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Universitat Pompeu Fabra

Barcelona, Spain

April 10, 2016





”The fundamental cause of the trouble is that in the modern world the stupid are

cocksure while the intelligent are full of doubt.”

Bertrand Russell, The Triumph of Stupidity, 1933.





Assessment of bone regeneration with calcium
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animal model

by

Albert Mart́ı i Simó

Abstract

Osteonecrosis of the femoral is a musculoskeletal disorder that has been described as

a loss of subchondral bone integrity caused by an irreversible loss of osteocytes. Although

there exist several pathogenic mechanisms apparently leading to osteonecrosis, the com-

mon pathway involves impaired osteogenesis and angiogenesis throughout the lesion. If

the underlying causes are not relieved, osteonecrosis usually progresses until producing

a subchondral fracture and hip degenerative changes. In this study, two joint-preserving

techniques based on calcium phosphate grafts loaded with growth factors (BMP-2) and

bone marrow were assessed in vivo in an experimental sheep model. In order to assess

bone regeneration, several quantitative methods based on µ-CT image processing were

used to characterize bone morphometry, mineral density and composition. In addition,

histological analysis with fluorescence microscopy and compression assays were carried

out to analyze both bone mineralization and stiffness against compression. Obtained re-

sults provided evidence of light bone regeneration surrounding the area of treatment as

early as six weeks. Such osteogenesis was characterized by an increase of bone volume,

trabecular thickness and mineral density. Scaffolds loaded with bone marrow provided

lower osteoconductive but higher osteogenic properties. As opposed, carriers loaded with

BMP-2 were more chemically stable but induced lower bone regeneration in the adjacent

cancellous bone.
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pogut treballar, i per tant qui li estic més agräıt per tota l’ajudat que m’ha proporcionat
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Introduction

Osteonecrosis of the femoral head (ONFH) is a musculoskeletal disorder characterized by

a loss of bone tissue induced by a sustained death of bone cellular components. Despite

some published studies have tried to assess ONFH incidence in particular countries, there

is not a consensual belief about its prevalence.1–4 In 2002, it was estimated that between

300 000 and 600 000 people had ONFH in the US5, with between 10 000 and 20 000

ONFH new cases described every year.6 Over the years, between 5% and 12% of all hip

replacements performed in these countries are indicated so as to replace collapsedi femoral

heads due to ONFH.7

Several studies reveal that ONFH is much more likely to appear in young individuals

with variable age, usually between 30 and 60 years old. It is a strongly gender-related

disease, with a proportion of 7:3 between males and females respectively. Though ONFH

is the most common form of osteonecrosis, other articulations may be involved such as the

knee, shoulder or ankle.8

Given the high complexity of both bone tissue and osteonecrosis, it was necessary to be

previously aware about basic principles of bone physiology. This proper background might

allow to better understand ONFH pathophysiology and interpret underlying regeneration

mechanisms when applying certain treatments.

2.1 Physiology of bone tissue

Bones are organs formed by the arrangement of bone tissue into a special morphology,

particularly suitable for providing mechanical support and with wide capacity of renewal

and regeneration. Furthermore, other important functions such as calcium metabolism

regulation and marrow repository are carried out inside bone.9,10

Bone tissue is a highly heterogeneous type of connective tissue mainly composed by

an extracellular matrix with two phases (organic and mineral), water and cellular compo-

iBone that has lost its internal architecture and is prone to mechanical failure.
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2.1. PHYSIOLOGY OF BONE TISSUE Albert Mart́ı i Simó

nents.11

The organic phase is formed by the arrangement of collagen type-I fibrils —amounting

up to 90% of the overall mass— and a gel-like matter called ground substance. Collagen

fibrils are organized along tension lines in such a way that provide morphology and resis-

tance against tension (i.e. tensile strength).12 The ground substance is an homogeneous

solution of extracellular liquid containing non-collagenous proteins such as hyaluronic acid

and other functional proteoglycans (e.g. osteopontin, osteoprotegerin, osteonectin).12,13

The mineral phase is formed by the deposition of hydroxyapatite crystals

(Ca10(PO4)6(OH)2) throughout the unmineralized collagen matrix synthesized by cellular

components, also known as osteoid. Apatite crystals are tightly bound to collagen fibrils

and are superimposed forming a structure that provides resistance against compression

(i.e. compressive strength).12 It is extremely reactive due to the presence of carbonate

and phosphate groups, which turns out to be a key aspect to understand physicochemical

properties of bone mineral.11 Furthermore, regulation of apatite crystal synthesis and

degradation controls homeostasisii of free calcium ions within bone.14

2.1.1 Bone macro and microstructure

Bone macroscopic organization consists of a compact bone (i.e. cortical bone) outer layer

and an internal network of cancellous bone (i.e. trabecular bone)(Figure 2.1). The way

these bone types are distributed along bones strongly depend their function and morphol-

ogy.

Cortical bone is characterized by a highly dense mineralized matrix, with low porosity

and large stiffness compared to cancellous bone. It is mainly formed by Harvesian systems

or osteons, which are a series of longitudinal cylindrical structures containing concentric

lamellae of mineralized bone tissue and osteocytes (Figure 2.1). Cortical bone’s blood sup-

ply is provided by small vasculature passing through harvesian channels along the center

of the osteon.9,11

Cancellous bone is much more porous than cortical bone, and its architecture consists

on an irregular arrangement of trabecular plates and rods forming a complex network

of bone tissue. Macroscopic organization of trabecular bone is such that allows proper

vascularization and presence of bone marrow and cellular components.9,11

iiMechanism by which ion concentrations within the body remain stable in spite of external inputs
potentially altering the equilibrium.

12



Albert Mart́ı i Simó 2.1. PHYSIOLOGY OF BONE TISSUE

Figure 2.1: Bone structure diagram with detailed organization of mature cortical bone with

harvesian systems and bone lamellae. Adapted from: Servier Medical Art by Servier under the

Creative Commons Attribution 3.0 Unported License

Additionally, there are two fibrous layers of connective tissue covering both exter-

nal and internal surfaces of cortical bone, namely periosteum and endosteum respectively.

These membranes contain blood vessels and cellular components, which allow proper bone

vascularization and turnover.9

Microscopically, bone structure can have either woven or lamellar morphology depend-

ing on the degree of maturation and growth. Each of these bone tissue types have their

own intrinsic features and are particularly suitable for carrying out certain functions.15

Woven bone is characterized by forming an irregular structure with random collagen

fibril arrangements (Figure 2.2). It is usually synthesized in the presence of an injury or

during bone growth, when an osteogenic response or bone healing is required. Mineral

deposition in woven bone has wide heterogeneity in terms of crystal size and structure.9,11

Lamellar bone consists of a regular collagen fibrils structure in alternate orientations

forming parallel sheets or lamellae (Figures 2.1 and 2.2).9,11 This type of microstructure

is found in adult physiological bone that has been successfully modeled. Upon embryonic

skeleton has been formed, lamellar bone is synthesized to replace prior woven bone and

will remain deposited until it is replaced by a process called bone remodeling (see Section

2.1.3).15 Bone lamellae usually develop small microfractures due to constant mechanical

stress, but normal bone physiology should be able to replace such damaged bone by means

of bone remodeling. However, constant accumulation of these microlesions might damage

bone integrity and therefore affect bone microstructure if there is no bone remodeling.

13



2.1. PHYSIOLOGY OF BONE TISSUE Albert Mart́ı i Simó

a) b)

Figure 2.2: a) Histologic view of lamellar (L) and woven (W) bone. Woven bone is surrounded

by active osteoblasts (B) and lamellar bone contains structured osteons (H). Reprinted from Kini,

Usha, and B. N. Nandeesh. ”Physiology of bone formation, remodeling, and metabolism.” Ra-

dionuclide and hybrid bone imaging. Springer Berlin Heidelberg, 2012. 29-57. b) Osteon scanning

electron micrograph. Reprinted from Buckwalter, J. A., et al. ”Bone biology. II: Formation,

form, modeling, remodeling, and regulation of cell function.” Journal of bone and joint surgery.

American volume 77.8 (1995): 1276-1289.

2.1.2 Bone tissue cellular components

Bone tissue includes several cell types that contribute to provide structural integrity, re-

newal capacity and continuous cellular differentiation to bone tissue. Nearly all cellular

types present in bone are previously originated by proliferation and differentiation of stem

cells present in another type of tissue: the bone marrow. Therefore, an insight in bone

marrow physiology is necessary to understand the role and origin of bone cells.

Bone marrow is a complex tissue contained within bone cavities, and it can be divided

into two types according to the elements by which is composed and the function they

carry out. On one side, yellow marrow is the most abundant type of marrow in adult

individuals and is mainly composed by adipose tissueiii. Its function relies on fat reservoir

and eventually turn into red marrow if a higher production of red blood cells is required.16

On one the other side, the red red marrow, which is present in flat bones and the

epiphyseal endsiv of long bones (e.g. femur, humerus), contains hematopoieticallyv ac-

tive stem cells, which are able to differentiate into almost all the cell types present in

the blood (e.g erythrocytes and immune cells). Furthermore, red marrow also contains

the stromal microenvironment, which is defined as a complex medium including several

cellular types and extracellular matrix that supports the hematopoietic component of the

marrow. One of the cell types present in the stroma, widely know as mesenchymal stem

iiiType of connective tissue mainly composed by adipocytes (i.e. fat cells).
ivRegion where a long bone ends that is prior to a joint.
vRelative to the formation of blood cellular components.

14
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cells, have particular relevance because of their ability to originate several cell types in

different conditions.

However, mesenchymal stem cells —from now on mesenchymal stromal cells (MSCs),

in order to be consistent with the established criteria by which MSCs have not been

demonstrated to be truly stem cells 17,18— only represent a small fraction of the over-

all cell content in red marrow. It has been estimated that approximately between 0.01

and 0.001% from all cellular components contained within the bone marrow correspond

to MSCs.19 Apart from MSCs, the stromal component of the marrow contains several

mononuclear cell types such as fibroblastsvi, adipocytes or endothelial cells. These el-

ements have been described to release large amount of osteogenicvii and angiogenicviii

cytokines that promote bone formation and vascularization.20

Multipotent MSC have such a high plasticity that are able differentiate into osteogenic,

chondrocyticix and adipocytic lineages.21 In particular, they have been postulated to be

the first precursor for all the osteogenic cell line proliferation, including osteoprogenitor

cells, bone-lining cells, osteoblasts and osteocytes.22,23 Figure 2.3 displays an schematic

overview of osteogenic differentiation and interaction prior to bone remodeling, which is

described more precisely in Section 2.1.3.

Osteoprogenitor cells or preosteoblasts are directly originated by prior differentiation of

MSCs when these are surrounded by an osteogenic environment.24,25 Although MSC pro-

liferation, migration and differentiation is usually modulated by paracrine signaling path-

ways, they can be also modulated by autocrinex cytokine mechanisms.26–28 The group of

proteins playing the major role in MSC differentiation into bone cell precursors are BMPs,

a collection of biologically active cytokines belonging to the β-transforming growth fac-

tors (β-TGFs) superfamily. BMPs are spread along the whole bone tissue, and their

main function consists on triggering several chondro-osteogenic pathways in MSCs, as

well as promoting early angiogenesis. This is done by a tight upregulation of proteins

involved in promoting stromal cell differentiation towards osteogenic lineages.29 In addi-

tion, they modulate the expression of angiogenic factors such as platelet-derived growth

factor (PDGF), vascular endothelial factors (VEGF) or insulin-like growth factor-1 (IGF-

1).30 When preosteoblasts are originated from MSCs, they start to proliferate until they

eventually stop their mitogenesisxi and progressively mature until becoming committed

viCell components from connective tissue responsible that synthesize the basic components forming the
extracellular matrix.

viiRelative to the formation of bone.
viiiRelative to the formation of the vascular system.

ixRelative to chondrocytes, the main cellular component of cartilage.
xsignaling mechanism by which a cell releases a molecule that is received by the same cell.

xiProcess by which the cell division by mitosis is promoted.
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osteoblasts.9,31

Osteoblasts are bone cells carrying out different functions in bone physiology according

to their maturation state and their interaction with the biological environment. Active

osteoblasts’ main function relies on synthesis and deposition of new apatite crystals over

the unmineralized bone extracellular matrix. They also synthesize type I collagen, non-

collagenous glycoproteins, growth factors (e.g. β-TGF) and other cytokines. All these

molecules are involved in signaling pathways that also promote osteogenesis and angio-

genesis.32 Additionally, osteoblasts are believed to partially regulate osteoclastic activity

in bone remodeling (please refer to Section 2.1.3 for further details).24,33

Since hydroxyapatite crystals are synthesized both intracellularly and extracellularly,

osteoblasts might eventually become trapped by bone mineral deposited around. When

irreversibly buried by deposited bone mineral, mature osteoblasts are considered as os-

teocytes.24,34 These cells become arranged along the osteon lamellae forming a complex

network-like architecture that defines bone structure. Osteocytes remain interconnected

between themselves by gap junctions in order to maintain electrical and metabolic cou-

pling mechanisms.35 Amounting up to 90% of bone cells, osteocytes are responsible for

maintaining bone integrity and providing mechanosensory responses in order to adapt

bone structure to mechanical stimuli.11 They also allow proper liquid flow throughout the

bone, which turns out to be critical in elaborating mechanical response to load bearing.36

However, osteoblasts may remain in the bone surface and, after reducing their mineral

synthesis activity, become quiescent bone-lining cells, which have been described to play

an important role in coupling bone resorption and formation.24,37 Depending on bone

requirements and tissue homeostasis, osteoblasts may become either osteocytes or bone-

lining cells. Otherwise, they undergo into programmed cell death by cellular apoptosis in

order to maintain a proper balance between bone formation and degradation.38

Obtained from mononucleate hematopoietic stem cell differentiation, multinucleate ac-

tive osteoclasts are responsible for bone resorption by means of bone extracellular matrix

acidification.39 Osteoclast proliferation and activation is directly mediated by the interac-

tion between osteogenic and hematopoietic progenitor cells. Being functionally polarized

bone cells, osteoclasts require to be attached to bone surface by its apical pole via integrins

(e.g. transmembranous proteins), as displayed in figure 2.3.40

2.1.3 Bone remodeling

Bone tissue is a dynamic tissue under constantly coupled formation and resorption depen-

dent on mechanical requirements and hormonal changes. This process is known as bone

16
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remodeling, and its main function consists on the renewal of old bone in order to be re-

placed by new bone. It also allows the adaptation of bone structure according to osteocyte

mechanosensory signals and leads to bone turnover in case of injury or microfractures.9,41

Bone turnover is a highly regulated process consisting on a series of subsequent steps

depending on the interaction between cellular precursors and the environment. It is mainly

carried out by aforementioned osteoblasts and osteoclasts, and is triggered by the interac-

tion of mesenchymal osteoblastic hematopoietic osteoclastic lineages.40 Osteoclast precur-

sor cells start to migrate, differentiate and merge to form multinucleate active osteoclasts

ready to start degrading bone extracellular matrix.36

In order for active osteoclasts to reach the bone surface, lining cells might slightly

contract to leave empty cavities accessible by osteoclasts.24,36 After being attached to

bone mineral by the apicalxii pole, intracellular carbonate anhydrasexiii activity produces

protons that are released into the the sealing space between cellular membrane and bone.

This acidification of bone extracellular matrix leads to apatite crystal dissolution, which

pass from being stable at pH 7 to being highly soluble at pH 4.42 Additionally, proteolytic

lysosomalxiv enzymes are also delivered inside the resorbing compartment so as to degrade

organic compounds of bone extracellular matrix such as collagen type I fibrils.36

This increase in osteclastic activity and subsequent mature bone resorption originate

empty resorption pits beside lacunae and leads to mononuclear-lineage cell activation. Os-

teoclasts become detached, macrophagues promote degradation of free resorption products

(mainly collagen fibrils) and induce proteoglycan deposition. Partial degradation of ex-

tracellular matrix organic phase may trigger growth factor and glycoprotein spontaneous

release.36,43,44

Upon the unmineralized extracellular bone matrix (or osteoid) is free of osteoclasts

and macrophagues, active osteoblasts start to release bone mineral. Amorphous apatite

crystal-containing vesicles are released to the sealing zone by means of exocytosis.34,45

Thus, resorption pits are filled by successive layers of active osteoblasts synthesizing cal-

cium phosphate crystals.36

Immature bone mineral is deposited in such a way that fills osteoid’ s internal structure

and becomes arranged between collagen fibrils. Although apatite mineral appears to have

xiiRelative to one of the poles when a cell is polarized
xiiiIntertransformation of carbon dioxide (CO2) and water (H2O) into bicarbonate (H2CO3) and protons

(H+).
xivRelative to the lysosomes, that carry out cellular digestion of residual components.

17
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Figure 2.3: Schematic diagram of proliferation, differentiation and final function of bone cellular

components involved in bone remodeling . Adapted from: Servier Medical Art by Servier under

the Creative Commons Attribution 3.0 Unported License

low crystallinityxv when synthesized and released, its crystallinity increases constantly

with time. As long as woven bone is replaced by mature lamellar bone, its microstructure

becomes more regular and, therefore, its stiffness increases significantly.11

Despite the continuous bone resorption and synthesis performed by cellular compo-

nents, bone morphology and macrostructure are not strongly modified as long as both

processes of bone remodeling are properly balanced and coupled.

2.2 Osteonecrosis of the femoral head

Osteonecrosis is defined as a premature loss of subchondral bonexvi integrity caused by

osteocyte death due to insufficient blood supply.6,8 If this condition becomes sustained over

time and the underlying cases are not relieved, osteonecrosis usually leads to mechanical

failure of subchondral bone, femoral head’s collapse and join incongruity.2

xvLevel of regularity of a solid compound.
xviCortical bone lamella underneath articular cartilage.

18



Albert Mart́ı i Simó 2.2. OSTEONECROSIS OF THE FEMORAL HEAD

2.2.1 Pathogenesis and underlying etiologies

Despite existing several pathogenic mechanisms of osteonecrosis depending on the un-

derlying causative factor, the final common pathway is described as focal ischemiaxvii and

defective subchondral microperfusionxviii. Under certain levels of hypoxiaxix, cellular stress

increases leading to osteocyte death and necrosis of bone.2,46

2.2.1.1 Traumatic osteonecrosis

Osteonecrosis secondary to traumatic lesions has been established as the main source of

ONFH8 These trauma might be originated by femoral head fractures, hip dislocations or

as surgical complications.47–50

A meta-analysis performed by Slobogean et al. with 41 studies and 1558 fractures

reported an ONFH incidence of 14.3% after femoral neck fracture.47 Displaced fractures

appear to be more susceptible of developing osteonecrosis whereas non-displaced fractures

have lower propensity to collapse.48 Another meta-analysis performed by Giannudis et

al. with 34 reports and 3670 hips reported and incidence of 5.6%, but in this case after

acetabularxx fractures.50

Blood supply of the femoral head is mainly provided by vasculature branched-off from

medial and lateral circumflex arteries (MCFA and LCFA respectively).51,52 Lateral epi-

physeal arteries (branched-off from MCFA) are the most important source of blood supply

within the femoral head. These arteries penetrate bone structure until reaching the inte-

rior non-articular surface of the epiphysis and provide most of epiphyseal blood supply.51,53

Disruption of lateral epiphyseal arteries is predisposed by their critical location and

distribution within the femoral head.53,54 Since they are the main source of hip’s blood

supply, local contusions and resulting vascular disruption would have several implications

regarding femoral head’s irrigation.8 Such alterations may affect not only major vessels as

lateral epiphyseal arteries but also adjacent infiltrating microvasculature.

The severity of blood supply compromise and subsequent hypoperfusion strongly de-

pend on the level of vascular disruption produced by trauma. Once the vascular disruption

has occurred, blood flow may be restored until a certain degree, but complete supply may

not be completely reestablished until the main branches of MCFA or LCFA were repaired.

If permanent, this condition of abnormal perfusion induces surrounding tissues to hypoxic

xviiDefficient blood supply to an organ or part of the body
xviiiProcess by which blood raises small capillaries to be released to the adjacent tissue.

xixDeficiency in the amount of oxygen reaching the tissues.
xxRelative to the acetabulum, which is the socket of the hip.
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a)
b)

Figure 2.4: a) Microangiogaphy of the femoral head with contrast-enhanced arteries providing

blood supply. Reprinted from “ The distribution and anastomoses of arteries supplying the head

and neck of the femur ” by S. Sevitt, R. G. Thompson, 1965, Copyright 1965 British Editorial

Society of Bone and Joint Surgery.b) Femoral head vasculature diagram. From ALPF Medical

Research, (2015). Vascular Supply To The Femoral Head. Femoral head. [online] Available from:

http://www.alpfmedical.info/femoral-head/vascular-supply-to-the-femoral-head.html [Accessed 8

Feb 2016].

stress leading to necrosis of affected cellular components.46

2.2.1.2 Non-traumatic osteonecrosis

Numerous pathogenic mechanisms have been identified as possible causative factors for

non-traumatic ONFH, as well as several underlying etiologiesxxi and risk factors are be-

lieved to trigger such mechanisms.6 ONFH pathogenesis contributing to premature loss

of subchondral bone structure can have either extraosseous or intraosseous origin.55,56

Thereby, higher the exposure to these risk factors, greater the probability of developing

multifactorial avascular necrosis. Although dozens of pathogenic factors and etiologies

have been described , a short description regarding the most agreed ones can be found

in this section. This work does not pretend to opt for a particular hypothesis from all

mentioned, but tries to make a review that integrates most of the knowledge provided by

the literature over the years.

Extravascular compression

Intraosseous extravascular compression is a pathogenic factor believed to originate

compromised blood supply caused by deposition of lipidic tissue out of femoral head mi-

crocirculation.57,58

The initial factor believed to trigger the necrosis pathway appears to be related to

xxiInitial causes that originate a certain disease.
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an increase adipocyte size.59,60 Bone marrow adipocytes tend to hypertrophy due to ex-

travascular deposition of fatty acids and lipoproteins. As adipose tissue content increases,

intraosseous space is occupied and intracortical pressure towards both lacunae and mi-

crovasculature grows. This raising intracortical pressure compresses blood vessels, leading

to deficient blood supply and tissue hypoperfusion.61,62 Chronic hyperlipidemiaxxii, un-

derstood as increased levels of either lipids or lipoproteins in the blood, has been widely

reported as a key etiologic factor for early-stage avascular necrosis.8,55

One of the most common risk factors associated to fat deposition in bone marrow due

to altered fat metabolism is related to a prolonged use of glucocorticosteroids. These drugs

are a broad group of pharmacological agents mainly used as treatment for several diseases

such as systemic lupus erythematosus (SLE), osteoarthrosis, asthma, organ transplanta-

tion or vasculitis among others.63,64

Several studies reported how hyperlipidemia incidence was strongly correlated with

high dosages of these compounds in corticosteroid-induced osteonecrotic hips65. Exten-

sion of the lesion and progression of early-stage osteonecrosis increases significantly as

long as the administration of the drug is prolongated in time (mostly appearing between

3 months and 3 years after starting the treatment).8,66,67

Patients suffering from SLE or kidney transplant due to chronic renal failure are

paradigmatic cases of corticosteroid-induced osteonecrosis, since they require a constant

high-dose treatment of corticosteroids for long periods of time. Although these sort of

systemic diseases contribute by themselves to develop osteonecrosis, it has been verified

how steroid dosage plays the most important role in its progression.68

Another etiologic factor believed to undergo into extravascular compression within the

femoral head is alcohol abuse. Studies performed to assess alcohol-induced ONFH show a

higher incidence of avascular necrosis in large-dose systematic drinkers.69,70 Although the

explicit mechanism has not been clearly elucidated yet, histological observations provide

certainty of increased fat content and average fat cell size.71,72

Intravascular fat emboli

Another pathogenic mechanism apparently leading to ONFH is intravascular occlusion

by fat embolism in either intraosseous or extraosseous microvasculature.57,62

In hyperlipidemia, intravascular aggregation of lipids can occur due to abnormal fat

xxiiRaised levels of fatty acids in the blood.

21



2.2. OSTEONECROSIS OF THE FEMORAL HEAD Albert Mart́ı i Simó

metabolism. These aggregates of fat may form emboli that travel along the bloodstream

and may lodge in small-diameter vessels. As long as fat is deposited in such vessels, intra-

luminal diameter decreases and endothelial damage appears.73 Accumulation of throm-

busxxiii significantly hindering blood flow might produce fat embolism due to intravascular

occlusion.8,57

Similarly to extravascular compression by fat cumulation aforementioned in extravas-

cular compression leading to ONFH, large-dose corticosteroid use and alcohol abuse are

risk factors potentially leading to osteonecrosis.73

Intravascular thrombosis

Formation of thrombus due to intravascular coagulation within surrounding microvas-

culature is considered as another primary event leading to necrosis of the bone. Underlying

clinical conditions such as congenital coagulopathies, hyperlipidemia or hypersensitivity

reactions are believed to trigger a blood aggregation pathway.74,75

These conditions induce a thrombophilicxxiv state of the blood, which enhanced by

systemic hypofibrinolysis, may lead to vascular thrombosis in the femoral circulation.76,77

Blood clods can reduce intraluminal diameter of small vessels, compromising blood flow

and hindering proper perfusion of bone.

Case-control studies suggest that genetic alterations of factors involved in the coagula-

tion pathway (i.e plasminogen activator inhibitor, factor V Leiden) are significantly higher

in avascular necrosis patients.78–80 Such abnormalities might increase the propensity of

developing intravascular coagulation, thrombosis and subsequent ONFH.

Hemoglobinopathies

Some hemoglobinopathiesxxv such as sickle cell anemia(SCA) have been also identi-

fied as relevant drivers of early-stage ONFH with an overall prevalence of 10% in SCA

patients.81,82 SCA is a congenital disorder affecting β-globin gene of hemoglobin, a pro-

tein involved in oxygen transportation through systemic circulation. Single-nucleotide

mutations in this protein lead to hemoglobin polymerization and altered sickle-like mor-

phology of erythrocytes.83 SCA induces vaso-occlusive episodes caused by aggregation of

erythrocytes, leukocytes, platelets and endothelial cells, as well as producing marrow hy-

xxiiiStatic blood clot that lodges in a certain blood vessel.
xxivRelative to an abnormally high blood coagulation tendency
xxvGroup of diseases caused by abnormalities in the hemoglobin protein, responsible for oxygen transport

in the blood.

22
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perplasia compressing surrounding microvasculature.84 Obstruction of blood vessels may

hinder proper blood circulation and lead to bone marrow necrosis85

Primary cell death

Over the years, osteocyte death was believed to be exclusively induced by necrosis due

to microvasculature blockage within the femoral head. Therefore, the general consensus

suggested that histological observation of osteocyte death was exclusively secondary to

other pathogenic factor.

However, recent histopathological studies have provided wide evidence of primary os-

teoblast and osteocyte apoptosis rather than necrosis in steroid or alcohol-induced ONFH.

Furthermore, osteocyte apoptosis was absent in traumatic osteonecrosis, suggesting that

programmed cell death is characteristic of such etiologic factors.86,87

Thus, primary cell death leading to loss of cancellous bone has been also described

as prior to local ischemia of bone.73,87 Direct toxic effects of corticosteroids appear to

trigger the activation of certain apoptotic pathways that lead to programmed cell death

of mainly osteocytes and osteoblasts.86,88 In addition, not only osteoblastic cell death has

been observed, but also abnormal osteoblastic proliferation capabilities were decreased in

ONFH.89

This loss of bone cellular components may result into abnormalities in bone integrity

and subsequent subchondral collapse. However, further research needs to be performed to

clearly elucidate the exact mechanisms and their implications regarding ONFH.90

Impaired mesenchymal stromal cell differentiation

Recent studies trying to assess MSC implications in osteonecrosis have found a re-

duction of osteogenic potential in these cells both in vitro and in vivo.91–93 Such abnor-

malities not only include low osteogenic potential, but also decreased number of MSC

pools in both the femoral head and proximal femur.91,94 Higher the exposure to alcohol

or corticosteroids, higher the tendency of bone marrow stromal cells to undergo towards

the adipocytic pathway rather than the osteoblastic pathway. Moreover, osteogenic differ-

entiation of MSCs in steroid-related ONFH is significantly lower compared to traumatic

ONFH.95,96

Some additional less prevalent risk factors were suggested to be directly or indirectly

related to ONFH such as HIV infection, Gaucher disease, SLE, dysbarism, exposure to
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radiation or citotoxic agents and pregnancy.97–102

Moreover, there are still many cases in which no apparent etiology or risk factor is

associated to the progression of ONFH. In such cases, and after having discarded all

previously mentioned basis, osteonecrosis is described as idiopathic ONFH.8,103 Further

research needs to be performed with the purpose of identifying all real mechanisms beyond

idiopathic ONFH and how are they triggered.

2.2.2 Histopathology and pathophysiology

Histopathological studies provide evidence of primary necrosis after 24-72 hours of is-

chemia, and the first cellular components to be disrupted are hematopoietic cells and

adipocytes.58 Osteocyte and bone marrow components necrosis can be clearly observed

by detection of nuclei pyknosisxxvi and empty lacunae.104

Uncontrolled release of osteocytes’ cellular products triggers inflammatory response

including reactive hyperemiaxxvii, fibrin formation and infiltration of inflammatory, mes-

enchymal and endothelial cells. Active hematopoietic marrow induces vasodilation so as

to prevent severe focal ischemia. Primary angiogenesis starts to be promoted so as to form

new vessels and restore blood supply towards the necrotic section of bone. An additional

layer of new vascularization is formed between necrotic and physiological bone.57 These

reactive mechanisms result in the formation of a sclerotic tissue leaving a fibrovascular

rim surrounding the necrotic bone segment. The presence of reparative fibrosis around

the lesion hinders angiogenesis by preventing revascularization to pass through the tissue

and reach the lesion.46,105

Necrotic bone resorption is promoted by active osteoclasts that induce matrix deminer-

alization and dead bone degradation. Simultaneously, active osteoblasts are recruited so as

to synthesize new bone, creating a layer of healthy bone beyond the necrotic bone. How-

ever, trabecular bone resorption is higher than production, mainly due to poor osteogenic

activity. Thus, necrotic trabecular bone is resorbed and replaced by mechanically non-

viable cancellous bone and fibrovascular tissue.105 This phenomenon leads to unbalanced

bone turnover and loss of subchondral bone integrity and architecture, enhanced by the

unavailability of intracortical space for proper revascularization of trabeculae.57 Thereby,

the overall process results in a progressive loss of bone tissue, non-effective creeping sub-

stitution and continuous lesion growth.

Stress concentrations in the anterior-superior quadrant of the femoral head lead to

xxviIrreversible condensation of chromatin in the nucleus of a cell undergoing necrosis or apoptosis
xxviiMechanism by which a blood vessel dilates after a short episode of ischemia.
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a) b)

Figure 2.5: Histologic images of physiological bone (a) and necrotic bone (b). Note the difference

between osteocytes within bone lacunae in (a) and empty lacunae without osteocytes in (b) (black

arrows). Amount of reparative osteoblasts is also lower in (b) compared to (a) (yellow arrows)

(hematoxylin and eosin, x 20). Reprinted from “ Impaired bone healing in rabbits with steroid-

induced osteonecrosis,” by X.-H. Xie et al., 2011, The Bone & Joint Journal, 93, p. 563. Copyright

2011 British Editorial Society of Bone and Joint Surgery.

structural weakness and inadequate restoration bone. Successive progression is charac-

terized by expansion of necrotic tissue along the affected area followed by incremental

subchondral collapse.106 Finally, subchondral bone fractures due to mechanical failure,

which leads to sustained joint incongruity and degenerative osteoarthrosis.

2.2.3 Symptomatology and image-based diagnosis

Since early-stage ONFH usually does not have clinical manifestations at all, patients do

not realize about hip involvement until it has progressed and is no painless anymore. Pain

is almost always the presenting symptom, and becomes enhanced with mechanical loads,

particularly in the load bearing region. Additionally to focal pain located in the groin or

upper anterior thigh, restricted range of motion usually does not appear until advanced

stages as long as osteonecrosis progresses.

Although symptomatic ONFH is usually detected as unilateral, asymptomatic con-

tralateral hip is very likely to be affected as well. In a relatively short period of time

ranging from a few months up to two years, between 55% and 72% of cases are found to

have contralateral hip involvement.6,8 Furthermore, prospective studies provide evidence

of multifocal osteonecrosis with diffuse osteonecrosis with several skeletal regions involve-

ment.107

Early detection by image-based diagnosis is a key step, since treatment outcomes of

ONFH strongly depend on the stage of the disease when the treatment is applied.56 Thus,

it is important to estimate the degree of joint involvement, lesion extension, subchondral

collapse and the probability of progression.108 Late detection of ONFH may imply severe
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necrosis progression and posterior requirement of total hip replacement.

Plain radiography is a standard procedure used for ONFH detection mostly in symp-

tomatic patients. It provides good results in terms of bone resolution, whereas tissue

contrast is very low. Thus, sensitivity of radiographs are not enough to detect most of

early-stage osteonecrosis cases, so it is not a suitable method for ONFH early detection.6

However, once the lesion is detected with X-ray, it is possible to clearly distinguish the

stage of collapse and region of involvement.

a) b)

Figure 2.6: a) Femoral head radiograph of early stage osteonecrosis with sclerotic rim (arrows)

surrounding a hypodense necrotic segment. b) Postcollapse osteonecrosis radiograph with apparent

cyst (arrow), intra-articular narrowing and articular collapse. Reprinted from “ Osteonecrosis of

the femoral head: etiology, imaging and treatment ” by Malizos, K. et al., 2007, European journal

of radiology, 93, p. 16–28. Copyright 2007 by Elsevier Ireland Ltd.

In order to provide both qualitative and quantitative criteria regarding evolution of

ONFH, Ficat and Arlet proposed a staging classification system according to radiological

findings in radiographs62. For a complete description of all criteria belonging each classi-

fication stage, please refer to Table 2.1.

In stage I, radiological appearance seems to be normal or display minor alterations

although necrosis pathway has already started. Several months later, changes in trabec-

ular pattern and formation of sclerosis around osteopenicxxviii bone area occurs, which is

considered as stage II. Stage III is characterized by the formation of a sequestrum and

evidence of subchondral collapse in form of a crescent lucent line. Finally, stage IV hips

show significant loss of articular cartilage and osteoarthrotic signs by displaying acetabular

osteophytesxxix.6,62

xxviiiRelative to osteopenia, a condition by which bone mineral density is below the physiological level.
xxixSegments of bone that are originated in the margin of adjacent joints
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FICAT (X-ray) Steinberg (X-ray / MRI) ARCO (X-ray / MRI)

Stage I Normal or blurred trabecular pattern Normal / Injury - death of marrow Normal / Hypodensity line in T1

Stage II Subchondral cyst, sclerosis Radiolucency - sclerosis Lucency, sclerosis

Stage III Crescent line, segmental flattening Subchondral radiolucent crescent line crescent sign, osteophyte formation

Stage IV Intra-articular narrowing, cortical deformation Articular flattening Osteoarthrotic changes

Stage V - Acetabular cyst - osteophytes

Stage VI - Advanced degeneration

Table 2.1: ONFH stage classification according to radiological findings from radiographs (FICAT)

and combined radiographs and MRI (Steinberg & ARCO).

Diagnosis with magnetic resonance imaging (MRI) provides much higher sensitivity

with respect to conventional X-ray, allowing identification of focal early-stage asymp-

tomatic osteonecrotic (see Figure ). MRI has proven extremely good sensitivity and speci-

ficity —between 90% and 100%6,109— due to the level of soft tissue contrast that allows

the detection of bone marrow alterations and fibrosis.110–112

Figure 2.7: Radiologic study of early-stage ONFH. Coronal MRI images (b) provide evidence

of necrosis (arrow) whereas X-ray plain radiograph (a) does not provide any radiological finding

of osteonecrosis. Reprinted from “ Osteonecrosis of the femoral head: etiology, imaging and

treatment ” by Malizos, K. et al., 2007, European journal of radiology, 93, p. 16–28. Copyright

2007 by Elsevier Ireland Ltd.

The use of contrast agents in order to detect vascularization of the femoral head in

early-stage osteonecrosis has been found to be useful for ONFH diagnosis. These com-

pounds (e.g. gadolinium) are injected in the bloodstream and travel along the body. Due

to their radiodensity properties, they facilitate the identification of vessels blood vessels.113

Thereby, a region without gadolinium provides evidence of ischemic tissue without perfu-

sion. These regions consist of avascular segments willing to develop or suffer osteonecrosis

due to deficient blood supply.6,114

27



2.2. OSTEONECROSIS OF THE FEMORAL HEAD Albert Mart́ı i Simó

Two staging methods are widely accepted to capture enough MRI significant informa-

tion about femoral head collapse, size of the lesion, cortical bone depression and acetabular

involvement: Steinberg and Association Research Circulation Osseous (ARCO).115,116

Depending on the relaxation time of the acquisition, radiological findings resulting

from ONFH slightly differ, allowing a complete diagnostic with accurate information (see

Figure 2.8). Despite some variations, both Steinberg and ARCO staging systems provide

similar information (see Table 2.1 for further details).

In T1-weighted images, early-stage osteonecrosis can be detected in primary stages

by a single hypodense line vascularity in granulation tissue. T1 also provide evidence of

abnormal subchondral pattern of weight bearing area with hypodense irregular bone.

T2-weighted images provide evidence of a double line interface surrounding the in-

farcted area that correspond to reactive bone (outer high signal intensity) and fibrovas-

cular repair (inner low signal intensity). Despite some controversy relative to double rim

and bone marrow edema due to possible chemical shift artifacts, it is commonly agreed

that, however, they are still very descriptive of ONFH stage.6,113,117,118

Another imaging modality potentially used is bone scintigraphy, which detects the

emission of radioactive radiotracers to monitor they flow through the bloodstream. Al-

though it does not provide enough resolution to make an accurate diagnostic, it provides

functional information about osteoblastic activity and blood flow.111,119

2.2.4 Currently available treatments

When both radiologic findings and clinical predictions have been matched, a suitable

treatment is defined. Nearly all treatments prescribed try to tackle the progression of

osteonecrosis instead of treating the primary cause, since in some cases the etiology is not

known or is not possible to be relieved (e.g. removing corticoid treatment would be harm-

ful). Thus, most of the criteria used to choose a suitable treatment involve radiological

findings and patient specific circumstances.

These criteria include prior exposure to risk factors, stage of ONFH, extent of lesion,

bilateral involvement and success rate of the possible treatment. It is also important to

consider patient’s age and presence of any systemic illness, since some treatments are

invasive and may produce postsurgical complications non-affordable by patients with co-

morbidities.
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Figure 2.8: Radiologic study of early-stage ONFH. a) Radiograph shows blurry sclerosis with

radiolucent segments (arrows). b,c) Coronal T1/T2-weighted MRI images with clearly defined

sclerotic rims surrounding avascular Reprinted from “ MRI of osteonecrosis ” by Saini, A and

Saifuddin, A, 2004, Clinical radiology, 59, p. 1079–1093. Copyright 2004 The Royal College of

Radiologists. Published by Elsevier Ltd.

Standard non-operative treatments are associated with higher failure rates, specially

in patients with postcollapse ONFH.56,120 The key event mainly determining clinical out-

comes is femoral head collapse, since bone remodeling usually is not able to recover from

subchondral bone fracture.

2.2.4.1 Non-operative treatments

Considering both patient’s age and hip durability, young individuals may require less inva-

sive joint-preserving treatments so as to preserve optimal performance of the hip during all

their lives. Nearly all non-operative treatments are intended for stopping ONFH progres-

sion by inducing revascularization, inverting bone formation-resorption abnormal ration

and providing structural support. The main drawback regarding these treatments is the
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high risk of ONFH progression and subchondral collapse, finally requiring a hip replace-

ment.

Restricted weight bearing

Non-weight bearing was believed to stop early-stage osteonecrosis progression for cer-

tain time, with the expectancy of allowing physiological response of the bone to remove

necrosis and repair bone lesion. However, this effect was not proved at all, since several

studies report high progression rates in individuals with partial or almost-complete load

bearing restriction.121–123

Mont et al. performed a retrospective study with 42 reports with 2025 hips in which

successful restricted weight bearing management was only achieved in 22.7% of cases in

contrast with standard core decompression, which provided a 63.5% of success rate.122

Another meta-analysis by Mont et al. with 664 hips again provided evidence 59% rate

of progression with untreated asymptomatic ONFH. Main differences regarding clinical

outcomes may include extent of the lesion, location of necrosis and progression stage.

Only a small fraction of regressive ONFH cases are identified as self-healed osteonecro-

sis out of receiving any treatment.121 Therefore, restricted weight bearing does not provide

relevant benefits with respect to ONFH, even though it could be a useful compliment after

invasive surgical procedures.

Pharmacotherapy

In order to address ONFH with pharmacological treatments, several compounds have

been tested for many years, and in fact, are still being assessed in clinical trials. However,

pharmacological therapy appears to be successful in a fraction of cases as long as ONFH

has not progressed to hip collapse.

Bisphosphonates, a group of antiresorptive agents whose main objective remains on

decreasing subchondral bone degradation, are a group of groups widely explored to treat

ONFH.124 As previously suggested in Section 2.2.2, a key feature of osteonecrosis remains

on the unbalanced bone turnover due to increased osteoclastic activity and decreased os-

teosynthesis. By partially inhibiting osteoclasts with these compounds, bone degradation

may decrease and subchondral bone integrity could be preserved.125,126

Bisphosphonates could partially restore bone physiology and stop ONFH progression

hypothetically, since they may inhibit resorption function of osteoprotegerin protein in
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osteoclasts and stimulate osteoblast precursors. However, there is a clear distinction of

outcomes after this treatment depending on the stage of ONFH.126–128 Prospective studies

performed to assess aledronate efficacy, a frequently used bisphosphonate, found subchon-

dral collapse to be present in Steinberg stage I,II or III stages at most in 29% of the cases

in a ten-year follow-up129. While progression can be delayed in early phases (stage I Stein-

berg), in more severe osteonecrosis the need for a hip replacement after bisphosphonate

treatment increases considerably.128

If successful, bisphosphonates may improve hip function and significantly promote

successful bone remodeling. Other approaches consist on using certain drugs whose target

are the underlying factors responsible for the development of ONFH.8 Lipid lowering

agents administered to steroid-treated rabbits prevented the development of ONFH.65,130

Anticoagulant treatments have been also administered so as to avoid thrombophilia and

subsequent intravascular coagulation (Section 2.2.1) with encouraging results.103,131

2.2.4.2 Surgical Treatments

Core decompression

Core decompression is a standard procedure mainly used in precollapse hips, whose

aim is preventing from ONFH progression to mechanical failure. This technique was ini-

tially performed by Ficat and Arlet, who established the protocol in order to maximize

treatment outcomes with least invasion compared to other surgical procedures.132

Core decompression consists of drilling at least one cavity along the femoral head

from distal lesser trochanter until achieving complete penetration through the lesion along

sagittal plane. By performing this perforation, intraosseous pressure becomes reduced and

therefore revascularization can be partially promoted. Furthermore, most of hip pain is

relieved and the amount of complications after the technique is relatively small.62

By assessing core decompression outcomes with respect to non-operative treatment in

42 studies with 2025 hips, Mont et al. reported successful clinical results in 63.5% of cases

treated with this technique. However, most of good clinical outcomes have been described

in precollapse patients (before Steinberg stage I and II, Ficat stage I and II). In another

prospective study by Castro et al. with 22 studies, hip survivorship after core decom-

pression in post-collapse osteonecrosis had only 29% of success rate (stage III Steinberg),

whereas precollapse had 84% and 63% (stage I and II Steinberg).120 If ONFH progres-

sion does not stop with core decompression, the usual procedure performed is total hip

replacement.

31



2.2. OSTEONECROSIS OF THE FEMORAL HEAD Albert Mart́ı i Simó

Nevertheless, it is relevant to assess when these studies were performed, since they

involve a wide period of time and improvement of techniques cannot be appreciated. A

considerable increase in core decompression outcomes has been reported by comparing hip

survivorship pre and post- 1995. Since threpine insertion leaves an empty cavity within

the femoral head, additional grafting techniques may be performed with the aim of filling

decompression’s path and promote bone regeneration similarly to standard bone grafting

treatments (see Section 3.1). This procedure has been improved by femoral head per-

foration with multiple small-diameter drills with no greater morbidity associated.133,134

Clinical outcomes have been proved to be better with early-stage ONFH stage I Steinberg

rather than stage II.134–136

Total hip arthroplasty

If joint-preserving procedures do not provide expected effectiveness and become un-

successful, most cases inevitably progress to postcollapse state. In such scenarios, the

definitive option in terms of pain relief and functional improvement consist on replacing

both the femoral head and the acetabulum with a prosthesis by means of a total hip

arthroplasty (THA).56

Although providing satisfactory results, current clinical outcomes after THA due to

ONFH still remain worse compared to other diseases with hip replacement such as os-

teoarthritis. Recent advances in new designs and cementless hip implants have provided

better survivorship rate of prosthesis implanted in THA.56 However, despite being prop-

erly integrated becoming a successful treatment, a key aspect to be considered is the

durability of the prosthesis, specially in young symptomatic patients.

Permanent exposure to aforementioned risk factors might be involved in lower success

rate of total hip replacement.137 THA complications with metal implants include micro-

bial infection, excessive blood loss and osteolysis secondary to prosthesis loosening.

Miscellaneous surgical treatments

Since THA is an invasive procedure and is high-failure related, there are some surgical

interventions with less impact on the patient, but also with worse results. These proce-

dures are particularly recommended for young patients, they may be technically difficult

and are associated with higher morbidity levels.56

Osteotomy is a surgical procedure performed to reduce mechanical bearing in the

necrotic region by shifting load angle towards subchondral bone adjacent to the lesion.138,139
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Albert Mart́ı i Simó 2.2. OSTEONECROSIS OF THE FEMORAL HEAD

These interventions have been described to be more suitable for either precollapse or pri-

mary postcollapse lesions (Steinberg II to IV), but are associated with lower pain relief

and higher complexity with respect to THA.140 Furthermore, despite providing satisfac-

tory results in terms of progression delay, it is not a definitive treatment because patients

usually require THA because of subchondral failure of new bearing area.56

Limited femoral head resurfacing is another joint-preserving procedure that consists of

removing femoral cartilage but preserving cortical bone, and it has provided good midterm

results usually when the acetabular cartilage has remained undamaged.141,142 If femoral

head collapse is severe, joint incongruence may have disrupted the acetabulum and THA

would be the best option to replace both parts of the joint.143

Another joint-preserving technique consist on implanting high porosity tantalum rods,

which have provided encouraging results in terms of pain relief and ONFH collapse pre-

vention. It is usually performed after core decompression so as to implant the metallic

rod within core decompression cavity.144 Tantalum rods have been proven to have simi-

lar mechanical properties to physiological bone, allowing proper load bearing capabilities.

Furthermore, their high porosity ranging from 75% to 80% provides good bone ingrowth

and fixation properties.145,146 Several studies suggest better clinical outcomes in terms of

radiological progression and hip survivorship compared to bone grafts or core decompres-

sion alone.147–149 However, there is high success rate variability between different studies

with similar follow-up period (reported survival rate oscillates between 90% and 40%).

In any case, further research with significantly-large randomized control trials must be

performed to clearly elucidate effectiveness of this treatment.

Of particular interest are a wide range of joint-preserving bone grafting procedures,

which aim to tackle osteonecrosis progression by replacing non-viable bone by either a

natural or synthetic graft. Given the relevance of these procedures with respect to this

project—particularly synthetic grafts— a more concise state-of-the-art review is proposed

in Section 3.1.

After having considered osteonecrosis’ histopathological conditions and consequences

in terms of clinical manifestations, two general objectives were defined to be accomplished.

The main aim of this project relied on assessing the efficacy and viability of two preclinical

treatments that can be transfered to clinical practice in order to heal ONFH. Such efficacy

was defined as viable osteogenesis, successful sclerosis relief and preservation of structural

integrity of bone. Therefore, direct relations between regenerative potential and the treat-

ment applied were aimed to be defined. In addition, a more complete understanding of

ONFH pathophysiology was intended to be achieved by discussing obtained results with
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the available literature.

To do so, the strategy chosen to be followed consisted on using an osteonecrosis animal

model previously established by Velez et al. in 2012.150 The reason for this model to be

chosen relied on the similarity between osteonecrosis histopathology from sheep and hu-

mans. Then, bone regeneration driven by a tissue engineered implants were assessed with

different techniques in order to capture the complex multi-scale pathophysiology of ONFH.

This study is part of the project ”Femoral head osteonecrosis treatment with advanced

cell therapy and biomaterials in an experimental sheep animal model” funded by Fundació

La Marató de TV3, and whose principal investigators are Dr. Marius Aguirre Canyadell

from Vall d’Hebron Institut de Recerca and Dr. Maria Pau Ginebra Molins from Univer-

sitat Politècnica de Catalunya.
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This section aims to provide a review of past and current research carried out regarding

bone grafting procedures, as well as to give an insight on tissue engineering approaches used

to treat ONFH. In particular, an overview on currently available alternatives treatments

based on tricalcium phosphate (TCP) graft implantation loaded with bone marrow marrow

concentrate (BMC) and BMP-2 is proposed.

3.1 Bone grafting

With the purpose of treating ONFH with joint-preserving treatments, several bone filling

approaches have been performed for decades and are still being assessed nowadays. Bone

grafting procedures consist on introducing a bone segment of either natural or synthetic

origin so as to promote bone regeneration by providing both structural and bioactivei

properties.

Bone grafts are particularly indicated for pre-collapse (stages I,II Steingberg) and early

post-collapse ONFH (stage III Steinberg) hips, and they are intended for delay—or ide-

ally stop— ONFH progression. Patients undergoing into these procedures might have

been previously treated with core decompression without successful clinical outcomes.56

The bone segment to be introduced is led into a previously drilled cavity either in the

head or the neck of the femur. In most cases, the hollow left by a core decompression

intervention is used as a tract by which the graft is implanted. Thereby, the combination

of both treatments produce a greater healing effect that consists on intracapsular pressure

relief, revascularization, increased osteogenic potential and structural support.

In order for a graft to promote proper bone regeneration, several bioactive properties

must be present either directly or indirectly. First off, grafts used as bone substitutes

should be able to promote MSC differentiation towards bone-cell lineages, a process com-

monly known as osteoinduction.151,152 Although some bone grafts may contain osteoin-

iMaterial that interacts with a biological environment and induces an effect.

35



3.1. BONE GRAFTING Albert Mart́ı i Simó

ductive elements —osteogenic cells and growth factors in natural grafts— their intrinsic

osteoinductive potential is insufficient in order to promote bone regeneration. This is the

main reason why several approaches that include direct osteoinductive agents have been

explored complementary to bone grafts. One of the techniques that have been performed

consist on loading growth factors (e.g. BMPs) in the graft so that they contribute to its

consolidation. Then, the implanted segment is used as a growth factor delivery system,

which provides a sustained release of osteogenic cytokines for a given time period.153,154

Several studies suggest that growth factors incorporated to bone grafts may allow better

consolidation and ONFH progression prevention.155–157

On the other side, implanted grafts are also required to provide structural support for

bone ingrowth throughout biomaterial’s surface, which is commonly know as osteoconduc-

tivity.151 Osteoconductive grafts must allow bone matrix deposition within their pores, as

well as permit de novo blood vessels penetration. Once accessible by surrounding envi-

ronment, implanted bone graft is converted into mature lamellar bone through a process

analogous to bone remodeling.158

Apart from the overall bioactivity of bone grafts, mechanical properties are essential

in order for them to be successful. A major aspect of graft osteointegration relies on the

mechanical stimuli that a graft receives, since they are remodeled according to mechanical

requirements. However, excessive loads may lead to graft collapse and failure, which would

imply not only the non-healing of the lesion, but also the need of further procedures to

replace the failed graft.159

3.1.1 Autologous bone grafting

Autologousii bone grafting procedures are widely considered as the standard treatment

if a bone segment implantation is required in order to tackle ONFH progression. This

technique consists on a surgical intervention by which a bone segment from the patient to

be treated is harvested, and afterwards implanted in the region to be healed. According to

patient specific requirements, several approaches with bone segments from different bones

are being used nowadays to perform this technique.

The wide variety of currently used autologous grafts can be classified according to the

type of bone from which the harvested segment is made —either cortical or cancellous—

or according to the preservation of vasculature within the graft—vascularized or non-

vascularized grafts.

iiForm of transplant in which the donor and the acceptor are the same individual
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Albert Mart́ı i Simó 3.1. BONE GRAFTING

Autologous bone grafts are able to induce necrosis self-healing by promoting bone re-

generation and providing structural support. Implanted bone structure acts as an osteo-

conductive scaffold that preserves bone architecture. On the other hand, direct osteogenic

capacity is provided by osteoblastic lineage cells within the implanted segment. However,

osteogenesis might be partially lost after 2 hours from the extraction, since osteoblast-like

cells proliferation within the segment considerably become decreased.160

Cancellous bone segments —mainly harvested from the iliac crest—provide strong os-

teoinductive properties, since they preserve osteoblastic lineage cells in larger amounts

compared to cortical grafts. However, initial mechanical performance of cancellous grafts

is poor due to its network-like architecture, despite it becomes easily integrated within

bone structure.161–163

Cortical bone segments —usually taken from the tibia, the fibula or the iliac crest—

tend to be more osteogenic rather than osteoconductive. Cancellous graft osteoconduc-

tivity is usually higher compared to cancellous bone, given their both macroscopic and

microscopic differences in terms of bone structure.

Regarding vascularized and non-vascularized grafts, each type has its own osteoin-

tegration timing, so both structural and functional properties differ along time. Non-

vascularized grafts offer high mechanical reinforcement capabilities just after implanta-

tion, but may become more ineffective over time until it is completely integrated due to

resorption and revascularization. Since angiogenesis is a complex process which requires

certain favorable conditions, osteogenesis takes some time to be sufficiently effective.

On the other hand, vascularized autologous grafts provide greater mechanical support

to adjacent bone. The reason for this to happen can be explained by the preserved vas-

culature within the graft, which allows bone perfusion immediately after the intervention.

Thus, bone lineage cells from the bloodstream can reach the graft’s internal structure and

promote osteogenesis. Thus, non-vascularized grafts easily fill the gap between implanted

and host bone given the degree of similarity with physiological bone remodeling.

With regard to osteonecrosis, vascularized grafts are particularly suitable for pre-

collapse stages, since they provide similar properties compared to non-vascularized grafts

and have been associated with higher success rate.164,165 As long as bone vascularization

is preserved, blood supply causing osteonecrosis might be easily restored, which added to

graft structural and bioactive properties might stop ONFH progression.

Clinical outcomes are strongly correlated with the stage of osteonecrosis when the in-
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tervention is performed. Therefore, the success rate is higher with pre-collapse femoral

heads rather than post-collapse. If ONFH continues progressing instead of improving,

patients usually required a definitive treatment such as THA.

Several studies suggest good clinical outcomes of free vascularized fibular and iliac crest

vascularized grafts with a minimum success rate of 67% after 2-year follow-ups.166–169 A

meta-analysis performed by Fang et al. with 984 patients treated either with fibular vas-

cularized or non-vascularized grafts provided evidence of lower conversion rate to THA in

vascularized (16.5%) rather than non-vascularized (42.26%)170 for short-period follow-up.

Although, long-term follow-up studies report ascending THA requirement (up to 40%),

vascularized bone grafting is a technique able to delay femoral head progression in most

of the cases.167,171

The main advantage of autologous grafting with respect to allogenic grafts remains on

the absence of host immunological response against the bone segment implanted. However,

bone grafting techniques are such complex and technically demanding procedures that not

always can be performed.168 Other drawbacks of these techniques include potential post-

surgical complications such as graft failure, infection risk and excessive blood loss.

3.1.2 Calcium phosphate-based synthetic grafts

Biomimetic calcium orthophosphate-based materials have been widely studied as an al-

ternative for bone substitution given their unique bioactive and osteoconductive prop-

erties.172 Such advantages are determined by the high level of compositional similarity

between calcium phosphate (CaP) bioceramics and mineralized bone, which induce a re-

sponse analogous to bone remodeling.173 Thus, they can be used as synthetic scaffolds

that interact with bone cells permitting their attachment to the graft, as well as cellular

proliferation and chemotaxisiii.

Despite the wide amount of different mineral phases potentially used for CaP-based

synthetic bone grafting, hydroxyapatite and TCP are two of the most used compounds for

bone regeneration. Mineral composition of implanted grafts determine turnover kinetics,

since, for instance, hydroxyapatite (Ca10(PO4)6(OH)2) is less resorbable than octacalcium

phosphate (Ca8(PO4)4(HPO4)2.5H2O). Furthermore each CaP phase has its own thermo-

dynamical solubility in different environmental conditions such as pH or liquid saturation.

Although bioresorbable CaP-based biomaterials provide poorer mechanical strength

compared to bio-inert ones, they have unique properties in terms of bone regeneration. Al-

iiiMechanism of cellular migration driven by the sensing of molecules in the environment.
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though CaPs are not intrinsically osteoinductive, they promote osteoinduction by sponta-

neously incorporating growth factors when surrounded by an osteogenic environment.174,175

Given that osteoinduction appears to be mediated by wide variety of growth factors, CaP

interaction with these cytokines appears to be extremely relevant to induce osteogenic dif-

ferentiation and subsequent bone formation.176,177 The degree of osteoinduction appears to

be a strongly phase-specific process highly related to CaP crystallinity and porosity.178–180

Over the years, CaP grafts have been implanted in form of porous cement, foam, gran-

ules or blocks. The application form usually affects bone resorption kinetics, as well as

influences the mechanical strength of the graft.181 Traditionally, porous blocks have been

associated with poorer mechanical support, which makes them brittle and not optimal

for load bearing. Given their fixed geometry when synthesized, blocks may not entirely

fit lesion’s surface, which hinders proper osteointegration because of a lacking continuous

bone surface.182 Injectable CaP porous cements and granules have been associated with

higher osteogenic potential compared to blocks, but they are more difficult to handle.183

Additionally, CaPs can also be used as coatings for implantable prosthesis in order to

improve their biocompatibility and osteointegration.184

According to clinical indications and defect features, a bone graft in a highly-demanding

area in terms of load bearing might require less biodegradable but more mechanically-

stable CaP compared to small bone defects. A common alternative to avoid extreme

cases of degradation or non-resorption involves the synthesis of composites with different

ratios of TCP (high solubility phase) and hydroxyapatite (low solubility phase). These

combinations of monophasic CaPs, also called biphasic calcium phosphates (BCPs), have

been studied so as to tune and adjust resorption kinetics and allow proper osteointegra-

tion.185,186

CaP cohesion and crystallographic continuity along the biomaterial-bone interface pro-

vides evidence of great osteointegrative properties. This similarity with bone in terms of

structure and physico-chemical properties usually avoids the physiological encapsulation

effect induced by host immune response against the graft.174,187

Osteointegration of synthetic CaP grafts involves several biomaterial-host extracellular

media interactions in both ionic and cellular levels. However, the overall process consists on

a continuous dissolution-reprecipitation mechanism ideally leading to a complete turnover

and integration of the graft as new bone.188,189 CaP synthetic graft degradation results

from the combination of extracellular fluid dissolution and cell-based resorption. This

graft resorption, carried out similarly to bone remodeling resorption, allows further osteo-

genesis in order replace previously degraded synthetic bone.
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After bone graft implantation, CaP surface hydration induces a mineral reactivity re-

sponse throughout the biomaterial-fluid interface. Surface reactivity is mainly produced

by ionic interactions between CaP crystals and the bone matrix liquid, and these inter-

actions result in an spontaneous ion transfer from the biomaterial to the medium and

vice-versa. Ionic interactions between extracellular liquid and CaP surface may imply

release of Ca2+ and PO3−
4 ions from CaP surface. Ionic exchanges and turnover kinetics

strongly depend on several factors relative to both the medium and CaP crystals such as

the solubility product.187

Graft’s porosity, defined as the amount of void volume within the material, has been

described as a determining factor for bone turnover. Greater the accessibility of CaP

crystals, the more likely for them to be dissolved in contact with extracellular fluid and

greater the cell-biomaterial surface interaction. Depending on pore size, porosity is de-

fined as macro- (> 50 µm), micro- (< 10 µm) or nano- (< 100 nm) porosity.190,191 In

general terms, macroporosity has been suggested to be responsible for cellular adhesion

and migration, while microporosity may allow liquid flow throughout the CaP scaffold.

Furthermore, comparative studies between microporous and nanoporous CaP granules

provide evidence of better osteogenic and osteointegrative properties in grafts with small

granulometries (40-80µm) rather than larger ones (200-500µm).

Both osteogenic and angiogenic potential of CaPs increase as long as pores become

interconnected and their size increase in all three levels of porosity. For instance, the

optimal macro-pore size that allows neovascularization within a bone substitute has been

described to be > 300 µm—ideally 565—while at the same time the presence of small

micropores (200-500 nm) enhances in vivo bioresorbability.192–194

Another relevant aspect relies on CaP stoichiometry, and particularly the calcium/phosphate

(Ca/P) molar ratio. Intrinsic biodegradation rate is usually defined by how thermodynam-

ically favorable ionic exchanges.195 Crystal homogeneity and pureness may also determine

mineral nucleation kinetics, since defective structures and composition variations might

increase ionic interactions between the two phases and promote CaP resorption.187

Independently from the interaction with bone matrix fluids, ionic exchanges also in-

clude charge transfers from extracellular proteins with Ca- and HA-binding towards the

biomaterial, and this process may be influenced by protein concentration, polarity and

conformation.196 Several bone extracellular proteins (namely type I collagen, osteopontin

or osteonectin) are believed to promote crystal nucleation, whereas others such as osteo-

pontin may inhibit bone mineral synthesis196,197.
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Cell-based crystal degradation is induced either by an increase of osteoclastic and

phagocytic activity, both of them after primary host immune response against the graft.

Active osteoclasts promote mineral resorption by proton release in order to acidify the

medium and create an extracellular acid pH, analogously to bone remodeling (Section

2.1.3).188,189

Additional phagocytic activity carried out by macrophagues and their precursors (mono-

cytes), mesenchymal cells and osteoclasts has been identified as another mechanism of

cell-mediated degradation of CaP biomaterials. These cell types may be able to endocy-

tose released CaP particles and intracellularly degrade them. Still, if the particle is large

enough so that it cannot be phagocytosed, intracellular lisosomes are delivered extracel-

lularly so that remaining particles can be degraded.188,189

However, the relevance of both spontaneous dissolution and cell-based degradation

appear to be specific of each CaP.198 In the case of pure highly soluble TCP, osteoclas-

togenesis has been described as less relevant in terms of crystal resorption compared to

other CaPs.198–200 The proposed reason for this to happen may rely on the considerably

high solubility product of TCP aforementioned, which may lead to a greater concentration

of Ca2+ that may inhibit osteoclast migration.201,202

Cell-biomaterial interactions are also responsible for CaP crystal turnover, since sev-

eral cell types become involved during different stages in the process. Osteoprogenitor

cells differentiated from MSCs are able to migrate and eventually get attached to the bio-

material surface by means of transmembranous protein mediation. Migration of these cells

appears to be a determinant event, since travel ability of active osteoblasts is relatively

low, and otherwise they could not interact with the biomaterial. This allows the prolif-

eration and maturation of osteoblast precursors near biomaterial surface, which enables

the production of several extracellular bone matrix products of both mineral and organic

phases. Previously encapsulated proteins that may be released during bone resorption

may be also determinant of dissolution rate.203

First off, during osteoblast proliferation, extracellular type I collagen is synthesized

in order for osteoblasts to become adhered to biomaterial surface. In order to catalyze

the reaction of crystal formation, abundant release of alkaline phosphatase enzymes takes

place once osteoblast proliferation has occurred. Osteogenic differentiation may be medi-

ated by free orthophosphate (PO3−
4 ) and calcium (Ca2+) ions, as well as the presence of

osteogenic growth factors.
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Active osteoblasts start expressing several non-collagenous proteins involved in bone

synthesis regulation either by activation or inhibition. Eventually, active osteoblasts start

bone extracellular matrix mineralization by releasing CaP vesicles. Continuous deposition

of bone mineral results in the formation of lamellar bone replacing previously resorbed

synthetic bone.

Numerous biomaterial-specific features have been widely related to osteoblast effec-

tiveness in every stage of this process. Dissolution rate, Ca/P molar proportion, microp-

orosity or presence of additional proteins loaded into the biomaterial such as BMPs appear

to imply additional advantages in both osteogenic differentiation and bone matrix min-

eralization. Furthermore, proteins surrounding biomaterial surface might get integrated

within the newly formed crystal structure, and such alteration of pH and ionic charges

may influence mineral nucleation.

3.1.2.1 β-Tricalcium phosphate synthetic grafts

Porous tricalcium phosphates (TCPs) (Ca3(PO4)2) is a group of CaP salts particularly

used as synthetic grafts to replace bone defects and promote bone regeneration along a

bone lesion. Even though TCP were widely used as bone fillers in maxillofacial surgery,

good in vitro and in vivo outcomes led to use TCP-based synthetic grafts in different

procedures.204,205

There exist two different polymorphs of TCP (α-TCP and β-TCP) according to their

crystal structure upon synthesized. β-TCP is a spherical form with relatively low sol-

ubility and does not require such a high temperature to be synthesized compared to

α-TCP.187,206 β-TCP has been mainly used as bone grafts in form of granules and macro-

porous blocks.153

Although this approach has been widely explored for healing bone defects in other

bones, several studies have tried to use this methodology to heal ONFH. As previously

mentioned in Section 3.1, core decompression procedures can be combined with bone grafts

along decompression’s tract in order to relieve osteonecrosis progression and promote bone

regeneration. Analogously to autologous and allogenic bone graft, CaP-based synthetic

grafts can also used with similar purposes.

According to current research in the field of bone tissue engineering, implanted CaP-

based grafts must include at least three elements in order to promote effective reparative

osteogenesis. First off, the composite must have an osteoconductive scaffold that provides

structural support and a porous 3D architecture similar to natural bone. Then, osteogenic

cells must be seeded into the scaffold order to promote osteoblast precursors proliferation
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and subsequent de novo bone formation. Last but not least, both chemical and mechanical

stimuli are also necessary so that cellular pathways involved in osteogenesis are triggered.

Such stimuli involve osteogenic proteins (e.g. growth factors), signaling molecules and

compressive loads. Tissue engineered approaches including β-TCP scaffolds loaded either

with growth factors or bone marrow components have been studied to improve synthetic

graft outcomes.

3.1.2.2 Bone marrow-loaded β-TCP scaffolds

Although bone marrow grafts have been widely used during decades in order to promote

fracture fixation and heal critical size defects, their use for healing osteonecrosis is rela-

tively recent.

It was not until Hernigou and Beaujeau tried to assess clinical outcomes of ONFH

patients treated with a concentrate of autologous bone marrow that this approach was

used.207 They established a clear relationship between the etiologic factor causing the os-

teonecrosis and the success rate of the treatment applied. Depending on the underlying

mechanism leading to ONFH, the number of colony-forming units (CFU)iv of MSCs avail-

able in the harvested bone marrow samples were found to be decreased in those patients

who abused alcohol or consumed corticosteroids. The reason for this to happen may

be related to the abnormal bone marrow and osteoblastic activity in ONFH aforemen-

tioned.89,91 Thereby, the implanted marrow may not have the same osteogenic potential

compared to other patients with different etiologies, and therefore affect the outcome of

bone marrow grafts.

Thus, of particular interest is the healing potential of bone marrow mononuclear cells

(and particularly MSCs) in patients with osteonecrosis. Bone regenerative therapies with

MSCs have been widely explored over the years. As mentioned previously (Section 2.2.1.2),

abnormalities in both the amount of pools and osteogenic capacity of MSCs in osteonecrosis

have been described in vivo. Thereby, some authors such as Gangji et al. proposed the im-

plantation of bone marrow grafts to heal ONFH with favorable follow-up results.208 These

compounds, combined with intrinsic osteosynthesis capabilities of osteoblastic-lineage cells

differentiated from MSC, have unique bone regeneration capacity. Additional angiogenic

properties have been also described in some studies, which may be particularly beneficial

to heal ONFH, since the common pathway of osteonecrosis includes deficient blood supply.

Nevertheless, similarly to other joint-preserving procedures for ONFH, clinical outcomes

strongly depend on the level of necrosis progression. Pre-collapse hips (Steinberg I, II)

had a failure rate ¡10% whereas post-collapse (Steinberg III, IV) hips required THA ap-

ivStandard unit used to estimate the amount of cells contained in a given sample.
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proximately in 40% and 80% respectively.207

Although intrinsically osteoinductive, bone marrow grafting do not provide osteocon-

ductive properties required for a proper osteointegration. Thus, loading bone marrow

concentrates into scaffolds not only enhance osteoinductive properties of CaPs but also

facilitate the formation of a 3D architecture necessary for osteogenesis.209

Marrow grafts usually consist of a concentrate of previously harvested autologous

mononuclear cells that are implanted within a bone graft to promote osteogenesis.209

This approach has been used in vivo for treating both bone defects and osteonecrosis,

since both conditions require high rates of osteogenesis to restore bone integrity.210

Bone marrow to be loaded in the carrier is usually aspired from concrete sites (e.g. iliac

crest, sternum) and centrifuged in order to obtain a mononuclear cell concentrate that can

be seeded within the CaP scaffold.211,212 Another approach consists on seeding the scaf-

fold with ex vivo expanded MSCs isolated form the mononuclear cells concentrate, since

the amount of MSC in the bone marrow is relatively low and is highly patient-specific.19

Thus, use of expanded cultures of MSC may improve healing effectiveness in osteonecrotic

hips.153

Although MSCs provide unique regenerative properties, the main drawback of their

implantation in porous scaffolds remains on their survival rate. Several studies suggest

that the efficacy of cell implantation is severely compromised by sustained ischemic en-

vironment. If maintained more than 48 hours in such conditions, O2 partial pressure

and nutrient-containing serum levels are significantly reduced. Then, MSC death rate in-

creases in such a way that may compromise their osteogenic capabilities. More precisely,

despite serum levels are determinant in the majority of cell survival rate, hypoxia appears

to have increasing relevance as long as affected cells are more differentiated, being MSCs

the ones less sensitive to O2 partial pressure abnormalities.213 Thereby, combined hypoxic

conditions coming from scaffold avascularity and osteonecrosis ischemia, cell survival is a

major problem to be considered. Independently from cell viability, osteoprogenitor cells

differentiated from MSCs require high O2 partial pressure levels in order to differentiate

into osteoblasts.214

Analogously to bone grafting, bone marrow implantation can be performed after core

decompression by filling the empty drill with the graft with similar advantages. Since

both procedures can be performed percutaneously, they have been reported as safe meth-

ods with substantially low related morbidity.215,216
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Porous β-TCP grafts loaded either with bone marrow mononuclear concentrate or ex

vivo expanded MSCs have been widely reported to provide better outcomes in terms of

bone regeneration compared to isolated β-TCP grafts, especially with large-size defects.153

Histological studies provide evidence of early woven bone formation with small portion

of non-resorbed TCP. Thus, osteogenic capacity of bone marrow cellular components has

been suggested to promote osteogenesis and improve bone synthesis.

These results contrast with alone β-TCP outcomes, which usually provide evidence of

poor bone synthesis in favor of fibrous tissue presence. The main reason for this to happen

may involve insufficient stability of TCP crystals, that dissolve so fast that osteogenic cells

are not able to lay down new bone.

3.1.2.3 Growth factor-loaded β-TCP scaffolds

Another approach also explored whose goal remains on improving synthetic bone graft

osteoinductivity consists on adding growth factors onto CaP scaffolds154. The group of

proteins widely agreed to be more relevant in bone regeneration are BMPs.155–157 When

used for either therapeutic or research purposes, BMPs—particularly BMP-2 and BMP-

7, which are the most used—were collected from animals and processed in order to be

applied. Over the years, animal-derived BMP-2 has been increasingly replaced by re-

combinant human BMP-2 (rhBMP-2), a genetically modified variation based on human

BMP-2217,218.

Particularly enrolled in osteogenic differentiation mediation, BMP-2 has been espe-

cially studied for bone regeneration, particularly in osteonecrotic bone.161,219

One of the challenges regarding BMP-2 administration is to provide a proper delivery

strategy that allows sustained release of a given protein for a certain period of time.220 Sev-

eral scaffolds based on different materials have been assessed over the years, and CaP grafts

have been reported to be a good delivery system due to their resorption kinetics.220,221 The

most common and straightforward approach to incorporate BMPS to calcium phosphates

consists on impregnation by immersion of CaPs within a BMP-2-containing solutions.

Implanted β-TCP scaffolds loaded with BMP-2 have been demonstrated to improve

osteogenic potential, which stimulates bone regeneration and provides better outcomes.

BMP-2 adsorption and release appears to be related to specific ionic interactions with

surrounding fluids, and certain factors such as CaP phase, medium pH and ionic con-

centrations may affect BMP-2 effectiveness.222,223 Furthermore, the combination of inter-

connected microporosity with BMP-2 is suggested to be determinant in CaP composites.
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Several studies reveal better results in terms of bone surface, distribution and cell den-

sity, but not in overall bone volume, which was not expected given that BMP-2 is a

strong osteoinductive factor.224,225 Furthermore, composite materials combining CaP and

particular polymers have been assessed to adjust BMP-2 delivery and improve its effec-

tiveness.226,227

Several osteonecrosis animal models have been established in order to assess bone

regeneration with TCP-based bone grafts, including canine, rat, pig and sheep mod-

els.228–231Based on previous research, sheep models have been described as good examples

of a osteonecrosis natural history analogous to humans. The aim this project consisted on

the characterization of early bone regeneration after six weeks from the implantation of

β-TCP biomimetic grafts loaded with either BMC or BMP-2. To do so, several specific

objectives were defined prior to the study:

• Assess necrosis extension and early bone regeneration with a radiological exploration

with a computed tomography exam of the whole femoral head.

• Assess voxel-specific bone mineral density variations in mature and newly synthesized

bone according to the treatment applied.

• Assess 3D morphometry variations in mature and newly synthesized trabecular bone

according to the treatment applied.

• Assess voxel-specific bone composition of mature and newly synthesized trabecular

bone.

• Estimate trabecular stiffness of the femoral head against compression.

• Assess bone regeneration with histological analysis of treated femoral head samples.

• Establish correlations between bone regeneration, mineral density, 3D morphometry,

composition and stiffness according to the treatment applied.

• Identify underlying physiological mechanisms leading to bone regeneration according

to the treatment applied.
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4.1 Treatment and sample preparation

All the animal care and procedures were performed according to the Principles of Labo-

ratory Animal Care formulated by the 50 National Society for Medical Research and the

Guide for Care and Use of Laboratory Animals prepared by the National Institutes of

Health (publication no. 80–23, revised 1985) and the Spanish law of protection of exper-

imental animals (Real Decreto 223, 1988) by the research personnel from Vall d’Hebron

Institut de Recerca (VHIR).

12 skeletally mature female adult sheep were obtained from an specialized research

animal distributor. Animals were divided into two groups according to the treatment to

be applied.

• Group A: Core decompression + β-TCP granules loaded with autologous bone mar-

row concentrate.

• Group B: Core decompression + β-TCP granules loaded with rh-BMP-2.

In addition, a third group (Group G) was considered to be formed by two contralateral

femoral heads of two sheep in order to have a control group under physiological conditions

in which no osteonecrosis was induced and no treatment was applied.

Porous spherical β-TCP granules Mimetikos (Subtilis Biomaterials SL Barcelona,Spain)

were provided in order to be used as scaffolds loaded with additional compounds according

to the chosen treatment.

Osteonecrosis induction surgical procedure was performed percutaneously as described

by Velez et al. using their previously-published animal model150,231. All sheep were anes-

thetized with a propofol intravenous injection and placed in decubitus supine allowing

the insertion of a cannulated drill towards the greater trochanter of the femoral head. A

2-mm cryoprobe Cry-AC R©(Brymill Cryogenic Systems, Ellington, CT, USA) was then

introduced and guided towards the cavity until reaching the anterosuperior region of the
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femoral head. Upon the region was reached, alternated ten-minute cold-hot thermal in-

sult cycles were delivered with helium and argon respectively to induce osteonecrosis. The

whole process was guided with fluoroscopy using an image intensifier OEC Fluorostar 7900

Compact (GE Healthcare, Waukesha, WI).

a) b)

Figure 4.1: Fluoroscopic projections obtained during the cryotherapy.

Three weeks after the cryotherapy, sheep from group A were anesthetized again in

order to harvest autologous bone marrow to be processed. A biopsy needle was intro-

duced until reaching stenebra, and 50 ml of bone marrow were aspirated. In addition,

a 25 mg/kg percutaneous injection of tetracycline was administered for labeling de novo

bone formation. Once bone marrow was collected, it was centrifuged and isolated until

obtaining a concentrate of mononuclear cells with ovine physiological serum.

Six weeks after the osteonecrosis induction, all sheep were anesthetized as previously

described and core decompression was performed by drilling a cavity with a threpine fol-

lowing the cryotherapy canal. Each treatment was applied according to the experimental

designed aforementioned.

For group A sheep, 0.5 of mononuclear-cell concentrate was mixed with 0.6 ml of

sodium alginate and 500 mg of β-TCP granules respectively. 0.3 ml of calcium chloride

was also added to the mixture in order to solidify the whole construct. The graft was

then introduced through the decompression tract and advanced until reaching the center

of the necrosis. For treating group B, TruScient rhBMP-2 (Pfizer, Andover, USA) was

combined with 0.6 ml of sodium alginate, 500 mg of β-TCP granules and 0.3 ml of calcium

chloride. The construct was placed inside the drilled cavity and placed in the top of the

decompression canal.
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Albert Mart́ı i Simó 4.2. µ-CT ACQUISITION AND PROCESSING

Twelve weeks after the cryotherapy, all sheep where euthanized and the femoral heads

to be assessed were harvested and stored for further analysis. In addition, two contralateral

femoral heads were harvested with the purpose of having samples under physiological

conditions. In these two heads no osteonecrosis was induced, and therefore none of all

treatments mentioned previously were applied.

4.2 µ-CT acquisition and processing

Harvested femoral heads to be studied were scanned with a desktop micro-computed to-

mography (µ-CT) system (Quantum GX, Perkin Elmer, Waltham, USA) in order to quan-

tify bone mineral density, 3D morphometry and composition. The acquisition protocol

was defined with a X-ray tube peak source voltage of 90 kV, tube current of 160 mA , 512

slices with isotropic voxels with dimensions 800 x 800 x 800 µm and acquisition time of

2 minutes. Raw data was collected and stored into DICOM format for further processing

and analysis.

Several quantitative methods were used to assess bone regeneration after each treat-

ment. Developed image processing routines were programmed in MATLAB R©14.0 (The

MathWorks, Inc., Natick, MA) and ImageJ232.

4.2.1 Preprocessing and Otsu binarization

In order to perform all image analysis techniques, some preprocessing of µ-CT images

was required. First off, all image stacks were loaded and femoral heads were segmented

by applying by thresholding each slice of the sample. In order to avoid both intra- and

inter-observer variability by applying a global threshold, the segmentation method chosen

was Otsu binarization. The approach used in this method assumes that raw data consists

on a bimodal image with two classes in its histogram. Despite having three classes in this

study (bone, soft tissue and air), in this case the assumption holds given the difference of

intensity values between bone and the rest of elements in the image (e.g. air, soft tissue,

bone marrow).

The implementation of Otsu binarization attempts to obtain such an optimum global

threshold t that minimizes the weighted intra-class variance (variance between both cat-

egories in the image) σ2w(t) for a given image:

σ2w(t) = q1(t) · σ21(t) + q2(t) · σ22(t) (4.1)
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where qi stand for each class probability (Equation 4.2,

q1(t) =
t∑

i=1

P (i) q2(t) =
I∑

i=t+1

P (i) (4.2)

σ2i stands for each individual class variance (Equations 4.3 and 4.4),

σ21(t) =

t∑
i=1

i− µ1(t)
2 p(i)

q1(t)
(4.3)

σ22(t) =
I∑

i=t+1

i− µ2(t)
2 p(i)

q2(t)
(4.4)

µi stands for the class means (Equations 4.5 and 4.6)

µ1(t) =

t∑
i=1

i · p(i)
q1(t)

(4.5)

µ2(t) =
I∑

i=t+1

i · p(i)
q2(t)

(4.6)

for each given intensity value i. In addition, this method can be used either by choosing

the same optimum threshold for the whole image stack or compute each value for each

slice. In order to smooth sharp edges produced by binarization process, obtained volumes

were filtered with a Gaussian mask,

Z =
1

2πσ2
· e−

X2+Y 2

2∗σ (4.7)

where X and Y corrspond to spatial coordinates, Gaussian’s standard deviation (σ) was

set to 0.75 and kernel size was set to 3.

In addition, morphological operators were applied to the image so as to get rid of

undesired non-zero voxels due to the segmentation process. To do so, both erosion and

dilation (i.e. opening) operators were applied to the volumetric data.

Based on previously segmented images, cubic subvolumes of 8 mm3 were cropped

from each femoral head in order to obtain samples for 3D characterization of trabecular

bone. The volumes of interest (VOIs) to be analyzed were defined as the three points

starting from the tip of core decompression’s tract until reaching cancellous bone below

subchondral bone. The VOIs taken for the study are displayed and labeled in Figure 4.3,

where numbers 1 to 3 correspond to the distal, medial and proximal zones respectively.
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a)
b)

Figure 4.2: a) Cubic subvolume cropped from the entire femoral head volume. b) 2D
Gaussian mask intended for filtering segmented bone volume. Despite the filter used was
implemented in 3D, a two-dimensional mask is displayed for visualization purposes.

In addition, another VOI was defined inside the tip of the core decompression channel in

order to assess biomimetic graft’s resorption and osteointegration (labeled as 4 in Figure

4.3).

4.2.2 Bone mineral density

In order to quantitatively assess bone regeneration, bone mineral density (BMD) was esti-

mated according to the principles of quantitative computed tomography (qCT). To do so,

a standard calibration procedure was performed with the same µ-CT system used to obtain

the femoral head dataset. Such procedure consisted on scanning several hydroxyapatite-

based cylindric phantoms with variable density to obtain voxel intensity values associated

to each phantom. The acquisition for calibration was was done with a field of view (FOV)

of 40 mm and an acquisition time of 2 minutes. Then, by knowing each cylinder density

(0, 50, 200, 800 and 1200 mgHA/cm
3)(Figure 4.4), it was possible to find a linear trans-

formation from ct numbers to BMD by fitting the data obtained during the calibration.

The transformation had an slope of 5.30 and an intercept of -149.06 with a 0.9994

coefficient of determination (Figure 4.5b). Previously cropped subvolumes aforementioned

were then mapped with this expression to obtain voxel-specific 3D bone density maps.

4.2.3 Voxel-specific bone composition

According to correlations described by Vuong and Helmich regarding bone fibrillogenesis

and mineralization233, and following the same approach used by Blanchard et al.234, X-ray

linear attenuation coefficients and intensity values mapped from ct-numbers were used to
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Figure 4.3: µ-CT segmented slice of a femoral head with the defined VOIs labeled.

Figure 4.4: Complete setting of the calibration phantom with five cylinders with variable
densities

compute voxel-specific bone composition of bone extracellular matrix.

X-ray attenuation can be somehow related to the intensity value of each voxel in the

image with a linear relationship with slope and intercept values a and b (Equation 4.8)

µec = a ·GV + b (4.8)

where overall linear attenuation coefficient of extracellular bone matrix µec is computed as

a composite material consisting of hydroxyapatite, organic matter (mainly type I collagen)

and water (Equation 4.9). The content of each compound of extracellular bone matrix

is expressed in terms of volume fractions fi, being i each of the elements forming the

composite (Equation 4.12), namely hydroxyapatite, collagen and water.
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µec =
∑
i

µi · fi = µha · fha + µorg · forg + µH2O · fH2O (4.9)

Analogously, mass density of extracellular bone matrix can be expressed as a linear combi-

nation of partial densities of components according to their volume fraction like in Equa-

tion 4.10

ρec =
∑
i

ρi · fi = ρha · fha + ρorg · forg + ρH2O · fH2O (4.10)

Thus, by definition, the contribution of all volume fractions of compounds assumed to

be constituting extracellular bone matrix must be 1 (Equation 4.11).

∑
i

fi = 1 i = org, ha,H20 (4.11)

Following the notation present in the literature, volume fractions fi are defined as the

ratio between apparent mass density (concentration) and real mass density (Equations

4.12, 4.13), being Mi the mass of each component contained in the volume of extracellular

bone matrix V ec.

fi =
ρ∗i
ρi

(4.12)

ρ∗i =
Mi

V ec
(4.13)

Extensive experimental studies have been able to characterize the correlation between

apparent mass density of organic and mineralized compounds of bone233. Experimental

data provides evidence of a bilinear relationship with a critical value ρ
crit

ha described in

Equations 4.14,4.15:

ρ∗org = A · ρ∗ha +B for 0 ≤ ρ∗ha < ρ∗
crit

ha (4.14)

ρ∗org = (A · ρ∗critha +B) ·
(

1 −
ρ∗ha − ρ∗

crit

ha

ρha − ρ∗
crit

ha

)
for ρ∗

crit

ha ≤ ρ∗ha < ρha (4.15)

where A,B, ρ∗
crit

ha are experimental parameters describing the relationship between or-

ganic and mineral concentrations.

Assuming that the average extracellular bone matrix density is entirely defined by the

weighted contribution of organic, mineralized and water fractions, it is possible to find all

three expressions determining each volume fraction (Equations 4.16, 4.17, 4.18).
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forg =
(ρec − ρha) · ρha · (B +A · ρ∗critha )

ρH2O · ρha · (B +A · ρ∗critha ) − ((B + ρH2O − ρha) · ρha+

(−ρH2O + ρha +A · ρha) · ρ∗critha · ρorg

(4.16)

fH2O =
(ρec − ρha) · (B · ρha +A · ρha · ρ∗

crit

ha + (−ρha + ρ∗
crit

ha ) · ρorg
ρH2O · ρha · (B +A · ρ∗critha ) − ((B + ρH2O − ρha) · ρha+

(−ρH2O + ρha +A · ρha) · ρ∗critha ) · ρh2o

(4.17)

fha = 1 − fH2O − forg (4.18)

These expressions can be used afterwards to compute proportionality values a and b

in Equation 4.8 by averaging volume fractions (Equations 4.16,4.17,4.18) and bone extra-

cellular matrix density ρec. According to the literature, ρec has been characterized to be

2 g/cm3 for mammalian femoral bone233. Thus, average volume fractions forg, fH2O, fha

were estimated to be 0.341, 0.229, 0.430 respectively.

In order to relate volume fractions with voxel-specific intensity values it is necessary

to slope and intercept values a and b in Equation 4.8. This can be achieved by solving

a system of linear equations obtained by averaging Equation 4.8 for both air and bone

extracellular matrix (Equations 4.19,4.20),

µec = GV ec · a+ b (4.19)

µair = GV air · a+ b (4.20)

where µec can be computed by Equation 4.9 with values for forg, fH2O, fha obtained

before and densities ρorg = 1.41 g/cm3, ρH2O = 1 g/cm3, ρha = 3 g/cm3 (for homoge-

neous compounds ρi = ρi). GV ec and Gair were computed with µ-CT images segmented

with aforementioned Otsu method. After segmentation, postitive binarized pixels are re-

assigned to their intensity values GV to allow further processing, resulting GV ec = 168

and GV air = 0. µec was computed with Equation 4.9 amounting to 0.410 and µair was

assumed to be 0. Then, proportionality values a and b were found to be 0.620 and 0

respectively.

forg =
µha · ρha · (B +A · ρ∗critha ) − a ·GV ec · ρha · (B +A · ρ∗critha )

−(µorg − µH20) · ρha · (B +A · ρ∗critha ) + (µha − µH2O) · (ρha − ρ∗
crit

ha ) · ρorg
(4.21)
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fH2O =
(ρec − ρha) · (B · ρha +A · ρha · ρ∗

crit

ha + (−ρha + ρ∗
crit

ha ) · ρorg
ρH2O · ρha · (B +A · ρ∗critha ) − ((B + ρH2O − ρha) · ρha+

(−ρH2O + ρha +A · ρha) · ρ∗critha ) · ρh2o

(4.22)

fha = 1 − fH2O − forg (4.23)

Linear attenuation coefficients µi are specific for the compound to be scanned and the

photon energy of X-ray beams irradiating the sample.

In order to know all linear attenuation coefficients it is necessary to find the peak

photon energy in eV used during the acquisition. By definition, electric potential energy

is computed as the product between the elementary charge q = 1.602 · 10−19C and the

maximum potential difference Vpeak within the X-ray tube (Vpeak = 90 kV for this study).

Then, it is assumed that all the electric potential energy is transformed into kinetic

energy, allowing photon release by electrons in the X-ray tube with a certain frequency

(Equation 4.24. Photon energy can be defined by Planck-Einstein relation, where f de-

scribes the wave oscillation frequency, h the Plank constant and Ep and Ek potential and

kinetic energies respectively.

Ep = q · Vpeak = h · f = Ek (4.24)

In this study, peak photon energy expressed in J amounted to 1.44 · 10−14 , or 9 · 104

after conversion to eV, which is usually taken as standard unit for µ-CT energies. Linear

attenuation coefficients for different compounds and discrete energies are available in the

NIST database235. Such values were collected and interpolated with a cubic method so as

to find the coefficients corresponding to the photon energy used in this study (Figure 4.5 a).

Thus linear attenuation coefficients µorg,µH2O and µha had values 0.234 cm−1, 0.177

cm−1 and 0.679 cm−1 respectively. By introducing all the parameters and values com-

puted above into Equations 4.21, 4.22 and 4.23 it is possible to obtain a 3D map of organic,

water and mineral volume fractions.

In order to complement the assessment performed in aforementioned volume fraction

studies, previously cropped subvolumes (please refer to Section 4.2.1) were used to quantify

the average volume fraction of each case with respect to the overall sample volume.
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a)

b)

Figure 4.5: a) Interpolated linear attenuation coefficients of bone compounds versus peak
photon energy density. b) Linear mapping from intensity values to hydroxyapatite density.

4.2.4 3D morphometry analysis

In order to perform a morphometry analysis of trabecular bone, and based on standard

techniques of histomorphometry236, 3D structural parameters were determined from µ-CT

images. Aforementioned subvolumes were taken as bone samples to be analyzed. Further-

more, VOIs defined in the center of the decompression tract were also chosen so as to

assess β-TCP level of degradation.

Chosen morphometric parameters included bone volume (BV), bone volume fraction

with respect to the overall sample volume (BV/TV), trabecular thickness (Tb.Th) and

trabecular spacing (Tb.Sp)(Figure ). Furthermore, trabecular number was also estimated,

which consists of the ration between the BV/TV and the Tb.Th.

A slight description of each parameter can be found in Table 4.1. The estimation

of these quantities are based on voxels containing information of both natural bone and

β-TCP so that the degree of resorption can be assessed with the same method. All

morphometric parameters were computed using the Java-based BoneJ libraries provided

by Doube and coworkers.237

4.3 Biomechanical compression testing

All specimens preserved for biomechanical analysis were stored and tested at room tem-

perature after the euthanasia. Before testing, samples were sectioned along the distal

region following the coronal plane to obtain a flat surface parallel to the probe so as to
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Figure 4.6: 2D representation of the structuring elements used for the quantification of both

Tb.Th (in green) and Tb.Sp (in yellow).

Parameter Description Units

BV Volume of bone within a VOI cm3

BV/TV BV with respect to total volume within a VOI -

Tb.Th Average thickness of bone trabeculae cm

Tb.Sp Average distance between bone trabeculae cm

Tb.N Amount of trabeculae per space unit cm−1

Table 4.1: Description of morphometric parameters uesed to characterize trabecular bone
architecture.

improve sample stability during the experimentation.

Compressive tests were performed with a universal servohydraulic uniaxial testing ma-

chine (MTS Bionix 858, MTS Corp., Minneapolis, USA). Compression testing consisted

of 4 uniaxial indentations along the osteonecrotic region at a constant compressive loading

speed of 2 mm/min using a 25 kN load cell with 4 mm of diameter. Forces and displace-

ment were recorded by TestWorks R© Application Software once the probe was in contact

with the sample. The established criteria to perform the test consisted of stopping the

assay once the load applied by the cell reached 400 N or a maximum indentation attained

by the cell of 1.5 mm as previously reported.238

The mechanical assay was focused on different regions along all core decompression’s

path to assess bone stiffness in different regions. Furthermore, healthy bone area was also

tested of osteonecrotic regions with respect to bone under physiological conditions. All

indentations were applied to trabecular bone, since none of the areas of interest included

cortical bone. TestWorks R© computed both stress and strain from the load applied and the

displacement of the cell. Young’s Modulus was estimated as the slope of a curve obtained

by fitting the linear portion of the stress-strain data.
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4.4 Electron and fluorescense microscopy

Harvested femoral heads were split into two halves sectioned along coronal plane using a

circular water-cooled precision band diamond saw EXAKT 310 CP (EXAKT, Norderstedt,

Germany). One half was intended for histological analysis and the other for mechanical

testing (see Section 4.3).

Using the same cutting system (EXACT 310 CP), samples to be processed for histo-

logical analysis were cut into slices and fixed in formaldehyde. Samples were dehydrated

with increasing ethanol solutions and embedded in Methyl methacrylate (MMA) in order

to preserve bone mineralization, following the protocols defined by Donath.239

In order to prepare resin samples for SEM analysis, they were sectioned with EXAKT

310 CP cutting system to obtain thiner flat surfaces. Afterwards they were polished in or-

der to remove saw scratches and therefore obtain microscopy images as clearer as possible.

Histological slices to be processed for scanning electron microscopy (SEM) were coated

with carbon graphite in order to allow electron conductivity.

All specimens were observed with SEM facilities Neon40 (Zeiss, Oberkochen, Germany)

equipped with a backscattered-electron-detector. The acquisition was performed 15 kV of

acceleration voltage and 8 mm of working distance to obtain a high image resolution. The

stitching procedure was done by merging several captures of the same sample to obtain a

single high resolution image.

Fluorescence microscopy analysis was also performed by visualizing previously injected

tetracycline in order to estimate newly formed bone. Manual stitching was performed by

doing captures of the whole sample surface with the microscope () equipped with a 2.5x

lens. All captures were then merged with the Java-based image processing package Fiji

until obtaining a single fused image.240

4.5 Statistical Analysis

Statistical significance of the variables considered in this study was assessed using the sta-

tistical analysis software Minitab R©17.3.1 (Minitab, Inc., United States). Obtained results

were assessed with a normality test in order to find if they followed a normal distribution,

considering that a certain variable follows a normal distribution if the probability (p-value)

is estimated to be < 0.05. In those variables which indeed presented a normal distribution

of the results, an analysis of variance (ANOVA) was carried out in order to assess differ-

ences between means. If the data did not follow a normal distribution, a nonparametric

58
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Kruskal-Wallis test was carried out. In both cases, results were considered as statistically

significant if their p-value < 0.05.
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Results

5.1 Clinical observations

After the cryotherapy was performed, the sheep were able to walk normally with some

signs of slight modification in their gait, which disappeared over time. No intrasurgical

incidences were registered during the osteonecrosis induction. One sheep was found dead

the day after the procedure, with evident signs of low corporal condition. The posterior

autopsy carried out in the VHIR lead to conclude that the sheep was not in optimal condi-

tions to put up with the anesthesia, leading to post-surgical complications and subsequent

death.

Six weeks after the cryotherapy, during the intervention in which the treatment ac-

cording to the group was applied, no intrasurgical incidences were registered during the

procedure. Four sheep were found dead within the range of the first four days after the

the surgery took place, with some signs of dyspnea during the hours following the inter-

vention. In order to clearly elucidate the reasons for this to happen, a sample from the

lung, kidney, liver, spleen and blood were proportioned to Unitat de Patologia Murina i

Comparada from the department of Medicina i Cirugia Animals of Universitat Autònoma

de Barcelona. Results did not provide unequivocally conclusive evidence for the events

leading to the death. However, the final conclusion that was reached was that animals pro-

portioned by the provider were so old that couldn’t survive to the anesthesia. In another

case, a sheep was sacrificed due to a complete femoral head fracture along the channel

where the core decompression was carried out. The rest of sheep successfully recovered

from the intervention and were able to survive until the end of the study.

5.2 Radiologic and visual exploration

Radiologic exploration of harvested samples provided no evidence of subchondral collapse

in none of the femoral heads. Although osteonecrosis in the treatment groups (Figure 5.1a)

could only be observed by slight alteration of trabecular bone topology in comparison to

the control group (Figure 5.2a), fresh harvested femoral head samples had clear signs of
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necrosis , as shown in Figure 5.1b. In essence, treated sheep presented necrosis in both the

bone marrow and trabecular bone, which is clearly visible by the change in blood content

and death of soft tissue.

All the samples belonging to treatment groups (either A or B) presented the cavity of

core decompression without signs of bone regeneration within the tract. Some variability

in terms of decompression depth and probe insertion angle were observed, as shown in

Figure 5.3. However, new osteogenesis could be observed in the bone surrounding the

channels only in those cases in which the decompression was performed above the superior

part of the medular channel. If present, newly synthesized bone was visually different

trabecular topology and density compared to adjacent bone (Figures 5.1 and 5.3a and b).

a) b)

Figure 5.1: µ-CT segmented slice (a) and real harvested sample (b) of femoral head from a sheep
treated with TCP loaded with BMC (Group A).

In contraposition, contralateral hips in which no necrosis was induced and therefore

were not treated, marrow tissue rested in physiological conditions without any sign of

necrosis, as displayed in Figures 5.2a and 5.2b respectively.

The degree of β-TCP resorption was also observed using µ-CT images. Both cases of

complete and incomplete resorption could be observed in both groups in which a treat-

ment was applied. These remaining construct granules were mostly found in the tip of the

channel, adjacent to the cortical bone of the femoral neck. They exhibited no trabecular-

like structure, and were not connected to cancellous bone surrounding the channel (Figure

5.3b). Some β-TCP granules could also be observed along the middle of the tract, but in

less amount compared to the tip.
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a)
b)

Figure 5.2: µ-CT segmented slice (a) and real harvested sample (b) of a contralateral femoral
head in which no osteonecrosis was induced, and therefore no treatment was applied (Group G).

a) b)

Figure 5.3: µ-CT segmented slices of femoral heads from Group A.

5.3 Bone mineral density

Based on previously acquired µ-CT images, BMD was estimated for the whole femoral head

and in the four VOIs considered as relevant. BMD results obtained from each femoral head

region previously described (i.e. distal, proximal, medial and core decompression tract)

are represented in Figure 5.5 and summarized in Table 5.1. In addition, the significance of

the data was estimated with p values provided by ANOVA test, which are also displayed

in Table 5.1. Some relevant 2D section BMD maps are also displayed in Figure 5.4 for

visualization purposes in order to qualitatively assess treatment efficacy.

BMD in cortical bone was greater compared to trabecular bone, and particularly in

the interior segment of the femoral neck. BMD becomes lower along the sagittal and axial

axis of femoral head until reaching the medular cavity.

A great variability in terms of β-TCP resorption could be observed by focusing on the

amount of biomaterial inside the decompression tract where the treatment was applied.
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a) b)

Figure 5.4: 2D BMD color maps of coronal femoral head slices of groups A (a) and B (b). The
planes were chosen to be transversal to the center of the decompression channel. Color map scaling
was defined in mg/cm3.

Greater the level of non-resorption, greater the density of the construct, which in some

regions was higher than trabecular bone density, as clearly shown in Figure 5.4. BMD was

greater in the control group compared to groups A and B in all three sites not correspond-

ing to the decompression tract. Since core decompression was not applied in the control

group, there is no available data for such individuals. The difference between groups A

and B differs according to the VOI considered.

Figure 5.5: BMD levels bar chart according to the treatment applied A B or G and the area of the
femoral head —proximal, medial, distal or decompression’s tract. BMD are displayed in mg/cm3.

In the distal part, BMDs between these groups were similar (821.09±17.85 and 819.87±
17.72 mg/cm3), and lower compared to the control group (893, 21± 10, 45 mg/cm3). Nev-

ertheless, BMD along the medial region in group A (689, 13 ± 111, 03 mg/cm3) was lower

than in group B (753, 68±59, 84 mg/cm3) and the control group (827, 48±24, 59 mg/cm3)

respectively (Figure 5.6). In the decompression channel, this behavior was even enhanced

but with higher variability between individuals (169, 53 ± 293, 63 and 521, 69 ± 197, 72
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mg/cm3 respectively). However, in the proximal region this behavior was inverted, since

BMD was greater in group A sheep (639, 31 ± 140, 01 mg/cm3) when compared to the

control group (573, 79 ± 87, 79 mg/cm3) and group B sheep (611, 16 ± 114, 59 mg/cm3).

Finally, BMD was greater in group B compared to group A, but lower than control group

(521.69 ± 197.72, 169.53 ± 293.63 and 589.79 ± 57.18 respectively). Although these rela-

tionships were found, they resulted not to be statistically significant (p> 0.05).

Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 821.09 ± 17.85 819.87 ± 17.72 893.21 ± 10.45 p=0.579

Medial 689.13 ± 111.03 753.68 ± 59.84 827.48 ± 24.59 p=0.513

Proximal 639.31 ± 140.01 573.79 ± 87.79 611.16 ± 114.59 p=0.513

Decompression tract 169.53 ± 293.63 521.69 ± 197.72 589.79 ± 57.18 p=0.341

Table 5.1: BMD results (average ± standard deviation) expressed in mg/cm3 along predefined
femoral head regions according to each treatment group.

a) b)

Figure 5.6: 3D BMD color maps of groups A (a) and B (b). Color map scaling was defined in
mg/cm3.

5.4 Voxel-specific bone composition

Based on bone fibrillogenesis and mineralization correlations derived by Vuong and Hellmich233,

voxel-specific bone composition was computed for all four VOIs corresponding to sample

regions of the femoral head, in order to extract meaningful information not visible in single

slices (Figure 5.8).

5.4.1 Mineral fraction

In both the distal and medial areas, Group A samples had higher average concentration of

hydroxyapatite compared to group B and G (0.24±0.04, 0.22±0.01 and 0.21±0.02 for the
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distal VOI and 0.25±0.05, 0.20±0.03 and 0.17±0.03 for the medial VOI respectively), as

shown in Figure 5.7 and Table 5.2. However, although the average mineral fraction of the

BMC group in the proximal area was nearly the same compared to the aforementioned

regions (0.24 ± 0.05), in this case the control hips showed higher hydroxyapatite con-

tent when compared to sheep treated with BMP-2 (0.20 ± 0.02 and 0.18 ± 0.00). Within

the decompression channel, Group B samples contained higher levels of hydroxyapatite

(0.18 ± 0.14) when compared to group G (0.18 ± 0.01) and A (0.16 ± 0.07) with a high

level of variability in both treatment groups.

Figure 5.7: Hydroxyapatite fraction bar chart according to the treatment applied A B or G and
the area of the femoral head —proximal, medial, distal or decompression’s tract.

Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 0.24 ± 0.04 0.22 ± 0.01 0.21 ± 0.02 p=0.577

Medial 0.25 ± 0.05 0.20 ± 0.03 0.17 ± 0.03 p=0.513

Proximal 0.24 ± 0.05 0.18 ± 0.00 0.20 ± 0.02 p=0.513

Decompression tract 0.16 ± 0.07 0.18 ± 0.14 0.18 ± 0.01 p=1

Table 5.2: Hydroxyapatite fraction results (average ± standard deviation) along predefined
femoral head regions according to each treatment group.

5.4.2 Organic Fraction

With regard to the organic fractions (Figure 5.9 and Table 5.3), all of them were lower

than their respective mineral fractions. In All the regions outside the decompression tract,

the amount of organic phase was greater in group A compared to B and G respectively

(0.19 ± 0.03, 0.22 ± 0.01 and 0.17 ± 0.01 in the distal VOI, 0.20 ± 0.04, 0.16 ± 0.02 and

0.16 ± 0.00 in the medial VOI, 0.24 ± 0.05, 0.18 ± 0.00 and 0.16 ± 0.02 in the proximal

VOI). Nevertheless, in the case of the zone of treatment, the levels of collagen (i.e organic

phase) were higher in group B with respect to group A and G (0.12 ± 0.06, 0.25 ± 0.11,
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Figure 5.8: 2D hydroxyapatite fraction color maps of coronal femoral head slices of groups A (a)
and B (b) and G (c). The planes were chosen to be transversal to the center of the decompression
channel.

0.13 ± 0.00 respectively).

Figure 5.9: Organic fraction bar chart according to the treatment applied A B or G and the area
of the femoral head —proximal, medial, distal or decompression’s tract.

5.4.3 Water Fraction

The water fraction in the distal region was greater in the BMC sheep (0.19±0.03) than in

the other two groups (0.22± 0.01 and 0.17± 0.01 for BMP-2 and control respectively), as

displayed in Table 5.4 and Figure 5.10. However, in both the medial and proximal VOIs,

it was group B the one with less average water concentration (0.16± 0.02 and 0.18± 0.00)

with respect to both groups A and G (0.20 ± 0.04 and 0.16 ± 0.00 for the medial region,

0.24 ± 0.05 and 0.16 ± 0.02 for the proximal one). Finally, the water fraction inside the

decompression channel was greater in group B (0.25±0.11) when compared to both groups

A and G (0.12 ± 0.06 and 0.13 ± 0.00).
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Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 0.19 ± 0.03 0.22 ± 0.01 0.17 ± 0.01 p=0.577

Medial 0.20 ± 0.04 0.16 ± 0.02 0.16 ± 0.00 p=0.513

Proximal 0.24 ± 0.05 0.18 ± 0.00 0.16 ± 0.02 p=0.513

Decompression tract 0.12 ± 0.06 0.25 ± 0.11 0.13 ± 0.00 p=1

Table 5.3: Organic fraction results (average ± standard deviation) along predefined femoral head
regions according to each treatment group.

Figure 5.10: Water fraction bar chart according to the treatment applied A B or G and the area
of the femoral head —proximal, medial, distal or decompression’s tract.

5.5 3D bone morphometry

5.5.1 Bone volume / total volume ratio

Analogously to conventional bone morphometry analysis, quantification of trabecular bone

parameters was carried out for all four aforementioned VOIs, as displayed in Figure 5.11

and Table 5.5. Bone volume was used to estimate the level of osteogenesis in each sample

compared to other groups. Since the total volume of the VOIs were the same for all the

samples, the ratio between bone volume and total volume was considered.

BV/TV was estimated to be greater in group A compared to other groups in all three

regions outside the decompression channel. The differences between groups was increas-

ingly high as long as the region considered was nearer to the zone were the treatment was

applied. In the distal area, BV/TV was 0, 59 ± 0, 09, 0, 52 ± 0, 03 and 0, 49 ± 0, 04 for

groups A, B and G respectively. However, in the medial and proximal regions, the differ-

ence between group B and G was inverted (0, 46 ± 0, 06 and 0, 47 ± 0, 016 in the medial

region and 0, 42± 0, 004 and 0, 46± 0, 056 in the distal region respectively). Nevertheless,

bone volume ration was still higher in group A sheep for both medial and proximal areas

(0, 59 ± 0, 13 and 0, 57 ± 0, 11). However, this relationship was inverted inside the decom-

pression channel, where BV/TV resulted to be 0, 35± 0, 17, 0, 41± 0, 34 and 0, 378± 0, 03
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Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 0.13 ± 0.02 0.11 ± 0.00 0.11 ± 0.00 p=0.577

Medial 0.14 ± 0.02 0.11 ± 0.01 0.11 ± 0.00 p=0.513

Proximal 0.13 ± 0.03 0.10 ± 0.00 0.11 ± 0.01 p=0.513

Decompression tract 0.08 ± 0.04 0.09 ± 0.08 0.09 ± 0.01 p=1

Table 5.4: Water fraction results (average ± standard deviation) along predefined femoral head
regions according to each treatment group.

Figure 5.11: BV/TV bar chart according to the treatment applied A B or G and the area of the
femoral head —proximal, medial, distal or decompression’s tract. BV/TV is expressed as a ratio
ranging from 0 up to 1.

for groups A, B and G respectively.

Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 0, 59 ± 0, 09 0, 52 ± 0, 03 0, 49 ± 0, 04 p=0.579

Medial 0, 59 ± 0, 13 0, 46 ± 0, 06 0, 47 ± 0, 016 p=0.513

Proximal 0, 57 ± 0, 11 0, 42 ± 0, 004 0, 46 ± 0, 056 p=0.513

Decompression tract 0, 35 ± 0, 17 0, 41 ± 0, 34 0, 378 ± 0, 03 p=1

Table 5.5: BV/TV ratio (average ± standard deviation) along predefined femoral head regions
according to each treatment group.

5.5.2 Trabecular thickness

Thickness of bone trabeculae were also computed in order to characterize the architecture

of the newly formed bone along the femoral head. Tb.Th followed the same pattern de-

scribed in bone volume results with regard to the treatment groups A and B. Tb.Th was

greater in sheep treated with β-TCP loaded with BMC compared to β-TCP loaded with

BMP-2 in all four VOIs, as displayed in Figure 5.12 and Table 5.6.
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Figure 5.12: Tb.Th bar chart according to the treatment applied A B or G and the area of the
femoral head —proximal, medial, distal or decompression’s tract. Tb.Th is expressed in cm.

Once again, lower the distance of the VOI with respect to the area of treatment, greater

the difference between the obtained results (0.43 ± 0.08 and 0.38 ± 0.02 cm in the distal

zone, 0.49±0.10 and 0.44±0.10 cm in the medial zone and 0.56±0.18 and 0.36±0.02 cm in

the proximal zone for groups A and B respectively). However, Tb.Th was greater in group

A in comparison to group B inside the decompression tract 0.36 ± 0.11 and 0.58 ± 0.14

cm). Tb.Th in the control group was lower than treated samples in almost all the cases

(0.36 ± 0.02 cm in the distal zone, 0.39 ± 0.008 cm in the medial zone and 0.42 ± 0.002 in

the proximal zone), except inside the decompression channel, where it was greater than in

group B (0.58 ± 0.14 cm).

Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 0.43 ± 0.08 0.38 ± 0.02 0.36 ± 0.02 p=0.563

Medial 0.49 ± 0.10 0.44 ± 0.10 0.39 ± 0.008 p=0.293

Proximal 0.56 ± 0.18 0.36 ± 0.02 0.42 ± 0.002 p=0.326

Decompression tract 0.36 ± 0.11 0.58 ± 0.14 0.37 ± 0.02 p=0.21

Table 5.6: Tb.Th (average ± standard deviation) along predefined femoral head regions
according to each treatment group. Tb.Th is expressed in cm.

5.5.3 Trabecular spacing

The distance between bone trabeculae was estimated by computing Tb.Sp in all the VOIs,

which was used to describe the amount of empty space within the network-like structure

of cancellous bone. Tb.Sp increased as nearer to the decompression tract. In this case,

Tb.Sp in group B was greater than group A but lower than group G throughout the whole
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a) b)

Figure 5.13: 3D rendering of µ-CT VOIs corresponding to the medial area of the femoral head of
groups A (a) and B (b).

femoral head regions considered (see Figure 5.14 and Table 5.7).

Figure 5.14: Tb.Sp bar chart according to the treatment applied A B or G and the area of the
femoral head —proximal, medial, distal or decompression’s tract. Tb.Sp is expressed in cm.

In the distal region, Tb.Sp for groups A,B and G were estimated to be 0.49 ± 0.03,

0.49 ± 0.01 and 0.52 ± 0.01 cm. This data is consistent with both medial and proximal

zones, whose space between trabeculae amounted to 0.53±0.11, 0.63±0.05 and 0.63±0.01

in the first case and 0.55±0.087, 0.61±0.03 and 0.66±0.13 in the second case respectively.

Although this pattern was observed and even enhanced in the zone of treatment

(0.36 ± 0.11 and 0.58 ± 0.14), there was a large variability between samples from the

same group. In this region, Tb.Sp in both treatment groups were higher than the control

group, where it resulted to be 0.70±0.11 cm. The statistical analysis shows that data was

not statistically significant (p> 0.05 for all the cases), as displayed in Table 5.7.
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Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2 Group G (Control) p-value

Distal 0.49 ± 0.03 0.49 ± 0.01 0.52 ± 0.01 p=0.223

Medial 0.53 ± 0.11 0.63 ± 0.05 0.63 ± 0.01 p=0.492

Proximal 0.55 ± 0.087 0.61 ± 0.03 0.66 ± 0.13 p=0.673

Decompression tract 0.36 ± 0.11 0.58 ± 0.14 0.70 ± 0.11 p=0.939

Table 5.7: Tb.Sp (average ± standard deviation) along predefined femoral head regions according
to each treatment group. Tb.Sp is expressed in cm.

5.5.4 Trabecular number

The amount of trabeculae related to their thickness was estimated by computing the Tb.N,

whose results are summarized in Figure 5.15. In both distal and proximal regions, Tb.Th

turned out to be greater in group B with respect to A (1.38± 0.001 and 1.34± 0.04 cm−1

respectively in the distal zone and 1.19 ± 0.06 and 1.10 ± 0.14 in the proximal zone).

However, this relation was inverted in the medial zone, where Tb.N was greater in the A

group rather than in the B (1.20 ± 0.06 and 1.06 ± 0.10 cm−1).

Figure 5.15: Tb.N bar chart according to the treatment applied A B or G and the area of the
femoral head —proximal, medial, distal or decompression’s tract. Tb.N is expressed in cm−1.

In the control group, Tb.Sp was estimated to be contained within the range of both

two treatment groups (for all four regions starting from the distal until reaching the prox-

imal), as displayed in Table 5.8. Finally, Tb.N inside the core decompression tract was

greater in group A (1.21 ± 0.77 cm) compared to B and G (0.60 ± 0.44 and 1.02 ± 0.13

cm−1 respectively).
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Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2 Group G (Control) p-value

Distal 1.34 ± 0.04 1.38 ± 0.001 1.35 ± 0.02 p=0.408

Medial 1.20 ± 0.06 1.06 ± 0.10 1.21 ± 0.01 p=0.248

Proximal 1.03 ± 0.11 1.19 ± 0.06 1.10 ± 0.14 p=0.368

Decompression tract 1.21 ± 0.77 0.60 ± 0.44 1.02 ± 0.13 p=0.607

Table 5.8: Tb.N (average ± standard deviation) along predefined femoral head regions according
to each treatment group. Tb.N is expressed in cm−1.

5.6 Trabecular stiffness

Uniaxial apparent stiffness was estimated in several regions along the femoral head in

order to characterize the mechanical response of trabecular bone after the implantation

of the bone constructs. In order to be consistent with the previously defined VOIs, the

indentation tests carried out in those regions were considered for the analysis. The data

is represented graphically in Figure 5.16 and displayed with the level of statistical signifi-

cance in Table 5.9.

Figure 5.16: Trabecular stiffness bar chart according to the treatment applied A B or G and the
area of the femoral head —proximal, medial, distal or decompression’s tract. Stiffness is displayed
in MPa.

In all four VOIs considered for the analysis, average cancellous bone stiffness was

greater in Group B compared to other groups. Such differences were higher in the distal

and medial regions, in which the stiffness of trabecular bone was 968.13±169.68, 1169.10±
778.67 and 1125.50± 1.60 MPa in the distal segment and 253.23± 0∗, 498.99± 338.34 and

473.70± 7.38 MPa in the medial segment for groups A, B and G respectively. Trabecular

stiffness was lower in the proximal region, amounting 198.83 ± 0∗, 222.51 ± 177.23 and

211.64 ± 34.25 MPa. Uniaxial indentations in the center of the decompression channel

for treatment groups A, B and G were resulted in 95.30 ± 57.14, 156.37 ± 54.08 and

104.31 ± 54.88 MPa respectively.
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Region Group A (β-TCP + BMC) Group B (β-TCP + BMP-2) Group G (Control) p-value

Distal 968.13 ± 169.68 1169.10 ± 778.67 1125.50 ± 1.60 p=0.915

Medial 253.23 ± 0∗ 498.99 ± 338.34 473.70 ± 7.38 p=0.538

Proximal 198.83 ± 0∗ 222.51 ± 177.23 211.64 ± 34.25 p=1

Decompression tract 95.30 ± 57.14 156.37 ± 54.08 104.31 ± 54.88 p=0.337

Table 5.9: Trabecular stiffness results (average ± standard deviation) expressed in MPa along
predefined femoral head regions according to each treatment group.
∗Data from only one available sample.

5.7 Microscopy assessment

Both SEM and fluorescensce histologic samples were analyzed in order to assess the amount

of osteosynthesis induced by the different treatments applied. No subchondral collapse or

loss of bone integrity could be observed in any of the samples. However, an increase of

trabecular thickness in mature bone adjacent to the tip of the decompression channel was

observed, as shown in Figure 5.17.

Light signs of bone regeneration could be identified in both groups depending on the

treatment applied. Group A sheep had almost no new bone deposition within the de-

compression channel, but it had new bone surrounding the channel given the presence of

bone ingrowth within mature trabeculae. This type of bone was characterized by filling

the trabecular spaces in the regions of cancellous bone adjacent to the core decompression

tract. It had lower intensity levels when compared to physiologic bone, which presented

a regular network structure with higher intensity values. These variations can be clearly

observed in the comparison displayed in Figure 5.18.

a) b)

Figure 5.17: Representative SEM images of harvested femoral head samples of groups A (a) and
B (b).
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Electron microscopy images confirmed the observations previously mentioned of re-

maining CaP granules that were not degraded and resorbed. The topology of porous

granules was clearly observed by the identification of compact spheres without bone in-

growth in the center of the channel. Such structures were more frequent in sheep treated

with BMP-2 compared to BMC. Nevertheless, a high variability of β-TCP resorption was

present between BMP-2 samples, as seen in Figures 5.18 and 5.19.

a) b)

Figure 5.18: Comparison of SEM images showing newly synthesized bone (a) and mature cancel-
lous bone (b). New bone can be distinguished by lower intensity levels and less network structure.

The amount of bone regeneration in the area surrounding the decompression channel

was directly related to the amount of remaining CaP granules. As clearly seen from Figures

5.18a and 5.19a, in the absence of β-TCP in the hollow, greater amount of osteogenesis

in the adjacent trabecular bone was found. As opposed, samples with remaining granules

within the channel showed less osteosynthesis in the surrounding trabecular bone, as seen

in the comparison displayed in Figure 5.19.

Fluorescence microscopy analysis, was carried out to assess the deposition of new bone

within the trabecular structure of mature bone. Tetracycline labeling showed low evidence

of bone regeneration along the femoral head in both treatments groups A and B. On the

other hand, high labels of tetracycline were found in the fibrous tissue invading trabecular

bone, as shown in Figure 5.20a.

Control group samples showed clear evidence of healthy marrow invading trabecular

bone with no evident signs of necrosis (Figure 5.20b). The region interface between the

regions with and without bone marrow was easily identified in these sheep (Figure 5.20).

However, such interface was not present in treatment groups A and B, since the presence

of sclerotic tissue within bone trabeculae was evident (Figures 5.20a and 5.22b).
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a) b)

Figure 5.19: Representative SEM images of group B harvested samples with high CaP resorption
(a) and low CaP resorption. β-TCP granules can be distinguished by their spherical shape with
variable size due to the degradation.

a) b)

Figure 5.20: Representative fluorescensce microscopy images of group A (a) and control (b)
harvested samples.

The difference in the tetracycline labeling could be observed by comparing both images,

since it corresponds to the high intensity line in the edges of bone trabeculae identified

in treatment groups samples. However, some regions with new bone deposition on top of

the labeling carried out during the surgical intervention could be observed. In group B

sheep, remaining CaP granules could be identified in the tip of the core decompression

tract (Figure 5.22). Such granules were almost absent in group A sheep, which had signs

of trabecular structure loss in the regions surrounding the channel.
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a) b)

Figure 5.21: Comparison of fluorescence microscopy images from the region of the femoral head
where the treatment was applied (Group A in image a, and its corresponding zone of the control
group (b).

a) b)

Figure 5.22: Representative fluorescensce microscopy images of group B harvested samples.
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Discussion and conclusions

As previously reported by Velez et al., the sheep model of osteonecrosis proposed in this

study was able to replicate pre-collapse ONFH, which was characterized by the presence

of fibrous tissue and the necrosis of both the trabecular bone and the red marrow.150 In

this study, a tissue-engineered implant combined with a core decompression procedure

were used to heal ONFH and promote bone regeneration in the affected zone. Thus, the

main objective was to assess the amount of bone regeneration taken place within the first

six weeks after the treatment. The two types of constructs consisted of a β-TCP scaffold

loaded with either a BMC or BMP-2.

After the study was completed, no evident signs of host immunological response were

present in the harvested samples. However, six of the sheep involved in the study were

found dead or had to be sacrificed due to the aforementioned reasons. Since the animal

model used was exactly the same as used previously without any complications, and all

the procedures were performed by the same staff, no apparent reasons for this to happen

were found. After having considered the information provided by the autopsy, the final

conclusion was that the animals were not in optimal conditions to put up with the sur-

gical procedures, mainly due to their age and physical conditions. After arriving to this

conclusion, the sheep provider proportioned younger sheep that were successfully treated

and could finish the study. In these cases, no intrasurgical nor postsurgical complications

were registered, although partial load bearing in the treated limbs were observed in the

first 24-48 hours. Thereby, the procedure was considered as successful and could allow to

carry out the assessment of early bone regeneration.

According to both the radiologic and visual exploration of harvested samples, this

animal model was able to replicate early-stage ONFH. The extent of osteonecrosis was

characterized by the presence of necrotic marrow, presence of sclerosis throughout the

femoral head and no subchondral collapse. Within the core decompression channel, most

of the present tissue that invaded the cavity was avascular and fibrotic. No apparent differ-

ences were found in terms of revascularization and necrosis relief between both treatment

groups. Furthermore, the extension of necrosis was dependent on the individual consid-
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ered, and showed high levels of variability within both treatment groups. As opposed,

untreated samples provided evidence of healthy bone marrow invading trabecular spaces,

without fibrous tissue and intact bone structure. Although core decompression should

have been able to promote early revascularization of the affected region, the elapsed time

between the osteonecrosis and the treatment was too short. This fact was in accordance

to similar findings reported by Velez et al.231 in another study using this animal model.

In that case, harvested femoral heads neither had signs of femoral head collapse.

The lack of angiogenesis and subsequent vascular ingrowth observed in all treatment

groups may hinder bone lineage cells and angiogenic factors to reach the biomaterial. Thus,

cells seeded in the center of the β-TCP scaffold might remain in hypoxia and therefore die

several hours after the treatment. Furthermore, if angiogenic factors —which are essential

for small capillary formation— are not present, the angiogenic potential of mononuclear

cells may be lost.

With regard to bone regeneration, the amount of osteogenesis induced by both con-

structs was different according to the region considered. Some light bone regeneration

could be observed by SEM analysis in the margins of the core decompression channel,

particularly in the interface between the cavity and its surrounding trabecular bone, which

could also be identified in µ-CT images —even more with the density mapping. However,

inside the channel there was no osteogenesis replacing invading sclerotic tissue observed

in fluorescnesce microscopy images. CaP resorption levels were found to be very rele-

vant in order to understand the mechanisms underlying bone regeneration. This could

be explained by the environmental conditions under which the CaP granules are, which

somehow imply different degradation profiles.

Particularly in group B sheep, β-TCP loaded with BMP-2 was proven to be more

stable compared to β-TCP loaded with BMC, since the overall BV/TV in this region was

greater in the first case —though it was not strictly bone but CaP. This could be explained

by the presence of remaining β-TCP granules in the tip of the decompression channel, as

estimated with BV/TV and verified by SEM analysis. In group A sheep, CaP scaffold

resorption was substantially higher compared to group B, which might be determined by

a difference between the surface reactivity of the synthetic graft across different groups.

These levels of higher resorption were confirmed by lower bone volume ratios. In this

case, microscopy images were descriptive of the higher degradation rate of β-TCP. How-

ever, the core decompression channel was the region with the highest variability among

sheep, which was directly related to the CaP resorption pattern. The reason why CaP

granules were only found in the tip of the channel may rely on the distance between the

hematopoietically active bone marrow and the granules. Greater the exposure to extracel-
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lular fluids and cellular components—present in higher levels within the bone marrow—

greater the influence of both spontaneous and cellular degradation of CaP crystals.187

Since implanted granules had a high level of porosity defined by the provider, the overall

external surface was large and therefore the reactivity appeared to be high. Such resorp-

tion could have been mediated by cellular degradation and medium acidification carried

out by active macrophagues and mature osteoclasts respectively. However the relevance of

the second mechanism was been reported to be low with high Ca2+ concentrations.198 In

this case, since β-TCP appears to be rapidly decomposed in Ca2+ and PO3−
4 , this might

have inhibited osteoclast migration and subsequent action.

CaP remaining granules were not able to induce trabecular-like bone ingrowth inside

the channel. Thereby, the morphometric parameters —namely Tb.Th, Tb.Sp and Tb.N—

which assume trabecular-like bone architecture, were not considered as meaningful. As

opposed, if CaP degradation was very high, trabecular thickness in that region was found

to be substantially low. Furthermore, higher the amount of remaining CaP granules —

present in group B— higher the average density of the VOI considered within the decom-

pression tract. Nevertheless, BMD was greater in the control group, which might imply

that the average TCP density was still lower than mature trabecular bone. According to

Genant et al., such higher levels of density should be directly correlated with an increase

in the stiffness of the region considered, which is verified in this study.241 Thus, this bet-

ter biomechanical performance of group sh might arise from the combined effect of both

greater TCP volume and density. This leads to the point that, since no osteogenesis was

induced in that region, all the load bearing capacity was provided by the scaffold and not

by new bone. With regard to bone composition, these results were not descriptive of the

actual mineral, organic and water fraction. Since the correlations used in the derivation

of the mapping equations were based on mature bone mineralization, these measures were

not valid for the core decompression tract. This is because such correlations assume that

the analyzed samples contain mature bone, but in this case the material analyzed is CaP.

Thus, although composition results displayed showed certain levels of organic and water

fraction, they do not match with the observations from SEM images, which clearly show

that within that VOIs only CaP was present.

Outside the core decompression channel, both bone regeneration and architecture were

substantially different than the ones just above described. With regard to overall bone

volume, greater the distance from the decompression channel, greater the estimation of

BV/TV. This pattern was conserved independently from the group, which appeared to be

normal since the proximity with cortical bone implies higher trabecular density and there-

fore greater amount of bone, as present in the control group. However, some differences in

terms of early osteosynthesis could be observed between groups. Both BV/TV and Tb.Th.
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were greater in the group treated with BMC compared to BMP-2, particularly in the prox-

imal region. These estimations could be verified with the SEM analysis, which showed

evidence of greater osteosynthesis within adjacent cancellous bone in this group compared

to group B. Such images showed how this newly deposited bone was mostly present in the

region surrounding the hollow, and that such effect was decreasingly present in more distal

regions. Microscopic images also confirmed the estimations of lower space between trabec-

ulae and higher trabeculae ratio with respect to the volume (i.e Tb.Sp and Tb.N) in group

A compared to group B. The fact that bone morphometry parameters show better results

in treatment groups than in the control group indicates that the implants at least induced

light bone synthesis, since morphometric parameters in ONFH have been descibed to be

worse compared to normal bone.242 Moreover, as long as the VOI considered was further

from the channel, the difference between groups was smoothed or even lost. The so-called

proximal region was the one considered as more relevant for assessing bone regeneration,

given its proximity to the zone were the decompression was performed and the treatment

was applied. In this region, BMD was higher in group A with respect to both groups B

and G. This effect was inverted in the other two VOIs, where BMD was greater in group B

compared to group A. Hydroxyapatite fraction was also higher in sheep treated with BMC

compared to BMP-2, which would mean higher levels of bone mineralization. However,

apparent stiffness was nearly the same in the proximal region between groups, which could

imply that new bone might not be relevant in terms of load bearing capabilities. In the

rest of regions, group B showed higher resistance against compression but with high vari-

ability between samples, which does not provide confidence to extract reliable conclusions.

Given the fact that greater the level of CaP resorption within the core decompression

channel, greater the amount of bone regeneration in the surrounding trabeculae, a main

aspect of induced bone regeneration could be identified. This phenomenon could imply

that released Ca2+ ions and PO3−
4 groups promoted the migration of osteogenic cells con-

tained in the adjacent trabecular bone in order for them to lay down new bone. Thereby,

those femoral heads with greater β-TCP degradation may have higher osteogenesis in the

adjacent bone. Furthermore, the implantation of mononuclear cells contained in the bone

marrow concentrate, and by extension MSCs, might have played an important role in early

osteogenesis. Smoak et al. recently showed the effect of free micro- and nano- particles of

β-TCP on MSCs, and concluded that cell viability was directly correlated with particle

size.243 Such cell viability might be determinant for stromal cell differentiation towards

osteogenic lineages and therefore bone regeneration.

Many studies have assessed the effectiveness of these sort of treatment against ONFH,

which in some cases provided evidence of bone regeneration as early as two weeks in early

stages of the disease.230 However, the common aspect in sheep treated with β-TCP loaded
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with BMC relied in the degradation of the CaP scaffold with no apparent osteogenesis,

which did not provide osteoconductivity for the amount of time that it should —except

few isolated cases in which was less resorbed. Kawate et al. also found failed implanta-

tion of β-TCP carriers with MSCs in humans, mainly by the same reasons as previously

described.244 It is widely agreed in the literature that the major drawback of using β-

TCP scaffolds for healing both bone defects and ONFH remains on its extreme resorption

compared to other CaPs such as hydroxyapatite. Thereby, greater osteogenesis is usually

present in more stable biomaterials, which allow the osteointegration of the implant by

successive bone resorption and formation. Peng et al. also used the approach of the im-

plantation of MSCs in CaP scaffolds to heal osteonecrosis of the femoral head in dogs.245

In that case, in order to avoid the aforementioned degradation troubles, they combined

both hydroxyapatite and β-TCP. This allowed to obtain a block with an intermediate

degradation rate, which turned out to be a successful approach for healing ONFH, al-

though the follow-up was much higher compared to this study (30 weeks).

On the other side, sheep treated with β-TCP loaded with BMP-2 had lower signs of

extreme degradation, which might be due to variations in surface reactivity with respect

to group A. Maus et al. used the same approach as here used with group B sheep, but

in that case to repair femoral defects also in sheep.246 After twelve weeks, the defect was

completely filled with trabecular-like bone. Similar methodologies were used in other stud-

ies using dogs and rabbits with similar results.247,248 BMP-2 loading also increased the

stability of β-TCP granules, which was also seen in group B. They also reported difficulties

in β-TCP composites on inducing bone formation. However, bone repair mechanisms are

different in bone defects compared to osteonecrosis, which might be determinant for the

difference among treatment outcomes. The main drawback of osteonecrosis is deficient

vascularization, and therefore osteogenic cells are not able to reach the implant in order

to promote bone synthesis. Maus et al. reported abundant number of osteoblasts inter-

acting with the CaP surface, which may have been absolutely necessary for the β-TCP

+ BMP-2 implant to work. Taking into account that BMP-2 effect might be lost within

the first 48 hours249,250, a suitable early osteosynthesis response in necessary in order for

the BMP-2 coating to be effectively osteoinductive. Thus, if the majority of protein is

promptly released, the remaining CaP scaffold may be almost pure β-TCP, which have

been shown to be more stable than β-TCP with BMP-2.246 However, the difference of

BMP-2 adsorption capabilities between β-TCP and hydroxyapatite was not substantial,

so the main difference between them still relied on the resorption kinetics.251

Although this animal model has been useful for this study, the lack of a bipedal animal

model that mimics ONFH in humans that allows to extract meaningful information is a

major drawback. Despite some isolated trials with ostrich and emu, further research needs
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to be performed to verify their reliability and extrapolation.252,253

Given the importance of bone regeneration mechanisms at the cellular level, initially

it was planned to perform a complete histological analysis with standard staining tech-

niques. This would have allowed to identify the processes involved in CaP osteointegration

as done in other similar studies. However, the timing of the main project did not allow to

include such techniques in this study. Instead, several 3D characterization methods were

developed in order to characterize bone regeneration based on µ-CT images. µ-CT usage

provided a useful alternative approach for morphometry, density and composition analysis,

as well as contained useful radiological macroscopic information about the progression of

osteonecrosis. Since histological processing methods are destructive processes with only

few 2-d slices that might not be representative damaged during the process, the use of

µ-CT was satisfactory.

After having considered the outcomes of the treatments applied and the available liter-

ature taken into account, this study led to some conclusions. First off, it was demonstrated

how porous CaP granules used as carriers for growth factors or stromal cells were safe treat-

ments that can be exploited to heal ONFH. Considering different treatment outcomes of

both groups, and having taking into accountx the requirements of these tissue-engineered

implants, the combined effect of BMP-2 and BMC would be the next step do move forward

in order to improve osteogenesis with such composites. However, the scaffold used as a

carrier for such factors should be more chemically stable than the one used in this study.

Therefore, it would provide better osteoconductive properties for longer periods of time

that allow bone regeneration.
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2.6 a) Femoral head radiograph of early stage osteonecrosis with sclerotic rim (arrows)

surrounding a hypodense necrotic segment. b) Postcollapse osteonecrosis radio-

graph with apparent cyst (arrow), intra-articular narrowing and articular collapse.

Reprinted from “ Osteonecrosis of the femoral head: etiology, imaging and treat-

ment ” by Malizos, K. et al., 2007, European journal of radiology, 93, p. 16–28.

Copyright 2007 by Elsevier Ireland Ltd. . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Radiologic study of early-stage ONFH. Coronal MRI images (b) provide evidence

of necrosis (arrow) whereas X-ray plain radiograph (a) does not provide any ra-

diological finding of osteonecrosis. Reprinted from “ Osteonecrosis of the femoral

head: etiology, imaging and treatment ” by Malizos, K. et al., 2007, European

journal of radiology, 93, p. 16–28. Copyright 2007 by Elsevier Ireland Ltd. . . . . 27

2.8 Radiologic study of early-stage ONFH. a) Radiograph shows blurry sclerosis with

radiolucent segments (arrows). b,c) Coronal T1/T2-weighted MRI images with

clearly defined sclerotic rims surrounding avascular Reprinted from “ MRI of os-

teonecrosis ” by Saini, A and Saifuddin, A, 2004, Clinical radiology, 59, p. 1079–

1093. Copyright 2004 The Royal College of Radiologists. Published by Elsevier

Ltd. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1 Fluoroscopic projections obtained during the cryotherapy. . . . . . . . . . . 48

4.2 a) Cubic subvolume cropped from the entire femoral head volume. b) 2D

Gaussian mask intended for filtering segmented bone volume. Despite the

filter used was implemented in 3D, a two-dimensional mask is displayed for

visualization purposes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 µ-CT segmented slice of a femoral head with the defined VOIs labeled. . . . . . . 52

4.4 Complete setting of the calibration phantom with five cylinders with vari-

able densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 a) Interpolated linear attenuation coefficients of bone compounds versus

peak photon energy density. b) Linear mapping from intensity values to

hydroxyapatite density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.6 2D representation of the structuring elements used for the quantification of both

Tb.Th (in green) and Tb.Sp (in yellow). . . . . . . . . . . . . . . . . . . . . . . 57

5.1 µ-CT segmented slice (a) and real harvested sample (b) of femoral head from a

sheep treated with TCP loaded with BMC (Group A). . . . . . . . . . . . . . . 62

5.2 µ-CT segmented slice (a) and real harvested sample (b) of a contralateral femoral

head in which no osteonecrosis was induced, and therefore no treatment was applied

(Group G). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3 µ-CT segmented slices of femoral heads from Group A. . . . . . . . . . . . . . . 63

86



Albert Mart́ı i Simó LIST OF FIGURES
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Swider, and Christian Rey. Adsorption and release of bmp-2 on nanocrystalline

apatite-coated and uncoated hydroxyapatite/β-tricalcium phosphate porous ceram-

ics. Journal of Biomedical Materials Research Part B: Applied Biomaterials, 91(2):

706–715, 2009.

[252] Wenxue Jiang, Pengfei Wang, Yanlin Wan, Dasen Xin, and Meng Fan. A simple

method for establishing an ostrich model of femoral head osteonecrosis and collapse.

Journal of orthopaedic surgery and research, 10(1):1, 2015.

[253] Michael G Conzemius, Thomas D Brown, Yongde Zhang, and Robert A Robinson. A

new animal model of femoral head osteonecrosis: one that progresses to human-like

mechanical failure. Journal of Orthopaedic Research, 20(2):303–309, 2002.

115


	Abstract
	Introduction
	Physiology of bone tissue
	Bone macro and microstructure
	Bone tissue cellular components
	Bone remodeling

	Osteonecrosis of the femoral head
	Pathogenesis and underlying etiologies
	Traumatic osteonecrosis
	Non-traumatic osteonecrosis

	Histopathology and pathophysiology
	Symptomatology and image-based diagnosis
	Currently available treatments
	Non-operative treatments
	Surgical Treatments



	State-of-the-art
	Bone grafting
	Autologous bone grafting
	Calcium phosphate-based synthetic grafts
	bold0mu mumu 2005/06/28 ver: 1.3 subfig package-Tricalcium phosphate synthetic grafts
	Bone marrow-loaded bold0mu mumu 2005/06/28 ver: 1.3 subfig package-TCP scaffolds
	Growth factor-loaded bold0mu mumu 2005/06/28 ver: 1.3 subfig package-TCP scaffolds



	Materials and methods
	Treatment and sample preparation
	bold0mu mumu 2005/06/28 ver: 1.3 subfig package-CT acquisition and processing
	Preprocessing and Otsu binarization
	Bone mineral density
	Voxel-specific bone composition
	3D morphometry analysis

	Biomechanical compression testing
	Electron and fluorescense microscopy
	Statistical Analysis

	Results
	Clinical observations
	Radiologic and visual exploration
	Bone mineral density
	Voxel-specific bone composition
	Mineral fraction
	Organic Fraction
	Water Fraction

	3D bone morphometry
	Bone volume / total volume ratio
	Trabecular thickness
	Trabecular spacing
	Trabecular number

	Trabecular stiffness
	Microscopy assessment

	Discussion and conclusions

