgery” techniques [29,30]. Also, only a small number of percutaneous
vertebroplasty preclinical studies have been performed in large animals, and those have faced
several drawbacks, including cement leakage into the vertebral foramen [31], incomplete defect
filling and lack of information on postoperative evolution [32,33]. To overcome these
difficulties, we’ve previously developed a modified parapedicular approach model, wherein the
overall mean tissue volume, an indicator of the injected defect volume, was 1.217+0.235 mL,
maintaining a 100% survival rate [34].

In the present work, we report the in vivo results of Spine-Ghost implantation in a sheep
vertebral defect model. The performance was compared to a commercial biphasic cement —
Cerament™|Spine Support. Cerament™’s application for VCFs has been well documented [ 18-
20]. After the 6 month-experimental period sheep were euthanized and the vertebrae (L4) were
collected. Samples were assessed by micro-CT, histological, histomorphometric, and
immunohistological methods, for osteointegration and cement resorbability evaluation
purposes. After the implantation period, cement resorption with concomitant integration into

the newly formed bone was observed, both in control and experimental groups.
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Spine-Ghost seems a very promising material for vertebroplasty applications, showing an
identical — if not superior — biological response to the one elicited by the commercial available

control Cerament™.,

2. Material and methods

2.1 Cement development and characterization

Spine-Ghost is a new bioactive injectable cement for percutaneous vertebroplasty that
was developed based on Vitale-Brovarone’s patent (EP2569025). As described elsewhere [22],
a composite cement was obtained mixing four different phases. In particular, commercial type
III dental a-calcium sulphate hemihydrate (CSH) was used as matrix that was enriched by
spray-dried mesoporous bioactive particles (W-SC). CSH was used due to its well-known

biocompatibility and ability to set upon mixing with water.

W-SC were produced through the water-based synthesis described in a previously
submitted paper [35] and were used for their known high bioactivity and ability to release
silicon and calcium ions, which have been proven to be osteoinductive [23]. A glass-ceramic
radiopaque phase containing ZrO> (SiO2/CaO/Na20/ZrO., 57/30/6/7 %mol) coded as SCNZgc
was dispersed as a third phase to increase the mechanical properties of the cement and to impart
a satisfactory radiopacity, in order to allow the radiological control of the cement injection. The
different powders were mixed in the following proportion a-CSH/SCNZgc/W-SC: 70/20/10
%wt. and were then combined with water inside a syringe using an optimized liquid to powder

ratio (L/P=0.4 ml/g), in order to obtain an injectable paste [22].

Prior to the in vivo study, the cement went through bioactivity and resorbability, ex vivo
injection, mechanical and in vitro testing [22,36]. All the tests were carried out using a
commercial reference as control prepared according to the manufacturer’s instructions

(Cerament™),

2.2 Invivo large animal model

Animal handling and surgical procedures were implemented following the European
Community guidelines for the care and use of laboratory animals (Directive 2010/63/UE) and
with the required legal consent from the national competent authorities [37,38]. Cerament™
and Spine-Ghost were implanted in a vertebral body defect (L4), according to the developed

model [34]. 16 skeletally mature sheep, with an average body weight of 56.8+5.3 kg, were
95



Novel mesoporous bioactive glass/calcium sulphate cement for percutaneous vertebroplasty and Ryphoplasty: in vivo study

randomly allocated into two groups: control group A, injected with Cerament™; and
experimental group B, injected with Spine-Ghost. All underwent PVP. Prior to surgery the
animals fasted for 24 hours. Following anesthesia pre-medication with atropine (0.05 mg/kg
subcutaneous), xylazine (0.1 mg/kg intramuscular), butorphanol (0.01 mg/kg intravenous) and
carprofen (2 mg/kg subcutaneous); induction was achieved with thiopental sodium 5% (5-10
mg/kg intravenous). After induction, the sheep were positioned and fixed on a radiolucent table
in ventral decubitus with the hind limbs retracted caudally. Anesthesia maintenance was assured
with isoflurane 1-2% under spontaneous ventilation. The surgical field was clipped and
aseptically prepared. L4 was identified under tactile and fluoroscopic guidance (Digital C-Arm
ZEN 2090 Pro, Genoray, Co., Ltd., Korea). A V-shaped defect was bilaterally manually drilled
in the cranial hemivertebrae, in a modified parapedicular approach, as advocated in the formerly
developed model [34]. Cerament™ and Spine-Ghost were prepared at room temperature,
according to the manufacturers’ instructions and were injected under fluoroscopic guidance into
the defect, using a bone-filler system device (Medtronic Spine LLC, Portugal). The mean time
of injection was one minute and the injected volume was approximately 1.2 mL. Both injected
materials were allowed to set in the anaesthetized sheep for 2 hours. Amoxicillin and
clavulanate acid (15 mg/kg, once a day, subcutaneous), carprofen (2 mg/kg, once a day,
subcutaneous) and butorphanol (0.15 mg/kg, twice a day, intramuscular), were administered for
7 days after surgery. A fluorochrome (calcein green, 15 mg/kg) was also subcutaneously
injected fifteen days after surgery. Sheep were released into the pasture the whole 6-month
implantation period. Another fluorochrome (alizarin complexone 25 mg/kg) was
subcutaneously injected two weeks before sacrifice. After the 6-months implantation period,
the animals were sedated with xylazine and sacrificed by pentobarbiturate intravenous injection
and the vertebrae explanted. Biological response and material integration were assessed firstly

by micro-CT, and then by histological studies, as described below.

2.3. Assessment of tissue regeneration

a. Macroscopic inspection

All vertebrae were identified under tactile and fluoroscopic guidance. Vertebrae were
assessed in situ for signs of soft tissue inflammation, of new bone formation and cement
presence. Then the 16 vertebral segments (L4) were collected from the cadavers of the two
groups. Soft tissue was extracted, and using a bone saw, the spinous and transverse processes

were removed to fit the vertebrae into the micro-computed tomography (micro-CT) chamber
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while preserving the vertebral arch. Vertebrae were stored immersed in 4% formaldehyde in
phosphate buffered saline for two weeks, for fixation. After micro-CT scanning, vertebrae were
divided in two parts, following their sagittal plane. Each sample was trimmed in order to
exclude the vertebral canal and arch. Vertebral bodies’ defects were evaluated macroscopically

regarding cement integration/resorption, new bone formation and cortical disruptions.
b.  Micro-CT assessment

All vertebrae underwent micro-CT scanning (Skyscan 1174, Kontich, Belgium) while
still intact. The vertebrae were removed from 4% formaldehyde, rinsed with distilled water and
coated with Parafilm M® (Sigma Aldrich, Missouri, USA), to avoid sample dehydration.
Subsequently, vertebrae were posed in a rotation stage fixed by commercial play-dough, with
their longitudinal axis matching the system’s rotational axis. Scans were performed with 50-
kVp, 800-puA, and a 1-mm aluminum filter. The pixel size was 62.08, exposure time 2,200 ms,
rotation step 0.8°, full rotation over 360°, with 2 average frames per image. Each vertebra went
through one scan, over approximately 59 minutes, assuring the imaging of the cranial
hemivertebrae containing the bone defects, comprising 450 cross-sections. The cross-section
images were reconstructed using N-Recon software (Skyscan, Kontich, Belgium). In the
analyzer software (CTAN, Skyscan, Kontich, Belgium) two volumes of interest (VOIs) were
defined for each vertebra: 1) VOI Defect, constituted by a set of regions of interest (ROIs),
which outlined the defect (and residual cement), every other ten sections along the totality of
the defect, and 2) VOI CHyv, an elliptical VOI containing only intact trabecular bone, identical
for all vertebrae, with 15 mm of length and 7 mm of height (100 cross-sections), defined within
the caudal hemivertebrae. Next, the following 3D structural parameters were evaluated: relative
bone volume (BV/TV), specific surface (BS/BV), trabecular thickness (Th.Th), trabecular
separation (Th.Sp), trabecular number (Tbh.N), and tissue volume (TV); this last one in an
attempt to consistently characterize the volume of the injected defect. A uniform threshold

method was applied.
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c.  Histology
I. Undecalcified histology

For qualitative evaluation of the slides and posterior histomorphometry, sections were
included in resin. Initially the samples were fixed in 70% alcohol, followed by gradual
dehydration with alcohol in increasing concentrations and defatting with xylol. Subsequently
they were embedded in Technovit 9100 New® (Heraeus-Kulzer, Wehrheim, Germany),
according to the manufacturer’s instructions. From each resulting block, a minimum of three
70-80 um slices was attained by the means of a Leica SP1600 Saw Microtome (Germany), at
very low speeds. Sections were cut in such a way that the defective vertebral body with cement
and adjoining bone were included. Samples were then processed for routine staining with

Giemsa-Eosin and mounted for fluorescence microscopy.

For the slides observation and imaging, slides were digitized by means of the
Nanozoomer SQ (Hamamatsu Photonics, Kyoto, Japan). For fluorescence microscopy,
unstained resin sections of each sample were mounted in aqueous mounting medium;
observation and pictures were done using an optic fluorescence microscope (Olympus BX41)

equipped with a WB Fluorescence cube (Olympus U-LH100HG).

For histomorphometric studies, measurements were made with resource to Giemsa Eosin
staining and fluorochromes labelling. NDP.2 View software (Nanozoomer Digital Pathology,
Hamamatsu Photonics, Japan) was used. Two circular areas of interest (AOI), with the same
diameter — 20 mm? —, were defined to evaluate the bone-cement interface: A) within the defect
to evaluate new bone formation; and B) outside the bone defect to evaluate mature trabecular
bone (Figure 1).
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Figure 1. Histomorphometric study. Giemsa staining, 0.55x magnification; the circles are limiting the two areas
of interest: A) newly formed trabecular bone within the defect; B) mature trabecular bone outside the defect.
Scale bar on image.

The following bone parameters were assessed for each region of interest, following the
guidelines of the American Society for Bone and Mineral Research (ASBMR): bone area (B.Ar,
mm?), relative bone volume (BV/TV, %) and trabecular thickness (Tb.Th, um); mineral

apposition rate (MAR) was also calculated for both groups through the fluorochromes labelling.

ii.  Decalcified histology

For demineralization, samples were immersed in a formic acid 5% solution and
subsequently followed routine processing and paraffin inclusion. Each paraffin block was cut
into 4-5 um slices for posterior histochemistry and immunohistochemistry processing.
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For histochemistry sections were stained with Masson and Mallory Trichrome using Bio-
Optica kits (Bio-Optica Milano, Milan, Italy), followed by dehydration and mounting, for better
imaging of connective tissue. Again, slides were digitized using Nanozoomer SQ for ulterior

observation and imaging.

For immunohistochemistry, the samples were checked for the expression of osteogenic
differentiation markers (osteopontin, osteocalcin) and osteoclast differentiation markers
(TRAP). An enzymatic antigen retrieval protocol was developed and applied. Incubation with
a Trypsin-EDTA 0.5% solution at 37 °C, followed by RT cooling of sections was performed.
The positive controls consisted in slides containing bone, known to show positive reaction with
osteocalcin and osteopontin, and lung, known to show positive reaction with TRAP. The
negative control was prepared using thymus, lymph node and cerebellum. Additional controls

were prepared with sample bone sections and the primary antibody omitted.

2.4  Statistical Analysis

Results from the micro-CT analysis and histomorphometry were analyzed using SPSS 22
for Windows (SPSS Inc., Chicago, IL). One way ANOVA analysis was performed, with means
compared by the Tukey test (0.05 level), whenever assumptions were respected. Normality was
verified using the Shapiro-Wilk test (p < 0.05), and homogeneity of variance was verified with
resource to Levene’s test for equality of variances. For variables that did not have a normal

distribution, Kruskal-Wallis ANOVA was applied.

3. Results

3.1 Cement development and characterization

Prior to the in vivo study, the cement went through bioactivity, resorbability, ex vivo
injection, mechanical, and in vitro testing, all of which with favorable results [22,36], qualifying

it for further in vivo studies.

Injectability and radiopacity have been positively demonstrated in explanted vertebrae,
using a 13-gauge vertebroplasty needle for injection. As can be seen in Figure 2A the cement
could be easily injected without interruption and it showed a satisfactory radiopacity, assessed
inside the interventional radiology operating room of the Candiolo Cancer Institute (Figure 2B).

In comparison to the commercial reference, Spine-Ghost cement showed a high bioactivity

100



Novel mesoporous bioactive glass/calcium sulphate cement for percutaneous vertebroplasty and Ryphoplasty: in vivo study

already after 8 hours of soaking in simulated body fluid (SBF), with the appearance of
diffraction peaks identified with hydroxyapatite. In Figure 2C many cauliflower
hydroxyapatite crystals can be observed after 7 days of soaking in SBF. Spine-Ghost showed
mechanical properties comparable to the one of the healthy vertebral cancellous bone [22] and
significantly higher (14 MPa-18MPa in wet and dry conditions respectively) than the
commercial reference Cerament™. Spine-Ghost was able to harden completely in less than 1
hour in good agreement with the clinically used commercial reference and thus suitable for the

vertebroplasty procedure.

i .
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Figure 2. Cement characterization. A) Syringe after the injection of Spine-Ghost, coupled with a 13-gauge
vertebroplasty needle and Spine-Ghost cement extruded on a paper sheet to prove its injectability; B) Spine-
Ghost radiopacity assessment C) FE-SEM micrograph of precipitated HAp on Spine-Ghost after 7 days of
immersion in SBF and relative EDS spectrum.

3.2 Invivo findings

All sheep remained anesthetized for 2 hours after injection and recovered well from
surgery. Two sheep from group A experienced an abrupt drop in the arterial blood pressure
during cement injections. No cardiovascular changes were observed in the other animals. In the
second sheep intervened, from group A, rupture of the ventral cortical bone of the vertebral
body was observed under the fluoroscope, with a minor leakage of cement to the ventral surface
of the vertebral body. One sheep from group A developed proprioceptive deficits of the hind
limbs, possibly due to cement leakage around the defect entry point, which affected the spinal
nerve roots; nevertheless, this sheep remained ambulatory and had fully recovered after
approximately 2 months. In two sheep from group A, the connection between the two bilateral
defects was not wide enough so the cement was injected bilaterally to avoid leakage. In vivo
procedures were successful with a survival rate of 100%, and all animals completed the 6-month
implantation period. At the time of sacrifice all the animals presented a body condition score of
4/5, were alert and active and presented normal species behavior. All animals gained weight
during the implantation period (an average increment of 6.4 kg with an initial body weight of
56.84+5.28 k).
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3.3 Assessment of tissue regeneration

a. Macroscopic

No sheep showed obvious signs of inflammation of the surrounding soft tissues and,
under fluoroscopic guidance, radiopacity differences between the intervened vertebra and the
adjoining vertebrae were not noteworthy (minimal to null). Explanted vertebrae from both
groups had minimal to null signs of the PVP, with no signs of the cements or of the surgical

instrumentation entry points, which were in all cases covered by newly formed cortical bone,

showing in just a few cases a minor pale to rose discoloration (Figure 3A).

Figure 3. Macroscopic assessment. A) Instrumentation entry point with a pink discoloration pointed by the
cannula; B) hemivertebra, after sagittal cut, with cement still evident (large white arrow) and adjoining newly
formed bone (small white arrow); C) macroscopic evidence of cortical disruption of the vertebral canal.

After micro-CT scanning, vertebrae were cut along their sagittal plane and again
macroscopically inspected. At this point, one vertebra from group A, belonging to the first

sheep intervened, had to be discarded due to technical issues. Consequently, the rest of the study
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and corresponding results are for n=7, when it comes to group A. All vertebrae, from groups A
(n=7) and B (n=8), showed evident signs of cement resorption and new bone formation (Figure
3B), with no gaps between the cement and the bone. One vertebra from group A, belonging to
the fifth sheep intervened, showed macroscopic signs of cortical disruption (Figure 3C). There
was also evident in all samples an orange coloration over the newly formed bone, due to alizarin

orange administration.
b. Micro-CT assessment

After the first macroscopic evaluation, micro-CT scanning of the intact vertebrae was
performed. It presents the major advantage of enabling the sample evaluation without
destroying it; however, in this study, it must be taken into consideration that the residual
presence of the cements could not be separated from the new trabecular bone, due to the similar
radiopacities in between them. Therefore, all further measurements and rendered models were

attained and analyzed taking this fact into consideration.

The qualitative analysis of the reconstructed cross-section images, using CTAnN (Skyscan,
Kontich, Belgium), allowed the in situ comparison between the two injected cements resorption
and new bone formation. In three of the samples (two controls and one Spine-Ghost augmented)
the defect was hard to visualize clearly. Moreover, the evaluation of cases of disruption of the
vertebral canal, the vertebral cortex, the nutritional foramina, and the interconnection of the

defects was also enabled, as presented in the following graphic (Figure 4).

Micro-CT Qualitative Evaluation

@
~ o~ Defects not Interconnected

% © © Defects Interconnected
3 s o o D Nutritional Foramen
&_; ND Nutritional Foramen
g m D Vertebral Cortex
§ A | d o d ND Vertebral Cortex

d 4 41 m D Vertebral Canal

I I ND Vertebral Canal

Cerament Spine-Ghost

Figure 4. Clustered stacked chart presenting micro-CT qualitative evaluation. Data obtained from the
injected vertebrae: group A (n=7) — Cerament™ —, and group B (n=8) — Spine-Ghost. Legend: ND — not
disrupted; D — disrupted.
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Still in CTAN (Skyscan, Kontich, Belgium) 3D structural parameters were calculated for
the defect and the caudal hemivertebrae (CHv) areas, as shown in Table 1. Data are presented

as mean = standard deviation.

Table 1. Descriptive analysis of the 3D structural parameters

Biomaterial Defect CHv
[Mean+Std. Deviation] | [MeanxStd. Deviation]
BVITV % Cerament 68.43+5.80 42.49+6.69
Spine Ghost 79.00+10.24 40.20+9.97
BS/BVmm?/mm3 Cerament 9.54+2.03 14.36+2.20
Spine Ghost 6.58+2.90 13.87+3.00
Tb. Th mm Cerament 0.41+0.11 0.25+0.03
Spine Ghost 0.58+0.21 0.251£0.04
Th.Sp mm Cerament 0.21+0.02 0.33%0.05
Spine Ghost 0.24+0.17 0.39+0.04
Tb.N 1/mm Cerament 1.77+0.35 1.72+0.15
Spine Ghost 1.48+0,39 1.59+0.16
TV mm? Cerament 1299.51+291.21 510.72+0.00
Spine Ghost 1146.36+158.92 510.72+0.00

Table 1. Descriptive analysis of the 3D structural parameters. Data acquihired from the
injected vertebrae from group A (n=7) — Cerament™ —, and group B (n=8) — Spine-Ghost. Legend:
BV/TV - relative bone volume; BS/BV — specific surface; Th.Th - trabecular thickness; Th.Sp -
trabecular separation; Th.N - trabecular number; and TV — tissue volume.

Mean trabecular thickness (Th.Thpefect) and mean trabecular separation (Th.Sppefect) Of
the two groups, regarding the defect area, present no statistically significant differences; Spine-

Ghost values are slightly superior.

Likewise, there is no statistically significant difference in the trabecular number
(Tb.Npefect) Of the two cements, though Cerament™’s mean value is superior. On the contrary,
the mean relative bone volume (BV/TVpefect) Was significantly higher in Spine-Ghost
augmented vertebrae, when compared to Cerament™, and no significant differences were
found in the caudal hemivertebra intact bone that could justify the higher bone volume ration
found in the Spine-Ghost group. BS/BV or specific surface was significantly lower in Spine-
Ghost samples when comparing to control. This suggests a thicker structure and might be
related to a lower bone turn-over rate because bone resorption and formation occurs on bone
surfaces. Moreover, when comparing the mean values of all structural parameters between the

Defect and the CHv areas, mean trabecular number (Tb. N) is the only one that does not present
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a statistically significant difference, indicating a normal tissue evolution, with an emergent open

tissue structure.

3D models were also assembled in the rendering software (CTVol, Skyscan, Kontich,
Belgium), enabling the visualization of the injected defects and the comparison between the
two cements. Cement resorption was observed in both groups, with subsequent new bone
formation filling the defects, which presents a porosity slightly closer than that of the normal
trabecular bone observed in the caudal hemivertebrae (Figure 5). These images are in

accordance to the abovementioned assumptions made based on the 3D structural parameters.

Figure 5. Micro-CT post-mortem assessment. Here it can be seen the reconstructed cross-section images and the
3D rendered models of 2 injected vertebrae — one from each group —, explanted from the sheep closest to the
mean, when it comes to the trabecular bone mineral densities of the intact caudal hemivertebrae (BMDchy): 1)
vertebra injected with Spine-Ghost, with a BMDcpy of 0.45 gcm®; 2) vertebra injected with Cerament™, with a
BMDcry 0f 0.50 gcm3; a) cross-section image of CHv; b) 3D rendered image of 30 cross-sections of VOlcpy; €)
cross-section image of the defect; d) 3D rendered image of 30 cross-sections of VOl pefect.

c.  Histology
I. Undecalcified histology

As described in the methods section, undecalcified sections were stained with Giemsa
Eosin. Mature bone is stained in a darker shade of red/pink, whilst younger bone takes a lighter

shade. Soft tissue and nuclei are stained in different shades of blue.

Qualitative evaluation of the slides showed new bone formation within the area of the
defect for both groups in most of the vertebrae (13 out of 15); the pattern of long trabeculae,

mostly parallel to the long axis of the vertebrae, was interrupted by a denser net of highly
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interconnected trabeculae, in both groups (Figure 6A and B). In all sections bone was directly
in contact with residual cements and no fibrous tissue or inflammatory reactions were observed.
Also, the newly formed bone in the defect areas was mostly mature bone, with some areas of
lighter pink stain where bone was more recently mineralized (Figure 6A). In the Spine-Ghost
sections an affinity of Giemsa to the biomaterial was observed (Figure 6B).

In two samples from Cerament™ group and one from Spine-Ghost there were relatively
large areas of defect yet to be occupied by bone (Figure 6C and 6D). The unoccupied area was
larger in the Spine-Ghost single sample where this occurred (Figure 6D), whilst empty space
areas were observed in three out of seven samples of the Cerament™ group (Figure 6C). In

none of these sections a fibrous capsule was observed neither was inflammatory reaction.

: = e BB - P
Figure 6. Undecalcified Technovitt 9100 sections of two vertebrae. A) Cerament™ augmented vertebra section
(magnification 0.55x) with areas of lighter pink stain where bone was more recently mineralized (black arrows);

B) Spine-Ghost augmented vertebra section (magnification 0.54x) showing the affinity of Giemsa to the
biomaterial, which stains in shades of blue (white arrowheads). Both defect areas are fulfilled with an intricate
network of trabeculae, with multiple directions, surrounding and penetrating the remains of the cements. In
contrast, is evidenced the trabecular structure of intact tissue, mostly parallel to the long axis of the vertebrae. C)

Cerament™ augmented vertebrae section (magnification 0.55x) where empty areas with some cement present

1
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may be seen; it’s also visible the disruption of the cortex of the vertebral canal (black arrow). This section
belongs to same vertebra shown above in Figure 3. D) Spine-Ghost augmented vertebra section (magnification
0.55x) where an empty area with some cement present may be seen. This was the only section from this group
where the defect cavity wasn’t filled with trabeculae. Scale bar on images.

Histomorphometric results showed no statistically significant differences between the
two groups regarding trabecular thickness within the defect and in the intact tissue. No
statistically significant differences were found in the area occupied by bone and the relative
bone volume, although they were higher in the defect Spine-Ghost sections (yet lower in the

intact tissue). Results are summarized in Table 2.

Table 2. Descriptive analysis of the Histomorphometric Parameters

Biomaterial Defect CHv
[Mean£Std. Deviation] | [Mean+Std. Deviation]
B.Ar mm? Cerament 13.51+3.78 8.51+0.87
Spine Ghost 14.33+2.01 8.01+1.56
BVITV % Cerament 67.5 42.5
Spine Ghost 71.65 40.1
Th.Th mm Cerament 0.21+0.09 0.20+0.09
Spine Ghost 0.20+0.10 0.21+0.10

Table 2. Descriptive analysis of the histomorphometric parameters. Legend: B.Ar — trabecular
bone area; BV/TV - relative bone volume; Th.Th - trabecular thickness.

Since there was no fibrous capsule observed in any of the sections, the affinity index can
be considered of 100%.

The data suggest that after 6-month implantation time, Spine-Ghost has a similar behavior

when compared to control.

Unstained resin sections of each sample were mounted in aqueous mounting medium and
observed using an optic fluorescence microscope. Observation of some of the sections suggests
that new bone formation started closer to cement, since the red line — correspondent to the
second fluorochrome injected (alizarin complexone) — is located further away from cement
remains (Figure 7A), and also calcein green was the first label injected. However, this was not
the only pattern of bone deposition observed, since there are areas in which the alizarin
complexone appears limiting the trabeculae, and areas of bone remodeling within the trabecular

structure are also apparent (Figure 7B). The mineral apposition rate (MAR) was calculated as
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being of 1.60+£0.27 um/day in the control group and 1.39+£0.54 um/day in the experimental
group.

Figure 7. Spine-Ghost augmented vertebra section. A) double fluorochrome labelling obvious, with the calcein
green line placed closer to material (large arrow) than alizarin complexone (small arrow); B) double
fluorochrome marking showing different patterns of bone apposition and bone remodeling, with alizarin
complexone (small arrow) encircling a trabecula. Scale bar on images.

ii.  Decalcified histology

Histological observations were made on decalcified samples that followed routine
processing and paraffin inclusion, and subsequently were cut into 4-5 um slices (Figure 8).
Mallory and Masson trichromes staining (Bio-Optica, Milan, Italy) allowed a more detailed

observation.

In both groups, the vertebral body defects were being filled by an intricate network of
trabeculae with neatly organized collagen fibres, as evidenced by Masson’s trichrome (Figure
8A and 8C). It was also evident the presence of bone marrow within the trabeculae, and cement
residues, which were integrated in the trabeculae themselves (Figure 8B and 8D). In
Cerament™ group sections, larger quantities of cement are apparent within the trabeculae when
compared to Spine-Ghost sections. Again, no inflammatory reaction, signs of increased bone
resorption or fibrous encapsulation of both biomaterials were seen. Most of the sections (4 out
of the 7 control samples and 7 out of 8 Spine-Ghost samples) showed complete filling of the

defect area with new trabecular bone.
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Lol . . . ’ S e
Figure 8. Sections of decalcified histology with Mallory and Masson trichromes staining. A) Spine-Ghost

augmented vertebra demineralized section (Masson Trichrome with aniline blue), 0.5x magnification, showing

the intricated net of trabecular bone within the defect area; B ) and D) Spine-Ghost and Cerament™ augmented
vertebrae demineralized sections, respectively (Mallory’s trichrome), 10x magnification, showing biomaterial
integration into the trabecular bone structure (arrowheads), blue staining of collagen fibres (small arrows); C)

Cerament™ augmented vertebra demineralized section (Masson Trichrome with aniline blue), 0.58x

magnification. Scale bar on images.

For immunohistochemistry, the samples were checked for the expression of osteogenic
differentiation markers (osteopontin, osteocalcin) and osteoclast differentiation markers
(TRAP). Antibodies were strongly adsorbed by cement particles, leading to ulterior staining by
DAB chromogen (Figure 9A).

Apart from the TRAP adsorbed to the cement, no relevant TRAP detection was detected
in Spine-Ghost sections. The same applies to Cerament™ sections. No osteoclasts were

observed at the bone/cement interface (Figure 9B).

No relevant differences were found between the two groups.
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Figure 9. Sections of immunohistochemistry of Spine-Ghost augmented vertebra

100x magnification, anti-osteopontin antibody, showing DAB stained biomaterial (large arrow); osteocytes, bone
lining cells and cells within bone marrow are also positive (arrowheads). B) 1000x magnification, anti-TRAP

antibody. The image shows an area of cement/bone interface. Scale bar on images.

4. Discussion

In vivo model was considered appropriate for preclinical studies, although requiring
surgical expertise. No cement leakage was observed into the vertebral foramina, which is in
accordance with the low number of animals presenting post-surgical neurologic deficits, even
if mild (1 out of 16), and with the high survival rate (100%) obtained.

There were some limitations in the micro-CT quantitative analysis of new bone
formation, namely the presence of residual cements within the defects. Cerament™’s
radiopacity is conferred by the presence of iohexol in its constitution. Contrariwise, Spine-
Ghost radiopacity is granted by the presence of zirconia oxide in the glass-ceramic phase
(SCNZgc). At previous ex vivo studies, Cerament™ presented more image artefacts than Spine-
Ghost, due to its greater initial radiopacity [36]. However, we have observed that at the end of
the implantation this artefact was considerably reduced, not interfering significantly with the
sample’s image acquisition. On the contrary, due the radiodensity similarities between both of
the residual cements and trabecular bone, as a result of the presence of calcium sulphate in their
constitutions, we were not able to isolate the trabecular bone from the residual cements, at
binary selection. To overcome this technical problem, we chose to use a global threshold
method, to ensure that the differences between study groups were due to experimental effects
rather than image processing effects, and we also analyzed an equal volume of interest
(510.72053 mmq) of normal trabecular bone for every caudal hemivertebrae (VOlchy).
Regardless, this may be one of the reasons that explain the statistically significant differences
in most of the 3D structural parameters when comparing between the defect area and the CHv

area. The degree of this influence could not be determined.
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Another concern is related to the nominal isotropic resolution of the equipment. The
smallest feasible voxel size (i.e., highest scan resolution) was used. However, while it is
generally considered that the highest ratio of voxels to object size is 2, this is associated with
substantial local errors (fairly small when averaged over an entire structure) [39]. Ideally, the
ratio should be higher for accurate morphologic measurements. When considering relatively
large structures such as trabeculae in human and ovine bone (100 to 200 um thick), small
differences in voxel size (e.g., 10 to 20 um) have little effect [39]. 3D micro-CT analysis data
are known to be highly correlated with 2D histomorphometric data [40,41] and results from
both methods should be interpreted in complement and bearing in mind advantages and

limitations of both methods.

Finally, when intending to compare micro-CT 3D structural parameters with 2D
histomorphometric measurements, it is recommended that the sample is scanned and posteriorly
cut following the same plane. This was not possible in this study because of the vertebrae’s
geometry, which made them impossible to fix over the micro-CT rotation stage in any other
way; on the other hand, two symmetric samples from every vertebrae were compulsory to
histology. Therefore, in this particular study we chose to scan the vertebrae in a different plane
from the histology cuts, in detriment to the comparison of the attained values in micro-CT vs.
histomorphometry.

Histomorphometry is less sensitive in detecting global bone mass changes when
compared to micro-CT. The limited number of sections observed in manual histomorphometric
cannot illustrate as accurately as 3D micro-CT analysis volumetric changes. However, the
overall results show a trend in BV/TV and bone occupied area that micro-CT data analysis
reveal as significant. Differences in mean trabecular thickness values are harder to explain, but
again, we believe there is an overestimation of the micro-CT mean trabecular thickness values
in Defect areas due the presence of the residual cements. This also can be confirmed by looking
at the 3D rendered models where we can see a more open trabecular net in the normal bone
sites (CHv) rather than in the defect areas. Contrariwise, in histomorphometry, though a total
of 525 trabeculae were hand measured, this was done in a limited number of sections.
Nonetheless, though the mean trabecular thickness values are different, no statistically

significant differences were found between the two groups with either of the methods.

At optic fluorescence microscopy, some degree of label escape was observed, probably

due to the length of the interval between both labels, particularly regarding calcein green, and
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a clear labelling line was not always seen. Another difficulty whilst analyzing the samples was
the strong bone marrow auto fluorescence. Nevertheless, it allowed to observe not only new
bone formation but also bone remodeling within the trabecular structure. Also, mineral
apposition rate was calculated and presented no statistically significant differences between the
two groups though Spine-Ghost presented a lower value, suggesting a slower resorption rate.
In a future study of the same model it would be worthwhile to consider another fluorochrome
labelling protocol or other data labelling method to overcome these difficulties.

Histological observations allowed a more detailed observation. Mallory and Masson
trichromes staining (Bio-Optica, Milan, Italy) evidenced the neatly organized collagen fibres
present in the newly formed bone, as well as the biomaterial integration into the trabecular bone
structure. Nevertheless, no inflammatory reaction, signs of increased bone resorption or fibrous
encapsulation of both biomaterials were seen in none of the groups and most of the sections (4
out of the 7 control samples and 7 out of 8 Spine-Ghost samples) showed complete filling of
the defect area with new trabecular bone.

For immunohistochemistry, an enzymatic antigen retrieval protocol was applied. The size
and nature of the samples posed technical difficulties for the completion of the standard thermal
antigen retrieval step. Therefore, for the present samples an alternative method through
incubation with a Trypsin-EDTA 0,5% solution at 37 °C, followed by RT cooling of sections
was applied. This allowed good epitope labelling, with no background and excellent tissue
morphology preservation. Immunohistochemistry sections showed no relevant differences
between the two groups and the relatively low levels of detected antigens were what would be
expected to occur in mature, stable bone. No osteoclasts were observed at the bone/cement
interface, though in a small part of the sections, a small number of osteoclasts-like cells, TRAP
positive, were detected within the new trabeculae, suggesting that bone remodeling processes

were in course, as it is to be expected.

To finish, it would be interesting to further investigate the potential of the test material in
promoting new bone formation at different implantation times and different bone defect models,

and to assess the in vivo mechanical strength of the filled vertebral body defect.
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5. Conclusions

Spine-Ghost was successfully created as an injectable composite cement, presenting high
bioresorbability and high bioactivity. It is particularly suited for vertebroplasty, since it proved
to be radiopaque enough for fluoroscopy guided vertebral augmentation, and, once set, showed
a mechanical strength comparable to the compressive strength of healthy vertebral trabecular
bone and higher than the commercial reference. Moreover, it is easily injected into bone defects
and presents an ex vivo reduced setting time, when compared to control cement. The new ovine
model used, though requiring surgical expertise, is considered adequate for preclinical in vivo
studies, simultaneously efficient and safe, with a survival rate of 100 percent in the present
study.

Spine-Ghost demonstrated to be a very promising bone substitute biomaterial for
vertebroplasty applications, with a biological response identical, if not superior — as suggested
by the higher mean BV/TV measured — to the one elicited by the available commercial control.
New bone formation was observed in every sheep, with concurrent cement resorption and

integration into the new trabecular bone.
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7. Discussion

7.1. Welfare and analgesia in animal models

When assembling a team, one must be conscious of the responsibility of each researcher
for reinforcing the 3R’s concept. From the breeding farms’ conditions, to transportation,
accommodation, and the experiment itself, it is the responsibility of all the research members
in the team to minimize each animal’s pain, suffering and distress (Decreto-Lei no. 113/2013;
European Directive 2010/63). The multidisciplinarity of the research team was considered of
extreme importance, creating the specific knowledge confluence needed for the developed
project. The actions pertaining animal welfare include those of a) choice of the flock and latency
period; b) providing husbandry conditions — adequate accommodation and food supply,
according to the local climate — c) developing an optimized experimental design —
conscientious number of cases, ex vivo training, suitable radiologic ancillary means and
fluorochromes, minimally invasive procedures, adjusted anaesthetic protocols and
postoperative care —; and d) establishing clear “humane endpoints”, from which the experiment

would be terminated, ending the animal’s suffering and/ or distress.

One of the main difficulties when working with sheep is the recognition of pain and/or
distress signs. Sheep are very stoic animals, which will uneasily show evident signs of pain. It
is of utmost importance for the researcher to know the normal individual and herd behaviour,
thus being able to analyse subtle deviations of posture, appetite, urination, or defecation from

normal, which can be caused by pain (Plummer et al., 2008; Lizarraga & Chambers, 2013).

In this field veterinarians have an added responsibility towards animal physical integrity,
welfare, and — particularly — health, as they are supposedly the most apt team members to
correct pain and/ or illness, as well as to ensure good pre-emptive analgesia and anaesthesia
protocols — with minimal side effects —, and to develop refinement techniques — such as better

surgical models —, when required.

For the present study, the anaesthetic protocol included, as pre-medication, drugs to
provide pre-emptive analgesia and sedation: 1) an o2-agonist — xylazine — for its well-
recognized sedation, analgesia and muscle relaxant effects (Kastner, 2006; Moolchand et al.,
2014); 2) an opioid — butorphanol — to control postoperative acute pain; and 3) a
cyclooxygenase-2 (COX-2)-specific NSAID — carprofen — for postoperative pain, due to its
long-acting analgesic properties with minimal adverse effects (DiVincenti et al., 2014).
Atropine was administered as needed for its anticholinergic action, to decrease saliva secretion;
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although several authors have reported its limited use (Galatos, 2011; Flecknell, 2015; Seddighi
& Doherty, 2016), as large and repeated doses are often needed (0.5 mg/kg intramuscular) to
achieve and maintain the desired effects, and also because of the secondary increase of saliva’s
viscosity, impairing the cleansing of the pharyngeal area (Flecknell, 2015; Seddighi & Doherty,
2016). Induction was achieved with intravenous thiopental sodium, and anaesthesia
maintenance was ensured by the volatile anaesthetic agent — isoflurane 1-2.5% — in oxygen

under spontaneous ventilation.

Several other drugs could have been used. For instance, to replace xylazine, other a2-
agonists — medetomidine, dexmedetomidine or detomidine — are available; yet, xylazine is
known to provide better sedative and analgesic effects than the other drugs in sheep (Kastner,
2006; Moolchand et al., 2014). Attention must be taken when using a2-agonists, because of the
risk of hypoxemia — secondary to alveolar edema and pulmonary congestion —, hypotension and
decrease in gastrointestinal motility. Nevertheless, a2-agonists actions can be reversed by their
antagonists, such as atipamezole, yohimbine and tolazoline. Benzodiazepines, like diazepam
and midazolam, are good alternatives as tranquilizers, also leading to muscle relaxation;
however, they have no analgesic effect and should be used in combination with other agents,
because they can cause transient excitation when administered alone (Seddighi & Doherty,
2016). Likewise, phenothiazines — e.g. acepromazine — can be used as sedatives, but have no

analgesic effect.

Opioids are effective analgesics, but analgesia has a short duration in sheep. The
combination of some opioids — such as tramadol, methadone and morphine — with the a2-
agonist xylazine is known to improve sedation when compared with administration of the ap-
agonist alone, allowing to reduce the a2-agonist’s dose and, subsequently, the incidence and
severity of side effects (de Carvalho et al., 2016). For the present study, an opioid with agonist-
antagonist activity — butorphanol — was the chosen opioid, for its efficacy in sheep (Waterman
et al., 1991), availability and cost-effectiveness. Other possible agents would have been
morphine, pethidine, buprenorphine, fentanyl, hydromorphone, and oxymorphone (Galatos,
2011; Lizarraga et al., 2012). Some authors support the use of fentanyl patches for pain
management, in sheep used for orthopaedic studies (Ahern et al., 2009; Christou et al., 2014).
Moreover, a comparison between transdermally administered fentanyl and intramuscular
administered buprenorphine showed that the first one was superior for alleviation of
postoperative orthopedic pain in sheep (Ahern et al., 2009). Nevertheless, recent studies support
the use of sustained-release buprenorphine as a mean of providing effective, long-acting

analgesia in sheep (Walkowiak & Graham, 2015; Zullian et al., 2016).
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Also for analgesia, NSAIDs are used to induce long-acting analgesia. Combined with
other analgesics, they are effective in providing pre-emptive and long-lasting postoperative
analgesia in small ruminants (Galatos, 2011). NSAIDs are known to reduce inflammation
through inhibition of COX enzymes and prostanoid production in the periphery, thus preventing
peripheral sensitisation (Welsh & Nolan, 1995; Colditz et al., 2011); moreover, it is also
acknowledged NSAIDs’ efficacy in reducing central sensitisation (Lizarraga & Chambers,
2006). The main side effect of NSAIDs is the abomasal ulceration (Lizarraga & Chambers,
2006), thus, their use should be cautious. For this study, the drug of choice was carprofen, for
its long-acting analgesic properties in sheep, with a plasma half-life of 48-72 hours, and its
lower ulcerogenic effect, when compared to most other NSAIDs (Welsh et al., 1992). Flunixin
would also have been a good alternative, as it has already been recognized its efficacy at
increasing the thresholds to noxious mechanical stimulation after just one day of treatment in
sheep suffering from footrot (Welsh & Nolan, 1995). However, it can cause myonecrosis and

injection site inflammation, so it should be administered intravenously (Pyorala et al., 1999).

As injectable anaesthetics, ketamine or propofol would have been valid alternatives to
thiopental (Gatson et al., 2015). Ketamine has the advantage of compensating the negative
cardiorespiratory effects of both a2-agonists and benzodiazepines, as it possesses incremental
effects on the heart rate, blood pressure and respiratory rate. A recent study by Ozkan et al.
(2010), showed that the combinations Xxylazine-ketamine and diazepam provide sufficient
anaesthesia for minor procedures. The same study concluded that for major surgeries, e.g.
maxillofacial surgery, the combination xylazine-ketamine would present better results, with
faster inductions, better pain control, stable depth of anaesthesia and faster recoveries.
Likewise, propofol is characterized by smooth inductions, effective surgical anaesthesia and
rapid recoveries (Correia et al., 1996), presenting better results, when administered through a
constant rate infusion, than a multimodal protocol using xylazine, thiopental and halothane (Lin
etal., 1997). More recently a synthetic neuroactive steroid — alfaxalone — has also been studied
as an injectable agent for the induction and/ or maintenance of anaesthesia, in total intravenous
anaesthesia (TIVA) protocols; by interacting with the gamma-aminobutyric acid (GABA)
receptor, this hypnotic agent induces mild to moderate anaesthesia and muscle relaxation, with
no clinically significant alterations in cardiovascular function and mild respiratory depression
(Moll et al., 2013). The use of a constant rate infusion of alfaxalone is known to decrease the
needed dose of the volatile anaesthetic agent, desflurane (Granados et al., 2012). Another recent
study in goats supports the combined use of alfaxalone and fentanyl, to reduce alfaxalone’s

dose and minimize adverse cardiopulmonary effects during anaesthesia. (Dzikiti et al., 2016).
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Isoflurane was the volatile agent used for convenience. Other agents, such as sevoflurane
and desflurane would have been effective alternatives, presenting cardiopulmonary effects
similar to those elicited by isoflurane, and allowing faster recoveries (Mohamadnia et al., 2008;
Okutomi et al., 2009). However, sevoflurane is known to induce higher cerebral cortical spike
activity in sheep (Voss et al., 2006), consistent with the poor recoveries — with excitation and
restlessness — obtained by the aforesaid authors (Mohamadnia et al., 2008). Halothane has
fallen in disuse, for its more patent cardiopulmonary effects and slower recoveries (Gengcelep
et al., 2004).

7.2. Exvivo model development

To reliably test the new cement for VCFs and reproduce the procedure in humans while
reducing the discomfort and pain caused in the experimental animals, the chosen technique was
the minimally invasive PVP. At the time the project started, few techniques had been described
in sheep. Several studies were found with reproducible vertebral bone defect models in sheep;
yet, the authors used “open” lateral approaches to the vertebral bodies (Kobayashi et al., 2007;
Zhu et al., 2011; Verron et al., 2014).

At that time, only two percutaneous vertebroplasty models in sheep were found in the
scientific literature. Galovich et al. (2011) developed a sheep PVP model for biocements
testing, in which a lateral approach to the vertebral body was performed; still, the created bone
defects were small, making the model not suitable for biomechanical analysis of biocements.
Likewise, Benneker et al. (2012) developed a model with a para- to transpedicular approach,
aiming towards the cranial- and caudal hemivertebra; however, cement leakage into the
vertebral foramen was observed in 19 of the 33 vertebrae studied. Moreover, as this was a
terminal study, the authors weren’t able to present any information regarding the clinical
condition of the animals in the postsurgical period. Consequently, for the present project, the

development of a new animal model was mandatory.

The developed new model is innovative in the sense that two interconnected bone defects
in the cranial hemivertebrae — with a mean volume of 1.234+0.240 mL (n=12) — were created,
through a bilateral modified parapedicular approach, therefore avoiding the wide lumbar
nutritional foramen, which is a potential point of cement leakage into the circulation. This
approach also reduces the risks of pedicle’s fracture and vertebral foramina’s disruption verified

in the transpedicular approach (Benneker et al., 2012), enabling the creation of larger defects.
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More recently, another model has been developed and described by Bungartz et al.
(2016), who also referred several setbacks, including the sacrifice of two animals after surgery,

secondary to cement leakage into the vertebral foramina.

Like the aforementioned authors (Galovich et al., 2011; Benneker et al., 2012; Bungartz
et al., 2016) some difficulties were felt in avoiding the disruption of either the vertebral
foramina or the ventral cortex of the vertebral bodies, while trying to create a wide enough
vertebral body bone defect. This was mostly because of some of the anatomical peculiarities of
ovine vertebrae — e.g. the orientation angle of the lumbar facet joints and pedicles (less than 30°
to the frontal plane, compared to over 60° in humans) and the relative short and sagitally
oriented pedicles (Wilke et al., 1997; Mageed et al., 2013). The right orientation angle of the
surgical instrumentation at the entry point proved fundamental. Consequentially, the extreme

value of fluoroscopy for this procedure should be acknowledge.

Another difficulty was to breach the hard cortical bone of the ovine lumbar vertebrae to
create the trabecular defect. As advocated by Benneker et al. (2012), the use of the surgical
high speed drill — instead of the manual drill — would have been an alternative; however, to
reproduce more consistently the surgical technique used in humans (Mathis & Wong, 2003) the

manual drill was used.

At the time, the new model was developed, L4, L5 and L6 were the chosen vertebrae for
manipulation. At the end of the experiment, the hypothesis of using L6 was discarded, due to
its short vertebral body, which led to smaller defects than the defects created in the other
vertebrae. In a future study, L1-L3 vertebrae should also be considered, due to their similarities
to L4-L5, as observed in studies by Mageed et al. (2013) and Wilke et al. (1997).

One limitation of this study was regarding the mechanical tests. The intact thawed
vertebrae were mounted in parallel flat PMMA (Vertex, Cure) plates, adapting some previously
published protocols (Buckley et al., 2009; Tarsuslugil et al., 2013; Fang et al., 2014). Still,
when the axial compression load was applied, the plates fractured and failed before the
vertebrae, which prevented the calculation of the compressive strength of vertebrae.

Nonetheless, vertebrae stiffness and corrected vertebrae stiffness values were obtained.

This limitation was caused by the great trabecular bone density of sheep vertebrae, and
consequently the high mechanical stiffness and strength of vertebral bodies (Keller, 1994;

Mitton et al., 1997; Liebschner, 2004). In comparison, several large animal species, like the

125



Discussion

dog, the pig, the sheep, the goat, and the calf present higher BMDs than humans — with the
sheep having the highest one and the pig the lowest one (closer to human’s BMD). This occurs
because of the constant forces generated by the support of the large muscle bulk along the
quadruped animals’ backs, which expose them to higher axial compression stresses (Aerssens
etal., 1998; Reinwald & Burr, 2008). Moreover, Aerssens et al. (1998), showed that the fracture
stress was lowest in the samples from human and pig, intermediate in dog and cow samples,

and highest in sheep samples.

Another important remark regarding the mechanical testing is that all vertebrae were
conserved by freezing at -18 °C and went through the same number of freezing/ thawing cycles,
during the experimental period. Panjabi et al. (1985) made a long-term study on vertebrae
frozen at -18 °C, where they found no significant differences in the mechanical properties of
vertebrae tested on the first day and vertebrae tested after long-term freezing. Another study by
Borchers et al. (1995) showed that repeated freezing-thawing cycles at -20 °C did not
compromise the structural integrity and compressive mechanical properties of trabecular bone.
Other possibilities for conservation of the vertebrae would be ethanol or buffered formalin.
However, a recent study by Stefan et al. (2010) showed that these two conservation methods
alter significantly the plastic mechanical properties of cortical bovine bone and therefore should
not be used when biomechanical testing to evaluate the failure load of a new orthopaedic
implant is in view. Another study by Wieding et al. (2015) yielded the same conclusions
regarding ovine cortical bone; moreover, in this study, freezing had no influence on the
mechanical properties of the ovine cortical bone. Finally, a study by Nazarian et al. (2009),
conducted in murine femurs and vertebral bodies, showed that bone preservation by freezing
and formalin fixation over a 2-week period did not alter the elastic mechanical properties;

however, formalin fixation weakened the viscoelastic properties of murine bone.

All vertebrae were tested under the same conditions — at room temperature, in air —, as it
has already been proven that different test conditions could lead to different results: for instance,
a study from Mitton et al. (1997) showed that the shear strength of a sample of cancellous bone
from the lumbar vertebrae of ewes was higher when the tests were conducted at room
temperature in air than when they were conducted with a sample in physiological saline bath
regulated at 37 °C.

Finally, considering the bone anatomy, structure, modelling and remodelling processes,

close to human’s, the pig would have been an alternative — as a large animal model for testing

126



Discussion

new composites — to sheep (Mosekilde et al., 1993; Turner, 2002; Thorwarth et al., 2005;
Schlegel et al., 2006). Nevertheless, commercial pigs are rarely chosen as models for implant
biomaterial research because of their large growth rates and very high body weight (Li et al.,
2015); moreover, they are considered difficult to handle, noisy, aggressive, and expensive, and
are often disregarded in favour of sheep and goat (Turner, 2007). Also the dog, due to its
similarities regarding the bone composition (ash weight, hydroxyproline, extractable proteins
and IGF-1 content) and easy handling, has been commonly acknowledged as a large animal
model for orthopaedic research (Aerssens et al., 1998; Pearce et al., 2007); however, its use is
in decline because of the higher cost, the interspecies difference in the rate of bone remodelling,

and the existent social concerns, since it is seen as a companion animal.
7.3.  Invivo study

Regarding the in vivo procedures, there were some issues — cardiovascular changes and/
or arrest — during the cement injection, which were overcome simply by increasing the time of
injection. These changes are most likely due to fat pulmonary embolism, as previously
described by Aebli et al. (2002) and Benneker et al. (2010), being a potential life-threatening
complication of the procedure. The same complication is frequently observed in humans
(Saracen & Kotwica, 2016) and a recent study has shown that it can be prevented by performing

vertebral body lavage prior to cement augmentation (Hoppe et al., 2016).

In accordance with what was observed in the ex vivo study, another surgical difficulty
was the orientation angle of the surgical instrumentation, which if it was not correct it would
have hindered the defect creation, and eventually it would have led to cortical disruption.
During the present study, ventral cortical disruption occurred in one sheep and cortical
disruption of the vertebral foramen occurred in two sheep. Just one of those animals developed
neurological signs — moderate proprioceptive deficits of the hind limbs —, probably due to the
cement leakage around the defect entry point affecting the spinal nerve roots; nonetheless, the
sheep remained ambulatory and after approximately two months with conservative therapy for
an initial period the animal had fully recovered.

Also noteworthy is the two sheep in which the cement couldn’t be injected only from one
side. At the time of the surgery, the defects appeared interconnected, due to the data obtained
from fluoroscopy and also from the instrumentation manipulation; however, as the cement was
injected, only one half of the defect was being filled and resistance was felt upon injection,

which compelled the surgeon to fill the contralateral defect.
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It’s important to note that all these setbacks occurred during the first group of four
surgeries performed. Thereafter, with the natural progression of the surgeon’s learning curve,

the procedure become safer and no more problems were observed in later surgeries.

Concerning the biomaterials, they are of utmost importance for this kind of surgeries. As
referred before, beside the osteoconductive/ osteoinductive and bioactivity features, they should
assemble several physical characteristics that enable their usage during surgery. According to
Lewis (2006), the key properties for injectable bone cements are: 1) easy injectability (with
adequate viscosity), 2) high radiopacity, which allow their visualization during injection, and
3) a resorption rate that is neither too high nor too low. The cements should present high
porosities — microporosity with mean pore diameter <10 um, to allow circulation of body fluid
and macroporosity with mean pore diameter >100 um, to provide a scaffold for blood—cell
colonization —, rapid setting times, easy preparation and handleability, appropriate adhesiveness
and viscosity (initially relatively low, to allow injection without extravasation, and constant
after the setting time). Finally, the biomaterials should have the requisite mechanical properties
— e.g. values of modulus of elasticity and mechanical strength similar to those of the healthy
cancellous bone, which is in the range of 2-12 MPa — that would allow for immediate
reinforcement of the vertebral body with ensuing normal function and pain relief (Lewis, 2006;
Campana et al., 2014).

Relatively to the used biomaterials, a few remarks should be made. Both Cerament™
(control group) and Spine-Ghost (experimental group) are calcium sulphate (CaS)-based
injectable cements (Rauschmann et al., 2010; Dadkhah et al., 2017). However, while
Cerament™ is a biphasic cement consisting of 60% a-CaS hemihydrates — known for its
biocompability — and 40 % hydroxyapatite (HA) — to provide long-term support, with its
radiopacity conferred by the presence of the non-ionic contrast agent iohexol (Rauschmann et
al., 2010), Spine-Ghost is a biphasic cement consisting of 70% a-CaS hemihydrate, 20% glass-
ceramic radiopaque phase and 10% mesoporous particles of a bioactive glass (MBG) — used for
its high bioactivity and osteoinductive properties (Hench et al., 2009), which combined with
water results in an injectable paste (Dadkhah et al., 2017). Spine-Ghost’s radiopacity was
similar to that of the soft tissues, which made it difficult to visualize the cement during injection;
nevertheless, Spine-Ghost’s radiopacity is long-lasting and will keep the bone cement visible
until its complete resorption, as it is conferred by its glass-ceramic phase, while Cerament™’g
radiopacity fade away over time, hindering the visualization of the bone cement at follow-ups

(Dadkhah et al., 2017). Both the materials have proved to be bioactive and resorbable (Marcia
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et al., 2012; Dadkhah et al., 2017). Both cements were easy to handle and have adequate
injectabilities; regardless, Spine-Ghost was less viscous than Cerament, so easier to be injected
(Dadkhah et al., 2017). Cerament’s working/ hardening time is 7 minutes (Abramo et al., 2010),
while Spine-Ghost’s is 8-20 minutes (Dadkhah et al., 2017), both being sufficient for the
procedure. Both cements present final setting times within 1 hour (Rauschmann et al., 2010;
Dadkhah et al., 2017); however, for reasons of safety, Cerament™’s manufacturers instruct the
surgeons to maintain the patients at rest for two hours (Rauschmann et al., 2010), which obliged
the surgical team to keep all sheep anaesthetized for that long after the procedure was
concluded. The same anaesthetic times were observed for Spine-Ghost. Finally, both cements
showed adequate properties in terms of stiffness and strength, with Spine-Ghost presenting a
higher compressive strength in both wet and dry conditions compared to Cerament™, ensuring
an enhanced mechanical support when compared to control (Rauschmann et al., 2010; Dadkhah
etal., 2017).

Micro-CT assessment was considered essential for the ex vivo and in vivo studies. In the
ex vivo study, micro-CT allowed, among other things, to visualize in 3D rendered models the
specificities of the sheep vertebrae. Moreover, during the in vivo study, it enabled qualitative
evaluation of the vertebrae, like the visualization of cortical disruptions — confirming our
suspicions at surgery — and the calculation of 3D structural parameters, without destroying the
samples (Guldberg et al., 2008; Peyrin, 2011; Apple et al., 2013). This non-destructive
visualization and quantification of the 3D structure of trabecular bone is perhaps one of micro-
CT’s greater advantage, when compared to the more conventional histology, since the 3D
structural parameters — e.g. bone mineral density, relative bone volume, structural model index
— obtained are correlated with the trabecular bone mechanical properties (Mittra et al., 2005;
Teo et al., 2007).

Even so, there are some limitations in the micro-CT quantitative analysis of new bone
formation. In the present study, the main difficulty was the accurate segmentation of
mineralized tissue from the biomaterials within the cross-section images. This is particularly
relevant when using bioceramics, due to the radiodensities’ similarities between the bone and
the materials (Guldberg et al., 2008; Apple et al., 2013), rather than, for instance, with metallic
implants. Thus, the contact surface and integration of bone around the scaffold can not be
accurately calculated. As recommended by several authors, we chose to use the global threshold
method (Rajagopalan et al., 2005; Brun et al., 2011). Nonetheless, other authors recommend

more sophisticated segmentation algorithms to separate materials with overlapping density
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distributions (Hilldore et al., 2007; Guldberg et al., 2008). Another major limitation was related
to the equipment itself. When intending to calculate the structural parameters, high resolutions
(small voxel sizes) should be attempted. Large structures such as trabeculae in human and ovine
bone (100 to 200 um thick) should be scanned with voxel sizes never more than 60 pum
(Thomsen et al., 2005), as it is generally considered that the ratio of voxels to object size should
be 2 (Bouxsein et al., 2010). The voxel size used was borderline with this limit — 62 um —;
however, if considering the 100 um-thick trabeculae, these resolution values become low, as
the maximum voxel size used should be 50 um. Despite this fact, the 3D structural parameters
were calculated so that the results could be compared with the 2D morphologic measurements
obtained in histomorphometry, as it is acknowledged that these data are highly correlated
(Muller et al., 1998; Chappard et al., 2005; Park et al., 2011). Nevertheless, these methods are
known to be complementary and the results should be interpreted bearing in mind the
advantages and limitations of both methods. To try to minimize the equipment’s limitations
internal controls were used — the caudal hemivertebrae with intact trabecular bone — to be able
to appreciate the significant differences within groups. The planes used for the sample’s
scanning and cutting were different, due to the vertebrae geometry — which hinders the
vertebrae’s positioning at the micro-CT rotation stage — and the requirement of having two

symmetric hemi-samples for histology (undecalcified and decalcified bone samples).

Concerning the micro-CT analysis of the in vivo study presented in this project, the
following results were observed: regarding the defect augmented area, the mean relative bone
volume (BV/TV) was significantly higher in Spine-Ghost augmented vertebrae, when
compared to Cerament™, and no significant differences were found in the caudal
hemivertebrae area — which contains only intact trabecular bone — that could justify the higher
bone volume ration found in the Spine-Ghost group. Contrariwise, the specific surface (BS/BV)
was significantly lower in Spine-Ghost samples when compared to Cerament™. A lower
BS/BV may suggest a thicker structure of the Spine-Ghost augmented vertebrae and might be
related to a lower bone turn-over rate, because bone resorption and formation occurs on bone
surfaces. The remaining parameters — mean trabecular thickness (Th.Th), mean trabecular
separation (Th.Sp) and trabecular number (Tb.N) — presented no statistically significant
differences between the two groups — Spine-Ghost and Cerament™ —, though the first two
parameters presented slightly superior values in the Spine-Ghost group. To finalize, when
comparing the mean values of all the structural parameters between the defect augmented area
and the caudal hemivertebrae area, the only value that presented no statistically significant

difference was the mean trabecular number (Th.N), indicating a normal tissue evolution, with
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an emergent open tissue structure, for both cements. Micro-CT assessment also enabled the
reconstruction and visualization of the injected vertebrae, through the rendering software. This
option enabled the visual comparison between the two cements and the confirmation of the data
obtained through the analysis software. Thus, cement resorption was observed in both groups
followed by new bone formation, which presented a slightly closer porosity than the intact

trabecular bone from the caudal hemivertebrae.

Histomorphometry or quantitative histology is a time-consuming, laborious and
destructive method. Histomorphometry is also less sensitive in detecting global bone mass
changes when compared to micro-CT, because of the limited number of sections observed in
manual histomorphometric. Nonetheless, histology is still the gold standard for bone
remodelling processes evaluation, as it is the only method that enables the visualization of bone
microstructure — bone cells and their activities (Iwaniec et al., 2008; Brandi et al., 2009).
Several authors refer to the imperative use of the conventional method to overcome micro-CT’s
technical difficulties, like for example the impossibility of distinguish between woven from
lamellar bone (Rihli et al., 2007; Tamminen et al., 2011). In the in vivo study, the obtained
histomorphometric results showed no statistically significant differences between the two
groups — Spine-Ghost and Cerament™ — regarding trabecular thickness, relative bone volume
and bone area within the defect and in the intact tissue. Since there was no fibrous capsule
observed in any of the sections, the affinity index can be considered of 100%. In accordance to
the abovementioned, these results were compared with the results obtained through micro-CT
analysis, and though there were differences, they were not statistically significant and the same
trend was shown. The main difference was in the mean Tbh.Th, which was overestimated by
micro-CT. This is a recognized feature of the micro-CT analysis (Chappard et al., 2005);
additionally, there is possibly a potential overestimation of the micro-CT values in the defect
augmented areas due the presence of the residual cements, as confirmed by looking at the 3D

rendered models.

The optic fluorescence microscopy is considered an indispensable tool for bone tissue
engineering studies, as it enables the determination of the onset time and location of
osteogenesis (van Gaalen et al., 2010), without sacrificing the animal, thus serving the ideal of
the 3R’s concept. However, protocols’ standardization is not a current reality (van Gaalen et
al., 2010). The protocol used for this project — adapted from the protocols advocated by other
authors (Lee et al., 2003; Pautke et al., 2005; van Gaalen et al., 2010) — presented some flaws,

for instance, some degree of label escape, probably due to the length of the interval between
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the labels, and also the strong bone marrow auto fluorescence. Still, the labelling was sufficient
to enable MAR calculation (1.60+0.27 um/day in the control group and 1.39+0.54 um/day in
the experimental group). The strong bone marrow fluorescence is common in fluorochrome
labelling and it’s hardly a problem as it is distributed throughout all the bone regions and can
then easily be distinguished from the fluorochrome labelling (van Gaalen et al., 2010).
Nevertheless, in a future study it should be considered the use of another fluorochrome labelling
protocol or other data labelling method to overcome these difficulties.

The qualitative observation of the slides was performed for both undecalcified and
decalcified samples. The evaluation of the undecalcified samples showed new bone formation
within the area of the defect for both groups in most of the vertebrae, with the pattern of long
trabeculae, mostly parallel to the long axis of the vertebrae interrupted by a denser net of highly
interconnected trabeculae. Also, in both groups the bone was in direct contact with residual
cements and no fibrous tissue or inflammatory reactions were observed. Most of the newly
formed bone was mature. Three vertebrae — two from Cerament™ group and one from Spine-
Ghost — showed relatively large areas of defect yet to be occupied by bone. Moreover, empty
space areas were observed in three out of seven samples of the Cerament™ group. Histological
observations on decalcified samples allowed a more detailed observation. Thus, Masson’s
trichrome evidenced the precisely organized collagen fibres in the newly formed trabecular
network in the defect area. And both trichromes confirmed the presence of bone marrow within
the trabeculae, and cement residues, which were integrated in the trabeculae themselves. In
Cerament™ group sections, larger quantities of cement are apparent within the trabeculae when
compared to Spine-Ghost sections. Again, no inflammatory reaction, signs of increased bone

resorption or fibrous encapsulation of both biomaterials were seen.

Immunohistochemistry is considered an essential technique when testing new
biomaterials, as it allows to evaluate the cell activity at the bone-biomaterial interface, thus
providing information about the osteogenic potential of the biomaterial and its effect on
osteoblastic differentiation. Most of the available information on immunohistochemical
detection of osteogenic markers in decalcified bone sections in sheep is scarce and vague
(Haque et al., 2006; Adeyemo et al., 2008). The main limitations are technical, as the size and
nature of the samples posed difficulties associated with the sectioning of calcified tissue,
preservation of tissue morphology and remaining antigen integrity (Klein & Memoli, 2011). A
recent study by Katoh et al. (2016) advocate the use of microwave to assist tissue fixation and

staining and presents several protocols using microwave irradiation found in literature. Another

132



Discussion

study recommended the use of hyaluronidase and pepsin for predigestion of the bone sample
combined with alkaline phosphatase-mediated chromogenic detection (Li et al., 2015). To
overcome these difficulties an enzymatic antigen retrieval protocol was developed and applied,
which allowed good epitope labelling, with no background and excellent tissue morphology
preservation. Immunohistochemistry sections showed no relevant differences between the two
groups — Cerament™ and Spine-Ghost — and the relatively low levels of detected antigens were
what would be expected to occur in mature, stable bone. No osteoclasts were observed at the
bone/cement interface, though in a small part of the sections, a small number of osteoclasts-like
cells, TRAP positive, were detected within the new trabeculae, suggesting that bone remodeling

processes were in course, as it was expected.
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8.1. Conclusions

Multimodal analgesia, with low doses of multiple agents, like sedatives, NSAIDs, and
opioids, seems to provide sufficient postoperative pain relief with minimal adverse effects. The
advocated protocol was considered suitable — regarding the described surgical techniques — for
controlling orthopaedic and neuropathic pain, as demonstrated by rapid animal recovery, with
almost immediate food demand and herd behaviour. Nevertheless, other protocols may be

adequate.

The developed PVP model, using a bilateral modified parapedicular approach, was
considered appropriate for preclinical studies; still, it requires expertise and training. The
designed defect is innovative regarding the approach. Ex vivo training revealed to be essential,
as it allowed the surgeon to feel comfortable with the technique, and so to avoid the use of more
living, sentient animals. In vivo procedures were successful with a high survival rate (100%)

obtained.

Ancillary imaging — fluoroscopy and micro-CT — were crucial both in developing and
applying the model and, regarding micro-CT, in further assessing the obtained samples. Micro-
CT is a powerful tool that enables the analysis of the bone structure without destroying the
sample, complementing histology and other means. Moreover, micro-CT gives the researcher
the opportunity of predicting the bone behaviour, through the calculation of the structural
parameters and mechanical strength and stiffness prediction. Researchers should always look
for the best ancillary means (within reasonable economical limits) and techniques that provide

as much information as possible without increasing the number of experimental units.

Spine-Ghost was successfully created as an injectable composite cement, presenting high
bioresorbability and high bioactivity. It is particularly suited for vertebroplasty, since it is
radiopaque, easily injected, it has a reduced setting time, and, once set, showed a mechanical
strength comparable to the compressive strength of healthy vertebral trabecular bone.
Moreover, in vivo it presented a biological response identical, if not superior, to the one elicited

by the available commercial control, after a 6-month implantation time.
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8.2. Future perspectives

In the line of the experimental work developed for this project several other ideas

emerged.

Concerning the developed model, besides the obvious utility of testing other materials, it
also should be of interest considerer the modified parapedicular approach for testing other
surgical techniques like, for instance, kyphoplasty. Moreover, considering the well-known
setbacks of using a sheep model — the hard cortical and trabecular bone —, but acknowledging
the surplus benefits, in a next occasion the same model could be tested on long-term steroid-
induced or ovariectomy-induced osteoporotic sheep, eventually fed with calcium-restricted
diets, like preconized by several authors (Aldini et al., 2002; Turner, 2002; Wu et al., 2008,
Ding et al., 2010; Oheim et al., 2012; Verron et al., 2014). The major disadvantage of these

animals is the time-consuming process to obtain them.

It would be interesting to further investigate, at different implantation times, the potential
of the experimental material in promoting new bone formation. To do so, other imaging
techniques could be use, like for instance, in vivo computer tomography or magnetic resonance
imaging. Other alternative would be to alter the experimental design and choose different time
intervals to sacrifice different animals, keeping in mind that this option must also comply with

the 3R’s concept and be very well justified.

Likewise it would be beneficial to predict — through the correlation with the 3D structural
parameters — the mechanical strength and stiffness of the filled vertebral body defect, both post-
mortem — which would require the animal sacrifice at different time intervals, if the model was
the sheep — and in vivo — through an in vivo computer tomography; or, less factual but even so
very accurate, through a micro-CT based finite element modelling (Jaecques et al., 2004; Wirth
et al., 2010; Watson et al., 2014).

Another technique that could have been explored to further assess the biological response
of sheep vertebrae to the biomaterial was the reverse transcription-polymerase chain reaction
(rt-PCR). An essential key for long-term survival and function of biomaterials is their
bioactivity and the fact that they do not elicit a negative immune response. After a biomaterial
is implanted into the body, the immune system initiates an immune response sequence, largely
mediated by the local inflammatory microenvironment. Rt-PCR would allow to access this
inflammatory response. This is of utmost interest regarding the developing of future
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biomaterials, as it allows to improve biomaterials’ integration and diminish the risk of chronic
inflammation and/ or foreign body reaction, and ultimately to create biomaterials that are able
to trigger the desired immunological outcomes and thus support the healing processes (Franz et
al., 2011; Olivares-Navarrete et al., 2015).

Likewise, the measurement of serum, urine and saliva biomarkers is a non-invasive
technique that can be used to complement imaging and histological analyses to assess the bone
turnover, wherein specific antibodies are used to detect proteins (biomarkers) in cells within a
chosen tissue. For that reason, it should be considered an asset when developing research
projects involving animal models, as it allows the researcher to obtain more information from
a given animal, at different time points, without sacrificing the same. According to Leeming et
al. (2006) bone biomarkers can be divided in three groups: 1) bone formation markers; 2) bone
resorption markers; and 3) osteoclast regulatory proteins. They are considered particularly
useful in medicine to assess metabolic skeletal diseases, such as Paget's disease, osteoporosis,
and other types of bone disorders, such as metastatic bone cancer (Leeming et al., 2006). The
main limitation of biomarkers to measure bone metabolism is their biological variability,
dependent on numerous factors like age, gender, and disease, which hinders the establishment
of reference values for serum and urine biomarkers levels (Seibel et al., 2005); nevertheless, a
recent study by Sousa et al. (2013) support the use of bone biomarkers to provide information

regarding bone cellular activity in real time.

Finally, Spine-Ghost would benefit to be tested in different bone defect animal models or
sites, thus extending its use to other applications. For instance, currently calcium sulphate
injectable cements are described as good alternatives for vertebral compression fractures
(Masala et al., 2012) and augmentation around pedicle screws in the osteoporotic spine (Yi et
al., 2008), femoral neck fractures (Patel & Kamath, 2016) and femoral head osteonecrosis
(Civinini et al., 2012), tibial plateau fractures (lundusi et al., 2015), calcaneal fractures (Bibbo
et al., 2006; Chen et al., 2011), distal radial fractures (Abramo et al., 2010), proximal humerus
fractures (Somasundaram et al., 2013) and osteomyelitis (Karr et al., 2011). These would
possibly be good alternative applications to test the novel composite since favourable outcomes
are predictable.
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