Keywords: Cortical bone, elasticity, microstructure, composition, resonant ultrasound spectroscopy, homogenization, bone tissue, inverse problem, characteristics . . . . . . . . . . . . homogenization . . . . . . . . . . . . 

when it came to departing from them to the other side of the earth for four years. My final acknowledgments go to my wife and best friend Mengyao who decided to move from Beijing to set up our small family in Paris,

My first acknowledgements go to my supervisor Dr. Pascal Laugier whom I met at Beihang University in China in the winter of 2013. Fascinated by the work presented in his talk, I requested to study under his supervision for a PhD diploma. It turns out I have been lucky and made a good decision because he trusted me from the beginning with a challenging research project and trained me with the target of being a good researcher with his broad vision, deep insight and rich experiences.

I would like to thank my co-supervisor Dr. Quentin Grimal who directly guided my work by continuously sharing many wonderful ideas and keeping my work always on the right track. His expertise in acoustics and mechanics and endless patience in answering my questions at any time guaranteed the quality of my work. Moreover, I am indebted to my supervisors for giving me many opportunities attending international conferences during my training, sharing their valuable experiences in making a good presentation and teaching me to write a qualified research article.

I would like to thank all the jury members for taking the time to examine my work. I am especially grateful to the referees Dr. Rachel Allena and Dr. Cédric Payan for accepting to review this thesis and for carefully reading and commenting on the manuscript. Also, I must thank Dr. Renald Brenner for introducing me into the field of micromechanical computations. An important part of my thesis cannot be accomplished successfully without his contribution.

I am grateful to Dr. Laura Peralta since most of the experimental work in my thesis was accomplished with her and I need to thank my predecessor Dr. Simon Bernard who left an essential tool for my work. I would like to thank Dr. Didier Cassereau who helped me solve many computation problems and Dr. Pascal Dargent, our great engineer, who helped in implementing the experiments and always answers my engineering questions enthusiastically. Thanks to many fruitful discussions with Dr. Guillaume Renaud and Dr. Maryline Talmant, some obstacles in my work were overcame. I would like to express my gratitude to the colleagues in the MULTIPS project as well, especially to Dr. Cécile Olivier and Dr. Françoise Peyrin, as my thesis was under the umbrella of this project. Through effective cooperation with them, the project progressed smoothly, so did my work. The success of my work at the LIB is definitely linked to the wonderful people I was seeing every day in the past four years. Tons of fond memories of the afterworks, drinking beers, picnics along the bank of the Seine river and in the Luxembourg garden, as well as the annual food tasting event, shall never fade away. Special thanks go to Sylvain who provided me a warming shelter for four years and treated me and my wife like family. Words cannot describe how much I owe to my parents who always have been very supportive of every plan of mine, even Résumé L'os présente la propriété remarquable de s'adapter à son environnement et s'est forgé au cours de l'évolution des caractéristiques exceptionnelles qui fascinent les scientifiques mais aussi les ingénieurs : léger mais d'une rigidité à toute épreuve, une capacité de résistance à la fracture hors norme tout en gardant une certaine flexibilité. Ces propriétés mécaniques de l'os sont l'oeuvre d'une optimisation de sa composition et d'une structure fortement hiérarchisée et organisée en multiples niveaux allant de l'échelle nanométrique à l'échelle macroscopique. L'amélioration de la prise en charge des maladies osseuses, l'optimisation des implants orthopédiques et la conception de nouveaux matériaux bio-inspirés passent par une connaissance approfondie des multiples facteurs qui déterminent les propriétés mécaniques de l'os. Dans ce travail, nous mettons l'accent sur les propriétés élastiques de l'os cortical humain à la fois aux échelles millimétrique et micrométrique. Nous avons caractérisé l'élasticité (à l'échelle mésoscopique), la composition et la microstructure de l'os cortical, à partir d'échantillons de fémur, tibia et radius prélevés sur des donneurs âgés, à l'aide d'une batterie de tests expérimentaux comportant des mesures en résonance ultrasonore spectroscopique, micro-tomographie par rayonnement synchrotron, microscopie infrarouge à transformée de Fourier et analyse biochimique. Ces mesures mettent à jour le rôle prépondérant joué par la porosité et le degré de minéralisation dans la détermination de l'élasticité et suffisent à eux seuls à en expliquer les variations. En particulier, les caractéristiques de la microstructure, comme la forme des pores, leur nombre, taille ou connectivité ne semblent pas avoir d'effets mesurables sur l'élasticité à l'échelle mésoscopique. Dans un second temps, une nouvelle approche d'homogénéisation inverse introduite dans cette thése a permis l'estimation du tenseur des coefficients élastiques de la matrice osseuse à l'échelle microscopique. Connaissant l'élasticité de la matrice, nous avons évalué la gamme des microdéformations qui se produisent localement en réponse à des contraintes physiologiques. Les microdéformations étant à l'origine des signaux qui déclenchent la réponse des cellules mécanosensibles, ce dernier résultat devrait contribuer à une meilleure compréhension du comportement mécanique osseux au niveau microscopique. En conclusion, ce travail de thése a permis l'obtention d'une base de données unique sur les caractéristiques élastiques de l'os cortical humain et la caractérisation des relations qui existent entre l'élasticité, la microstructure et la composition.
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Chapter 1

Introduction 1.1 Context and motivation

Bone as an important organ in human body which plays key roles in blood production, mineral storage and homeostasis, supporting human body and movement, and protecting vital organs is an extraordinary material which exhibits highly optimized properties, strong yet light weight, stiff yet flexible. Its distinct mechanical properties which fascinate not only scientists but also engineers have inspired many works like the design of new (engineering, bio-) materials [START_REF] Fratzl | Nature's hierarchical materials[END_REF], civil structure engineering (e.g., bridge, the Eiffel tower (Figure 1.1)). It is also very important to understand bone mechanics to evaluate the interaction between prosthesis and bone in the field of bone implants design (Çehreli et al., 2004). Bone diseases (e.g., osteoporosis, osteogenesis imperfecta) may be the main interest in the study of bone mechanics, because they affect tens of millions of people across the world and create a significant burden in terms of healthcare costs. For instance, the total direct costs related to osteoporosis in Europe are expected to increase to e76.7 billion in 2050 based on the expected changes in the demography1 . was inspired by the work of the anatomist Hermann von Meyer who described the microstructure of trabecular bone at the proximal femur [START_REF] Meyer | Die architektur der spongiosa[END_REF].

Bone diseases degrade bone quality with the consequence of fragility fractures, which are often associated with mortality and morbidity and cannot always be successfully predicted using current standard clinical approach [START_REF] Marshall | Meta-analysis of how well measures of bone mineral density predict occurrence of osteoporotic fractures[END_REF][START_REF] Schuit | Fracture incidence and association with bone mineral density in elderly men and women: the rotterdam study[END_REF][START_REF] Keaveny | Age-dependence of femoral strength in white women and men[END_REF], i.e., assess bone mineral density 2 Chapter 1. Introduction (BMD) using ionizing dual X-ray absorptiometry. The consequences of bone fracture and the insufficiency in current diagnosis method have triggered studies for alternative diagnostic modalities showing capacity to reach a complete quantitative assessment of bone quality beyond BMD. Bone quality, a concept firstly appeared in the late 80's [START_REF] Wallach | The bone "quality" problem[END_REF], comprises a number of variables such as bone microstructure, bone matrix constituents (organic and mineral phases), tissue material properties or prevalence of microcracks [START_REF] Seeman | Bone quality-the material and structural basis of bone strength and fragility[END_REF]. As these parameters cannot be quantified in vivo but they are intimately linked to bone elastic properties, one alternative is to assess bone elasticity as a surrogate of bone quality. In this context, a thorough analysis of the relationships between bone elasticity and structural, compositional properties is thus required, which is the main purpose of this thesis.

Hierarchical structure of bone

Bone has a highly hierarchized and organized structure spanning over several lengths from the nanoscale (nanometer) to the macroscale (whole organ). The mechanical properties at one hierarchical level are determined by the properties at all the smaller ones. Hence, a detailed description of bone organization is required to understand its elastic properties at different length scales. In Figure 1.2, such a hierarchical arrangement is demonstrated in a femoral bone.

At the nanoscale, collagen molecules held by inter-molecular cross-links [START_REF] Gineyts | Quantification of immature and mature collagen crosslinks by liquid chromatography-electrospray ionization mass spectrometry in connective tissues[END_REF] and precipitated by hydroxyapatite crystals in their gaps constitute fibrils [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]. With the deposition of hydroxyapatite crystals on the surface of collagen fibrils and connected by cross-links as well, the fibrils are arranged in fibers, often called mineralized fibers [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]. Mineralized fibers are arranged to form bone lamellae whose typical thickness is about several micrometers. Within lamellar sublayers, the orientation of the fibers may vary and presents a twisted plywood structure [START_REF] Giraud-Guille | Twisted plywood architecture of collagen fibrils in human compact bone osteons[END_REF]. At the microscale (micrometer scale), two types of organization of bone microstructure may be formed leading to two types of bone tissue, cortical (compact) bone and trabecular (cancellous) bone. In cortical bone, the osteon a cylindrical structure organized by several concentric lamellae around a Haversian canal (20-100 µm in diameter) constitutes the basic structural unit at the microscale [START_REF] Cooper | Cortical bone porosity: What is it, why is it important, and how can we detect it?[END_REF]. Connected by Volkmann's cannals (several tens µm in diameter), the Haversian canals form the microstructure of bone or the so-called porous network with the presence of resorption cavities and osteocyte lacunae and canaliculi (a few µm to less than 1 µm in diameter). As the pores encompass fluids and soft tissues (e.g., blood vessels and nerves), human cortical bone is often described as a porous composite material consisting of a soft organic matrix hardened by a mineral phase [START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF]; Deuerling et al., 2009;Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]. Whereas, in trabecular bone, segments of parallel sheets of lamellae are arranged in a mosaic way which form thin rods and plates of bone tissue known as trabeculae, the basic unit of trabecular bone microstructure. Cortical and trabecular bone together assemble the whole bone structure at the macroscale.

Importance of cortical bone and its elasticity

Cortical bone is associated with a dense structure and a low porosity (< 30%) which mainly occupies the outer shell of bone and is located in the diaphysis of long bones such as the radius, tibia or femur (Figure 1.3). Trabecular bone is in the inner parts and the extremities of long bones which structure is much more porous (70 -90%) than cortical bone, leading to a trabeculae network filled with bone marrow (Ashman [START_REF] Ashman | Elastic modulus of trabecular bone material[END_REF][START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF] (Figure 1.3). As trabecular bone is considered to be lost more rapidly than is cortical bone, in vivo skeletal status assessment has long been focused on trabecular bone. This focus has neglected the role of decay of cortical bone in pathogenesis of bone fragility. The relative contribution of cortical versus trabecular bone to bone strength revisited in the femoral neck showed that the cortical shell contributes 40-90% of the bending rigidity [START_REF] Holzer | Hip fractures and the contribution of cortical versus trabecular bone to femoral neck strength[END_REF].
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Cortical porosity is a crucial factor determining bone fragility [START_REF] Zebaze | Intracortical remodelling and porosity in the distal radius and post-mortem femurs of women: a cross-sectional study[END_REF]. The results mentioned above, pointing towards the importance of cortical bone, suggest that diagnosis (risk assessment) should include accurate evaluation of cortical bone and motivates one important aspect of research in this work which is to focus measurements on cortical bone. Trabecular bone is in the inner parts and the extremities of long bones whereas cortical bone mainly occupies the outer shell of bone. Reproduced from [START_REF] Mouchet | Evaluation multi-échelle de la qualité osseuse par ultrasons[END_REF].

As a living material, bone undergoes a permanent biological remodelling process regulated by mechanosensitive osteocytes, which allows it to adapt to the mechanical load [START_REF] Klein-Nulend | Osteocyte and bone structure[END_REF], to replace old bone tissue with new bone tissue and repair microdamages. Mechanosensitive osteocytes are capable of sensing the local strain determined by local bone tissue stiffness (micrometer scale) for a given load. Hence investigating bone tissue stiffness in detail should improve the understanding of bone functional adaptation mechanisms and bone strength. Part of this thesis contributes to investigating bone tissues elastic properties by proposing a novel method to measure the anisotropic stiffness of bone tissue with the aim to investigate the possible range of the tissue stiffness and the range of its consequent microstrain which may be experienced by bone matrix.

In addition, cortical bone stiffness at the mesoscale (millimeter-scale) is of special interest as it has a direct impact on the mechanical behavior of bone at the macroscale level [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]Grimal et al., 2011b) at which cortical bone acts, in concert with the overall gross shape of a bone, to resist to functional loads [START_REF] Currey | Bones: structure and mechanics[END_REF]. The mesoscopic level is also appropriate to investigate the regional variations of the elastic properties within a bone [START_REF] Rohrbach | Distribution of mesoscale elastic properties and mass density in the human femoral shaft[END_REF], which is necessary to refine finite element models to predict patterns of stress and strain of proximal femur [START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF][START_REF] Liebl | In-vivo assessment of femoral bone strength using finite element analysis (fea) based on routine mdct imaging: a preliminary study on patients with vertebral fractures[END_REF], of vertebra [START_REF] Keaveny | Effects of teriparatide and alendronate on vertebral strength as assessed by finite element modeling of qct scans in women with osteoporosis[END_REF][START_REF] Pahr | Clinical versus pre-clinical fe models for vertebral body strength predictions[END_REF][START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF] and distal radius (Engelke et al.,1.4. Assessment of cortical bone elasticity 5 2016; [START_REF] Kawalilak | In vivo precision of three hr-pqct-derived finite element models of the distal radius and tibia in postmenopausal women[END_REF][START_REF] Christen | Improved fracture risk assessment based on nonlinear micro-finite element simulations from hrpqct images at the distal radius[END_REF], the three major skeletal sites of fracture for osteoporotic patients.

As mesoscopic stiffness depends on both microstructure and tissue properties at all the smaller length scales, a clear understanding of the compositional and microstructural variables that govern bone mesoscopic stiffness variations would help in better understanding the remodeling process or bone functional adaptation mechanisms, as well as developing more accurate mechanical models [START_REF] Deuerling | Specimen-specific multi-scale model for the anisotropic elastic constants of human cortical bone[END_REF][START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF]. Vascular porosity has been found to be an important determinant of bone mesocale stiffness [START_REF] Currey | The effects of strain rate, reconstruction and mineral content on some mechanical properties of bovine bone[END_REF][START_REF] Dong | The dependence of transversely isotropic elasticity of human femoral cortical bone on porosity[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF], but the role of the 3D microstruture of the pore network beyond the alteration of porosity in cortical bone stiffness is barely studied. Other compositional properties such as crystallinity which reflects the size and perfection of the mineral crystals, maturity of mineral and collagen, as well as collagen crosslinks were also associated with bone stiffness [START_REF] Banse | Mechanical properties of adult vertebral cancellous bone: correlation with collagen intermolecular cross-links[END_REF][START_REF] Oxlund | Reduced concentrations of collagen cross-links are associated with reduced strength of bone[END_REF], especially in pathological bone, such as osteogenesis imperfecta [START_REF] Vanleene | Ultrastructural defects cause low bone matrix stiffness despite high mineralization in osteogenesis imperfecta mice[END_REF] or drug treated bone, e.g., by bisphosphonates [START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF][START_REF] Ma | Long-term effects of bisphosphonate therapy: perforations, microcracks and mechanical properties[END_REF]. Although these studies investigating bone stiffness determinants have involved many microstructural and compositional (mineralization, crystallinity and collagen) features, the relative contribution of these aspects has not been quantified.

Assessment of cortical bone elasticity 1.4.1 Linear elasticity and Hooke's law

Bone is assumed as a linear elastic material to study the elastic properties. According to Hooke's law for continuum media, the stress tensor σ and the linear strain tensor ε of a material is related by the fourth-order stiffness tensor C by the following equation:

σ ij = C ijkl ε kl , (1.1)
where i, j, k, l = 1, 2, 3 which corresponds to the direction of material axis. The number of coefficients in C is reduced to 21 independent coefficients, because of the thermodynamics of reversible deformations and the symmetry of the strain and stress tensors. Using Voigt notation, Equation (1.1) can be expressed as,

           σ 11 σ 22 σ 33 σ 23 σ 13 σ 12            =            C 11 C 12 C 13 C 14 C 15 C 16 C 22 C 23 C 24 C 25 C 26 C 33 C 34 C 35 C 36 C 44 C 45 C 46 Sym. C 55 C 56 C 66            •            ε 11 ε 22 ε 33 2ε 23 2ε 13 2ε 12            . (1.2)
where pairs of subscripts in the C are mapped to a single subscript: 1 ⇔ 11; 2 ⇔ 22; 3 ⇔ 33; 4 ⇔ 23; 5 ⇔ 13; 6 ⇔ 12.

The number of independent coefficients in the stiffness tensor can be further reduced if the material possesses symmetries. For an orthotropic material the stiffness tensor has only nine independent coefficients in the coordinate system defined by the symmetry directions,

C ij =            C 11 C 12 C 13 0 0 0 C 12 C 22 C 23 0 0 0 C 13 C 23 C 33 0 0 0 0 0 0 C 44 0 0 0 0 0 0 C 55 0 0 0 0 0 0 C 66            (1.3)
If the material is transversely isotropic, only five coefficients are independent, as the following relations hold: C 11 = C 22 , C 13 = C 23 , C 44 = C 55 , and C 12 = C 11 -2C 66 (when plane 1-2 is the isotropy plane).

For orthotropic (or higher elastic symmetry) materials, the engineering moduli (Young's moduli E, shear moduli G, and Poisson's ratios ν) can be found by inverting the stiffness tensor as follow,

[C ij ] -1 =             1 E 1 -ν 12 E 2 -ν 13 E 3 0 0 0 -ν 21 E 1 1 E 2 -ν 23 E 3 0 0 0 -ν 31 E 1 -ν 32 E 2 1 E 3 0 0 0 0 0 0 1 G 23 0 0 0 0 0 0 1 G 13 0 0 0 0 0 0 1 G 12            
.

(1.4)

Methods to measure bone mesoscopic elasticity

Mechanical testing

Mechanical testing experiments measure the stress-strain curves to infer the elastic coefficients. Usually, a sufficiently small stress field is imposed in bone specimens and the strain is measured to build a stress-strain curve which slope is equal to the stiffness [START_REF] Cowin | Bone mechanics handbook[END_REF] according to Hooke's law (Equation (1.1)). However, because of the tensorial nature of the stress-strain relationship, inferring a particular moduli in a straightforward way requires particular stress and strain fields, leading to an important limitation of mechanical testing that several specimens are needed to completely assess the anisotropy of a material, i.e., anisotropic elasticity cannot be measured on a single specimen by mechanical testing.

Bulk wave velocity method

An alternative method which permits the assessment of the anisotropy on a single bone specimen is the ultrasonic bulk wave velocity (BWV) method, firstly introduced in 1960s to measure bone anisotropic elasticity [START_REF] Lang | Elastic coefficients of animal bone[END_REF]. According to the Christoffel equation [START_REF] Auld | Acoustic fields and waves in solids[END_REF], the 6 diagonal terms in the stiffness tensor (Equation (1.3)), can be determined by measuring the ultrasonic BWV (propagating longitudinal and shear waves, Equation (1.5)) along the principal material axes (1,2,3),

C ii = ρv 2 ii (i = 1, 2, 3) C 44 = ρv 2 23 = ρv 2 32
(1.5)

C 55 = ρv 2 13 = ρv 2 31 C 66 = ρv 2 12 = ρv 2 21
where ρ is the mass density, v ii is the velocity of a longitudinal wave propagating in direction i, and v ij is the velocity of a shear wave propagating in direction i with particle motion in direction j. The constants (C 11 , C 22 , C 33 ) calculated by longitudinal wave velocities are often called compression stiffness constants, whereas C 44 , C 55 , C 66 are the shear stiffness constants. The off-diagonal terms of the stiffness tensor (off-diagonal stiffness constants) can be obtained by measuring BWV in directions at a 45 • angle from the material axes [START_REF] Rho | An ultrasonic method for measuring the elastic properties of human tibial cortical and cancellous bone[END_REF] (Figure 1.4). Despite its apparent simplicity, BWV measurements present several pitfalls that must be carefully considered. The final result can be affected by several factors, including the size of the measured specimen compared to the wavelength, the presence of heterogeneities, or the signal processing required to estimate the time of flight to calculate velocity [START_REF] Leisure | Resonant ultrasound spectroscopy[END_REF] (see Chapter 8 also).

Figure 1.4: Additional 45Â • -oriented faces need to be prepared to measure the offdiagonal stiffness constants in BWV method. From [START_REF] Rho | An ultrasonic method for measuring the elastic properties of human tibial cortical and cancellous bone[END_REF] .
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Resonant ultrasound spectroscopy

Resonant ultrasound spectroscopy (RUS) represents several advantages, such as the ability to measure the entire stiffness tensor with good accuracy and reproducibility on a single specimen, applicable to small specimens (as small as a few mm 3 ) as the thickness of bone cortical shell only permits the specimen of a dimension of a few mm in length. RUS overcomes most of the aforementioned problems in measuring bone mesoscopic elasticity. The rationale of RUS is to use the frequencies of mechanical resonance of a sample to infer its material stiffness tensor considering that the resonant frequencies of an homogeneous elastic body depend only on its geometry, mass density and stiffness tensor. Basic principles and a historical review of RUS have been well summarized in a previous PhD work in our laboratory [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF], which was dedicated to adapting RUS to measure viscoelastic materials such as human cortical bone. Here, the basic steps and a short review of the development of RUS is briefly summarized based on the previous work [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF].

Typically, a sample is held between two ultrasonic transducers by two opposite corners with minimal force to achieve the 'free' vibration boundary condition (Figure 1.5). Then the resonant spectrum of the free vibration is measured (Figure 1.5) to identify the resonant frequencies (f exp ) of the sample. The stiffness constants C ij are determined by minimizing the objective function (inverse problem):

F (C ij ) = k f exp k -f mod k (C ij ) f exp k 2 (1.6)
where f mod are simulated resonant frequencies (forward problem) computed with the Rayleigh-Ritz method [START_REF] Demarest | Cube-resonance method to determine the elastic constants of solids[END_REF][START_REF] Ohno | Free vibration of a rectangular parallelepiped crystal and its application to determination of elastic constants of orthorhombic crystals[END_REF][START_REF] Visscher | On the normal modes of free vibration of inhomogeneous and anisotropic elastic objects[END_REF] and k is the index of the resonant frequencies. In the optimization, the mass is assumed known, and the shape is usually assumed to be a perfect rectangular parallelepiped (RP) of known dimensions as RP shaped sample are mostly used. 'free' vibrating solid sample held between two ultrasonic transducers by its two corners. The spectrum illustrated here was measured on a metallic sample. Reproduced from [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF] RUS has been developed originally for the characterization of geological materials [START_REF] Demarest | Cube-resonance method to determine the elastic constants of solids[END_REF][START_REF] Ohno | Free vibration of a rectangular parallelepiped crystal and its application to determination of elastic constants of orthorhombic crystals[END_REF]. Then, it has been further developed and extended by geophysicists and material scientists since 1990s for a wide variety of specimen shapes (cylinders, ellipsoids, tetrahedron, sandwich composites, ...) [START_REF] Visscher | On the normal modes of free vibration of inhomogeneous and anisotropic elastic objects[END_REF], to measure different types of solid materials such as rocks [START_REF] Ohno | Rectangular parallellepiped resonance method for piezoelectric crystals and elastic constants of alpha-quartz[END_REF][START_REF] Ulrich | Determination of elastic moduli of rock samples using resonant ultrasound spectroscopy[END_REF], metals [START_REF] Ogi | Complete mode identification for resonance ultrasound spectroscopy[END_REF][START_REF] Ogi | Contactless mode-selective resonance ultrasound spectroscopy: Electromagnetic acoustic resonance[END_REF], piezoelectric materials [START_REF] Ohno | Rectangular parallellepiped resonance method for piezoelectric crystals and elastic constants of alpha-quartz[END_REF][START_REF] Delaunay | Full tensorial characterization of pzn-12%pt single crystal by resonant ultrasound spectroscopy[END_REF] and composite materials [START_REF] Ledbetter | Orthotropic elastic constants of a boron-aluminum fiber-reinforced composite: An acoustic-resonance-spectroscopy study[END_REF], and for the variation of material elasticity in a wide range of temperature [START_REF] Anderson | Rectangular parallelepiped resonance -a technique of resonance ultrasound and its applications to the determination of elasticity at high temperatures[END_REF][START_REF] Ohno | Temperature variation of elastic constants of quartz across the α-β transition[END_REF][START_REF] Li | High temperature resonant ultrasound spectroscopy: a review[END_REF][START_REF] Zhang | Temperature dependence of full set tensor properties of ktiopo4 single crystal measured from one sample[END_REF] . Nevertheless, the early application of RUS to bone measurements was not successful [START_REF] Lee | Investigation of bovine bone by resonant ultrasound spectroscopy and transmission ultrasound[END_REF] due to difficulties in mode identification caused by highly damping characteristics of bone. Specifically, cortical bone has a Q-factor about 20 resulting in important damping of the resonant modes and broadening of the resonant peaks. Hence the resonant peaks may overlap with each other (Figure 1.6) leading to difficulties in the identification of resonant frequencies so that a portion of resonant frequencies cannot be retrieved. Because of this problem, the optimization of the stiffness tensor (Equation (2.1)) may fail as the experimental and simulated frequencies are assumed to be paired. [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF] This problem was overcame by several strategies proposed during the course of the previous PhD work by [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF]. Firstly, in the experimental protocol, a pair of broadband shear ultrasonic transducers is used to improve the signal-tonoise ratio of the measurements and 6 resonant spectra per specimen are recorded by successively rotating the specimen to maximize the number of detectable resonant frequencies (Figure 1.7). Then, the spectra of a cortical bone specimen are processed by a linear prediction method [START_REF] Kumaresan | Estimating the parameters of exponentially damped sinusoids and pole-zero modeling in noise[END_REF][START_REF] Lebedev | Method of linear prediction in the ultrasonic spectroscopy of rock[END_REF] 2002) to provide the initial values for the nonlinear optimization process to retrieve the resonant frequencies (Figure 1.8 (a)) [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF]. Normally, between 20-30 resonant frequencies can be successfully retrieved. The inverse problem (Equation (2.1)) to calculate the stiffness tensor is reformulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF] and solved by a Gibbs sampling method, which automates the pairing and hence the inversion in the same time. The stiffness constants are estimated from their sample distributions obtained by Gibbs sampling, with an estimate of the misfit error (root-mean-square-error) σ f between the measured and stimulated resonant frequencies (Figure 1.8 (b)).

The RUS method adapted using the aforementioned strategies to measure the stiffness tensor of cortical bone is extensively used in the work. More details about these improvements to RUS can be found in [START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF]. Figure 1.8: (a) A spectrum of a highly damping material (cortical bone) is firstly processed by a linear prediction method [START_REF] Kumaresan | Estimating the parameters of exponentially damped sinusoids and pole-zero modeling in noise[END_REF][START_REF] Lebedev | Method of linear prediction in the ultrasonic spectroscopy of rock[END_REF] to provide the initial values for the nonlinear optimization process to retrieve the resonant frequencies. Adapted from [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF]. (b) After solving the inverse problem, the stiffness constants and the misfit error σ f are estimated from the histogram obtained by Gibbs sampling. Reproduced from [START_REF] Cai | An introduction to measurements of human cortical bone elasticity using resonant ultrasound spectroscopy[END_REF].

Methods to measure bone microelastic properties

At the microscopic level, the measurements of bone tissue (matrix) stiffness is also of important research interest because together with bone organization it decides bone elasticity at the mesoscale (millimeter-scale). In addition, for a given load, bone matrix stiffness greatly determines local tissue behavior, including interstitial fluid flow affected by matrix deformations, hydraulic pressure and matrix strains directly sensed by osteocytes [START_REF] Hemmatian | Aging, osteocytes, and mechanotransduction[END_REF], the three known potential ways for osteocytes to sense mechanical loading and the possible mechanisms to stimulate bone remodeling process conversely. In addition, bone matrix stiffness is sensitive to the alterations of bone tissue induced, for instance, by pathology [START_REF] Currey | Role of collagen and other organics in the mechanical properties of bone[END_REF][START_REF] Grabner | Age-and genotype-dependence of bone material properties in the osteogenesis imperfecta murine model (oim)[END_REF][START_REF] Bala | Bone mineralization: from tissue to crystal in normal and pathological contexts[END_REF] and by drugs [START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF][START_REF] Ma | Long-term effects of bisphosphonate therapy: perforations, microcracks and mechanical properties[END_REF].

Bone matrix properties can be evaluated by scanning acoustic microscopy (SAM) [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF][START_REF] Raum | Site-matched assessment of structural and tissue properties of cortical bone using scanning acoustic microscopy and synchrotron radiation µct[END_REF], nanoindentation [START_REF] Zysset | Elastic modulus and hardness of cortical and trabecular bone lamellae measured by nanoindentation in the human femur[END_REF][START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF] and mechanical testing on µm sized bone specimens [START_REF] Yamada | Micro-cantilever bending for elastic modulus measurements of a single trabecula in cancellous bone[END_REF][START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF]Luczynski et al., 2015) (Figure 1.9). Owing to the accessibility of these techniques to infer bone matrix properties, many important findings about the characteristics of bone tissue have been revealed. For instance, using SAM, it was found that microfibril orientation dominates local microelastic properties of human bone tissue [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF][START_REF] Schrof | Multimodal correlative investigation of the interplaying micro-architecture, chemical composition and mechanical properties of human cortical bone tissue reveals predominant role of fibrillar organization in determining microelastic tissue properties[END_REF]. Using nano-indentation, elastic properties of trabecular and cortical bone tissues were found similar [START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF] and the interstitial tissue is stiffer than osteonal tissue [START_REF] Rho | Elastic properties of microstructural components of human bone tissue as measured by nanoindentation[END_REF]. Several failure patterns (shear, mushrooming and axial splitting) in lamellar bone were observed by mechanical testing on µm sized bone specimens [START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF][START_REF] Schwiedrzik | Nanoscale deformation mechanisms and yield properties of hydrated bone extracellular matrix[END_REF].

Nonetheless, these techniques present several drawbacks. SAM uses a high frequency (> 50 MHz) ultrasound transducer to scan a map of acoustic impedance on the surface of bone which can be converted to elastic coefficients knowing the local mass density [START_REF] Preininger | Spatialtemporal mapping of bone structural and elastic properties in a sheep model following osteotomy[END_REF]. Nanoindentation typically uses a diamond indenter to press into bone tissue to obtain a load-displacement curve and estimate the local Young's modulus [START_REF] Oyen | A practical guide for analysis of nanoindentation data[END_REF]. To get a representative value of bone matrix elasticity, several tens of indentation locations must be involved which complicates the experimental procedure. Mechanical testing on µm sized bone sample is even more tricky as both the sample preparation and the testing impose high requirements on the experimental setup and skills. For instance, micro-cantilever bending test was performed to measure the elastic modulus of a single trabeculae (∼ 100 µm in thickness) [START_REF] Yamada | Micro-cantilever bending for elastic modulus measurements of a single trabecula in cancellous bone[END_REF]. In cortical bone, micropillar compression test was used to study the mechanical behavior of lamellar bone pillars (a few µm in diameter) produced by focused ion beam machining [START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF][START_REF] Luczynski | Extracellular bone matrix exhibits hardening elastoplasticity and more than double cortical strength: evidence from homogeneous compression of non-tapered single micron-sized pillars welded to a rigid substrate[END_REF]. As noted, the aforementioned methods, in the context of measuring bone matrix stiffness, suffer from complicated sample preparation and experimental procedure which could easily introduce experimental errors. Moreover, they do not easily provide representative values of bone matrix stiffness (otherwise, several locations or specimens need to be tested), as well as the elasticity in different directions since the elasticity is also anisotropic at the tissue level [START_REF] Wolfram | Transverse isotropic elastic properties of vertebral trabecular bone matrix measured using microindentation under dry conditions (effects of age, gender, and vertebral level)[END_REF][START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF][START_REF] Rho | Elastic properties of microstructural components of human bone tissue as measured by nanoindentation[END_REF]. To date, there is no easy method to evaluate the anisotropic elastic properties of bone matrix.

MULTIPS project

RUS recently becomes available to measure the entire stiffness tensor of cortical bone with good precision and it is very suitable to measure a large serial of specimens which provide a great opportunity (i) to revisit previous work about the 1.6. Objectives of the thesis determinants of bone elasticity and (ii) to extensively investigate the interplay between bone elasticity (at both millimeter and micrometer scales) and other physical quantities reflecting bone quality, such as toughness, microstructure and intrinsic characteristics (mineral and collagen phases) of bone material. Encouraged by the advances in RUS, a collaborative research project (Multiphysic and multiscale assessment of bone quality (MULTIPS)), between several groups, including the Laboratoire d'Imagerie Biomédicale (LIB) (Sorbonne Université), the Inserm research unit Physiopathology, diagnostic and treatment of bone diseases (PDTBD) (Université de Lyon), the Laboratoire Interdisciplinaire de Physique (Université Joseph Fourier, Grenoble) and the Centre de Recherche en Acquisition et Traitement de l'Image pour la Santé (CREATIS) (Université de Lyon) was proposed and received financial supports from the Agence Nationale de la Recherche (ANR-13-BS09-0006). The work presented in this thesis is a part of the MULTIPS project. An overview of the experiments in the project to acquire multiscale and multiphysical quantities of bone is depicted in Figure 1.10.

The main goals of the MULTIPS project were (i) to investigate the relationships of stiffness and toughness to nano-and microstructural and compositional characteristics of cortical bone and (ii) to investigate the link between stiffness and toughness. Towards these goals, several state-of-the-art techniques were implemented to measure stiffness (RUS), toughness (mechanical testing), micro-and nanostructure (synchrotron radiation micro-computed tomography (SR-µCT) and quantitative scanning small-angle X-ray scattering imaging (qsSAXSI)), the characteristics of mineral crystals and of the collagen (Fourier-transform infrared microspectroscopy (FTIRM) and biochemistry).

In the context of the MULTIPS project, our work has been focused on the measurement of stiffness (specimens sets #1 & #4) and characterization of the relationships between stiffness, microstructure and composition. The aspects related to toughness (its measurement, its relationship to structure and composition) were the subject of another PhD thesis work by [START_REF] Gauthier | Crack propagation mechanisms in human cortical bone on different paired anatomical locations: biomechanical, tomographic and biochemical approaches[END_REF].

Objectives of the thesis

In the context of comprehensively investigating the interplay between bone mesocopic stiffness and other physical quantities of human cortical bone, to the best of our knowledge, such an extensive amount of physical quantities have not been measured on the same cohort before and that their relative contributions to stiffness have not been addressed, so far. To carry out such a quantitative investigation, precise measurements of the physical properties are required and the precision of the experiments should be evaluated at least for the most important quantities, which was often omitted in previous studies especially for bone stiffness (Dong and Guo, 2004; [START_REF] Mirzaali | Mechanical properties of cortical bone and their relationships with age, gender, composition and microindentation properties in the elderly[END_REF]. Bone tissue anisotropic stiffness at the microscopic level is not easy to measure as well, which complicates accurate investigation of the micromechanical environment and further investigation of its relation with the nanostructure and constitutive particles.

Consequently, the main objectives of this present thesis are:

• to quantify the stiffness measurement error in RUS.

• to investigate the relationships between microstructural and compositional properties and the mesoscopic elastic properties of human cortical bone, and the relative contributions of microstructure and composition to the variability of stiffness.

• to propose a novel method based on RUS measurements to assess the anisotropic bone matrix stiffness.

• then using the proposed method, to investigate the possible range of bone matrix elastic properties and their consequences on the micromechanical environment in terms of in-situ strain level variations.
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Outline of the thesis

The main content of the thesis is composed of several published journal articles (Cai et al., 2017a,b;[START_REF] Daoui | Assessment of trabecular bone tissue elasticity with resonant ultrasound spectroscopy[END_REF][START_REF] Peralta | A critical assessment of the in-vitro measurement of cortical bone stiffness with ultrasound[END_REF] and several manuscripts about to be submitted to academical journals. The structure of the thesis is arranged as follows:

In Chapter 1, the general context and the motivation of the thesis was introduced in which the hierarchical organization of human bone, the state-of-the-art methods to measure bone elastic properties both at mesoscopic and microscopic levels were presented. Following this, a general introduction was given for a research project (MULTIPS) of which the present thesis is a part. Then the research objectives of this work were detailed.

In Chapter 2 bone stiffness measurement errors in RUS are quantified. The quantification considered several different error sources in RUS, including uncertainties on the resonant frequencies and specimen dimensions, and imperfect rectangular parallelepiped specimen geometry. The results provide the magnitude of the uncertainty of the bone stiffness data for the analyses in the following chapters.

In Chapter 3, the interplay between bone material characteristics including microstructural and compositional properties and bone stiffness is investigated. The quantities were measured by state-of-the-art techniques, such as RUS, SR-µCT (by CREATIS), Fourier transform infrared microspectroscopy and biochemistry experiments (by PDTBD). The relative contributions of microstructural and compositional properties to bone stiffness are quantified.

In Chapter 4, using a numerical homogenization method, the variations in compositional properties in the bone specimens are controlled in order to study the role of microstructure characteristics in the effective bone stiffness. The effects of an idealized cylindrical bone model which is popularly used in bone biomechanics are also discussed.

In Chapter 5, a novel inverse homogenization method is proposed to estimate the anisotropic elasticity of bone tissue with the goal of investigating the possible range of bone tissue elastic properties and its consequences on the magnitude of microstrain in bone matrix which may be sensed by osteoncytes.

In Chapter 6, we investigate the effects of chemical defatting of bone specimens and of irradiation during SR-µCT imaging on bone stiffnes. According to the regulation at the European Synchrotron Radiation Facility, bone specimens must be chemically defatted to prevent contamination before SR-µCT imaging. It is also a popular way to preserve bone specimens for a long time. We took the opportunity to investigate whether the defatting protocol and the irradiation would affect cortical bone stiffness measured by RUS.

Chapter 1. Introduction

In Chapter 7, we explore a new method to assess the elasticity of trabeculae (tissue level). In analogy to the idea that trabecular bone tissue elasticity can be back-calculated using the finite element model of a bone specimen and the mesoscopic elasticity measured by mechanical testing [START_REF] Van Rietbergen | Determination of trabecular bone tissue elastic properties by comparison of experimental and finite element results[END_REF], a novel method avoiding mechanical testing is proposed to measure trabecular tissue elastic modulus. The principle is to exploit the first mechanical resonant frequency of a freestanding cuboid specimen using RUS and its microstructure. This work was achieved in part by a PhD student Hassiba Daoui at LIB and the present thesis contributes about 30% of this work.

In Chapter 8, a critical assessment of ultrasonic bulk wave velocity method is presented. Beacuse the BWV measurement is still a popular method to assess elastic properties of materials such as bone, our goal was to investigate the potential sources of measurement errors and to compare BWV and RUS measurements. Based on BWV measurements of polycarbonate specimens of different sizes and bone specimens, and by comparing the stiffness measured by BWV with the stiffness measured by RUS, the effects of the signal processing methods, the choice of transducer frequency and the possible influence of specimen size were elucidated. Guidelines to standardize the BWV measurement of cortical bone stiffness were proposed. This work was done by a former Postdoc Laura Peralta at LIB and the present thesis contributes about 30% of this work.

Finally, in Chapter 9, the anisotropic stiffness of human cortical bone specimens collected at several different skeletal sites, including distal radius, tibia mid-diaphysis and three anatomical locations in femur (neck, proximal and middiaphysis) is presented. These bone specimens came from several cooperative works during the PhD thesis with several research laboratories in Europe, including the laboratories on the MULTIPS project, the Julius Wolff institute in Berlin (Charité Universitätsmedizin) and the MSk Lab in Imperial College London. All the specimens were measured by RUS in our laboratory which makes the comparison between cortical bone stiffness from the different skeletal sites more convincing. Except for femoral neck specimens, all the specimens were prepared in our laboratory. The data presented in this work provides extensive reference values for bone elasticity related calculations, simulations and modelling, such as for FEM of bone mechanical properties and for guided waves and bone imaging techniques.

Introduction

Bone adaptation in response to mechanical loading and the subsequent optimization of bone strength are regulated by mechanosensitive osteocytes, which are capable of sensing strain [START_REF] Klein-Nulend | Osteocyte and bone structure[END_REF]. For a given load, bone stiffness determines the local strain, hence investigating bone stiffness in detail should allow gaining insight into bone functional adaptation mechanisms and bone strength.

As the structure of human cortical bone, like many natural materials, is hierarchical [START_REF] Fratzl | Nature's hierarchical materials[END_REF], it is necessary to investigate it at different scales. In particular, cortical bone elastic properties at the mesoscale (millimeterscale) are of special interest as they depend on tissue properties at all the smaller length scales and have a direct impact on the mechanical behavior of bone at the macroscale [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]Grimal et al., 2011a). In addition, this is the level at which cortical bone functions, in concert with the overall gross shape of a bone in resisting functional loads [START_REF] Currey | Bones: structure and mechanics[END_REF]. The mesoscopic level is also appropriate to investigate the regional variations of the elastic properties within a bone [START_REF] Rohrbach | Distribution of mesoscale elastic properties and mass density in the human femoral shaft[END_REF], which is necessary to refine finite element models to predict patterns of stress and strain. In this context, precise and practical measurement methods for assessing cortical bone elasticity at the mesoscale are needed.

In general, bone material can be considered as a transversely isotropic or orthotropic material, hence engineering moduli such as Young's moduli, shear moduli, and Poisson's ratio can be derived from the components of the stiffness tensor. Ultrasonic techniques are well suited to probe the anisotropic elastic properties of bone. The most widely used ultrasonic measurement method, which was introduced by Lang [START_REF] Lang | Elastic coefficients of animal bone[END_REF] and used by many research groups [START_REF] Katz | The structure and anisotropic mechanical properties of bone[END_REF][START_REF] Ashman | Anatomical variation of orthotropic elastic moduli of the proximal human tibia[END_REF][START_REF] Rho | An ultrasonic method for measuring the elastic properties of human tibial cortical and cancellous bone[END_REF][START_REF] Schwartz-Dabney | Accuracy of elastic property measurement in mandibular cortical bone is improved by using cylindrical specimens[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF][START_REF] Lefèvre | Analyzing the anisotropic hooke's law for children's cortical bone[END_REF], consists in measuring the ultrasonic wave velocity (UWV). Despite its apparent simplicity, UWV measurements present several pitfalls that must be carefully considered. The final result can be affected by some factors, including the size of the measured specimen compared to the wavelength, the presence of heterogeneities, or the signal processing required to estimate the time of flight to calculate velocity [START_REF] Leisure | Resonant ultrasound spectroscopy[END_REF][START_REF] Peralta | A critical assessment of the in-vitro measurement of cortical bone stiffness with ultrasound[END_REF].

Resonant ultrasound spectroscopy (RUS) has been recently introduced as an alternative technique to the measurement of human cortical bone stiffness [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF]. RUS has been extensively used since 1990's to investigate the elastic properties of solids as diverse as piezoelectric materials [START_REF] Delaunay | Full tensorial characterization of pzn-12%pt single crystal by resonant ultrasound spectroscopy[END_REF], metallic alloys [START_REF] Schwarz | Resonant ultrasound spectroscopy: applications, current status and limitations[END_REF], metallic glasses [START_REF] Wang | The elastic properties, elastic models and elastic perspectives of metallic glasses[END_REF] and composites [START_REF] Ledbetter | Orthotropic elastic constants of a boron-aluminum fiber-reinforced composite: An acoustic-resonance-spectroscopy study[END_REF], hard polymers [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF], wood [START_REF] Longo | Wood elastic characterization from a single sample by resonant ultrasound spectroscopy[END_REF], and mineralized tissues [START_REF] Lee | Investigation of bovine bone by resonant ultrasound spectroscopy and transmission ultrasound[END_REF][START_REF] Kinney | Resonant ultrasound spectroscopy measurements of the elastic constants of human dentin[END_REF][START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF] for applications ranging from theoretical physics to industrial problems. The main advantage of RUS, compared to other techniques such as UWV measurements and mechanical testing, is that the full set of the elastic tensor can be assessed non-destructively from a single measurement [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Migliori | Implementation of a modern resonant ultrasound spectroscopy system for the measurement of the elastic moduli of small solid specimens[END_REF]. Briefly, in a RUS experiment, resonant frequencies of a free vibrating specimen are retrieved from the resonant spectrum measured by a pair of ultrasonic transducers. Then, the stiffness constants are adjusted using an iterative numerical procedure (inverse problem) until the calculated eigenfrequencies of a free vibration object (forward problem) match with the experimentally measured resonant frequencies.

Determining the precision of the different stiffness constants measured by RUS is not straightforward because RUS is an indirect method to obtain stiffness constants, involving the minimization of the distance between measured and calculated frequencies. Essentially, elasticity estimation errors arise from two sources [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Schwarz | Resonant ultrasound spectroscopy: applications, current status and limitations[END_REF] (1) the imperfectly measured res-onant frequencies; and (2) inadequate geometry of the forward model. The latter is caused by possible shape imperfections (i.e., non perfectly parallel or perpendicular surfaces) not taken into account in the model, and metrological errors in the measurement of the specimen's dimensions.

The effects of RUS measurement errors have been addressed to some extent in several studies in the case of perfectly rectangular parallelepiped (RP) shaped specimen geometry [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Ulrich | Determination of elastic moduli of rock samples using resonant ultrasound spectroscopy[END_REF][START_REF] Landa | Modal resonant ultrasound spectroscopy for ferroelastics[END_REF][START_REF] Sedlák | Determination of all 21 independent elastic coefficients of generally anisotropic solids by resonant ultrasound spectroscopy: Benchmark examples[END_REF]. Regarding the first source of error (imperfectly measured resonant frequencies), the uncertainties on the determined stiffness constants have been estimated using the perturbation theory (assuming perfect RP specimen geometry). By determining the sensitivity of the resonant frequencies to the stiffness constants, the uncertainties of the stiffness constants can be quantified as a function of the relative root mean square error (RMSE) σ f expressing the misfit between the measured and calculated resonant frequencies [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Landa | Modal resonant ultrasound spectroscopy for ferroelastics[END_REF]. For instance, Sedlack et al. [START_REF] Sedlák | Determination of all 21 independent elastic coefficients of generally anisotropic solids by resonant ultrasound spectroscopy: Benchmark examples[END_REF] quantified the typical uncertainties measured on a silicon carbide ceramics parallelepiped specimen and found relative measurement errors of less than 0.35%, 0.80% and 2.80% for shear, longitudinal and off-diagonal stiffness constants respectively, for σ f = 0.25 %. Regarding the second source of error (imperfect geometry), on an empirical basis, Migliori et al. [START_REF] Migliori | Resonant ultrasound spectroscopic techniques for measurement of the elastic moduli of solids[END_REF][START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF] recommended that shape errors in parallelism and perpendicularity between faces should be limited to 0.1% in order to keep errors on stiffness constants within acceptable bounds, that is, close to 1%. However, there is no data in the open literature to support these numbers, as far as we know.

When measuring bone elasticity using RUS, errors on the measured resonant frequencies are larger compared to the case of other materials. This is related to the high viscoelastic damping of the material (Q-factor ∼ 20) resulting in resonant peaks overlapping and a lower accuracy of the measured frequencies compared to the case of high-Q materials [START_REF] Lebedev | Resonant acoustic spectroscopy at low q factors[END_REF][START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]. In many RUS applications only a few specimens are measured, and much time is devoted to specimen's preparation in order to achieve an excellent geometrical quality. In contrast, the high variability of elastic properties in biological materials, in particular within a bone [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF], implies that several tens of specimens should be measured in order to obtain representative values of stiffness. As a result, polishing each bone specimen in successive steps [START_REF] Migliori | Resonant ultrasound spectroscopic techniques for measurement of the elastic moduli of solids[END_REF] to obtain a very high geometrical quality is not practicable. Hence, the question arises of the accuracy of the measured elasticity after a relatively simple preparation with a precision saw. To the best of our knowledge, no systematic study has been conducted about neither the effects of an imperfect specimen geometry on the elastic prop-20 Chapter 2. Bone stiffness measurement errors erties of cortical bone measured by RUS, nor the combined effects when resonant frequencies uncertainties are also considered.

The objective of this study is to quantify the experimental errors when measuring cortical bone elasticity with RUS. We take advantage of recent advances in RUS inverse problem to quantify sources of errors using Monte Carlo simulations. Namely, the step consisting in pairing measured frequencies and their calculated counterparts in the forward problem, previously achieved by an expert user with a trial-and-error method, was recently automated [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF]. This allows an automated processing of RUS spectra which is a necessary condition for Monte Carlo analyses of error propagation. The following error sources are considered: (1) uncertainties on the measurement of frequencies; (2) uncertainties on the measurement of dimensions (assuming a perfect RP shape); (3) imperfect specimen geometry (deviation from a perfect RP). Although our primary focus is the application of RUS to measure bone, the methodology introduced in this work and the quantified errors are of general interest for the discussion of the precision and accuracy of RUS measurements of various materials. Section 2.2 briefly recalls the theory of RUS, then Section 2.3 presents the specimens included in this study and their experimental measurements. Firstly, their elasticity is assessed by RUS and secondly, the geometry of the specimens is obtained from synchrotron radiation micro-computed tomography (SR-µCT) images. In Section 2.4, the effects of measurement uncertainties caused by both specimen dimensions and frequency errors, are investigated by Monte Carlo simulations. Section 2.5 investigates the errors associated to the deviation of the specimens's shape from a perfect RP. Here, the finite element method (FEM) is used to calculate resonant frequencies accounting for the actual shape of the specimen. Finally, results are discussed in Section 2.6.

RUS theory

RUS method is extensively described elsewhere [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Migliori | Implementation of a modern resonant ultrasound spectroscopy system for the measurement of the elastic moduli of small solid specimens[END_REF]. Here we summarize the process as implemented in the present work. The determination of stiffness constants of the material constitutive of a specimen of RP shape consists of the following steps: (1) the resonant frequencies f exp of the specimen are measured; (2) using f exp , the stiffness constants C ij (ij = 11, 33, 13, 44, 66) are determined by solving an optimization problem, i.e., minimizing the objective function (Eq. (2.1)) [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF]:

F (C ij ) = k f exp k -f mod k (C ij ) f exp k 2 (2.1)

Measurements

21

where f mod are simulated eigenfrequencies of a model of the specimen (forward problem) and k is the index of the eigenfrequency. In the optimization, the mass is assumed known, and the shape is assumed to be a perfect RP of known dimensions, collected in vector dim. Frequencies f mod are calculated with the Rayleigh-Ritz method (RRM), which is a semi-analytical method that yields the result in a fraction of a second on a modern desktop computer. In Eq. (2.1), the experimental and simulated frequencies are assumed to be paired. In the present work, pairing is done automatically in a Bayesian optimization strategy [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF].

Measurements

Specimens

Cortical bone specimens were harvested from the left femur of 18 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. The tissue donors or their legal guardians provided informed written consent to give their tissue for investigations, in accord with legal clauses stated in the French Code of Public Health. Among the 18 donors, 11 were females and 7 were males (50 -95 years old, 77±12.3, mean±SD). The fresh material was frozen and stored at -20 • C.

The samples were slowly thawed and then, for each femur, approximately a 10 mm thick cross section was cut perpendicular to the bone axis from the middiaphysis. The cross section was then cut into 4 pieces (Fig. 2.1a). Two of these pieces (lateral and medial) were then used to prepare a RP specimen. They were fixed on a stainless steel block (Fig. 2.1b) that has three mutually perpendicular faces. Without unmounting the specimen, the steel block was successively positioned on each of these three faces on a reference stage in order to cut with a water-cooled low-speed diamond wire saw (Model 3241, Well, Lyon, France) in three mutually perpendicular planes. From each donor, one or two RP shaped specimens were prepared, which led to a set of 23 specimens. The nominal specimen size was 3x4x5 mm 3 in radial (axis 1), circumferential (axis 2) and axial direction (axis 3), respectively, defined by the anatomic shape of the femoral diaphysis. All specimens were kept hydrated during sample preparation. The dimensions (dim exp ) and mass (m exp ) of each specimen were measured by a digital caliper (precision ± 0.01 mm) and a balance (precision ± 0.1 mg), respectively.

Bone elasticity measurements by RUS

The experiments to measure the resonant frequencies and the numerical inversion to calculate the stiffness constants were performed following the RUS methodology specially adapted for bone and extensively presented elsewhere [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF] 2015). The procedure is briefly described as below. The bone specimen was placed on two opposite corners between two ultrasonic transducer (V154RM, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration (Fig. 8.3).

Figure 2.2:

The RUS setup used in this study. A bone specimen is placed between two ultrasonic transducers at the two opposite corners to achieve a free boundary condition for vibration.

The frequency response of the vibration in a specified bandwidth, tuned so as to measure the 20-30 first resonant frequencies, was amplified by a broadband charge amplifier (HQA-15 M-10T, Femto Messtechnik GmbH, Berlin, Germany) and then recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria). Six consecutive spectrum acquisitions were performed on each specimen at different orientations in order to maximize the number of detectable resonant frequencies. Then, the resonant frequencies were extracted from the spectra using the method dedicated to highly attenuative material [START_REF] Lebedev | Resonant acoustic spectroscopy at low q factors[END_REF] (Fig. 7.2). Finally, assuming a transversely isotropic symmetry [START_REF] Yoon | Ultrasonic wave propagation in human cortical bone -ii. measurements of elastic properties and microhardness[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF], the stiffness constants C exp ij , were automatically calculated by solving the inverse problem formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF](Sec. 2.2). The prior information of the distribution of the stiffness constants, required for the Bayesian analysis, was taken from a previous study [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. In the elastic tensor, C 12 = C 11 -2C 66 and (1 -2) is the isotropy plane; C 11 and C 33 are the longitudinal stiffness constants, C 12 and C 13 are the off-diagonal stiffness constants and C 44 and C 66 represent the shear stiffness constants.

Specimen geometry

The exact shape of the specimens and thus, deviation from the ideal RP shape was obtained using SR-µCT 3-D imaging, which was performed on the beamline ID19 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). This SR-µCT setup is based on a 3D parallel beam geometry acquisition [START_REF] Salomé | A synchrotron radiation microtomography system for the analysis of trabecular bone samples[END_REF][START_REF] Weitkamp | Status and evolution of the esrf beamline id19[END_REF]. The beam energy was tuned to 26 keV by using a (Si111) double crystal monochromator. A full set of 2D radiographic images were recorded using a CDD detector (Gadox scintillator, optic lenses, 2048 × 2048 Frelon Camera) by rotating the specimen in 1999 steps within a 360 • range of rotation. The detector system was fixed to get a pixel size of 6.5 µm in the recorded images in which a region of interest of 1400x940 pixels was selected to fit the specimen.

For each specimen, the SR-µCT image (Fig. 2.4a) was reconstructed and binarized to get the bone phase. In RUS, the material of the measured specimen is considered as a homogeneous material. Here, the specimen is much larger than the representative volume element of continuum mechanics (Grimal et al., 2011a). Accordingly, the vascular pores that are visible in the 3D image were filled up (Fig. 2.4b) using mathematical morphology operations to obtain a mask of each slice. Then the convex envelope of the bone masks was calculated and considered to be the exact shape of the specimen. The quality of the geometry of the specimen was analyzed based on the reconstructed SR-µCT volume. The coordinates of the cloud of points of each specimen's face were collected and the equation of the planes fitting each face in the least-square sense were determined. The angles α and β between the normal of the planes were used to quantify the quality of the specimen's geometry compared to a perfect RP (Fig. 2.5). The perpendicularity errors between adjacent faces were quantified by δα = 90 • -α. The parallelism errors between opposite faces were quantified by δβ = 180 • -β. The values of the angle errors for the 23 specimens (12 δα and 3 δβ per specimen) are collected in Fig. 2.6. The deviations (mean±std) from ideal perpendicularity and parallelism were -0.07 • ±0.85 • and 0.30 • ±0.78 • , respectively.

Simulation of the errors due to uncertainties on resonant frequencies and dimensions

Method

We consider a perfect RP specimen as a reference, characterized by the dimensions dim 0 , mass m 0 and stiffness constants C 0 ij shown in Table 2.1. These elasticity values correspond to typical values of human femoral cortical bone at the middiaphysis [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. The first 40 eigenfrequencies f 0 of the reference specimen were calculated using the RRM. This number of frequencies was chosen
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Figure 2.5: The angle α is defined by the angle between the normal ( n 1 and n 2 ) of two adjacent faces which are found by fitting the cloud of points (the dots in the figures) with the equation of the best plane in the least-square sense; accordingly, β is defined by the angle between the normal ( n 1 and n 3 ) of two opposite faces. For a perfect RP, α and β should equal to 90 • and 180 • , respectively.

according to the experimental frequency bandwidth in RUS measurements on human cortical bone specimens, which in practice contains approximately 40 resonant frequencies. In this section, Monte-Carlo simulations [START_REF] Anderson | Error propagation by the monte carlo method in geochemical calculations[END_REF] were performed to quantify the propagation of the errors due to uncertainties on resonant frequencies and specimen dimensions. Repeated calculations of the stiffness constants were performed, each time randomly varying the input data (dimensions or/and resonant frequencies) within their stated limits of precision. Then we quantified the variability of each stiffness constant caused by dimension errors, by frequency errors, and by the association of both dimension and frequency errors.

The order of magnitude of the dimension error to be used in Monte-Carlo simulations was obtained comparing, for each specimen, the SR-µCT image with the dimensions dim exp measured with the caliper. Specimen's dimensions obtained from the SR-µCT image are considered as a reference based on which the uncertainty of dim exp can be estimated. In order to obtain a representative value ε of the dimension error, we compared, for each specimen the volume of the bone SR-µCT images and the volume of a hypothetical RP of dimensions dim exp ± ε. By equating these volumes for each of the 23 specimens and solving the equations, we obtained a series of values of ε shown in Fig.

(2.7). The specimen's dimensions obtained from the SR-µCT image were found to be systematically smaller than dim exp . However, in this study, we are only concerned with the uncertainty of dim exp ; accordingly we regard ε ≈ 0.04 mm as a conservative representative value of the uncertainty.

The standard error on the measured resonant frequencies used in Monte-Carlo simulations was chosen to be 0.5%, which is typically the repeatability of the measured resonant frequencies in bones [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF]. 
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Effects of uncertainties on dimension

To quantify the effects of imprecise dimension measurements, 1000 random realizations of dimensions were generated from independent normal distributions centered on dim 0 with a standard deviation of 0.04 mm, dim p ∼ N (dim 0 , 0.04 2 ). The number of random realizations was chosen following preliminary convergence tests.

For each realization p, the stiffness constants C p ij , were obtained by solving the inverse problem using f 0 as proxy for experimental frequencies, and the frequencies f p calculated for the inadequate forward model: specimen of perfect RP shape with uncertain dimensions dim p . The mass used in the forward model is that of the reference RP specimen (Table 2.1). The inverse problem uses the objective function defined in Eq. (2.2). The stated input parameters for the simulation are summarized in Fig. 2.8 (block D).

F (C p ij ) = k f 0 k -f p k (C p ij ) f 0 k 2 (2.2)
Figure 2.8: The input parameters for the simulations detailed in Secs. 2.4 and 2.5 for quantifying stiffness estimation errors due to the experimental error sources: dimensions imprecision (block D), frequencies imprecision (block F), dimensions and frequencies imprecision (block D + F) and the imperfect specimen geometry (block S). δ d and δ f represent the deviations from the reference values dim 0 and f 0 , respectively, that are randomly generated for each realization. Given dimension and mass are the constants used for the forward model.

Effects of uncertainties on frequencies

In a similar way, for the analysis of frequency imprecision, 1000 random realizations of frequencies from a normal distribution centered on f 0 were generated assuming a relative standard deviation of 0.5%, f q ∼ N f 0 , (0.005f 0 ) 2 . The number of random realizations was chosen following preliminary convergence tests. The stiffness constants C q ij , were then obtained by solving the inverse problem based on the objective function (Eq. (2.3)) using f q as proxy for experimental frequency values with an error and f r calculated using dim 0 , m 0 and assuming a perfect RP specimen (Table 2.1). The input parameters are summarized in Fig. 2.8 (block F).
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F (C q ij ) = k f q k -f r k (C q ij ) f q k 2 (2.3)

Effects of uncertainties on dimension and frequencies

Finally, the effects of the association of dimension and frequency errors were analyzed together. Assuming the uncertainties on frequency and dimension are 0.5% and 0.04 mm, respectively, 200 independent frequency realizations and 200 independent realizations of dimensions were generated from normal distributions, f m ∼ N f 0 , (0.005f 0 ) 2 and dim n ∼ N (dim 0 , 0.04 2 ). The number of random realizations was chosen following preliminary convergence tests. The stiffness constants C mn ij were then obtained by solving the inverse problem using f m as proxy for experimental frequencies with errors and f n calculated for the inadequate forward model : specimen of perfect RP shape with uncertain dimensions dim n . The mass used in the forward model is m 0 (Table 2.1). Precisely, this is done using the objective function defined in Eq. (2.4). The input parameters are summarized in Fig. 2.8 (block D+F).

F (C mn ij ) = k f m k -f n k (C mn ij ) f m k 2 (2.4)

Data Analysis

For the three cases described above, the error δC est ij is calculated for each realization of the determined stiffness constants as

δC est ij = C est ij -C 0 ij C 0 ij × 100% (2.5)
where

C est ij = (C p ij , C q ij , C mn ij )
and C 0 ij is the elasticity of the reference specimen.

Results

The normality of the distribution of each δC est ij was verified using Shapiro-Wilk's test (p < 0.05). Table 2.2 summarizes the distribution of δC est ij (Eq. (2.5)) and the root-mean-square error σ f representing the quality of the frequency fit at the minimum of the objective function. The engineering moduli, including the Young's moduli (E 1 and E 3 ) and the Poisson's ratio (ν 23 , ν 31 and ν 21 ), were also compared to the reference values (obtained from C 0 ij in Table 2.1). The errors are summarized in Table 2.2. The 95% confidence intervals (CIs) of the errors were evaluated (Fig. 2.9). For case (D), (F) and (D+F), the 95% CIs were calculated as mean ± 2×SD. The values of the errors indicated in the following text correspond to the larger absolute value of the 95% CI bounds, unless otherwise stated. The errors caused by dimension imprecision (case (D)) and both dimension and frequency imprecision (case (D+F)) are comparable, i.e., less than 5.5% for C 11 , C 33 and C 13 , less than 2.9% for C 44 and C 66 . Similar observation also applies to the engineering moduli for which the errors are less than 2.4% for E 1 , 5.5% for E 3 and 5.4% for the Poisson's ratios. Errors caused by frequency imprecision alone are less than 1.1% for C 44 and C 66 , 2.9% for C 11 and C 33 and 5.3% for C 13 , which agrees well with the sensitivities of resonant frequencies to the stiffness constants [START_REF] Landa | Modal resonant ultrasound spectroscopy for ferroelastics[END_REF]. The error δC 13 is larger when frequencies are imprecise compared to when dimensions are imprecise. The errors on shear stiffness constants (δC 44 and δC 66 ) are smaller than the errors on longitudinal (δC 11 and δC 33 ) and off-diagonal stiffness constants (δC 13 ) in all the 3 cases (D, F, and D+F). Overall, δE 3 is two times larger than δE 1 and the accuracy associated to Young's moduli E 1 and E 3 are similar to that associated to C 11 and C 33 . For all the stiffness constants, σ f are around 0.35%, 0.43% and 0.58% when dimension imprecision, frequency imprecision and both dimension and frequency imprecision are considered, respectively.
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Simulation of the errors due to imperfect specimen geometry

Method

In RUS, the inverse problem to determine stiffness constants is solved assuming that the specimen is a perfect RP. In this section, we investigate the uncertainty on stiffness associated to this assumption resorting to a 'virtual' RUS experiment (Fig. 2.8 (block S) and Fig. 2.10):

(1) For each of the 23 bone specimens, the resonant frequencies f f em were calculated using the finite element method considering the actual specimen's geometry derived from SR-µCT images, measured mass m exp and specimen's stiffness C exp ij determined in the usual manner assuming a perfect RP shape. Details on the finite element implementation are given in appendix (Appendix A).

(2) The stiffness constants C f em ij of each specimen were estimated solving the inverse problem defined by the frequencies f f em (the first 40 frequencies) considered as measurements and a forward model characterized by a perfect RP geometry (dimensions dim exp ) and specimen's mass (m exp ) (Sec. 2.3).

These resulting C f em ij are the stiffness constants of a RP bone specimen that would exhibit the same resonant frequencies as the imperfect shape bone specimens with stiffness constants C exp ij . Constants C f em ij are biased by imperfect specimen geometry and are compared to the true stiffness constants of the specimen used in the FEM model (C exp ij ). Namely, we calculate the errors

δC f em ij = C f em ij -C exp ij C exp ij × 100%.

Results

The errors on stiffness constants and the engineering moduli due to imperfect geometry of the specimens are summarized in Table 2.2 (last column). As only 23 specimens were included and the errors were not normally distributed, the 95% CIs of the errors (Table 2.3 and Fig. 2.9) were evaluated by fitting the cumulative dis- tribution functions of the errors using kernel density estimators. For all the stiffness constants, there is a bias, i.e. the mean value of the errors is not zero and it can be positive or negative depending on the constant (the mean values vary from -3.19% to 3.56%). The SD of the errors varies from 0.68% to 2.08%. In particular, the errors on shear stiffness constants present a smaller variation than longitudinal and off-diagonal ones (see the 95% CIs in Table 2.3) and the errors on Young's moduli present slightly less variability compared to the longitudinal stiffness constants (Table 2.2 and 2.3). 

Discussion and conclusion

In this study, we performed simulations to quantify the errors on the stiffness constants determined from RUS measurements. We used typical elasticity values of human cortical bone as reference and studied the effects of errors due to (1) uncer-Chapter 2. Bone stiffness measurement errors tainties on the measurement of frequencies;

(2) uncertainties on the measurement of dimensions (assuming a perfect RP shape); (3) imperfect specimen's geometry (deviation from a perfect RP). The first two points were addressed with a calculation of error propagation with Monte-Carlo simulations and the third point was addressed using actual experimental data on a collection of 23 bone specimens. The main parameters of the Monte-Carlo simulations were the assumed level of error on experimentally determined resonant frequencies, set to 0.5%, and experimentally determined specimen's dimensions, set to 0.04 mm (∼1%). The choice of these values is consistent with our experience of using RUS to measure bone specimens [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF].

Using micro-CT, we could quantify the range of geometrical errors associated to a simple specimen's preparation procedure. We found that perpendicularity and parallelism errors were in average less than 1 • and always less than 2 • (Fig. 2.6).

Overall, we found errors on elasticity values of a few percents, or less than one percent, depending on the considered stiffness constant. Note that we discuss the accuracy errors reporting the 95% CIs of the error. Consistent with the findings of several previous studies (e.g., [START_REF] Migliori | Resonant Ultrasound Spectroscopy[END_REF][START_REF] Landa | Modal resonant ultrasound spectroscopy for ferroelastics[END_REF]) we found that the off-diagonal stiffness constants presented the highest errors and shear constants the smallest ones. This is related to the higher sensitivity of RUS to shear stiffness constants. For all the stiffness constants but C 13 , dimension uncertainties lead to larger errors in elasticity compared to the case where only frequency uncertainties are considered (Table 2.2 and Fig. 2.9). For C 13 , the largest error is observed for frequency uncertainties, suggesting that C 13 may be less sensitive to dimension imperfections than to resonant frequencies in current simulation conditions. Interestingly, dimension uncertainties or a coupling of frequency and dimension uncertainties caused similar levels of errors on the stiffness constants (Table 2.2 and Fig. 2.9). Deviation of the actual specimen's shape from a perfect RP affects the accuracy of the stiffness constants measured with RUS. This is because the forward model used to solve the inverse problem, assuming a perfect RP geometry, is not correct. The approach introduced in Section 2.5 aimed at simulating the effect of this source of error. It is important to note that, in general (when a micro-CT scan of the specimen is not available), only the mass can be accurately measured as opposed to the dimensions (because the geometry is in general not perfect). This is the reason why mass (m exp ) but not mass density was used in the simulations in Secs. 2.4 and 2.5. We have observed that most of the caliper-measured volumes were overestimated of approximately 3% in average compared to the volumes deduced from SR-µCT images. Accordingly, the quantified elasticity errors are a result of both overestimated dimensions and irregularity of the RP shape. The elasticity errors due to an imperfect RP geometry (Table 2.3 and Fig 2.9) were between 2.3%∼6.2%. Overall, the errors due to an imperfect RP geometry are found to be of the same order as the errors calculated by Monte-Carlo simulations due to frequency or dimension uncertainties.

It is noteworthy that the values of σ f obtained from simulations in the present study (σ f ≈ 0.58% with Monte-Carlo simulations and σ f ≈ 0.29% using FEM simulations with the imperfect shape) are similar to values reported for actual RUS measurements of bone and other attenuative materials [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF][START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF] where σ f is typically in the range 0.25-0.40%. This suggests that the simulations accurately reproduce the experimental error characteristic of RUS measurements. The level of errors quantified in the present study are consistent with the reported precision of RUS for human cortical bone application (3%, 5% and 0.4% for longitudinal, off-diagonal and shear stiffness constants, respectively) [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF], estimated from the RMSE σ f . This study has introduced an original methodology to quantify errors in RUS measurements. The method was applied to bone but could be used to assess the accuracy for RUS measurements of various materials. Note that it has been possible to implement Monte-Carlo simulations only because an automated pairing of frequencies (for the calculation of the objective function) was possible. This automated pairing was initially developed to process spectra of attenuative materials where several resonant peaks can not be retrieved [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF] and it is also efficient to process synthetic resonant frequencies as in the present study where no peak is missing.

This study has some limitations. We used simulated resonant frequencies as proxy for RUS data as input to the inverse problem. Precisely, the eigenfrequencies of the first forty vibration modes were used. In actual RUS experiments to measure bone, a maximum of fifteen to twenty frequencies among the first forty can actually be retrieved due to peak overlapping [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]. In theory, taking into account more frequencies should improve the precision of the determination of stiffness constants because more information is used for the inverse problem. However, in practice, the achievable precision also depends on the quality of the frequency measurement which decreases in the higer frequency range due to the increased modal density and peak overlapping. Since the resonant frequencies are much more sensitive to shear stiffness constants [START_REF] Zadler | Resonant ultrasound spectroscopy: theory and application[END_REF], it is expected that using less frequencies than in the present study would essentially decrease the precision of constants C 11 , C 33 and C 13 but would have little impact on the precision of the shear stiffness constants. The results of the simulation in Sec. 2.5 critically rely on the actual pixel size in SR-µCT experiments, because the exact shape of the specimens were used to compute the 'true' resonant frequencies for the inverse problem. However, we did not perform calibration for identifying the actual pixel size during SR-µCT experiments. This could partly affect or bias the results.

Another limitation is that we did not simulate the error on stiffness constants due to a combination of frequency uncertainty and imperfect RP geometry. In view of the results of Sec. 2.4, we expect that elasticity errors would only be slightly larger. Furthermore, some sources of errors in RUS have not been considered such as the effect of imperfect boundary conditions [START_REF] Yoneda | Intrinsic eigenvibration frequency in the resonant ultrasound spectroscopy[END_REF] and the uncertainty on the measurement of specimen's mass.

The validation of the measurement of bone elasticity with RUS relies (1) on the successful measurement of a reference transverse isotropic material with a Q-factor similar as bone's Q-factor [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]; (2) on the comparison of the stiffness constants obtained with RUS and from the independent measurement of the time-of-flight of shear and longitudinal waves in bone specimens [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF][START_REF] Peralta | A critical assessment of the in-vitro measurement of cortical bone stiffness with ultrasound[END_REF]; and (3) on the results of the present study focused on the quantification of accuracy errors. The latter suggest that despite the typical nonperfect geometry of bone specimens and despite the relatively large uncertainty in the measurement of the bone resonance frequencies (due to attenuation), the stiffness constants are obtained with a maximum error of a few percents. A very conservative accuracy value can be quantified by the larger absolute value of the (non symetric) 95% CI bounds; accuracy defined like this was 6.2% for longitudinal stiffness and 3.3% for shear stiffness, 5.1% for Young's moduli and 5.6% for Poisson's ratios (Table 2.3).

To further enhance the accuracy of bone RUS measurement, possible paths would be (1) using a specific implementation of the Rayleigh-Ritz method for nonrectangular parallelepiped specimen [START_REF] Landa | Modal resonant ultrasound spectroscopy for ferroelastics[END_REF], provided that the angles between the specimen's surfaces can be measured; (2) decreasing the frequency uncertainty by improving the signal processing of RUS spectra.

Chapter 3

Relative contributions of microstructural and compositional properties to cortical bone stiffness at millimeter-scale

This chapter is a research article prepared for submission but not yet submitted at the time of writing this thesis. This chapter presents a study about the relationships between microstructural, compositional properties and cortical bone stiffness. An exhaustive amount of bone material characteristics were quantitatively measured by state-of-the-art techniques, including RUS, synchrotron radiation micro-computed tomography, Fourier transform infrared microspectroscopy and biochemistry experiments with the objective to find the interplay between them.

Introduction

Human cortical bone is a complex composite material composed of about 70% mineral (hydroxyapatite), 22% proteins (type I collagen) and 8% water by weight [START_REF] Augat | The role of cortical bone and its microstructure in bone strength[END_REF], assembled in a hierarchical structure that extends over several organization levels [START_REF] Currey | Biomechanics of mineralized skeletons. Skeletal biomineralization: patterns, processes and evolutionary trends[END_REF][START_REF] Fratzl | Nature's hierarchical materials[END_REF]. At the nanoscale (nanometer-scale), the fibrils mainly constituted by collagen and hydroxyapatite are arranged in fibers. Mineralized fibers are arranged to form bone lamellae whose typical thickness is about several micrometers. Within lamellar sublayers, the orientation of the fibers may vary and presents a twisted plywood structure [START_REF] Giraud-Guille | Twisted plywood architecture of collagen fibrils in human compact bone osteons[END_REF]. At the microscale (micrometer-scale), the osteon, a cylindrical structure organized by several concentric lamellae around a Haversian canal (20-100 µm in diameter), constitutes the basic structural unit at this level. Connected by Volkmann's cannals (several tens µm in diameter), the Haversian canals form the microstructure of bone or the so-called porous network with the presence of resorption cavities and osteocyte lacunae and canaliculi (a few µm to less than 1 µm in diameter). As the pores mainly contain fluids and soft tissues (e.g., blood vessels and nerves), human cortical bone is often described as a porous composite material consisting of a soft organic matrix hardened by a mineral phase [START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF][START_REF] Deuerling | Specimen-specific multi-scale model for the anisotropic elastic constants of human cortical bone[END_REF]Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF][START_REF] Granke | To what extent can cortical bone millimeter-scale elasticity be predicted by a two-phase composite model with variable porosity?[END_REF].

As the main organ who carries most of the mechanical loading of human body, bone undergoes a permanent biological remodelling process regulated by mechanosensitive osteocytes, which allows it to adapt to the mechanical load [START_REF] Klein-Nulend | Osteocyte and bone structure[END_REF]. Mechanosensitive osteocytes are capable of sensing the local strain determined by bone stiffness for a given load. Hence investigating bone stiffness in detail should improve the understanding of bone functional adaptation mechanisms and bone strength. For instance, significant correlations were found between bone stiffness and strength in several mammals, such as human, bovine and deer [START_REF] Fyhrie | Bone stiffness predicts strength similarly for human vertebral cancellous bone in compression and for cortical bone in tension[END_REF]. In particular, cortical bone stiffness at the mesoscale (millimeter-scale) is of special interest as it has a direct impact on the mechanical behavior of bone at the macroscale level [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]Grimal et al., 2011b) at which cortical bone acts, in concert with the overall gross shape of a bone, to resist to functional loads [START_REF] Currey | Bones: structure and mechanics[END_REF]. The mesoscopic level is also appropriate to investigate the regional variations of the elastic properties within a bone [START_REF] Rohrbach | Distribution of mesoscale elastic properties and mass density in the human femoral shaft[END_REF], which is necessary to refine finite element models to predict patterns of stress and strain of proximal femur [START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF][START_REF] Liebl | In-vivo assessment of femoral bone strength using finite element analysis (fea) based on routine mdct imaging: a preliminary study on patients with vertebral fractures[END_REF], of vertebra [START_REF] Keaveny | Effects of teriparatide and alendronate on vertebral strength as assessed by finite element modeling of qct scans in women with osteoporosis[END_REF][START_REF] Pahr | Clinical versus pre-clinical fe models for vertebral body strength predictions[END_REF][START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF] and distal radius [START_REF] Engelke | Fea to measure bone strength: A review[END_REF][START_REF] Kawalilak | In vivo precision of three hr-pqct-derived finite element models of the distal radius and tibia in postmenopausal women[END_REF][START_REF] Christen | Improved fracture risk assessment based on nonlinear micro-finite element simulations from hrpqct images at the distal radius[END_REF], the three major skeletal sites of fracture for osteoporotic patients. The intra-individual [START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF] and inter-individual [START_REF] Rudy | Anatomic variation in the elastic inhomogeneity and anisotropy of human femoral cortical bone tissue is consistent across multiple donors[END_REF][START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF] variations of mesoscopic stiffness are the consequences of the remodeling process and the structure-function adaptation mechanisms of bone, as well. As mesoscopic stiffness depends on both microstructure and tissue properties at all the smaller length scales, a clear understanding of the compositional and microstructural variables that govern bone mesoscopic stiffness variations would help in better understanding the remodeling process or bone functional adaptation mechanisms, as well as developing more accurate mechanical models [START_REF] Deuerling | Specimen-specific multi-scale model for the anisotropic elastic constants of human cortical bone[END_REF][START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF].

The inquiry of the role of compositional and microstructural variables in the variation of bone stiffness dates back to the 70's [START_REF] Currey | The effects of strain rate, reconstruction and mineral content on some mechanical properties of bovine bone[END_REF][START_REF] Carter | The compressive behavior of bone as a two-phase porous structure[END_REF] since when the importance of porosity and mineral content have been identified. Although vascular porosity has been found to be an important determinant of bone mesocale stiffness [START_REF] Currey | The effects of strain rate, reconstruction and mineral content on some mechanical properties of bovine bone[END_REF][START_REF] Dong | The dependence of transversely isotropic elasticity of human femoral cortical bone on porosity[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF], the role of the 3D microstruture of the pore network beyond the alteration of porosity in cortical bone stiffness is barely studied. The microstructural features, such as pore size, pore number, pore diameter, pore connectivity are the footprints of bone remodeling process and may also have an effect on the alteration of bone stiffness. A recent study has demonstrated that changes in pore network micro-architecture may impact fibula cortical bone stiffness during growth and aging [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]. On the other hand, the properties of extracellular bone matrix also have an effect on bone mesoscale stiffness, all the more because it occupies most of the cortical bone volume. An important property of bone matrix is the mineral content which has been evaluated in various ways, including chemically dissolved [START_REF] Currey | The effect of porosity and mineral content on the young's modulus of elasticity of compact bone[END_REF], burning up the organics in high temperature (Öhman et al., 2011), and inferred by X-ray based methods [START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF]Nuzzo et al., 2002b). Depending on the evaluation methods different names were used to describe the same quantity, such as calcium content, ash density (weight of the ashed mineral material after burning divided by specimen volume), bone mineral density and degree of mineralization of bone (DMB). The Young's modulus of bone was found to be correlated with the calcium content [START_REF] Currey | The effect of porosity and mineral content on the young's modulus of elasticity of compact bone[END_REF] and the variation of the Young's modulus between children and adults' cortical bone can be largely explained by the ash density (Öhman et al., 2011). However, DMB which may be able to be measured clinically was not correlated with bone elasticity at the mesoscale [START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF] and there is a lack of studies to correlate the volumetric DMB values with bone elasticity.

Although several studies investigating bone stiffness determinants have involved many microstructural and compositional (mineralization, crystallinity and collagen) features, bone was seldom considered as an anisotropic material and the relative contribution of these aspects to bone anisotropic stiffness were not quantified. In this work, to address these issues, we carry out a thorough investigation of the determinants of cortical bone mesoscale stiffness, including both the microstructural and compositional aspects and their relative contribution using the same subjects and by applying several state-of-the-art experimental modalities. Specifically, the anisotropic bone stiffness, bone microstructure and DMB were precisely measured by the latest techniques. Other compositional properties such as crystallinity which reflects the size and perfection of crystals, maturity of mineral and collagen, as well as collagen crosslinks were also quantified because they are also a vital part of bone composition and were also associated with bone stiffness before [START_REF] Banse | Mechanical properties of adult vertebral cancellous bone: correlation with collagen intermolecular cross-links[END_REF][START_REF] Oxlund | Reduced concentrations of collagen cross-links are associated with reduced strength of bone[END_REF], especially in pathological bone, such as osteogenesis imperfecta [START_REF] Vanleene | Ultrastructural defects cause low bone matrix stiffness despite high mineralization in osteogenesis imperfecta mice[END_REF] or drug treated bone, e.g., by bisphosphonates [START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF][START_REF] Ma | Long-term effects of bisphosphonate therapy: perforations, microcracks and mechanical properties[END_REF].

Materials and methods

Specimens

Bone specimens were harvested from the left femur of 29 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. Among the donors, 16 were females and 13 were males (50 -95 years old, 77.8 ± 11.4, mean±SD). The fresh material was frozen and stored at -20 • C. The samples were slowly thawed and then, for each femur, approximately a 40 mm thick cross section was cut perpendicular to the bone axis from the mid-diaphysis. The cross section was separated to four sections (lateral, medial, anterior and posterior).

In each of the lateral and medial anatomical quadrants, 4 rectangular parallelepiped shaped specimens (set #1, #2, #3 and #4) were prepared along the axial direction for different testing purposes (Fig. 5.1). The nominal specimen size of set #1, #2, #3 and#4 was 3×4×5 mm 3 , 3×4×25 mm 3 , 3×4×0.5 mm 3 and3×4×5 mm 3 in radial (axis 1), circumferential (axis 2) andaxial direction (axis 3), respectively, defined by the anatomic shape of the femoral diaphysis. One subject with a porosity higher than 30% was not considered for the measurements and was discarded. As part of the experiments failed on specimens from 2 subjects, they were also excluded which finally led to 26 subjects (52 specimens) for each set (#1, #2, #3 and #4) of specimens. All specimens were kept hydrated during sample preparation. 

Bone stiffness measurements

The stiffness constants of bone specimens (set #1 and #4) were measured by resonant ultrasound spectroscopy (RUS) following the procedure previously described [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF] which consists of the following steps: (1) A bone specimen was placed on two opposite corners between two ultrasonic transducers (V154RM, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration.

(2) The frequency response of the vibration in a specified bandwidth was amplified by a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany) and then recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria), from which between 20-30 first resonant frequencies were extracted.

(3) Assuming a transversely isotropic symmetry [START_REF] Yoon | Ultrasonic wave propagation in human cortical bone -ii. measurements of elastic properties and microhardness[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF], the stiffness constants C ij (ij = 11, 33, 13, 44, 66) (Voigt notation), were automatically calculated by optimizing the misfit function between the experimental and model predicted resonant frequencies (inverse problem), which is formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF]. The a prior information of the distribution of the stiffness constants required for the Bayesian analysis was taken from a previous study [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. In the elastic tensor, C 12 = C 11 -2C 66 and (1 -2) is the isotropic plane; C 11 and C 33 are the compression stiffness constants, C 12 and C 13 are the off-diagonal stiffness constants and C 44 and C 66 represent the shear stiffness constants. The mass density of each specimen which is needed in stiffness determination was derived from the average values of four mass (precision: 0.1 mg) and dimensions measurements (precision: 0.01 mm). The experimental errors, e.g. irregularity of specimen geometry and uncertainties of the extracted resonant frequencies, following this protocol, typically cause an accuracy error (standard deviation (SD)) of approximately 1.7% for the shear stiffness constants and approximately 3.1% for the compression and off-diagonal stiffness constants (Chapter 2).

Bone microstructure

After RUS measurements, bone specimens in set #1 were defatted for 12 hours in a chemical bath of diethylether and methanol (1:1) and rinsed in distilled water before SR-µCT scanning in order to comply with the local regulation by the European Synchrotron Radiation Facility (ESRF, Grenoble, France). This defatting protocol does not alter the anisotropic stiffness of human cortical bone measured by RUS as has been verified in a previous work (Chapter 6). Then, the specimens were scanned using SR-µCT 3D imaging, which was performed on the beamline ID19 at ESRF. This SR-µCT setup is based on a 3D parallel beam geometry acquisition [START_REF] Salomé | A synchrotron radiation microtomography system for the analysis of trabecular bone samples[END_REF][START_REF] Weitkamp | Status and evolution of the esrf beamline id19[END_REF]. The beam energy was tuned to 26 keV by using a (Si111) double crystal monochromator. A full set of 2D radiographic images were recorded using a CDD detector (Gadox scintillator, optic lenses, 2048 × 2048 Frelon Camera) by rotating the specimen in 1999 steps within a 360 • range of rotation. The detector system was fixed to get a pixel size of 6.5 µm in the recorded images in which a region of interest of 1400×940 pixels was selected to fit the specimen. For each specimen, the SR-µCT images were reconstructed.

In the reconstructed images of each specimen, a volume of interest (VOI, sized approximately 2.8 × 3.9 × 4.8 mm 3 ) was selected manually for morphometric analysis. Following [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF], the VOIs were binarized treating the void volumes as a solid and the bone phase as a background (Fig. 5.2). Then, the following morphometric parameters (Table 4.1) were calculated using the software CTAnalyser (V 1.16.1, Skyscan NV, Kontich, Belgium): pore volume fraction (φ), pore surface to pore volume ratio (PoS/PoV), the average diameter of the pores (PoDm), the average separation between pores (PoSp), pore number (PoN), connectivity density (ConnD) and pore pattern factor (PoPf), structure model index (SMI). 

Degree of mineralization of bone

As the DMB values of only a subset (23) of the specimens were successfully obtained in the previous SR-µCT experiments due to limited beamline time. SR-µCT experiments were launched for a second time on the same specimens (set #1) on the beamline ID 17 at ESRF. The configuration of the setup is similar to the aforementioned setup on beamline ID 19 but with a bit high energy 26.5 keV.

After the SR-µCT images were reconstructed. The gray levels of the images (Fig. 5.2), corresponding to the X-ray absorption coefficients of bone, were calibrated to estimate the 3D distribution of mineral content within a bone specimen. After the calibration, the gray levels were converted into DMB, i.e., the concentration of bone mineral content (Nuzzo et al., 2002a). The reproducibility denoted as the coefficient of variation (CV) of the DMB measured from the two experiments was evaluated to be 0.9% on the 23 specimens and the coefficients of determination r 2 was 0.76.

Fourier transform infrared microspectroscopy

The set #3 was measured by Fourier transform infrared microspectroscopy (FTIRM). The experimental procedure has been described in detail in [START_REF] Farlay | Mineral maturity and crystallinity index are distinct characteristics of bone mineral[END_REF]. From the spectrum, the following variables (Table 3.2) were retrieved: mineral-to-organ ratio (MinOrga) which represents the ratio of the mineral phase over the organic phase (collagenic and non-collagenic proteins), mineral maturity (MinMat) which reflects the transformation of non apatitic phosphates of the hydrated layer into apatitic phosphates contained in the crystal core, carbonation (Carbon) which represents the quantity of carbonates incorporated into the bone mineral at a labile site and substituted in the apatite lattice due either to PO 4 or OH, crystallinity index (CryInd) which corresponds to both crystalline domain size and how well the ions of the crystal are ordered in the unit cells and collagen maturity (CollMat). More details of the definition and mathematical calculation of these variables can be found in Table 3.2. The former four variables were grouped in the mineral variable group and the last one CollMat was grouped in collagen variable group.

Biochemical measurements

The spared materials from the preparation of set #2 were cut into small pieces, powdered in liquid nitrogen-cooled freezer mil (Spex Centriprep, Metuchen, USA), and then demineralized by daily changing of 0.5 M EDTA in 0.05 M in Tris buffer, pH 7.4 for 96 hours at 4 • C. After removing the demineralized powder by washing with deionized water, the samples were suspended in phosphate buffered saline (0.15 M sodium chloride, 0.1 M sodium phosphate buffer, pH 7.4) and reduced in NaBH 4 at room temperature for 2 hours using a reagent/sample ratio of 1:30 (w/w). The reduced bone residues were then washed, freeze-dried and hydrolyzed in 6 M hydrochloric acid at 110 • C for 20 hours for the assessment of collagen and collagen cross-links. Four types of enzymatic cross-links, pyridinoline (PYD) and deoxypyridinoline (DPD) which are mature cross-links and didhydroxylysinonorleucine (DHNL) and hydroxylysinonorleucine (HLNL) which are immature cross-links were stabilized by NaBH4 reduction and extracted from the hydrolysates using a solid phase extraction column (Bond Elut Cellulose, Agilent Technologies, Santa Clara, CA, USA). The enzymatic cross-links (DHLNL, HLNL, PYD and DPD) were then separated by an Alliance HPLC system (Waters 2695, Waters Corp. Milford, MA, USA) and quantified by fluorescence detection and electrospray ionization mass spectrometry in a positive ion mode. The non-enzymatic cross-link, pentosidine (PEN) was quantified using fluorescence detection. The weight proportion of the collagen in each specimen was quantified by a HPLC assay (Bio-Rad, Munich, Germany) [START_REF] Gineyts | Quantification of immature and mature collagen crosslinks by liquid chromatography-electrospray ionization mass spectrometry in connective tissues[END_REF][START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF]. The variables from biochemical measurements are summarized in Table 3.2 grouped as collagen variables.

Statistics

Normality of the variables were evaluated using Shapiro-Wilk test. One-way analysis of variance (ANOVA) and Wilcoxon test (for the variables failed normality test) were performed to evaluate the differences of the data sets from lateral and medial anatomical quadrants. As some variables were not normally distributed, Spearman's rank correlation coefficients between stiffness constants and the microstructural and compositional variables were calculated to highlight the potential explanatory variables of stiffness. The associated variables with any of the stiffness constants were kept and then, the relative contribution of the variables were quantified by the Adjusted R 2 (Adj-R 2 ) and root-mean-square-error (RM SE) using single linear and stepwise multiple regression analyses. Note that all the variables except the stiffness constants were normalized between -1 and 1 using the equation,

x = 2 x -min x max x -min x -1 (3.1)
where x is the variable to be normalized, to highlight the relative importance of the explanatory variables in the model. Thereafter, the redundant variables in each group of variables (microstructure, mineral and collagen) were excluded. The remaining variables from each group were gathered as the predictors to determine the best explanatory linear model of the stiffness constants. Note that for some variables which have significant difference between lateral and medial specimens, the multiple linear regression analyses were carried out both on the data set of lateral and medial specimens separately and the corresponding model are reported. If these variables were not retained as explanatory variables in the regression model, analyses were run again pooling the dataset from lateral and medial specimens. Finally, a two-variable model (φ and DMB, as detailed in Section 3.3.3) was evaluated for each stiffness constant to test the hypothesis that φ and DMB are the most important determinants. Data were considered statistically significant for p < 0.05. Statistical analyses were made using the Matlab 2017a Statistics Toolbox (Mathworks Inc., Natick, MA, USA).

Micromechanics modeling

The complex bone microstructure is often indealized as infinite cylindrical pores periodically distributed in bone matrix on a hexagonal lattice (Fig. 5.1 (h)) to predict bone stiffness [START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF][START_REF] Deuerling | Specimen-specific multi-scale model for the anisotropic elastic constants of human cortical bone[END_REF][START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF][START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]. Based on this popular micromechanics model, an asymptotic homogenization (AH) method [START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF][START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF] was proposed to predict bone stiffness. In order to critically test whether only two variables (porosity and DMB) are sufficient to account for the variability of bone anisotropic stiffness, using this model, the effective stiffness (C cyl ij ) of the bone specimens were evaluated by the AH method and compared with the experimental data C EXP ij . The inputs of the model are the porosity and the stiffness of the materials in pores and matrix. The elastic properties of the porous phase filled with water are: bulk modulus = 2.2 GPa and a null shear modulus. As will be revealed in Section 3.3.3, φ and DMB are finally retained in the linear model to predict bone stiffness, hence an empirical law (assuming zero porosity) between DMB and bone matrix stiffness C m ij (assuming transverse isotropy) can be built to find the specimen-specific C m ij (as a function of DMB) to be used in the micromechanics model. Then the C cyl ij of the specimens were calculated and the differences between C cyl ij and C EXP ij were evaluated by linear regression analysis and Bland-Altman plot.

Results

Thanks to the capability of RUS to provide the full set of stiffness tensor. It is possible to convert them to the engineering moduli (Young's moduli, shear moduli and Poisson's ratios) for the comparison with previous works, where these moduli were measured with other methods like mechanical testing. As the raw data will be provided in the supplementary data of this paper, following analyses will be only for stiffness constants and we will not repeat the analysis for the engineering moduli. Interested readers can download the data and perform their own analyses. Assume that the stiffness of set #1 is representative for all the bone segments between set #1 and #4, the stiffness measured on the set #1 is used in the following analysis. A comparison between the mass density and stiffness of set #1 and #4 can be found in Appendix B.1.

Descriptive statistics

Hereafter, C ij represent the stiffness constants of set #1. The results of the elastic, microstructural and compositional (mineral and collagen) variables are summarized by the mean and standard deviation (SD) for the lateral and medial specimens, respectively, in Table 3.3. The data of microstructural variables (coefficient of variation (CV) from 7.1% to 58.0%) and collagen (CV from 3.9% to 36.4%) show a greater range of variations compared to that of stiffness constants (CV from 6.4% to 14.2%) and mineral variables (CV from 1.4% to 5.6%). Significant differences were found between lateral and medial quadrants (Table 3.3) for the results of two microstructure variables (ConnD, SMI) and the variables measured by FTIRM (MinOrga, MinMat, Carbon, CryInd and CollMat). 

Univariate correlation analysis

Spearman's rank correlation coefficients (r) between C ij and the other variables are summarized in Table 4.4. For the variables who failed Wilcoxon test, i.e. ConnD, SMI, MinOrga, MinMat, Carbon, CryInd and CollMat, r was calculated for lateral and medial group separately. Among the microstructure variables, φ, PoN, and PoDm are negatively correlated with all the C ij (r from -0.64 to -0.89). Positive correlations were found between PoS/PoV, PoSp, PoPf and all the C ij (r from 0.50 to 0.86). ConnD from the lateral quadrant significantly correlates with some coefficients of C ij (r from -0.41 to -0.55). Among the mineral variables, DMB and MinOrga from lateral quadrant are significantly correlated with all the C ij (r from 0.42 to 0.81). Moderate but significant correlation was found between MinOrga and Carbon from medial quadrant and C 13 (r = 0.47) and C 44 (r = -0.45), respectively. Among the collagen variables, DHLNL and HLNL are significantly correlated with all the C ij (r from -0.33 to -0.48), The variables that are not significantly correlated with any of the C ij , i.e. SMI, MinMat, CryInd, CollMat, PYD, DPD, PEN and Coll were removed in the following regression analyses in Section 3.3.3. As the location where specimens set #1 were prepared had a distance about 3 cm away from the location of the set #3, we also looked the correlations between the stiffness of the set #4 and the FTIRM data of the set #3 and observed the same relationships, that significant correlations exist between MinOrga and stiffness (r from 0.41 to 0.56) and between Carbon and C 33 (r = -0.41). Additional information about the relationships within the variables within each group (C ij , microstructure, mineral and collagen) and among the groups can be found in Appendix B.2.

Table 3.4: Spearman's correlation coefficient r between C ij and microstructural, mineral and collagen variables. The variables with bold font were kept for the following analysis. Data from lateral and medial quadrants were analyzed separately for the variables who has significant differences between the two quadrants (additional labels 'L' and 'M' were added in the table ). The result of both quadrants were merged when no significant relationship was found both in the lateral and medial data. 1 p < 0.05, 2 p < 0.001, 3 p < 0.0001, n.s. not significant. 

Multivariate regression model

In the multivariate regression models, bone stiffness constants C ij are the dependent variables and the microstructure, mineral and collagen variables are the independent variables. Compared to mineral and collagen variables, the models using microstructure variables explain most of the variations of the C ij (Adj-R 2 from 58.8% to 84.4%), see 3.5).

The relative and combined contribution of φ and DMB to C ij are illustrated in Figure 3.3.

Comparison between micromechanics model and experimental data

From the linear regression analyses between C ij and C cyl ij (Figure 3.4 and 3.5), significant coefficients of determination (r 2 ) were found between all the constants in C ij and C cyl ij (0.75 < r 2 < 0.91). The RM SE presents similar range (0.18 < RM SE < 0.85) as the results of two-variable (φ and DMB) linear regression model (0.18 < RM SE < 0.84) shown in Table 3.5. A bias of about 1.3 GPa was found between C 11 and C cyl 11 and between C 13 and C cyl 13 by the Bland-Altman's plots (see the parameter d in Figure 3.4 and 3.5). Whereas the bias on C 33 , C 44 and C 66 (d < 0.2 GPa) are negligible.

Discussion

In this work, an exhaustive investigation was carried out to investigate the relative contribution of the microstructural and compositional properties on the elastic properties of human cortical bone. To our knowledge, this work is the first to provide data covering the anisotropic elastic tensor, microstructure, mineral and collagen parameters for the same set of samples. Such a detailed investigation demands RUS is the state-of-the-art method to measure the anisotropic elastic properties of solid material of small specimen size. Recently, RUS was successfully advanced to measure the stiffness of human cortical bone [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF][START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF] with good accuracy and was applied in the investigation of the elasticity-density relationship of the cortical bone in human tibia [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]. Because RUS is able to measure the full set of elastic tensor, the engineering moduli which are more frequenctly used in evaluating bone mechanical properties such as stress and strain, can also be derived. One task in this work was to measure bone microstructure and DMB by SR-µCT. A recent study has shown that bone microstructure cannot be accurately measured by conventional µCT and SR-µCT is recommended [START_REF] Ostertag | Multiscale and multimodality computed tomography for cortical bone analysis[END_REF]. The reason is that synchrotron radiation X-ray sources have less beam hardening effects and artifacts and hence it can deliver high resolution images of bone with increased signal-to-noise ratio [START_REF] Peter | Synchrotron radiation micro-CT imaging of bone tissue[END_REF] and more quantitative data compared to conventional µCT imaging devices. In addition to DMB, the mineral properties in terms of crystallinity (crystal size/strain) and maturity ('age' of crystals) were also quantified by FTIRM which has been extensively used in studying bone tissues [START_REF] Boskey | Comparison of mineral quality and quantity in iliac crest biopsies from high-and low-turnover osteoporosis: an ftir microspectroscopic investigation[END_REF][START_REF] Farlay | Mineral maturity and crystallinity index are distinct characteristics of bone mineral[END_REF][START_REF] Bala | Respective roles of organic and mineral components of human cortical bone matrix in micromechanical behavior: an instrumented indentation Bibliography study[END_REF]. Further, we used biochemical techniques to measure enzymatic and non-enzymatic cross-links, as well as the amount of collagen to complete the investigation on bone compositional properties.

One should note that the C ij , microstructural variables and DMB were measured on the same specimens (set #1), whereas the other mineral and collagen variables were measured on different set of specimens (set #2 and #3) which have some distance from the set #1. However, the comparison (see Appendix B.1) between the C ij of the set #1 and #4 shows that they have no significant difference on the mean value and the differences can be totally explained by the discrepancies on their mass density and the measurement error in RUS (about 1.7-3.1%) for human cortical bone (Chapter 2). Therefore, we assume bone stiffness show good homogeneity along bone axis within the range of the mid-diaphysis where our specimens were retrieved and the analysis were performed for the C ij of #1. Moreover, we also used the average value of the C ij of the set #1 and #4 to carry out the analyses and similar results were found (data not shown). The comparison between the data from lateral and medial quadrants revealed that the data of two microstructural variables (ConnD and SMI) and all the variables measured by FTIRM are different between the two sites, but the difference is not appreciated by the stiffness as there is no significant difference on stiffness between lateral and medial. Previous studies revealed that the biomechanical environment which may modulate bone remodeling process may be different at the lateral and medial sites of femoral bone. For instance, the force generated by vastus is bigger at lateral site than at medial site [START_REF] Woo | Basic orthopaedic biomechanics and mechano-biology[END_REF]. However, such a difference was not observed in DMB, collagen data and all the other microstructural data which is not fully understood.

The only study that compares to ours regarding the quantitative relationships between the microstructural characteristics of the porous network and the elastic properties of cortical bone is that of [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]. However, a different skeletal site (fibular) was investigated (for children and adults) and different methods were used to derive bone microstructure and stiffness. In their work, conventional µCT and ultrasonic velocity experiments were performed [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF], whereas SR-µCT and RUS were used in this work. Nerverthless, consistent relationships were obeserved, for instance, SMI is not correlated with bone stiffness and significant correlations were found between (positively) PoS/PoV, PoSp, PoPf, (negatively) PoN, PoDm, φ, ConnD (lateral) and bone stiffness. Among the variables in the mineral group, significant correlations with C ij were oberserved only for DMB, MinOrga and Carbon. The results in our work suggest, for the first time, that the volumetric DMB measured by SR-µCT on human femur correlates with all the mesoscopic stiffness constants, which is consistent with the studies directly relating bone mechanical properties with ash density [START_REF] Öhman | Compressive behaviour of child and adult cortical bone[END_REF][START_REF] Currey | The effect of porosity and mineral content on the young's modulus of elasticity of compact bone[END_REF]. Although previous works showed that MinOrga, CollMat and CyrstInd measured by FTIRM may explain the variability of the micromechanical properties of bone tissue [START_REF] Bala | Bone mineralization: from tissue to crystal in normal and pathological contexts[END_REF][START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF], such an effect was not observed for bone mesoscopic elastic properties in our data. For the collagen variables, we did not find correlations between mature enzymatic cross-links PYD, DPD, non-enzymatic PEN, collagen amount (Coll) and any of the C ij which is consistent with previous observations [START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF][START_REF] Vashishth | Influence of nonenzymatic glycation on biomechanical properties of cortical bone[END_REF]. However, we observed significant correlations between immature enzymatic cross-links DHLNL, HLNL and all the C ij which was not observed before. But these correlations may be associated with the correlations between DHLNL, HLNL and DMB (Table B.3). Another interesting observation is that we found a significant correlation between φ and DMB (r = -0.59, Table B.1) which was not observed in any other study. We verified that φ and DMB are not correlated with the age of the donors. We speculate that the correlation between φ and DMB may be related to local bone remodeling activities. If high porosity would activate the remodeling process at the local bone tissue, more young tissue will be generated to replace old tissue and hence the DMB value will be lower. However, this speculation needs to be investigated in an further study.

The microstructure variables explain a major part of the variations of C ij (Table 3.5) which is expected because the alteration in microstructure are larger than the compositional properties in the elderly. For instance, DMB does not exhibit large variations between individuals in the adults [START_REF] Mccalden | Age-related changes in the tensile properties of cortical bone. the relative importance of changes in porosity, mineralization, and microstructure[END_REF][START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF] and the mature crosslinks (DHLNL, HLNL) seem to remain a steady state throughout the adult age also [START_REF] Bailey | Age-related changes in the biochemical properties of human cancellous bone collagen: relationship to bone strength[END_REF]. Neverthless, we were able to show that a moderate part of the variability of C ij can be explained by the mineral and collagen variables, thanks to the precise measurements of C ij by RUS. One may note that φ and DMB are the two most important variables because they both appeared in the best combination models of all the C ij (Table 3.5), as well as the fact that they (alone) explain (Fig. 3.3) 59.6 -84.7% and 51.0 -66.5% of the variations of C ij , respectively. Though adding PoPf in the model improved the prediction of C 33 and C 13 , the improvement reflected by Adj-R 2 and RM SE are less than 2.0% and 0.05 GPa which is a non-measurable difference with current experimental method (RUS). This can be explained by the fact that these microstructure variables are highly correlated with φ (Table B.1). One may also observe that HLNL was not retained in the regression model and that DHLNL is not in the best combination model although it seems to explain a moderate variations of C ij . Note also that DHLNL and HLNL are highly correlated (r = 0.94, Table B.2) and significant correlation was observed between DMB and DHLNL (Table B.3), hence they may be replaced by the more predominant explanatory variable DMB.

When the most important determinants of bone stiffness are found, one should be able to predict bone stiffness using a biomechnaical model based on the properties of the constituents. One approach for heterogeneous media like bone is through homogenization. Several homogenization scheme exists, such as Mori-Tanaka [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF], asymptotic homogenization [START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF][START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF] and fast fourier transform based homogenization [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF]. In this work we chose an asymptotic homogenization method. In the model, bone matrix elasticity should be known beforehand to calculate the effective stiffness constants C cyl ij . Considering that φ and DMB together explain most of the variations of C ij from the linear regression model, it is possible to obtain an empirical law between DMB and the matrix stiffness constants C m ij assuming zero porosity. From the comparison of C ij and C cyl ij , we found good agreements since the RM SE are in the same range as the two-variable regression model of φ and DMB which can be basically explained by measurement errors and there is almost no bias for C 33 , C 44 and C 66 . But for C 11 and C 13 , the results from AH method is about 1.3 GPa lower which is a non-negligible bias. Note that bone microelastic properties may not only depend on DMB but depend also on the microfibril orientation [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF][START_REF] Schrof | Multimodal correlative investigation of the interplaying micro-architecture, chemical composition and mechanical properties of human cortical bone tissue reveals predominant role of fibrillar organization in determining microelastic tissue properties[END_REF]. Herein, the empirical law used to estimated C m ij depend on DMB may introduce some bias. Nevertheless, the C ij and C cyl ij showed good comparison revealing the importance of φ and DMB in determining bone mesoscopic elasticity, which conversely show the ability of the biomechanical model to account for the variations of bone anisotropic stiffness.

Several limitations in this work should be pointed out. The bone specimens were collected on one bone site and their pathological status are unknown. Some works have showed that bone disease or drug treatment could alter the compositional properties [START_REF] Ma | Long-term effects of bisphosphonate therapy: perforations, microcracks and mechanical properties[END_REF][START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF] and herein may lead to different results. Therefore, the findings in this work should be limited to the femoral middiaphysis of an aged group. Nevertheless, the range of φ (from 2% to 22%) and DMB (from 0.95 to 1.06 g/cm 3 ) is wide enough to provide conclusive results for the adults (compare the data in [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]; [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF][START_REF] Follet | The degree of mineralization is a determinant of bone strength: a study on human calcanei[END_REF][START_REF] Follet | Effects of preexisting Bibliography microdamage, collagen cross-links, degree of mineralization, age, and architecture on compressive mechanical properties of elderly human vertebral trabecular bone[END_REF]; [START_REF] Bala | Respective roles of organic and mineral components of human cortical bone matrix in micromechanical behavior: an instrumented indentation Bibliography study[END_REF]). The precision of FTIRM and biochemistry experiments were not evaluated which causes difficulties in judging whether the experimental errors affect the statistics to investigate the relationships between some variables such as MinMat, PYD and PEN, and the C ij . Another important limitation is that the effect of the orientation of the mineralized collagen fiber was not investigated. Previous site-match works have shown that the elastic modulations of bone lamellae are mainly determined by the fibril arrangement [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF][START_REF] Schrof | Multimodal correlative investigation of the interplaying micro-architecture, chemical composition and mechanical properties of human cortical bone tissue reveals predominant role of fibrillar organization in determining microelastic tissue properties[END_REF] rather than compositional variations. It may be worth to investigate if the variations in fibril arrangement exist also among individuals. Perhaps, it could help to explain the remained variations on the bone stiffness.

Conclusion

This exhaustive study consisting of multi-physics and multiscale experiments reveals that intra-cortical porosity and DMB are the most important determinants of cortical bone anisotropic stiffness constants at the mesoscale and the relative contribution of porosity is higher than that of DMB. This conclusion may apply only to the population studied in this work. Recording the detailed bone microstructure features (independent of porosity), such as pore number, diameter may not be necessary to predict mesoscopic bone stiffness in the elderly. The presented data can help to form a better understanding of the relationships between bone stiffness and microstructural, compositional properties and help to develop biomechanical model for bone. Also, this work presents reference values for the range of variation of an extensive amount of bone characteristics at the femoral mid-diaphysis in the elderly.

Chapter 4

Role of microstructure on the anisotropic elasticity of human cortical bone

This chapter is a research article prepared for submission but not yet submitted at the time of writing this thesis. In chapter 3, the relative contributions of pore network microstructure was investigated without controlling experimental errors and the variations in compositional properties in bone specimens. In this chapter, introducing a fast Fourier transform based homogenization method, we present a study about the role of pore network microstructure controlling the aforementioned factors and reveal the effects of the idealized cylindrical bone model used in Chapter 3 which is popular in bone biomechanics. The specimen set #1 from the MULTIPS project was used in this work.

Introduction

Cortical bone is a porous material which forms the outer shell of bones. Pores are observed at different length scales. The main component of the porosity is the so-called vascular porosity network [START_REF] Cooper | Cortical bone porosity: What is it, why is it important, and how can we detect it?[END_REF] constituted of quasicylindrical channels (Haversian canals, approximately 50 µm in diameter) oriented along the long axis of the bones and interconnected to each other by a network of smaller transverse channels (Volkmann's canals). Larger pores, called resorption cavities (from 50 to 250 µm [START_REF] Britz | The relation of femoral osteon geometry to age, sex, height and weight[END_REF]), are also present in bone and contribute more or less to the vascular pore volume fraction depending on the balance of the remodeling activity. The vascular pores host blood vessels and nerves. Smaller pores of characteristic dimensions less than 10 µm (as those hosting bone cells) also contribute to the overall porosity. The volume fraction of the vascular porosity, hereafter referred to as porosity, typically varies between a few percent and 20 %. Porosity and the morphology of the pore network can be regarded as a signature of the physiological processes regulating bone mass which are altered in the elderly and in pathologies such as osteoporosis [START_REF] Bala | Role of cortical bone in bone fragility[END_REF] or osteogenesis imperfecta [START_REF] Imbert | Microstructure and compressive mechanical properties of cortical bone in children with osteogenesis imperfecta treated with bisphosphonates compared with healthy children[END_REF]. An increased cortical porosity can be a consequence of an increased number of canals, an increased canal size, or both [START_REF] Cooper | Age-dependent change in the 3d structure of cortical porosity at the human femoral midshaft[END_REF]. At low porosity values, Haversian canals and small resorption cavities are more or less regularly distributed on a hexagonal lattice. As the porosity increases, more irregular and large resorption cavities are found, resulting in a lesser organized network with a disparity of pore dimensions.

A deep understanding of cortical bone elastic properties is important because the bone cortex bears a substantial amount of the mechanical loads applied to the skeleton. Millimeter-scale or mesoscale elasticity (Grimal et al., 2011a) of cortical bone is known to strongly depends on porosity [START_REF] Currey | The effects of strain rate, reconstruction and mineral content on some mechanical properties of bovine bone[END_REF][START_REF] Dong | The dependence of transversely isotropic elasticity of human femoral cortical bone on porosity[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. It was suggested that not only the porosity but also the changes in pore network micro-architecture may impact elasticity during growth and ageing [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]. As a result, strain levels in a bone subjected to mechanical loading are partially driven by the pore volume fraction. These strains in return mediate bone homoeostatic activity and bone resistance to fracture [START_REF] Klein-Nulend | Mechanobiology of bone tissue[END_REF][START_REF] Robling | Mechanical signaling for bone modeling and remodeling[END_REF]. Also, recently, ultrasound methods [START_REF] Vallet | Predicting bone strength with ultrasonic guided waves[END_REF][START_REF] Minonzio | Bone cortical thickness and porosity assessment using ultrasonic guided waves: an ex vivo validation study[END_REF] have been proposed to assess in vivo cortical bone porosity, a clinical marker of bone health [START_REF] Bala | Role of cortical bone in bone fragility[END_REF]: in short, ultrasound probes mesoscale elasticity from which porosity can be back-calculated relying on a continuum mechanics homogenization model. Such a model requires extensive validation. The above considerations are strong motivations to investigate the variations of mesoscale elasticity associated with modifications of the pore network, which is the focus of this work.

Investigations of cortical bone elastic properties at the mesoscale are conveniently conducted resorting to a two-phase material model, i.e., a solid matrix (collagen fibers reinforced by mineral particles of hydroxyapatite) pervaded by the vascular porosity, and disregarding any fluid flow [START_REF] Crolet | Compact bone: numerical simulation of mechanical characteristics[END_REF][START_REF] Hellmich | Can the diverse elastic properties of trabecular and cortical bone be attributed to only a few tissue-independent phase properties and their interactions?[END_REF]Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]. In this model, small pores are considered to contribute to the effective properties of the matrix. This two-phase model is particularly well suited to investigate the contribution of the vascular pores on the mechanical properties. As the healthy vascular pore network of a young individual resembles a regular assembly of cylindrical pores [START_REF] Yoon | Ultrasonic wave propagation in human cortical bone -ii. measurements of elastic properties and microhardness[END_REF], several authors have used an idealized representation of the network, namely infinite cylindrical pores distributed randomly or on a hexagonal lattice, and associated analytical homogenization methods such as Mori-Tanaka method [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF][START_REF] Hellmich | Can the diverse elastic properties of trabecular and cortical bone be attributed to only a few tissue-independent phase properties and their interactions?[END_REF] or homogenization of periodic media (asymptotic homogenization, AH) [START_REF] Crolet | Compact bone: numerical simulation of mechanical characteristics[END_REF][START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF]. However, with ageing the structure of the vascular pore network departs from a regular assembly of cylindrical pores, in particular the average pore size increases with age as well as the range of sizes of the pores and canal interconnections [START_REF] Bousson | Distribution of intracortical porosity in human midfemoral cortex by age and gender[END_REF][START_REF] Cooper | Age-dependent change in the 3d structure of cortical porosity at the human femoral midshaft[END_REF]. Furthermore, idealized representation of infinite cylindrical pores disregard the effect of Volkman's canal which are transverse to the bone axis. It is unknown to which extent idealized microstructures are suitable to account for the variations of elastic properties for various cortical bone micro-architectures. This calls for models accounting for the exact structure of the pore network, which can be conveniently captured by micro-computed tomography. As far as we know, only Baumann et al. ( 2012) have adopted such an approach in order to investigate the determinants of the anisotropy by analysing the three longitudinal stiffness constants. They did not, however, investigate the effect of porosity on elasticity variations nor shear elastic constants.

It is interesting to consider the current development of knowledge regarding cortical bone elasticity referring to the maybe older history for trabecular bone. Trabecular bone is a spongy tissue found in large quantity in the inner part of bones which is formed of a network of thin rods and plates of mineralized collagen (trabeculae). Its porosity is typically larger than 80 %. The morphological complexity of the arrangement of trabeculae, was first accounted for with analytical methods such as the fabric tensor method introduced by [START_REF] Cowin | The relationship between the elasticity tensor and the fabric tensor[END_REF] and further improved by [START_REF] Zysset | An alternative model for anisotropic elasticity based on fabric tensors[END_REF]. A transition occurred in the 90s when it became possible to account for the full complexity of the trabecular network architecture with the advent of so-called micro-finite element modelling (µFEM) (van Rietbergen et al., 1995b(van Rietbergen et al., , 1996a) ) enabling to solve the homogenization problems using the real micro-architecture obtained with X-ray based CT. In comparison, the research on the role of microstructure in cortical bone stiffness is in a relative infancy because only idealized micro-architectures have been considered. It is important to note that trabecular bone models, because only the trabeculae are meshed, and because tissue volume fraction is small in trabecular bone, are much less demanding in terms of computational resources than models of less porous cortical bone. It appears that about 20 years after the very successful introduction of µFEM to compute trabecular bone effective properties, with the increasing availability of large computational resources, µFEM or other numerical techniques such as Fast Fourier Transform (FFT) methods [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF]) can be conveniently used to compute the homogenized mechanical properties of cortical bone. We believe this opportunity will allow rapid progress in the understanding of the effects of the cortical bone micro-architecture on different mechanical properties.

The aim of this paper is to quantify the relative effects on bone elasticity of porosity (vascular pore volume fraction) and other descriptors of the microarchitecture associated with pore number, size and shape. Because of interindividual differences of bone matrix properties due to the biomechanical environment, age, nutrition, health conditions etc. among donors, the question can hardly be addressed experimentally. Indeed, bone matrix properties should be controlled in order to evidence the isolated contribution of the micro-architecture to mesoscale elasticity. Consequently we resort to a model of bone which is as a twophase material with a matrix having fixed 'universal' properties but various possible micro-architectures obtained from imaging of real bones with synchrotron radiation micro-computed tomography imaging (SR-µCT) (Nuzzo et al., 2002b) enabling an accurate assessment of micro-architecture descriptors (Chappard et al., 2006b,a).

The full set of anisotropic effective elastic constants predicted by the model are validated with experimental data obtained with resonant ultrasound spectroscopy (RUS) [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF], a state-of-the-art method to measure the stiffness tensor of cortical bone specimens.

An ancillary objective is to introduce the FFT homogenization technique [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF] to model cortical bone The method, which has recently been used to study trabecular bone elasticity [START_REF] Colabella | Calculation of cancellous bone elastic properties with the polarization-based fft iterative scheme[END_REF] is widely spread in engineering material mechanics. FFT-based numerical methods are efficient in term of memory storage and computation cost to solve the heterogeneous local problems using directly images of bone microstructure of relatively large specimens. It has been applied to evaluate the effective properties of composites and porous materials, including elastoplastic responses [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF][START_REF] Michel | A computational scheme for linear and non-linear composites with arbitrary phase contrast[END_REF], permeability [START_REF] Monchiet | A fft-based method to compute the permeability induced by a stokes slip flow through a porous medium[END_REF], conductivity [START_REF] Eyre | A fast numerical scheme for computing the response of composites using grid refinement[END_REF] and piezoelectricity [START_REF] Brenner | Numerical computation of the response of piezoelectric composites using fourier transform[END_REF][START_REF] Brenner | Computational approach for composite materials with coupled constitutive laws[END_REF].

Materials and methods

Specimens

Bone specimens were harvested from the left femur of 29 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. The tissue donors or their legal guardians provided informed written consent to give their tissue for investigations, in accord with legal clauses stated in the French Code of Public Health. Among the donors, 16 were females and 13 were males (50 -95 years old, 77.8 ± 11.4, mean ± SD). The fresh material was frozen and stored at -20 • C.

The samples were slowly thawed and then, for each femur, approximately a 10 mm thick cross-section was cut perpendicular to the bone axis from the middiaphysis. Using a water-cooled low speed diamond wire saw (Model 3241, Well, Lyon, France), two rectangular parallelepiped (RP) shaped specimens were prepared in the lateral and medial anatomical quadrants of each cross-section (Figure 4.1). The nominal specimen size was 3 × 4 × 5 mm 3 in radial (axis 1), circumferential (axis 2) and axial direction (axis 3), respectively, defined by the anatomic shape of the femoral diaphysis. The mass density of each specimen which is needed in stiffness determination was derived from the average values of four mass (precision: 0.1 mg) and dimensions measurements (precision: 0.01 mm). All specimens were kept hydrated during sample preparation. One subject that has a porosity higher than 30% was not considered as cortical bone and discarded. One specimen was broken during sample preparation. Hence, 28 subjects (55 specimens) were kept for the following experiments. 

Stiffness measurements with resonant ultrasound spectroscopy

The determination of the stiffness constants of bone specimens by RUS follows the procedure previously described [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF] and consists of the following steps:

(1) A bone specimen was placed on two opposite corners between two ultrasonic transducers (V154RM, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration (see the experimental setup in Figure 4.1).

(2) The frequency response of the vibration in a specified bandwidth was amplified by a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany) and then recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria), from which between 20 to 30 first resonant frequencies were extracted.

(3) Assuming a transversely isotropic symmetry [START_REF] Yoon | Ultrasonic wave propagation in human cortical bone -ii. measurements of elastic properties and microhardness[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF], the stiffness constants C ij (ij = 11, 33, 13, 44, 66) (Voigt notation), were automatically calculated by optimizing the misfit function between the experimental and model predicted resonant frequencies (inverse problem), which is formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF].

The prior information on the distribution of the stiffness constants, required for the Bayesian analysis, was taken from a previous study [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF] achieved on human femoral cortical bone as well. In the stiffness tensor, C 12 = C 11 -2C 66 and (1 -2) is the isotropic plane; C 11 and C 33 are the compression stiffness constants, C 12 and C 13 are the off-diagonal stiffness constants and C 44 and C 66 represent the shear stiffness constants. The experimental errors, e.g., irregularity of specimen geometry and uncertainties of the extracted resonant frequencies, following this protocol, typically cause an accuracy error (standard deviation (SD)) of approximately 1.7% for the shear stiffness constants and approximately 3.1% for the compression and off-diagonal stiffness constants (Chapter 2). Bone stiffness constants of the specimens measured by RUS are denoted as C EXP ij in the following text.

Bone microstructure

Bone specimens were scanned using SR-µCT 3D imaging on the beamline ID19 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). This SR-µCT setup is based on a 3D parallel beam geometry acquisition [START_REF] Salomé | A synchrotron radiation microtomography system for the analysis of trabecular bone samples[END_REF][START_REF] Weitkamp | Status and evolution of the esrf beamline id19[END_REF]. The beam energy was tuned to 26 keV by using a (Si111) double crystal monochromator. A full set of 2D radiographic images were recorded using a CDD detector (Gadox scintillator, optic lenses, 2048 × 2048 Frelon Camera) by rotating the specimen in 1999 steps within a 360 • range of rotation. The detector system was fixed to get a pixel size of 6.5 µm in the recorded images in which a region of interest of 1400×940 pixels was selected to fit the specimen. For each specimen, the SR-µCT images were reconstructed to obtain the 3D volume of the specimens.

The orientation of the 3D volume of each specimen was corrected by rotating the ensemble of voxel using Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF] so that geometric coordinate coincides with the material coordinate. In each specimen, a RP volume of interest (VOI, sized ∼ 2.8×3.9×4.8 mm 3 ) was selected manually for morphometric analysis, as well as for the evaluation of the effective stiffness using FFT homogenization (see Section 4.2.6). Following [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF], the VOIs for the morphometric analysis were binarized treating the void volumes as the solid and the bone phase as a background (Figure 4.1 (d)). Then, the following microstrutural variables (Table 4.1) were calculated using the software CTAnalyser (V 1.16.1, Skyscan NV, Kontich, Belgium): pore volume fraction (φ), pore surface to pore volume ratio (PoS/PoV), the average diameter of the pores (PoDm), the average separation between pores (PoSp), pore number (PoN), connectivity density (ConnD) and pore pattern factor (PoPf), structure model index (SMI). A summary of the microstrutural variables and their definitions are listed in Table 4.1. To study the effect on the elastic symmetry of pore shape in the transverse plane, pores were regarded as ellipsoids and the average ratio (R d ) between two short (circumferential and radial) axis lengths of the pores were calculated. Specifically, in each cross-section of the bone, the axis length of the pores in one direction is estimated as the total number of pixels contained inside the pores divided by the number of pores along each line of the image, in analogy to the mean intercept length analysis to calculate the fabric tensor [START_REF] Harrigan | Characterization of microstructural anisotropy in orthotropic materials using a second rank tensor[END_REF]. The ratio between the average axis length estimated on each line in the circumferential (axis 2) and radial (axis 1) directions is taken for each image of the stack. Then R d is calculated as the average ratio over the entire volume. Note that R d does not quantify the aspect ratio of Haversian canals in the transverse plane but rather a combination of the aspect ratios of Haversian and Volkmann's canals in that plane. The aforementioned steps to calculate R d was implemented in a customized Matlab script.

Numerical model and method of solution

Each VOI was considered as a representative volume element of bone material. The homogenized effective stiffness constants (C F F T ij ) were evaluated with the FFT method in the framework of linear elasticity using the VOI as the unit cell for homogenization. After binarization, the VOI contain bone matrix voxels and pore voxels. There were respectively allocated elastic properties C m , a transverse isotropic stiffness tensor to be defined as described in Section 4.2.5, and C p , corresponding to water, with bulk modulus = 2.2 GPa and a null shear modulus.

The local mechanical problem in the VOI (V ) consists of the equilibrium equation, generalized Hooke's law as constitutive equation, compatibility of the displacement field and boundary conditions. The phases (bone matrix and the material filling the pores) are assumed to be perfectly bonded. The local problem closed by periodic boundary conditions can be solved by the FFT-based numerical approach proposed by [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF]. The unit-cell problem reads: find the displacement field u and the stress field σ such that

       Compatibility : ε(x) = 1 2 (∇u(x) + ∇ T u(x)), Static equilibrium : ∇ • σ = 0, Constitutive relation : σ(x) = C(x) : ε(x) (4.1)
with periodic boundary conditions [START_REF] Suquet | Homogenization Techniques for Composite Media[END_REF][START_REF] Michel | Effective properties of composite materials with periodic microstructure: a computational approach[END_REF]. The displacement field u can thus be split into an affine part E•x and a correction term

u * (x) u(x) = E•x + u * (x), ∀ x ∈ V, (4.2)
where E is the overall strain, u * is a periodic field characterizing the fluctuation of the displacement due to the presence of the heterogeneities. Consequently, the average of its gradient vanishes and the overall strain E coincides with the average strain in the unit-cell ε .

A usual practice in micromechanics is the introduction of a reference homogeneous medium C (0) to transform an elastic heterogeneous problem into an homogeneous elastic problem with fictitious body forces. The solution strain field may thus be written as

ε(x) = E + V Γ (0) (x -x ) : τ (x )dx , τ (x) = (C(x) -C (0) ) : ε(x) (4.3)
with Γ (0) the strain Green operator corresponding to the homogeneous medium with elasticity C (0) . This is an implicit integral equation for the strain field ε which is obtained as a series expansion reading

ε(x) = +∞ i=0 -Γ 0 * δC(x) i : ε (4.4)
Based on this expansion, [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF] have proposed a fixed-point algorithm to solve the local problem (Equation (4.1)). Developments of the FFTbased method have been proposed by several authors, in particular to improve its convergence in the case of a high mechanical contrast on the local properties [START_REF] Eyre | A fast numerical scheme for computing the response of composites using grid refinement[END_REF][START_REF] Michel | A computational method based on augmented lagrangians and fast fourier transforms for composites with high contrast[END_REF][START_REF] Brisard | Fft-based methods for the mechanics of composites: A general variational framework[END_REF][START_REF] Monchiet | A polarization-based fft iterative scheme for computing the effective properties of elastic composites with arbitrary contrast[END_REF]. In the present study, we have used the augmented Lagrangian scheme originally proposed by [START_REF] Michel | A computational method based on augmented lagrangians and fast fourier transforms for composites with high contrast[END_REF] and later reinterpreted by [START_REF] Moulinec | Comparison of three accelerated fft-based schemes for computing the mechanical response of composite materials[END_REF] as a special case of the polarization-based scheme of [START_REF] Monchiet | A polarization-based fft iterative scheme for computing the effective properties of elastic composites with arbitrary contrast[END_REF]. The latter is the one which has been chosen in the recent study on trabecular bone elasticity [START_REF] Colabella | Calculation of cancellous bone elastic properties with the polarization-based fft iterative scheme[END_REF]. Once the local stress and strain fields are calculated, the effective stiffness tensor C F F T is obtained with the relation between average stress and strain tensors

σ = C F F T : ε (4.5)
The computation of the twenty-one independent coefficients of C F F T is classically done by considering six independent macroscopic strain loadings.

Preliminary tests (Appendix C.1.2) showed that increasing the size of the voxels to 35 µm leads to an acceptable error on the solution. The total number of voxel in each VOI was about 1.2 million. For the requirements of the present study, we implemented a parallelized version of the FFT method. The parallelization was implemented in two ways, (i) both for the Fourier transform of the polarization τ and the inverse Fourier transform of the strain tensor ε using the FFTW library (version 3.3.7) [START_REF] Frigo | The design and implementation of fftw3[END_REF] and (ii) the six independent strain loading tests were evaluated in parallel.

Our implementation of the FFT method was validated by comparison with the analytic solution of the homogenized properties of hexagonal periodic pavement as reported by Bravo-Castillero et al. ( 2012) (see also an example in(Appendix C.1.1) for a porous matrix).

Model with idealized microsstructure

For comparison purposes, we also calculated sample-specific effective properties using the pore volume fraction φ as a parameter and assuming that the pore network is an ensemble of infinite cylindrical pores periodically distributed on a hexagonal lattice (Figure 4.1 (e)). The material in pores and the bone matrix are allocated the stiffness C p as defined above and C m as defined in Section. 4.2.6. The effective properties C cyl ij were calculated using the asymptotic homogenization (AH) method [START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF]Grimal et al., 2011b).

Calibration of bone matrix stiffness

For all the specimens we used a unique bone matrix stiffness tensor C m chosen such that the effective tensors C F F T ij for the different specimens of the set match experimental data C EXP ij . This calibrated bone matrix stiffness C m was accordingly obtained by minimizing the objective function defined as

F (C m ) = 55 k=1 ij C EXP ij;k -C F F T ij;k (C m , C p ) C EXP ij;k 2 (4.6) where C EXP ij;k
and C F F T ij;k refer to the experimental and effective stiffness constants of the kth specimen.

Data analysis

The variations of effective stiffness calculated for all specimen's VOI only reflect the variations of the pore network properties since the bone matrix is identical for all VOI. After the calibration of the numerical model with experimental data, a linear correlation analysis was conducted to reveal the relationships between each stiffness C F F T ij and the microstructural variables. The stiffness constants C F F T ij and C EXP ij were fitted to an exponential function of φ because the variation of porosity were found to explain a major amount of the variations of bone stiffness (Chapter 3). The exponential fit was found to be superior to the a linear fit (see Figure 4.3),

C f it ij = a ij e b ij φ (4.7)
where a ij and b ij are the coefficients to be optimized. The root-mean-square-error (RMSE) between the fit and data was calculated as,

RM SE = 1 55 55 k=1   C f it ij;k -C ij . C ij   2 × 100% (4.8)
RMSE values were used to reveal the part of the variations of stiffness that cannot be explained by the variations of porosity.

The model with the realistic micro-architecture (C F F T ij ) and that with the idealized micro-architecture (C cyl ij ) were compared to reveal a potential bias in predicted stiffness when details of the micro-architecture are disregarded.

The effect of pore shape, evaluated by R d , is studied by examining the anisotropy between the stiffness constants associated with the transverse plane. Specifically, the relative difference between C F F T 

Results

The misfit error (RMSE) σ f between the measured and calculated resonant frequencies in the specimens were all less than 0.7% (mean value = 0.4% ) which is small in RUS measurements of cortical bone [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF], indicating a very reasonable fit of the experimental data (resonant frequencies) with the transverse isotropic (TI) assumption. Therefore, the assumption of TI elastic symmetry for the specimens was reasonable.

One loading in the FFT homogenization method takes around 50 iterations in our specimens. Using the parallelized program, we were able to compute the effective stiffness tensor in less than 2 minutes on a workstation (CPU, Intel Xeon E5-2695 v3). In the effective stiffness tensor C F F T of all the specimens, the values of the off-diagonal terms which are null in the case of orthotropy when the tensor is expressed in the material basis were at least two orders of magnitude smaller than the rest terms. These off-diagonal terms were, therefore, disregarded. (RMSE between 3.1 -6.4%) at a given porosity value are larger than those of C F F T ij (RMSE between 1.7 -3.2%). This is expected because of the experimental uncertainty to measure stiffness and because of possible differences of bone matrix stiffness between specimens. Note that bigger discrepancies between C F F T 13 and C EXP 13 was observed especially when φ > 12% which was not fully understood and requires further investigation. A reason that could partially explain this observation could be that RUS is less sensitive to the off-diagonal stiffness constants compared to shear and compression stiffness constants (Cai et al., 2017b;[START_REF] Zadler | Resonant ultrasound spectroscopy: theory and application[END_REF].

Calibration of the model

Effect of pore shape

The range of R d was between 0.79 and 1.21 (Mean±SD, 1.02±0.08) and slight anisotropy between C F F T 11 and C F F T 22 , and between C F F T 44 and C F F T 55 was observed as the δ 21 was between -5.0% and 6.5% (Mean±SD, 0.5% ± 1.6%) and δ 45 was between -5.5% and 7.3% (Mean±SD, 0.8% ± 1.7%). Pore shape parameter R d significantly correlates with δ 21 (r = 0.77, p < 10 -11 ) and δ 45 (r = 0.73, p < 10 -9 ) (Figure 4.2) suggesting that pore shape contributes to the orthotropic elastic behaviour of cortical bone. However, this anisotropy effect is small, as the relative differences δ 21 or δ 45 of only 5 out of 55 specimens exceed 3% (between 3.4% and 7.3%). Nevertheless, we took the mean value of the effective stiffness constants associated with the isotropic plane (plane 1-2) in the following context to compare with the TI stiffness constants measured by RUS (C EXP ij ) and evaluated by the AH method (C cyl ij ). 
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. r is the Pearson's correlation coefficient.

Descriptive statistics

The values of C EXP ij and C F F T ij are summarized in Table 4.2, in which one can observe that they have a good agreement and their range of variation are comparable, e.g., the coefficients of variation (CV) are 6.9 -13.6% for C EXP ij and 6.9 -10.8% for C F F T ij . The range of the variations of microstructural variables is wider (CV between 7.8 -51.1%, see Table 4.3) compared to that of stiffness constants. 19.8 ± 1.8 29.0 ± 2.0 12.0 ± 0.9 5.8 ± 0.6 4.4 ± 0.6 Range 14.5 -23.8 23.1 -32.1 10.0 -14.1 4.2 -6.9 2.8 -5.9

C F F T 11 (GPa) C F F T 33 (GPa) C F F T 13 (GPa) C F F T 44 (GPa) C F F T 66 (GPa)
Mean±SD 19.6 ± 2.1 28.9 ± 2.0 11.8 ± 1.2 5.9 ± 0.5 4.4 ± 0.5 Range 13.1 -22.9 21.9 -32.0 8.2 -13.8 4.3 -6.6 2.8 -5.1 

Results
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Correlations between synthetic bone stiffness and microstructural variables

Pearson's correlation coefficients (r) between C F F T ij and the microstructural variables are summarized in Table 4.4. Data were considered statistically significant for p < 0.05. Among the microstructural variables, φ, PoN, and PoDm are negatively correlated with all the C F F T ij (r from -0.80 to -0.99). Positive correlations were found between all the C F F T ij and PoS/PoV, PoSp, PoPf (r from 0.54 to 0.92). No significant correlation was found with ConnD and SMI. After controlling for the contribution of φ, the correlations between PoN, PoSp and most of the C F F T ij remain significant (-0.57 < adjusted-r < 0.55), while between PoS/PoV, PoDm, PoPf and some constants in C F F T ij the correlations remain significant (0.26 < adjusted-r < 0.65). 

C F F T 11 C F F T 33 C F F T 13 C F F T 44 C F F T 66 φ (%)
-0.99 * -1.00 * -0.99 * -0.99 * -0.99 * PoS/PoV (mm -1 ) 0.88 * ,1 0.87 * 0.89 * ,1 0.88 * ,1 0.86 * PoN (mm -1 ) -0.83 * ,1 -0.83 * ,1 -0.82 

Effects of the simplified bone microstructure on bone stiffness

The discrepancy between C AH 

Discussion

In this work, we investigated the relationships between the micro-architecture of the cortical bone vascular pore network and the effective stiffness at the mesocale. We used elastic data (TI stiffness tensor measure with RUS) and images (obtained with SR-µCT) of a collection of 55 human cortical bone specimens from the middiaphysis of the femur. Specimen-specific numerical models were created using each specimen's image and the bone matrix stiffness-identical for all specimen's modelswas determined in a calibration procedure to minimize the discrepancies between the experimental and numerical data sets.

Chapter 4. Role of microstructure on bone stiffness

Doing so, we have built a numerical model that accounts reasonably well for the observed variations of experimental stiffness (Figure 4.3) in which the elastic properties of the bone matrix are controlled. The latter is a key point to analyse the expected minute influence of pore micro-architecture on stiffness.

The quantitative relationship between the microstructural characteristics of the porous network and the elastic properties of cortical bone have not been thoroughly investigated, so far. The only study that compares to ours is that of [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]. However, a different skeletal site (fibular) was investigated (for children and adults) and different methods were used to derive bone microstructure and stiffness. In their work, conventional µCT and ultrasonic velocity experiments were performed [START_REF] Bala | Pore network microarchitecture influences human cortical bone elasticity during growth and aging[END_REF]. We remind again the readers that a potentially confounding factor (matrix material properties) was controlled in our work, while not in their study. Good agreement between C F F T ij and C EXP ij was observed (Table 4.2 and 4.3) and our data appear in the same order of magnitude compared with theirs in the adults. Consistent relationships between bone microstructural variables and stiffness constants were found with as well, e.g., negative correlations between φ, PoN, PoDm and bone stiffness, positive correlations between PoS/PoV, PoSp, PoPf and bone stiffness. Both works showed that significant correlations still exist between several microstructural variables and stiffness constants (e.g., PoSp) after controlling for the contribution of φ. Fixing bone matrix stiffness, the FFT homogenization is able to demonstrate the contribution of bone microstructure independently of the variations of bone matrix properties and experimental uncertainties. It is noteworthy that the RMSE for 4.3) is smaller than experimental errors (1.7-3.2%) which means that current experimental measurements of bone stiffness measurement are not able to detect the small effects caused by microstructural variables independent of porosity. As also evidenced by the fact that most of the correlations between microstructural variables and stiffness constants vanished or remained weakly after removing the effect of porosity (Table 4.4), we hypothesize that it may be pointless to record detailed microstructure, i.e., knowing porosity is enough, for bone stiffness prediction. Hence, we tested our hypothesis employing an idealized two-phase model which uses only porosity, stiffness of the two phases (matrix and pores) to predict the effective stiffness of bone using an AH method (Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF].

C F F T ij (0.6-1.7%) (Figure
The model with vascular pores idealized as infinite cylinders aligned with the bone axis is a popular model in bone biomechanics [START_REF] Crolet | Compact bone: numerical simulation of mechanical characteristics[END_REF][START_REF] Hellmich | Can the diverse elastic properties of trabecular and cortical bone be attributed to only a few tissue-independent phase properties and their interactions?[END_REF]Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF].. For the first time, as far as we know, we present data to critically test this model. The idealized stiffness C cyl ij was consistently larger than C EXP ij for all coefficients (Figure 4.4). Previous calculations in SiC/SiC composite materials [START_REF] Chateau | Micromechanical modeling of the elastic behavior of unidirectional cvi sic/sic composites[END_REF] suggest that the decrease of C F F T 11 relative to C cyl 11 may be explained by non-cylindrical shape of the pores and random spatial distribution in real microstructures. Indeed, the authors have shown that the non-cylindrical shape results in a strong decrease of the Young's modulus in the transverse direction whereas no effect of both random distribution and irregular shape of the pores was observed on the Young's modulus in the axial direction (see also [START_REF] Bibliography | an idealized model of cylindrical pores evenly distributed in bone matrix needs to be developed. Bone tissue stiffness has a relatively small range of variations in the elderly and its related magnitude of strain in bone matrix has a small range of variations as well. The inverse homogenization method proposed in this study could contribute to and calls for a better documentation of bone tissue elastic properties of various species, at different skeletal sites, and elastic alterations with aging, modifications of the loading environment and pathologies[END_REF]). The differences between AH and FFT for axial moduli thus have to be linked to other microstructural discrepancies than the spatial distribution and the cross-section shape of cylindrical pores. An important microstructural feature of cortical bone, as compared to a parallel cylindrical microstructure, is the presence of transverse connections (Volkmann's canals) between quasi-cylindrical pores (Figure 4.5). It can be thus be conjectured that they are responsible for the decrease in the effective axial elasticity (C 33 and C 44 ). For the transverse shear stiffness constants C 66 , we noticed that the results from AH are very close to the upper Hashin-Rosen bound [START_REF] Hashin | The elastic moduli of fiber-reinforced materials[END_REF] which has been depicted in [START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]. Based on the aforementioned observations, we remind the readers that the idealized model assuming infinite long cylindrical pores may bias the predicted effective stiffness. The overall symmetry of the effective stiffness tensor results from the elastic anisotropy of the constituents as well as their shape and spatial distribution. Real pores in cortical bone at the mesoscopic level usually do not have perfect circular cross-sections, especially for the resorption cavities. In this work, we quantified this imperfection as the average ratio R d between pore axis length in the circumferential and radial directions, but we must remind the readers that R d does not define the shape of the Haversian canals, but it corresponds to both the information about the axis length and orientation of Haversian and Volkmann's canals. The correlations found between R d and δ 21 and δ 45 (Figure 4.2) support the hypothesis that non-circular pore shapes may cause the anisotropy of the elastic properties in the transverse plane observed here. However, the magnitude of the differences δ 21 and δ 45 are averaged due to the randomized distribution of the pores evidenced by the observation that δ 21 or δ 45 of only 5 specimens exceed 3%. On the other hand, this observation highlights the fact that the FFT homogenization is able to tell such a small anisotropy in the transverse plane caused by bone microstructural features. Another possible factor causing the orthotropy would be related to porosity gradient. It is well known that there exists porosity gradient across the thickness of cortical bone both in males and females. Specifically, there are more pores and pore size are bigger in the endosteal region than in the periosteal region [START_REF] Bousson | Distribution of intracortical porosity in human midfemoral cortex by age and gender[END_REF][START_REF] Thomas | Regional variation of intracortical porosity in the midshaft of the human femur: age and sex differences[END_REF]. However, although we observed some porosity gradient in our specimens (data not shown), we did not find significant correlation between δ 21 , δ 45 and the gradient. As the specimens were prepared with cautions by avoiding the endosteal region (which is close to the trabecular part), we suppose the gradient would not be too strong to affect the orthotropic behavior. But this point needs to be confirmed in a following study.

An ancillary purpose of this work is to show that FFT homogenization is an attractive alternative to µFEM which is popular in bone micromechanics community. The meshing free feature and the low numerical cost (problems with several millions of degrees of freedom can be solved in a few minutes) pave the way for the investigations involving large series of specimens and specimens with large size.

Conclusion

Providing the evidence from the multiscale experimental data in this work, as well as the results from the two homogenization approaches, we found that, among the microstructural variables, porosity explains most of the variations of bone elasticity, all tissue properties being equal otherwise. The effects caused by other microstructural features are smaller than the experimental errors and may not be captured experimentally. Hence, we propose that measuring detailed microstructure for cortical bone stiffness prediction is unnecessary, i.e., knowing porosity is enough. However, a proper biomechanical model should be chosen as idealizing the pores as cylinders evenly distributed in a hexagonal cell may bias the results. Moreover, we showed that pore shape is an important factor that affects bone orthotropic elastic behav-ior, although the degree of anisotropy in the transverse plane is small. This work provides evidence to simplify the parameters in bone biomechanical modeling and experimental protocol for bone stiffness prediction. The conclusion should hold true at least for human femoral mid-diaphysis in the elderly.

Chapter 5

Bone tissue anisotropic elastic properties determined by an inverse homogenization method and resonant ultrasound spectroscopy

This chapter is a research article prepared for submission but not yet submitted at the time of writing this thesis. In this chapter, a novel inverse homogenization method to measure bone tissue elastic properties (micrometer level) is presented. This method is based on a fast Fourier transform homogenization method and resonant ultrasound spectroscopy. Using the inverse homogenization, the range of bone tissue anisotropic elastic properties in our bone specimens and its consequences on the magnitude of microstrain in bone matrix which may be sensed by osteocytes are evaluated. This method overcomes several limitations in current methods such as scanning acoustic microscopy, nano-indentation test and mechanical test on micrometer-sized specimens, that sample preparation and experiments are difficult to perform, the measured bone tissues elastic properties are very local and that they do not easily provide the entire stiffness tensor. The specimen set #1 from the MULTIPS project was used in this work.

Introduction

Bone, as the main organ which carries out most of the mechanical loading from human body, is an anisotropic material with a hierarchical structure extending over several organization levels. Better understanding and accurate prediction of bone mechanical behavior at one length scale demand knowing its mechanical behavior on all the lower scales determined by the properties and organization of the constituents. At the nanoscale, collagen molecules are organized in fibrils which are then arranged in fibers. Aligned with the fibers, the crystals (hydroxyapatite) are discretely located in the interfibrillar spaces. At the sub-microscale, mineralized fibers are aligned to form bone lamellae (a few µm thick). The orientation of the fibers depends on the lamellae and may change within lamellar sublayers which was described as the twisted plywood structure [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]. At the microscale, lamellae sublayers wrap in concentric layers around a Haversian canal (20 -100 µm in diameter) which form the basic structural unit in cortical bone called osteon. Connected by Volkmann's cannals (several tens µm in diameter), the osteons and interstitial tissue form the microstructure of cortical bone with the presence of resorption cavities (several tens to 100 µm in diameter) and osteocyte lacunae and canaliculi (a few µm to less than 1 µm in diameter). Whereas, in trabecular bone, segments of parallel sheets of lamellae are arranged in a mosaic way which form thin rods and plates of bone tissue known as trabeculae, the basic unit of trabecular bone microstructure.

Bone tissue (solid part) at the microscopic level is often referred to as bone extravascular matrix (bone matrix for short) in biomechanical modeling of bone [START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF]Grimal et al., 2011b;[START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF], in contrast with the porous (soft) part encompassing fluids and soft tissues (e.g., blood vessels, nerves and marrow). The elastic properties of bone matrix (basic constituent for bone microstructure) deserve a careful study because together with the microstructure they decide bone elasticity at the mesoscale (millimeter-scale) which has a direct impact on the mechanical behavior of whole bone at the macroscale level [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF]Grimal et al., 2011b). Meanwhile, they are sensitive to the alteration of the properties in bone tissue induced by, for instance, pathology [START_REF] Currey | Role of collagen and other organics in the mechanical properties of bone[END_REF][START_REF] Grabner | Age-and genotype-dependence of bone material properties in the osteogenesis imperfecta murine model (oim)[END_REF][START_REF] Bala | Bone mineralization: from tissue to crystal in normal and pathological contexts[END_REF] and by drugs [START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF][START_REF] Ma | Long-term effects of bisphosphonate therapy: perforations, microcracks and mechanical properties[END_REF]. Moreover, for a given load, bone matrix elasticity greatly determines local tissue behavior, including interstitial fluid flow affected by matrix deformations, hydraulic pressure and matrix strains directly sensed by osteocytes [START_REF] Hemmatian | Aging, osteocytes, and mechanotransduction[END_REF], the three known potential ways for osteocytes to sense mechanical loading and the possible mechanisms to stimulate bone remodeling process conversely.

The evaluation of bone matrix elastic properties can be categorized to direct and indirect ways. In the aspect of direct ways, three approaches rooted in different principles are commonly used, scanning acoustic microscopy (SAM) [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF][START_REF] Raum | Site-matched assessment of structural and tissue properties of cortical bone using scanning acoustic microscopy and synchrotron radiation µct[END_REF], nanoindentation [START_REF] Zysset | Elastic modulus and hardness of cortical and trabecular bone lamellae measured by nanoindentation in the human femur[END_REF][START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF] and mechanical testing on µm sized bone specimens [START_REF] Yamada | Micro-cantilever bending for elastic modulus measurements of a single trabecula in cancellous bone[END_REF][START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF][START_REF] Luczynski | Extracellular bone matrix exhibits hardening elastoplasticity and more than double cortical strength: evidence from homogeneous compression of non-tapered single micron-sized pillars welded to a rigid substrate[END_REF]. Owing to the accessibility of these techniques to infer bone matrix properties, many important findings about the characteristics of bone tissue have been revealed. For instance, using SAM, it was found that microfibril orientation dominates local microelastic properties of human bone tissue [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF][START_REF] Schrof | Multimodal correlative investigation of the interplaying micro-architecture, chemical composition and mechanical properties of human cortical bone tissue reveals predominant role of fibrillar organization in determining microelastic tissue properties[END_REF]. Using nano-indentation, elastic properties of trabecular and cortical bone tissues were found similar [START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF] and the interstitial tissue is stiffer than osteonal tissue [START_REF] Rho | Elastic properties of microstructural components of human bone tissue as measured by nanoindentation[END_REF]. Several failure patterns (shear, mushrooming and axial splitting) in lamellar bone were observed by mechanical testing on µm sized bone specimens [START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF][START_REF] Schwiedrzik | Nanoscale deformation mechanisms and yield properties of hydrated bone extracellular matrix[END_REF].

Nonetheless, these techniques present several drawbacks. SAM uses a high frequency (> 50MHz) ultrasound transducer to scan a map of acoustic impedance on the surface of bone which can be converted to elastic coefficients knowing the local mass density [START_REF] Preininger | Spatialtemporal mapping of bone structural and elastic properties in a sheep model following osteotomy[END_REF]. Nanoindentation typically uses a diamond indenter to press into bone tissue to obtain a load-displacement curve and estimate the local Young's modulus [START_REF] Oyen | A practical guide for analysis of nanoindentation data[END_REF]. To get a representative value of bone matrix elasticity, several tens of indentation locations must be involved which complicates the experimental procedure. Mechanical testing on µm sized bone sample is even more tricky as both the sample preparation and the testing impose high requirements on the experimental setup and skills. For instance, micro-cantilever bending test was performed to measure the elastic modulus of a single trabeculae (∼ 100 µm in thickness) [START_REF] Yamada | Micro-cantilever bending for elastic modulus measurements of a single trabecula in cancellous bone[END_REF]. In cortical bone, micropillar compression test was used to study the mechanical behavior of lamellar bone pillars (a few µm in diameter) produced by focused ion beam machining [START_REF] Schwiedrzik | In situ micropillar compression reveals superior strength and ductility but an absence of damage in lamellar bone[END_REF][START_REF] Luczynski | Extracellular bone matrix exhibits hardening elastoplasticity and more than double cortical strength: evidence from homogeneous compression of non-tapered single micron-sized pillars welded to a rigid substrate[END_REF]. As noted, the aforementioned methods, in the context of measuring bone matrix stiffness, suffer from complicated sample preparation and experimental procedure which could easily introduce experimental errors. Moreover, they do not easily provide representative values of bone matrix elasticity (otherwise, several locations or specimens need to be tested), as well as elasticity in different directions.

In the indirect way, bone matrix elasticity of trabecular bone can be backwardly estimated based on micro-finite elements modeling (µFEM, FEM based on bone microstructure). Varying bone matrix elasticity, the effective mechanical properties predicted by µFEM using 3D images of bone microstructure were compared with the results from mechanical testing until the best match was obtained (van [START_REF] Van Rietbergen | Determination of trabecular bone tissue elastic properties by comparison of experimental and finite element results[END_REF]. According to the same idea, an alternative way which avoids mechanical testing has been developed recently [START_REF] Daoui | Assessment of trabecular bone tissue elasticity with resonant ultrasound spectroscopy[END_REF]. This method relies on the specimen-specific empirical law built between Young's modulus of bone matrix and the fundamental (first) resonant frequency of the specimen to estimate bone matrix elasticity. Nevertheless, one should note that in most of the indirect ways proposed so far, as well as in most studies about bone mechanical behavior using FEM [START_REF] Kawalilak | In vivo precision of three hr-pqct-derived finite element models of the distal radius and tibia in postmenopausal women[END_REF][START_REF] Christen | Improved fracture risk assessment based on nonlinear micro-finite element simulations from hrpqct images at the distal radius[END_REF], isotropic elastic symmetry was assumed for bone matrix, although transverse isotropy is more likely the reality [START_REF] Wolfram | Transverse isotropic elastic properties of vertebral trabecular bone matrix measured using microindentation under dry conditions (effects of age, gender, and vertebral level)[END_REF][START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF][START_REF] Rho | Elastic properties of microstructural components of human bone tissue as measured by nanoindentation[END_REF]. This assumption holds 'true' for trabecular bone, because trabeculae are essentially loaded in compression or bending, hence their deformation is mostly governed by their elastic properties in the long direction of the trabeculae. However, the anisotropy of cortical bone matrix plays a role at the mesoscale. The only two studies tried to retrieve the anisotropic elastic properties of bone matrix would be that of [START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF] using SAM and of [START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF] using nano-indentation. The former assumed transverse isotropic symmetry and used the relation between stiffness constants and the rotation angles on the coronal plane to retrieve the elastic tensor. The latter adopted a nano-indentation method for cone-shape indenters [START_REF] Swadener | Indentation of elastically anisotropic half-spaces by cones and parabolae of revolution[END_REF] and fabric tensor to relate the indentation moduli to orthotropic elastic constants. But these methods involves some empirical laws and several important assumptions as the measures are not enough to retrieve all the independent parameters. To date, there is no easy method to evaluate the anisotropic elastic properties of bone matrix.

The objectives of this work were to propose a method to retrieve the anisotropic bone matrix stiffness, then investigate the possible range of bone matrix elastic properties and their consequences in terms of in-situ strain level variations in an elderly population. This methodology named inverse homogenization takes the advantages of resonant ultrasound spectroscopy (RUS) which accurately measures the elastic tensor of small bone specimens (sized several mm) [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF][START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF], and a Fast Fourier Transform (FFT) homogenization method [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF][START_REF] Brenner | Numerical computation of the response of piezoelectric composites using fourier transform[END_REF] which has been widely used in engineering material mechanics to evaluate the effective properties of composites and porous materials, including elastoplastic responses [START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF][START_REF] Michel | A computational scheme for linear and non-linear composites with arbitrary phase contrast[END_REF], permeability [START_REF] Monchiet | A fft-based method to compute the permeability induced by a stokes slip flow through a porous medium[END_REF], conductivity [START_REF] Eyre | A fast numerical scheme for computing the response of composites using grid refinement[END_REF] and piezoelectricity [START_REF] Brenner | Numerical computation of the response of piezoelectric composites using fourier transform[END_REF][START_REF] Brenner | Computational approach for composite materials with coupled constitutive laws[END_REF].

Materials and methods

Specimens

Bone specimens were harvested from the left femur of 29 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. The tissue donors or their legal guardians provided informed written consent to give their tissue for investigations, in accord with legal clauses stated in the French Code of Public Health. Among the donors, 16 were females and 13 were males (50 -95 years old, 77.8 ± 11.4, mean ± SD). The fresh material was frozen and stored at -20 • C.

The samples were slowly thawed and then, for each femur, approximately a 10 mm thick cross-section was cut perpendicular to the bone axis from the middiaphysis. Using a water-cooled low speed diamond wire saw (Model 3241, Well, Lyon, France), two rectangular parallelepiped shaped specimens were prepared in the lateral and medial anatomical quadrants of each cross-section (Figure 5.1). The nominal specimen size was 3 × 4 × 5 mm 3 in radial (axis 1), circumferential (axis 2) and axial direction (axis 3), respectively, defined by the anatomic shape of the femoral diaphysis. The mass density of each specimen which is needed in stiffness determination was derived from the average values of four mass (precision: 0.1 mg) and dimensions measurements (precision: 0.01 mm). All specimens were kept hydrated during sample preparation. One subject that has a porosity higher than 30% was not considered as cortical bone and discarded. One specimen was broken during sample preparation. Hence, 28 subjects (55 specimens) were kept for the following experiments. 

Bone elasticity measurements

The determination of the elasticity of bone specimens by RUS follows the procedure previously described [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF] and consists of the following steps:

(1) A bone specimen was placed on two opposite corners between two ultrasonic transducers (V154RM, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration (see the experimental setup in Figure 5.1).

(2) The frequency response of the vibration in a specified bandwidth was amplified by a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany) and then recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria), from which between 20 -30 first resonant frequencies were extracted.

(3) Assuming a transversely isotropic symmetry [START_REF] Yoon | Ultrasonic wave propagation in human cortical bone -ii. measurements of elastic properties and microhardness[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF], the stiffness constants C ij (ij = 11, 33, 13, 44, 66) (Voigt notation), were automatically calculated by optimizing the misfit function between the experimental and model predicted resonant frequencies (inverse problem), which is formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF].

The prior information on the distribution of the elastic coefficients, required for the Bayesian analysis, was taken from a previous study [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF] achieved on human femur cortical bone as well. In the elastic tensor, C 12 = C 11 -2C 66 and (1 -2) is the isotropic plane; C 11 and C 33 are the compression stiffness constants, C 12 and C 13 are the off-diagonal stiffness constants and C 44 and C 66 represent the shear stiffness constants. Hereafter, the stiffness constants measured by RUS are referred as C EXP ij . The experimental errors, e.g., irregularity of specimen geometry and uncertainties of the extracted resonant frequencies, following this protocol, typically cause an accuracy error (standard deviation (SD)) of approximately 1.7% for the shear stiffness constants and approximately 3.1% for the compression and off-diagonal stiffness constants (Cai et al., 2017b). When the elastic symmetry is at least higher than orthotropy, the Engineering moduli (Young's moduli (E), shear moduli and Poisson's ratio (ν)) can be converted by the elastic tensor. For the case of transverse isotropy, the conversion equations can be found in [START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF].

Bone microstructure

After RUS measurements, bone specimens in set #1 were defatted for 12 hours in a chemical bath of diethylether and methanol (1:1) and rinsed in distilled water before SR-µCT scanning in order to comply with the local regulation by the European Synchrotron Radiation Facility (ESRF, Grenoble, France). This defatting protocol does not alter the anisotropic stiffness of human cortical bone measured by RUS as has been verified in a previous work (Cai et al., 2017a). Then, the specimens were scanned using synchrotron radiation-µCT (SR-µCT) 3D imaging, which was performed on the beamline ID19 at ESRF. This SR-µCT setup is based on a 3D parallel beam geometry acquisition [START_REF] Salomé | A synchrotron radiation microtomography system for the analysis of trabecular bone samples[END_REF][START_REF] Weitkamp | Status and evolution of the esrf beamline id19[END_REF]. The beam energy was tuned to 26 keV by using a (Si111) double crystal monochromator. A full set of 2D radiographic images were recorded using a CDD detector (Gadox scintillator, optic lenses, 2048 × 2048 Frelon Camera) by rotating the specimen in 1999 steps within a 360 • range of rotation. The detector system was fixed to get a pixel size of 6.5 µm in the recorded images in which a region of interest of 1400×940 pixels was selected to fit the specimen. For each specimen, the SR-µCT images were reconstructed and then binarized using a global thresh hold for all the specimens. The orientation of the 3D volume of each specimen was corrected using Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]) so that the geometric coordinate coincides with the material coordinate. In each specimen, a volume of interest (VOI, sized ∼ 2.8 × 3.9 × 4.8 mm 3 ) was selected manually and binarized for the evaluation of the effective stiffness using FFT homogenization (see Section 5.2.5).

Degree of mineralization of bone

As the DMB values of only a subset (23) of the specimens were successfully obtained in the previous SR-µCT experiments due to limited beamline time. SR-µCT experiments were launched for a second time on the same specimens on the beamline ID 17 at ESRF. The configuration of the setup is similar to the aforementioned setup on beamline ID 19.

After the SR-µCT images were reconstructed. The gray levels of the images corresponding to the X-ray absorption coefficients of bone, were calibrated to estimate the 3D distribution of mineral content within a bone specimen. After the calibration, the gray levels (Figure 5.2) were converted into DMB, i.e., the concentration of bone mineral content (Nuzzo et al., 2002a). The reproducibility denoted as the coefficient of variation (CV) of the DMB measured from the two experiments was evaluated to be 0.9% on the 23 specimens and the coefficient of determination r 2 was 0.76 (Appendix D.1). 

Forward problem

The pixel size of each VOI was increased to 35 µm (choosen after convergence tests, see Appendix C.1.2) to reduce computing time. Considered as a two-phase porous material, the effective stiffness constants (C F F T kl , where kl = 11, 22,33,44,55,66,12,21,13,31,23,32) of the VOIs were evaluated by the FFT homogenization method [START_REF] Brenner | Numerical computation of the response of piezoelectric composites using fourier transform[END_REF][START_REF] Moulinec | A numerical method for computing the overall response of nonlinear composites with complex microstructure[END_REF] for a given stiffness tensor of bone matrix (C m ij ) and of the materials in pores. Note that no elastic symmetry assumption was made in the effective stiffness tensor during the calculation of the forward problem. Hence, six simulated loading were applied in the forward problem (see chapter 4 for more details). The elastic properties of the porous phase C p filled with water are: bulk modulus = 2.2 GPa and a null shear modulus. More details about the FFT homogenization can be found in chapter 4.

Inverse problem

Two approaches have been implemented to retrieve the matrix stiffness constants from the experimental data which is assumed to be transverse isotropic. The 'calibration approach' assumes that there is a strong relationship between one matrix coefficient C m ij and its mesoscale counterpart C F F T ij , i.e., that the coupling between the micro-and non-counterpart meso-coefficients are negligible. Whereas, the 'optimization approach' determines the matrix stiffness constants accounting for the coupling.

Optimization approach

Bone matrix stiffness constants C m (the bold font refers to the tensor containing all the coefficients labeled by ij ) of each specimen were obtained by minimizing the objective function defined as the root-mean-square-error (RMSE) between experimental and predicted data by:

RM SE(C m ) = 1 12 kl C kl -C e kl (C m ) C kl 2 × 100%
(5.1)

Note that 12 coefficients (labeled by kl ) were used in Equation 5.1. The Nelder-Mead Simplex Method implemented in Matlab Optimization Toolbox Release 2017b (MathWorks, Natick, MA) was used to optimize the objective function, as it does not require any derivative information. Default stopping criteria were used, i.e., the iterations stops when both the difference of the objective function values and normal of the difference of C m between two iterations are smaller than 0.0001. The optimization procedure was initialized at the values (C m0 ) of C m0 11 = 24.4 GPa, C m0 33 = 33.5 GPa, C m0 13 = 14.7 GPa, C m0 44 = 6.9 GPa, C m0 66 = 5.4 GPa. These values were found by an optimization procedure for all the specimens as a group (Section 4.2.6).

Calibration approach

From several preliminary tests, we found that the coupling between C F F T ij and its counterpart C m ij (e.g., between C F F T 11 and C m 11 ) is much stronger than the other bone matrix stiffness constants which means that specimen-specific relationships can be built between them. Specifically, the relationship between C 11 ± 10 GPa, C m0 33 ± 12 GPa, C m0 13 ± 6 GPa, C m0 44 ± 4 GPa and C m0 66 ± 3 GPa (5 evenly distributed points in the interval for each coefficient), respectively. Then, the C EXP 11 was projected to C m 11 given the established relationship (Fig. 5.3). The RMSE (Equation 5.1) was also calculated for each specimen after C m was obtained to compare with the ones from optimization approach. The validation of the inverse homogenization (both approaches) can be found in C.2. 
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Error propagation analysis

The matrix elastic tensor is recovered from experimental elasticity data and the 3D images of each specimen's microstructure. The images are obtained with high resolution and the forward problem is solved with controlled precision. It follows that the uncertainties on C m ij mostly derives from the uncertainties on C EXP ij . Hence, we performed Monte-Carlo (MC) simulations to estimate the errors on C m ij due to the uncertainties on experimental elasticity data C EXP ij . Four specimens of porosity from low to high (5.0%, 9.9%, 15.4%, 21.2%) were selected for the MC simulations. A set of 1000 independent samples of stiffness constants centered at the effective stiffness constants of the four specimens calculated with bone matrix values of C m0 , with the SD of 3.0% for compression and offdiagonal stiffness constants and 1.5% for shear stiffness constants, were randomly generated. The MC simulations were performed for the optimization approach. To this end, C m ij of each specimen were optimized by the inverse homogenization (optimization approach) and compared with C m0 to calculate the relative error on each coefficient

δC m ij = (C m ij -C m0 ij )/C m0 ij × 100%.

Microstrain on bone matrix

The strain field in bone matrix of each specimen was evaluated using a finite element software (FAIM, Version 7.0, Numerics88 Solutions Ltd., CA) by uniaxial compression tests. A prescribed force (600 N) along axial direction, corresponding to 50 MPa stress in the transverse area (about 12 mm 2 ), was applied on the proximal surface of each specimen with constrained distal surface in the axial direction (axis 3) while the distal surface is free in the transverse directions ((axis 1 and 2), and the sides symmetrically. The other surfaces are free. The pixel size of the images was set to 10 µm and the Engineering moduli of the bone matrix used in the FEM was converted from the matrix stiffness tensor of each specimen. Void was assumed in pores and the strain field was calculated using the C m ij from optimization. The mean value (ε m 33 ) of the normal strain in the axial direction of each specimen is reported. Note that due to the high contrast between the elasticity of water (in pores) and bone matrix, the effects of assigning void or water properties to the pores on strain distribution is small [START_REF] Mouchet | Evaluation multi-échelle de la qualité osseuse par ultrasons[END_REF], which has also been validated in our specimens (data not shown).

Results

Experimental data and computation efficiency

The experimental data (stiffness constants C EXP ij , porosity φ and DMB ρ m ) are summarized in Table 5.1. The coefficient of variation (CV) of ρ m was about 2% (see the histogram also in Figure 5.4) which is much smaller than C EXP ij (7 -14%) and φ (53%). One forward computation took about 1 minute (program was parallelized for 6 loadings (see Section 4.2.4) to calculate the elastic tensor of a specimen (about 1.2 million elements)) on a workstation (CPU, Intel Xeon E5-2695 v3). Hence, it costs about 30 minutes (5 × 6 = 30 forward computations) to calculate bone matrix elastic coefficients of a specimen in the calibration approach. Whereas, the optimization usually stopped after about 130 iterations which costed about 2 hours and 10 minutes per specimen.

Error propagation analysis

The normality of the distribution of each δC m ij was verified using Shapiro-Wilk's test (p < 0.05) and the results are summarized in Table 5.2. The offset of δC m ij from zero is small, less than 1.2%. The SD of δC m ij are 3.1 -5.2% for compression and off-diagonal coefficients and 1.5 -2.0% for shear coefficients, which are comparable with the SD of the errors imposed to the random samples (Table 5 

Comparison of the stiffness constants

The RMSE values from the calibration approach were greater than the optimization approach in general (Figure 5.5). For the optimization approach, the RMSE values of 52 out of 55 specimens are smaller than 1% (all RMSE < 2%, Figure 5.5) which means that the optimization approach works impressively well. Hence, the effective elastic coefficients match well with the experimental ones (Table 5.3).

The effective elasticity of five specimens of a porosity higher than 14.5% were found to be orthothropic (the relative difference between C F F T 22 and C F F T 11 , or between C F F T 44 and C F F T 55 exceed 3%) which violates our assumption (transverse isotropy) in RUS measurements. Also, evidenced in Figure 5.5, their RMSEs are much bigger compared to the other. Hence these five specimens were exclude from the following analyses. Further, the RMSEs were correlated with the porosity of bone specimens (Figure 5.5). The Pearson's correlation coefficients r were 0.76 (p < 10 -10 ) and 0.82 (p < 10 -13 ) for the optimization and calibration approaches, and were reduced to 0.32 (p < 0.05) and 0.56 (p < 10 -5 ), respectively, after removing the aforementioned 5 specimens. 

C F F T 11 (GPa) C F F T 33 (GPa) C F F T 13 (GPa) C F F T 44 (GPa) C F F T 66 (GPa)
Optimization 20.1 ± 1.5 29.5 ± 1.3 12.0 ± 0.9 6.0 ± 0.4 4.5 ± 0.5 16.9 -23.8 25.7 -32.1 9.3 -14.1 4.7 -6.9 3.5 -5.9

Calibration 20.2 ± 1.5 29.4 ± 1.4 12.0 ± 0.9 6.0 ± 0.4 4.5 ± 0.5 16.7 -24.0 26.1 -32.0 9.2 -14.2 4.7 -6.9 3.5 -5.9

C EXP 11 (GPa) C EXP 33 (GPa) C EXP 13 (GPa) C EXP 44 (GPa) C EXP 66 (GPa)
Experiment # 20.1 ± 1.5 29.5 ± 1.3 12.1 ± 0.9 6.0 ± 0.4 4.5 ± 0.5 16.9 -23.8 25.7 -32.1 9.3 -14.1 4.7 -6.9 3.5 -5.9 our specimens, with the CV of 8.2%. A moderate negative correlation was observed between DMB and ε m 33 (r = -0.28, p < 0.1). Note that bone matrix elasticity from optimization approach was used in the FEM.

Discussion

In this work, we proposed an inverse homogenization method that can evaluate the anisotropic elastic properties of cortical bone matrix with the objectives to investigate their range of variations and their consequences in terms of microstrain level variations. Through several measurements of resonant spectra, the mesocopic elastic tensor of a cortical bone specimen was measured. Incorporating the FFT homogenization and bone microstructure scanned by SR-µCT, bone matrix elastic tensor of each specimen was backwardly calculated. Further, we proposed two methods for the inverse homogenization, calibration and optimization, and found that they do not differ from each other significantly (Figure 5.6). It is noteworthy that with the whole set of the elastic tensor, the engineering moduli, i.e., Young's moduli, shear moduli and Poisson's ratios, of bone matrix can be studied as well. Finally, knowing the individual bone matrix elasticity, the strain fields in each specimen were investigated.

In the forward problem, several micromechanical methods, such as asymptotic homogenization [START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF][START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF] method [START_REF] Mori | Average stress in matrix and average elastic energy of materials with misfitting inclusions[END_REF][START_REF] Fritsch | universal' microstructural patterns in cortical and trabecular, extracellular and extravascular bone materials: Micromechanics-based prediction of anisotropic elasticity[END_REF] have been widely used to calculate the effective elasticity of bone materials. However, these methods are based on simplified microstructure, e.g., cylindrical pores parallelly aligned along long bone direction in the matrix which can not reflect the complex porous network in bone. For instance, the pores are transversely connected by Volkmann's canals, pore shape is not perfect cylindrical and the pore diameter, number, separation are varying between specimens. To take all these features into account, we adopted the FFT homogenization method which solves the problem directly using images of bone microstructure. Comparison of FFT calculations with the analytic solution of hexagonal periodic cell has been reported in [START_REF] Bravo-Castillero | Unified analytical formulae for the effective properties of periodic fibrous composites[END_REF] which we observed excellent consistency. One would expect a coupling between mesoscopic and microscopic stiffness constants because of the complex strain field in the matrix under loading. We observed that the coupling between one coefficient at the microscale and its counterpart at the mesoscale is much stronger than the others which has also been evidenced by comparing the results of the two inverse homogenization approaches (no significant difference was found). In addition, according to the convergence studies in Appendix C.1.2 and C.2 one can conclude the model is precise enough and the chosen pixel size and the configurations set in the inversion is adequate to derive bone matrix elasticity data in this work. The fine knowledge of experimental errors on the stiffness constants measured by RUS (Chapter 2) allows one to perform a realistic estimation of the errors on C m ij determined by the inverse homogenization. In this work we used the MC simulations (Table 5.2) for the optimization approach. We found that the accuracy errors on bone matrix stiffness constants (SD= 1.5 -2.0% for shear coefficients and SD = 3.1 -5.2%) are close to the errors on the effective stiffness constants (1.7% for shear and 3.1% for compression and off-diagonal coefficients). But the errors on C m 11 are a bit larger than (especially when porosity increases) C m 33 , although same levels of errors were imposed to the random samples which can be explained by the fact that small anisotropy was found on the transverse plane and hence C m 11 was forced to be adjusted for that, while not C m 33 . Nevertheless, an accuracy error of a few percent for all the bone matrix stiffness constants is achievable, which is mainly controlled by the levels of error on RUS measurements and more or less equivalent to it. Herein, the errors on the bone matrix stiffness can be minimized by careful preparation of the specimens to reduce shape errors and by multiple measurements of resonant spectrum to reduce uncertainties on the resonant frequencies.

The repeatability of the DMB measured by SR-µCT varying beam energy was reported to be 0.26% using the same setup on beamline ID 19 at ESRF. In this work, we evaluated the reproducibility (0.91%, r 2 = 0.76) of DMB values measured on two different beamlines in two times (Appendix D.1). The small offset between the DMB values (about 0.02 g/cm 3 ) is expected as there was about 0.5 keV difference on the beam energy and two different beamlines and imaging setups were used. Despite the range of variation of DMB is relative small (Figure 5.4), the DMB values should be precise enough to reveal its potential correlations with bone matrix elastic properties.

The average values of most of bone matrix stiffness constants and Young's moduli agree well with the values reported in previous studies measured on human femoral bone as well [START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF][START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF][START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF]. Specifically, the average values of C m 33 , C m 44 , C m 66 and all the engineering moduli fall inside the range of values measured by SAM and nano-indentation (Table 5.5). For C m 11 and the two off-diagonal coefficients C m 13 and C m 12 , our values are a bit higher. Note that, compared to the studies of [START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF] and [START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF], our data were retrieved on a large number of subjects and no further important assumptions other than assuming transverse isotropic elastic symmetry for bone matrix is made in our method. The method proposed by [START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF] for SAM relies both on some empirical laws (relating acoustic impedance to several stiffness constants) and idealized micromechanical models (for the off-diagonal coefficients) to retrieve the elastic tensor. The method proposed by [START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF] for nano-identation incorporates an indenter shape-dependent model [START_REF] Swadener | Indentation of elastically anisotropic half-spaces by cones and parabolae of revolution[END_REF]) and fabric tensor which relies on several important assumptions regarding the fibers organization and simplified intrinsic material model definition which probably bias the results of some coefficients. For instance, our data and the data from [START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF] respect the inequality relation ν 23 < ν 31 < ν 12 noted in [START_REF] Cowin | Bone mechanics handbook[END_REF], while not the data from [START_REF] Franzoso | Elastic anisotropy of human cortical bone secondary osteons measured by nanoindentation[END_REF]. In addition, thanks to the efficiency of RUS measurements and FFT homogenization, we were able to provide for the first time the entire bone matrix elastic tensor in a large series of specimens. Not surprisingly, the RMSEs from calibration are greater than from optimization. This is because of the coupling effects between the effective stiffness constants and bone matrix stiffness constants. The calibration approach does not consider the coupling (although rather weak as mentioned in Section 5.2.6.2) between a specific effective stiffness constant and the four matrix stiffness constants other than its counterpart, whereas the optimization approach takes all the coupling between the coefficients into account, i.e., it allows more degrees of freedom. Therefore, it is expected that the optimization approach would produce smaller RMSEs. As noted in Figure 5.5 and mentioned in Section 5.3.3, weak but significant correlations were found between the RMSEs and porosity after removing the five outliers, this relationship was induced by the fact that for some specimens, especially when porosity increases, the elastic symmetry of the effective elasticity was actually predicted to orthotropy, whereas transverse isotropic elasticity was measured by RUS and assumed for the inversion. Hence, the more is the orthotropy the greater the RMSE. However, we need to stress that our assumption of transverse isotropic effective elasticity is sufficient because the relative difference between C F F T 11 and C F F T 22 , and between C F F T 44 and C F F T 55 were all less than 3% (mean±SD= 0.4 ± 1.0% and 0.6 ± 1.0% for the former and latter, respectively).Further, this point has been proved by the fact that the RMSEs are all less than 1% for the optimization approach and less than 3% for the calibration approach. Due to the aforementioned reasons, it is quite normal that there is not significant difference between the bone matrix stiffness constants obtained by the two approaches (Figure 5.6) and the effective stiffness constants match well with the experimental ones (Table 5.1). The reason why the effective elasticity of many bone specimens is orthotropic is related to the pore shape because real pores (Haversian canals) in cortical bone usually do not have perfect circular cross sections, especially for the resorption cavities, and they are interconnected by Volkmann's canals. In a parallel work, we found that the degree of the anisotropy of elasticity on the transverse plane is significantly correlated with pore shape defined as the average ratio between pore axis length in circumferential and radial directions.

An encouraging finding which also serves as a kind of validation of the inverse homogenization is that we found significant positive correlations between DMB and almost all the bone matrix elastic properties (Figure 5.7 and 5.8) despite the relatively small range of variations of DMB data. Compared with the correlations found before, between DMB and acoustic impedance [START_REF] Raum | Site-matched assessment of structural and tissue properties of cortical bone using scanning acoustic microscopy and synchrotron radiation µct[END_REF] and elastic moduli [START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF] from indentation experiments, the correlations with compression stiffness constants in our work are a bit smaller. But the correlations between DMB and the shear stiffness constants which have not been reported before are much stronger. This is consistent with the fact that shear stiffness constants are more accurately measured by RUS (Cai et al., 2017b). For the compression stiffness constants, we also would like to remind the readers that our data are 'mean' values which represent and average over the whole studied volume, whereas theirs [START_REF] Raum | Site-matched assessment of structural and tissue properties of cortical bone using scanning acoustic microscopy and synchrotron radiation µct[END_REF][START_REF] Bala | Bone micromechanical properties are compromised during long-term alendronate therapy independently of mineralization[END_REF] were local and reflect the properties in the superficial layer in bone tissue. Furthermore, we found negative correlations between DMB and the Poisson's ratios which was not reported before, but there is a lack of correlation with E m 3 . By the sensitivity analysis between Young's moduli and the stiffness constants, it was found that this may be related to the relatively bigger uncertainties of compression and off-diagonal stiffness constants and their specific range of values (see the equations in the appendix of [START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]) within the range of DMB values. Specifically, the positively accumulated contribution of C m 11 and C m 33 may be just cancelled out by the negative contribution of C m 13 . Another aspect to be noticed is that the measurements made before only reflect the superficial elasticity, but our data are all volumetric quantities which should be more representative. Also, because bone matrix properties in the adult, especially DMB and elasticity, vary in a relatively small range (only a few percents) [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF], the correlations are vulnerable to experimental errors and hence it demands high precision in the experiments in order to reveal the underlying relationships. That is why we used state-of-the-art techniques, such as RUS to measure bone elasticity on the one hand and SR-µCT to measure bone microstructure on the other hand. Moreover, previously studies have shown that fibrillar orientation also plays an important role in determining local microelastic properties of bone tissue [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF][START_REF] Schrof | Multimodal correlative investigation of the interplaying micro-architecture, chemical composition and mechanical properties of human cortical bone tissue reveals predominant role of fibrillar organization in determining microelastic tissue properties[END_REF], i.e., DMB is not the sole determinant of bone matrix elasticity hence it is expected that DMB would not perfectly correlates with bone matrix elasticity. See also a stochastic simulation revealing the expected range of correlation coefficients in Appendix D.2 based on the experimental data. Herein, we insist that the correlations found are realistic and our results further provide an unique set of empirical laws between DMB and the anisotropic bone matrix elasticity (Table 5.4) which has never been reported before.

Given the empirical laws between DMB and bone matrix elasticity, we hypothesize that DMB can be a surrogate of bone matrix elasticity. Hence it can be used to predict and should be related to the mechanical behavior of bone matrix. But due to the lack of correlation between DMB and E m 3 we directly used the specimen-specific bone matrix engineering moduli in the calculation with FEM. The loading force was applied in main loading (axial) direction of bone and the value was set to 600 N in the transverse area (about 12 mm 2 ) which corresponds to 50 MPa stress, much less than the ultimate stress (150-200 MPa) measured on human cortical bone [START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF][START_REF] Zimmermann | Age-related changes in the plasticity and toughness of human cortical bone at multiple length scales[END_REF]. Normal distribution of the microstrain ε m was observed among the specimens and its range of variation is comparable to that of bone matrix elastic properties (Figure 5.9). The mean value of ε m 33 found in our work is about 2.6 times of the values used for the prescribed strain on osteocytes in [START_REF] Varga | Synchrotron x-ray phase nano-tomographybased analysis of the lacunar-canalicular network morphology and its relation to Bibliography the strains experienced by osteocytes in situ as predicted by case-specific finite element analysis[END_REF], and about 2.1-6.3 times of the macro-scale deformation of long bones measured in vivo in normal activities [START_REF] Burr | In vivo measurement of human tibial strains during vigorous activity[END_REF][START_REF] Yang | What do we currently know from in vivo bone strain measurements in humans?[END_REF]. Note that we are not certain whether 50 MPa stress value corresponds to the value experienced by human cortical bone during normal activity, but the microstrain can be easily calculated given another stress value because strain is proportional to the applied stress for a given material. Nevertheless, the variation of the microstrain, whose CV=8.2% is of the same order of magnitude as that of the bone matrix elasticity, should not change. Interestingly, negative correlation between ε m 33 and DMB, i.e., the more mineralized is the bone the less compressible it is, which is an expected result.

It is worthy to mention some limitations in this study. Homogeneous bone matrix properties were assumed in this work, although there are evidence that bone matrix properties are heterogeneous depending on the local variations of the degree of mineralization and microfibril orientation [START_REF] Granke | Microfibril orientation dominates the microelastic properties of human bone tissue at the lamellar length scale[END_REF], e.g., see the differences of elastic modulus between osteonal and interstitial region in cortical bone [START_REF] Rho | Elastic properties of microstructural components of human bone tissue as measured by nanoindentation[END_REF][START_REF] Rho | Microstructural elasticity and regional heterogeneity in human femoral bone of various ages examined by nano-indentation[END_REF]. Though it has been shown in trabecular bone that the effective elastic properties only changed about 2% considering an heterogeneous model [START_REF] Gross | Mineral heterogeneity has a minor influence on the apparent elastic properties of human cancellous bone: a srµctbased finite element study[END_REF], such an effect has not been checked in cortical bone which needs further investigation. Another important limitation is that we compared the bone matrix stiffness constants from inverse homogenization with the volumetric values of DMB, but not directly with the bone matrix stiffness constants measured by another technique such as SAM and nano-indentation. We would like to remind the readers that such a direct comparison would be difficult, because SAM can only measure superficial properties and nanoindentation only provides regional and superficial properties as well. A possible and reasonable way for such a direct comparison of matrix stiffness constants would be to find some material of homogeneous matrix but complex microstructure like bone (through 3D printing for example) and to carry out direct measurements (SAM, nanoindentation) on such specimens and compare.

Conclusion

To conclude, we proposed an inverse homogenization method that can evaluate bone matrix anisotropic elastic properties at several tenths micrometer scale, with a good accuracy (< 4%) for all the stiffness constants, as well as empirical laws between DMB and bone matrix anisotropic stiffness constants for the first time. Based on the determined bone matrix elasticity data, we investigated the possible range of the microstrain experienced by bone matrix whose CV was about 8.2%. This work opens the way to better evaluate and understand bone mechanical behaviour at the micrometer level, such as the microstrain that can be sensed by osteocytes and builds the bridge to comprehensively investigate the connections between bone anisotropic properties at the millimeter and micrometer scale, and between the anisotropic microelastic properties and the characteristics at the nanometer scale.

Chapter 6

Cortical bone elasticity measured by resonant ultrasound spectroscopy is not altered by defatting and synchrotron X-ray imaging

This chapter is a published research article (X. Cai, L. Peralta, A. Giron, L. Helfen, C. Olivier, F. Peyrin, P. Laugier, and Q. Grimal. Cortical bone elasticity measured by resonant ultrasound spectroscopy is not altered by defatting and synchrotron xray imaging. Journal of the Mechanical Behavior of Biomedical Materials, 72:241-245, 2017). The full text of the article is reproduced here with no addition and no modifications except in the form.

This chapter presents an ancillary study of the work conducted under the umbrella of the MULTIPS project. According to the regulation at the European Synchrotron Radiation Facility, bone specimens must be chemically defatted (also a popular way to preserve bone specimens for a long time) to prevent contamination before SR-µCT imaging. Furthermore, SR-µCT involves X-ray irradiation on the samples as well. We took this opportunity to investigated whether the defatting protocol and the irradiation would affect bone stiffness measured by resonant ultrasound spectroscopy.

Introduction

Structure-function relationships of bone have been intensely studied in the past decades, particularly with the availability of X-ray-based micro-computed tomography (µCT) techniques allowing a detailed quantification of bone microstructure. Among these, µCT imaging techniques using X-ray synchrotron sources (SR) can deliver high resolution images of bone with increased signal-to-noise ratio and less beam hardening effects and less beam artifacts compared to laboratory-based µCT imaging devices [START_REF] Peter | Synchrotron radiation micro-CT imaging of bone tissue[END_REF]. In that vein, coupling mechanical tests with SR-µCT is a powerful method to investigate the relationships between microstructure and mechanical properties in bone [START_REF] Akhtar | Elastic strains in antler trabecular bone determined by synchrotron x-ray diffraction[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. Common limitations of such studies are the artifacts potentially introduced by the experimental protocol used, including sample preparation steps and measurements. These procedures may alter to a greater or lesser extent the tissue structure and, therefore, have impact on the final outcome of the studies.

To experimentally measure mechanical properties of human bone, specimens must be preserved and may be defatted to prevent contamination and the risk of infections. Generally, deffating is done by chemical fixation, using different products such as ethanol and formalin [START_REF] Wieding | Influence of three different preservative techniques on the mechanical properties of the ovine cortical bone[END_REF][START_REF] Stefan | Effects of three different preservation methods on the mechanical properties of human and bovine cortical bone[END_REF]. Many studies have investigated the influence of these preservation methods on some particular bone mechanical properties such as the Young's modulus [START_REF] Haimi | The effect of chemical cleansing procedures combined with peracetic acid-ethanol sterilization on biomechanical properties of cortical bone[END_REF][START_REF] Linde | The effect of different storage methods on the mechanical properties of trabecular bone[END_REF] and fracture toughness [START_REF] Smith | Influence of storage duration on retention of original fracture toughness[END_REF]. Formalin affects post-yield behaviour, increases hardness and reduces toughness, while controversial effects on elasticity have been reported when ethanol was used [START_REF] Sedin | A rheologic model for cortical bone[END_REF][START_REF] Linde | The effect of different storage methods on the mechanical properties of trabecular bone[END_REF][START_REF] Stefan | Effects of three different preservation methods on the mechanical properties of human and bovine cortical bone[END_REF]. Nevertheless, in all these studies, different chemical composition was used and the properties were measured by destructive mechanical tests [START_REF] Smith | Influence of storage duration on retention of original fracture toughness[END_REF][START_REF] Stefan | Effects of three different preservation methods on the mechanical properties of human and bovine cortical bone[END_REF].

The effect of irradiation is also a concern. Previous studies have reported that gamma irradiation doses of 25 kGy, i.e., the standard dose for sterilization, significantly reduce the high-cycle fatigue life of allograft bone tissues [START_REF] Islam | Gamma radiation sterilization reduces the high-cycle fatigue life of allograft bone[END_REF] and the strength of human cortical bone, while Young's modulus measured in three-point bending does not seem to be significantly affected [START_REF] Currey | Effects of ionizing radiation on the mechanical properties of human bone[END_REF][START_REF] Nguyen | Sterilization of allograft bone: effects of gamma irradiation on allograft biology and biomechanics[END_REF]. Similar results have also been reported using X-ray irradiation [START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF], being used in bone imaging techniques.

Most of the studies are limited to the investigation of the effect of irradiation or specimen preparation to the Young's modulus in the longitudinal direction [START_REF] Stefan | Effects of three different preservation methods on the mechanical properties of human and bovine cortical bone[END_REF][START_REF] Kaminski | Effect of gamma irradiation on mechanical properties of human cortical bone: influence of different processing methods[END_REF][START_REF] Haimi | The effect of chemical cleansing procedures combined with peracetic acid-ethanol sterilization on biomechanical properties of cortical bone[END_REF][START_REF] Currey | Effects of ionizing radiation on the mechanical properties of human bone[END_REF][START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF]. However, since cortical bone is a typical anisotropic material, quantifying a single modulus is not sufficient to fully characterize the elastic behavior. This is the aim of the present study to quantify the possible effects of typical defatting and SR-µCT imaging conditions on human cortical bone elasticity. To this goal, resonant ultrasound spectroscopy (RUS) is used. RUS is a non destructive technique that allows one to characterize the same samples in native state (before any chemical or irradiation alteration), defatted state and after irradiation. Furthermore, RUS provides the elastic tensor of cortical bone [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF], that is, the five elastic coefficients of the transversely isotropic material, and not only Young's modulus as in previous studies.

Materials and methods

Specimens

Bone specimens were harvested from the left femur of 12 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. The tissue donors or their legal guardians provided informed written consent to give their tissue for investigations, in accord with legal clauses stated in the French Code of Public Health. Among the 12 donors, 8 were females and 4 were males (50 -91 years old, 72.6 ± 13.0, mean±SD). The fresh material was frozen and stored at -20 • C.

The samples were slowly thawed and then, for each femur, approximately a 10 mm thick cross section was cut perpendicular to the bone axis from the middiaphysis. Then, using a water-cooled low-speed diamond wire saw (Model 3241, Well, Lyon, France), two rectangular parallelepiped shaped specimens were prepared in the lateral and medial anatomical quadrants of each cross section, which led to a set of 24 specimens. The nominal specimen size was 3×4×5 mm 3 in radial (axis 1), circumferential (axis 2) and axial direction (axis 3), respectively, defined by the anatomic shape of the femoral diaphysis. All specimens were kept hydrated during sample preparation.

Elasticity measurements by resonant ultrasound spectroscopy

The elastic tensor, assuming a transversely isotropic symmetry was assessed by RUS. Here, the indices of the elastic tensor are written with the Voigt notation,

C ij =            C 11 C 12 C 13 0 0 0 C 12 C 11 C 13 0 0 0 C 13 C 13 C 33 0 0 0 0 0 0 C 44 0 0 0 0 0 0 C 44 0 0 0 0 0 0 C 66            , ( 6.1) 
where C 12 = C 11 -2C 66 and (1-2) is the isotropy plane; C 11 and C 33 are longitudinal elastic coefficients and C 44 and C 66 represent shear elastic coefficients. RUS was conducted following [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF][START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF]. Briefly, the elasticity measurements by RUS are described as follows. A bone specimen was held by two opposite corners between two ultrasonic transducers (V154RM, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration. The frequency response of the vibration in the frequency range 100-500 kHz, tuned so as to measure the 30-40 first resonant frequencies, was recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria) and a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany). Six consecutive measurements were performed on each specimen. Between each measurement, the specimen was turned with a slightly different orientation in order to maximize the number of detectable resonant frequencies. Then, the resonant frequencies of the specimen were extracted from the six measured responses using the method dedicated to high damping ma-terial [START_REF] Lebedev | Method of linear prediction in the ultrasonic spectroscopy of rock[END_REF]. Finally, knowing the apparent mass and dimensions of each specimen, the elastic coefficients were automatically calculated by solving the inverse problem formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF]. This RUS protocol usually yields a precision of 0.4% for C 44 and C 66 , 3% for C 11 and C 33 , 5% for C 13 [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF].

Bone defatting

Bone specimens were defatted following a protocol that prevents the risk of infections and allows the sample conservation at room temperature. Briefly, the procedure consists of the following steps: (1) rinsing in saline at ambient temperature;

(2) defatting for 18h using a chemical bath of diethylether and methanol (1:1) at room temperature; (3) draining off the excess of chemical fluids on absorbent paper; and (4) rinsing by sonicating with distilled water in a temperature-controlled ultrasonic bath. After this procedure, defatted specimens were kept separately in a tube filled with saline and preserved in a fridge at 4 • C. This procedure was used previously in ex-vivo studies such as [START_REF] Tang | Rapid and reliable method for the determination of aluminium in bone by electrothermal atomic absorption spectrometry[END_REF][START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF]. In our experience, samples defatted using the above procedure can be measured in synchroton facilities as they comply with safety regulations.

Synchrotron radiation microtomography

SR-µCT imaging was performed on the beamline ID19 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). This SR-µCT setup is based on a 3D parallel beam geometry acquisition [START_REF] Salomé | A synchrotron radiation microtomography system for the analysis of trabecular bone samples[END_REF][START_REF] Weitkamp | Status and evolution of the esrf beamline id19[END_REF].

A full set of 2D radiographic images were recorded using a CDD detector (Gadox scintillator, optic lenses, 2048×2048 Frelon Camera) by rotating the sample in 1999 steps within a 360 • range of rotation. The detector system was fixed to get a pixel size of 6.5 µm in the recorded images in which a region of interest of 1400×940 was selected to fit the sample. The aim was to assess bone mineral density and the vascular network of the microarchitecture of cortical bone. Then, the bone images were binarized by selecting a single threshold to assess bone porosity.

The beam energy was tuned to 26 keV. Due to the limited beamline time at the ESRF facilities, half of the specimens were scanned in monochromatic configuration by using a (Si111) double crystal monochromator (total scan time ∼55 min/specimen) and the rest were scanned in pink beam configuration (total scan time ∼15 min/specimen). The total dose received by the specimen was estimated to be 0.5 kGy for monochromatic scanning and 2.5 kGy for pink scanning.

Experimental Protocol

The experimental protocol is depicted in Figure 6.1 and includes: (1) RUS measurements of the elastic coefficients (C N ij ) on the 24 native specimens right after sample preparation; (2) the same set of specimens were defatted as detailed in section 6. RUS measurements were conducted on fully hydrated bone specimens at room temperature (monitored between 20-24 • C). In the range of the monitored temperature, the variations of the elastic coefficients measured by RUS are expected to be small. The mass density ρ (mg/mm 3 ) was deduced from the measured mass (precision ± 0.1 mg) and dimensions (precision ± 0.01 mm).

Statistics

Data was analyzed to reveal possible differences of elastic coefficients in the three measurement states : native (N), defatted (D), and after defatting and SR-µCT imaging (D+R). Elastic coefficients were analyzed using a mixed linear model with state (N, D, D+R) as the fixed effect and specimen as the random effect. Homoscedascity was checked and variance components were extracted to evaluate inter-specimen and inter-state variability as well as possible interactions. At last Bland-Altman plots were used to report any possible bias [START_REF] Bland | Statistical methods for assessing agreement between two methods of clinical measurement[END_REF].

Statistical analysis were carried out using Matlab Statistics Toolbox Release 2014a (The MathWorks Inc., Natick, Massachusetts, United States) and JMP R Pro, Version 12 (SAS Institute Inc., Cary, NC, 1989[START_REF] Rayfield | Finite element analysis and understanding the biomechanics and evolution of living and fossil organisms[END_REF]. All results are expressed as mean ± standard deviation. Data were considered statistically significant for p < 0.05.

Results

Mass density of the specimens ranged from 1.75 mg/mm 3 to 1.98 mg/mm 3 . Elasticity was successfully assessed by RUS in all groups. An average of 23 resonant frequencies were obtained from the measured spectra of each specimen. The mean error between predicted and measured frequencies was 0.5%.

Mean and standard deviation of the measured elastic coefficients are given in Table 6.1. Multiple comparison of means did not show significant difference between the different states either for any of the elastic coefficients. We may observe that variance in elastic coefficients are mostly explained by the inter-specimen variability (Table 6.2). In addition, the Young's modulus and Poisson ratios of the different states also show no significant difference. The degree of agreement between native and defatted specimens and between native and irradiated specimens is also described by the Bland-Altman plots. Figure 6.2 shows the corresponding Bland-Altman plots for the coefficient C 33 . There was no bias and the mean and standard deviation of differences appeared to be constant throughout the range of elasticity values. Similar results were obtained for the rest of the elastic coefficients (results not shown). 

Discussion

Linking the bone mineral density and micro-architecture assessed by SR-µCT with bone mechanical properties is a necessary step to understand structure-function relationships in bone. When the mechanical test is destructive, imaging is preferentially conducted first. Comparing the quantitative results of different studies using different conservation (sterilization) and irradiating imaging protocols necessitates a documentation of the possible effects of the steps of the protocol on mechanical properties.

In this study the entire set of elastic coefficients of 24 cortical bone samples were measured by RUS at the three different states: native, defatted and irradiated. Our results show that the used defatting protocol and irradiation dose have no detectable effect on any of the elastic coefficients of cortical bone measured by RUS.

Finding a general answer to the influence of the chemical defatting methods on bone elastic properties is difficult because different chemical products and bones have been used by different authors. The most used chemical products in bone fixation include formalin and alcohol (ethanol or methanol). There is a lack of consensus about the effects on the mechanical properties [START_REF] Cowin | Bone mechanics handbook[END_REF]. Fixative solutions like formalin was reported to make bone tissue stiffer [START_REF] Burkhart | Influence of formalin fixation on the biomechanical properties of human diaphyseal bone[END_REF], or less stiff (Öhman et al., 2008), or to have no effect on elastic properties [START_REF] Van Haaren | Effect of long-term preservation on the mechanical properties of cortical bone in goats[END_REF][START_REF] Wieding | Influence of three different preservative techniques on the mechanical properties of the ovine cortical bone[END_REF]. Fixation using ethanol [START_REF] Linde | The effect of different storage methods on the mechanical properties of trabecular bone[END_REF] or alcohol-glycerine [START_REF] Stefan | Effects of three different preservation methods on the mechanical properties of human and bovine cortical bone[END_REF] was found to have no significant effect on trabecular and cortical bone elastic properties. It has also been noted that elephant dentin samples fixed with methanol, compared to ethanol, have a closer mechanical behavior to the unfixed samples and as revealed by ultraviolet Raman spectroscopy, the chemical compositions spectra of the methanol-fixed ones are closer to the unfixed ones [START_REF] Nalla | Effects of polar solvents on the fracture resistance of dentin: role of water hydration[END_REF].

In this study, we investigated the influence of a simple defatting procedure using diethylether and methanol, that has been used for several years in our laboratory. In our experience, the samples processed following this protocol could be stored at room temperature for a long time without damage. While we did not check the fat content after defatting, we believe the procedure is sufficient to remove the lipid from the samples. Our results show that our defatting protocol does not alter anisotropic elasticity of cortical bone measured in a hydrated state.

In X-ray synchrotron tomography experiments on bone, the radiation doses can vary a lot depending on the synchrotron source and the experimental imaging conditions selected on the beamline (insertion device, energy bandwith, exposure time, spatial resolution and scintilator ...). The effect that X-ray synchrotronsource irradiation has on the the structure and mechanical properties of human cortical bone has been previously studied at a wide range of irradiation doses, from 0.05 to 630 kGy [START_REF] Barth | On the effect of x-ray irradiation on the deformation and fracture behavior of human cortical bone[END_REF][START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF]. It was found irradiation doses higher than the called "safe" threshold dosage for bone allografts (∼ 25-35 kGy), can have a deleterious impact on the post-yield behavior, such as bending strength and toughness and after exposure to an irradiation dose of 210 kGy the fracture toughness can be reduced by five times [START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF]. However, the Young's modulus measured in compression/tension or three-point bending, does not seem to be significantly affected. In our SR-µCT experiments, the irradiation dose received for imaging bone porous network was estimated to be 0.5 kGy for monochromatic scanning and 2.5 kGy for pink scanning, which is in the lower range of the doses investigated by [START_REF] Barth | On the effect of x-ray irradiation on the deformation and fracture behavior of human cortical bone[END_REF][START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF]. Consistent with their results, we found no significant effect of the irradiation on the Young's modulus, nor on the other elastic constants.

The main constituents of bone material, i.e., water, organics (mainly collagen) and mineral, determine the mechanical properties of bone. Any physical and/or chemical damage to these constituents are likely to be reflected by the alteration of the mechanical properties. It was reported that damaged collagen is associated to a degradation of toughness and strength [START_REF] Currey | Role of collagen and other organics in the mechanical properties of bone[END_REF]. Also, the high-cycle fatigue life of human bone was found to decrease by more than 15-fold after Gamma radiation sterilization (dosage between 25-27 kGy) which was attributed to the damage to the collagen matrix [START_REF] Islam | Gamma radiation sterilization reduces the high-cycle fatigue life of allograft bone[END_REF]. Indeed, [START_REF] Barth | Characterization of the effects of x-ray irradiation on the hierarchical structure and mechanical properties of human cortical bone[END_REF] found that, after X-ray irradiation, the collagen environment (Amide I-III) is significantly modified after enduring 70 kGy of radiation which was associated with an increased incidence of specific cross-linking caused by the loss of bounded water molecules. However, the irradiation dose smaller than 70 kGy is unlikely to have much effect on mineral [START_REF] Currey | Role of collagen and other organics in the mechanical properties of bone[END_REF]. As is evident from the elastic moduli of collagen (∼1.5 GPa) and hydroxyapatite (∼114 GPa) [START_REF] Zioupos | The role of collagen in the declining mechanical properties of aging human cortical bone[END_REF], some have suggested that collagen may not be a critical contributor to bone stiffness [START_REF] Burr | The contribution of the organic matrix to bone's material properties[END_REF]. In the present study, the mineral content of the samples are unlikely changed during SR-µCT scanning or defatting which may explain why bone elasticity measured by RUS has not been modified.

Conclusion

We have shown that cortical bone elastic properties are not significantly affected by the defatting protocol and a X-ray synchrotron radiation dose of less than 2.5 kGy used for imaging bone vascular pores and quantifying mineral content at 6.5 µm voxel size. These findings complete previous results limited to the effects on elasticity in one direction, i.e. one Young's modulus, and also confirm that the defatting protocol and SR-µCT imaging can be performed before measuring bone elastic properties, if necessary.

Chapter 7

Assessment of trabecular bone tissue elasticity with resonant ultrasound spectroscopy

This chapter is a published research article (H. Daoui, X. Cai, F. Boubenider, P. Laugier, and Q. Grimal. Assessment of trabecular bone tissue elasticity with resonant ultrasound spectroscopy. Journal of the Mechanical Behavior of Biomedical Materials, 74:106-110, 2017). The full text of the article is reproduced here with no addition and no modifications except in the form.

This chapter presents another ancillary study inspired by the idea that trabecular bone tissue elasticity can be back-calculated using the finite elemement model of a bone specimen and the mesoscopic elasticity measured by mechanical testing [START_REF] Van Rietbergen | Determination of trabecular bone tissue elastic properties by comparison of experimental and finite element results[END_REF]. In this work, a novel method to measure trabecular tissue elastic modulus according to the first mechanical resonant frequency of a freestanding cuboid specimen using RUS and its microstructure which avoids mechanical testing is proposed.

Introduction

The material properties of the trabeculae (tissue-level properties), together with the trabecular architecture and the bone volume fraction determine the apparent mechanical properties of trabecular bone at the scale of several millimetres [START_REF] Cowin | Bone mechanics handbook[END_REF]. These properties change during growth [START_REF] Boskey | Aging and bone[END_REF] and possibly in adult life in response to changes in loading conditions, or due to pathologies [START_REF] Brennan | Biomechanical properties across trabeculae from the proximal femur of normal and ovariectomised sheep[END_REF][START_REF] Oftadeh | Biomechanics and mechanobiology of trabecular bone: a review[END_REF]. Also, tissue-level properties are required as input for numerical bone models based on high resolution imaging [START_REF] Van Rietbergen | A survey of micro-finite element analysis for clinical assessment of bone strength: The first decade[END_REF].

Although many studies have been devoted to measure the elastic properties of trabeculae, it remains technically challenging and demanding to quantify these properties. Nanoindentation [START_REF] Zysset | Elastic modulus and hardness of cortical and trabecular bone lamellae measured by nanoindentation in the human femur[END_REF] and acoustic microscopy [START_REF] Raum | Microelastic imaging of bone[END_REF] require fine surface preparation (polishing) and give only local values of elasticity which may not be representative of the specimen and depend on the probing direction. Similarly, elasticity values obtained from a bending test [START_REF] Choi | The elastic moduli of human subchondral, trabecular, and cortical bone tissue and the size-dependency of cortical bone modulus[END_REF][START_REF] Szabó | Mechanical properties of single bovine trabeculae are unaffected by strain rate[END_REF] or an ultrasonic test [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF] of an individual trabeculae may not be representative of larger volumes of the tissue. An alternative approach is to back-calculate the tissue-level elastic properties using experimental data of a mechanical test of a specimen of several millimetres (van Rietbergen et al., 1995a;[START_REF] Ladd | Finite-element modeling of trabecular bone: Comparison with mechanical testing and determination of tissue modulus[END_REF]. That is, the value of trabecular tissue Young's modulus E t is obtained by fitting the response of a micro-finite element (µ-FE) model to the apparent macroscopic modulus E of a specimen. As opposed to previously mentioned approaches, tissue modulus E t obtained this way is representative of the entire specimen's volume.

Simulations using µ-FE methods has become a standard procedure to obtain in silico apparent trabecular bone properties [START_REF] Niebur | Highresolution finite element models with tissue strength asymmetry accurately predict failure of trabecular bone[END_REF][START_REF] Verhulp | Indirect determination of trabecular bone effective tissue failure properties using micro-finite element simulations[END_REF]. However, the accuracy and precision of mechanical testing to obtain E is limited and may critically depend on experimental boundary conditions and specimen size [START_REF] Keaveny | Systematic and random errors in compression testing of trabecular bone[END_REF]. Also, mechanical testing may be destructive because rather larger strains are induced to increase precision.

The steps of the method are (1) the first free-vibration resonance frequency f e of a cuboid specimen is measured; (2) apparent stiffness tensor C( Ẽt ) are computed using µ-FE for a set of trial values of tissue Young's modulus Ẽt ; (3) the freevibration resonance frequencies f m ( Ẽt ) of a model of the vibrating specimen are calculated using the set of tensors C( Ẽt ); (4) finally, the actual tissue modulus E t is obtained by interpolation using f e and f m ( Ẽt ). In order to demonstrate the feasibility of the technique, we measured four bovine specimens taken from a single femoral head.

Method

Specimens

Four rectangular parallelepipeds (RP) specimens of bovine bone were prepared from the femoral head of a bovine obtained from a local butcher. The bovine was about two years old. In between preparation steps, specimens were stored at -20 • C. The femoral head was excised from the femur and the soft tissues were removed manually. RP specimens were prepared using a linear saw (Isomet 4000, Buehler GmbH, Dusseldorf, Germany) under continuous irrigation. During cutting, care was taken to obtain, for each specimen, pairs of parallel faces in three orthogonal directions. The specimens were pure trabecular bone and did not contain cortical bone parts as could be verified on micro-CT images. The orientation of the specimen with respect to anatomical axes was not controlled as the method introduced in this paper does not require any assumption on trabecuae orientation. Specimens were defatted for 12h in a chemical bath of diethylether and methanol (1:1) and washed with saline water. This protocol does not modify bone elasticity (Cai et al., 2017a). After deffating, specimens were stored at ambient temperature in phosphate-buffered saline solution (Gibco, cat. no. 70011044). Specimen dimensions were determined using an electronic calliper (±0.02 mm precision). The smallest specimen dimensions were (4.93×5.58×5.83) mm 3 and the largest were (4.90×6.04×6.10) mm 3 . Mass was measured with a scale (precision ±0.1 mg). Table 7.1 gives the dimension and mass of all specimens.
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Image acquisition and processing

The specimens were imaged using a desktop micro-CT system (Skyscan 1172, Bruker, Kontich, Belgium), with a field of view of 2000×2000 pixels, a source voltage 80 kV, current 100 µA, and rotation step 0.3 • over a 360 • rotation. An isotropic voxel size of 9 µm was used. Images were reconstructed using a filtered back-projection algorithm (NRecon software, V 1.6.9, Skyscan NV, Kontich, Belgium).

After reconstruction, images were processed using ImageJ [START_REF] Schneider | Nih image to imagej: 25 years of image analysis[END_REF]: the pixel size was doubled to reduce image size; images were segmented with Otsu method, rotated and cropped in order to obtain specimen's faces aligned with the image frame.

RUS measurements

Specimens were taken out of the saline solution five to six hours before the RUS measurement. Any water between the trabeculae was removed with an air jet and absorbent paper. RUS measurements were conducted following the method and apparatus introduced by [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]. Briefly, the specimen was placed between a pair of shear ultrasonic transducers (V154RM, Panametrics, Waltham, MA), one acting as an emitter and the second one as a receiver (Fig. 7.1). Quasi stress-free boundaries conditions are achieved by placing the specimen on the transducers on two opposite corners and minimizing the force acting on the specimen. The force applied was not monitored but a single trained operator conducted all the measurements; accordingly we assume that the specimens were measured with comparable boundary conditions very close to free standing. A vectorial network analyser (Bode 100, Omicron electronics GmbH, Klaus, Austria) was used to record the frequency spectrum (phase and magnitude) of the specimen between 20 and 140 kHz with 50 Hz resolution. The receiver output signal was preconditioned before record- ing by a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany).

RUS measurement of one specimen consisted in a series of 8 spectra acquisitions: the specimen was successively maintained by each of the four pairs of opposite corners and two spectra were acquired for each case, with a rotation of 90 • of the specimen in between. The purpose of this procedure is to maximize the chance to excite the first vibration mode and to account for the possible small variability of the resonance frequency according to the specimen position.

For each specimen, the frequency f e of the first peak was estimated from the 8 spectra acquisitions of a series. A typical acquisition of a series of eight spectra is shown in Fig. 7.2. In preliminary measurements, we found that for the different specimens, the first resonant frequency could not be identified for all spectra of an acquisition series. Typically in one to three acquisitions in a total of eight, the peak due to the first resonance could not be observed, likely because the corresponding eigenmode was weakly excited. To account for this, f e was calculated as the average of the frequency of the three peaks of larger amplitude.

µ-FE and model frequency calculation

Specimens' CT scans were converted into FE models using direct voxel to element conversion in FAIM software (FAIM version 7.1, Numerics88 Solutions, Calgary, Canada). The size of the hexahedral elements was 18µm. This operation includes removing non connected voxels. In our model, isotropic tissue elastic properties were assumed. All bone voxels were given a Young's modulus Ẽt . Trial values of Ẽt for µ-FE models were between 4 and 20 GPa. Preliminary tests showed that the influence of the value of Poisson's ratio on the calculated first resonant frequency was negligible. Accordingly, a unique Poisson's ratio value of 0.3 was used for all calculations. Six different uniaxial strains were successively applied to each specimen following the Direct Mechanics method (van Rietbergen et al., 1996b) as implemented in FAIM. This resulted in apparent stiffness tensors C( Ẽt ). In 6×6 matrix form, these tensors had in general 21 non zero elastic coefficients because of the arbitrary orientation of the specimen cut with respect to the trabecular organization.

Rayleigh-Ritz method [START_REF] Ohno | Free vibration of a rectangular parallelepiped crystal and its application to determination of elastic constants of orthorhombic crystals[END_REF][START_REF] Sedlák | Determination of all 21 independent elastic coefficients of generally anisotropic solids by resonant ultrasound spectroscopy: Benchmark examples[END_REF] which is traditionally used to process RUS data, was used to calculate the first free vibration resonant frequency of each specimen for the different values Ẽt . Namely, for each trial value Ẽt , the frequencies f m ( Ẽt ) were calculated given the specimen's mass, dimensions, and stiffness tensor C( Ẽt ). Using linear interpolation, the actual tissue modulus E t of a specimen was deduced from f m ( Ẽt ) and the frequency f e from the RUS measurement. Data analysis was conducted with Matlab 2014b (The Mathworks Inc., Natick, MA, USA).

Results

The average bone volume fraction reported as bone volume divided by total volume (BV /T V ) after removing non-connected voxels was 0.27±0.02. The first resonant frequency f e , which depends both on the dimensions and the apparent properties of the specimen, were in the range [50.9, 66.5] kHz. The precision of the frequency estimation of the peak was obtained by conducting four measurements of the peak for the four specimens. The resulting precision of f e (average of three peak frequencies) was 1.17% [START_REF] Glüer | Accurate assessment of precision errors: how to measure the reproducibility of bone densitometry techniques[END_REF].

For all specimens, the calculated first resonant frequency f m had a monotonic and smooth dependence in Ẽt (Fig. 7.3) and a linear interpolation was sufficient to back-calculate E t from the experimental frequency f e . Table 7.2 reports the calculated E t for all the specimens. The average of back-calculated values of E t was 13.12 ± 1.06 GPa.

Discusion

RUS has seldom been used to measure heterogeneous materials or foam-like materials similar to trabecular bone [START_REF] Li | The properties of copper foams with negative poisson's ratio via resonant ultrasound spectroscopy[END_REF]. Our observations on bovine trabecular bone specimens demonstrated that at least the resonance of the first vibrational mode can be successfully identified. The precision of less than 2% suggests that the recorded frequency is weakly dependent on the positioning of the specimen in the set-up.

The calculation to obtain the tissue modulus from the measurement of a resonance frequency involves a µ-FE computation of the apparent stiffness tensor of the specimen and the calculation of the resonance frequency of a model of the specimen (with the semi-analytic Rayleigh-Ritz method). It is noteworthy that the orientation of the specimen does not need to be controlled in our approach. The main orientation of the trabeculae actually made an angle with respect to the specimen faces. The fact that the vibrational response of the specimen depends on the orientation of the trabeculae with respect to the specimen faces is fully taken into account in the µ-FE computation.

We found that a measurement of a single resonance frequency enables an estimation of tissue Young's modulus in line with data published previously. The recent review by [START_REF] Oftadeh | Biomechanics and mechanobiology of trabecular bone: a review[END_REF] has showed a high variability of trabecular bone tissue Young's modulus in humans and animals (bovine, sheep, porcine) with values ranging from 5.7 to 24.4 GPa. There may be several reasons to this wide range of values, including experimental artifacts, anatomic site-dependence, heterogeneity of tissue density, sample size, or the effect of strain rate. Several authors have used µ-FE models calibrated using experimental data (usually an uniaxial compression) to obtain an effective tissue moduli: for instance [START_REF] Verhulp | Indirect determination of trabecular bone effective tissue failure properties using micro-finite element simulations[END_REF] found 6.54±1.11 GPa (bovine trabecular bone), [START_REF] Niebur | Highresolution finite element models with tissue strength asymmetry accurately predict failure of trabecular bone[END_REF] found a Young's modulus of 18.7 ± 3.4 GPa (bovine trabecular bone), and [START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF] found 18.0 ± 2.8 GPa (human femoral bone). Measuring the Young's modulus of individual trabecuae in the direction of their long axis with ultrasound, [START_REF] Rho | Mechanical properties and the hierarchical structure of bone[END_REF] found an average of 14.9 ± 1.7 GPa with a minimum of 12.1 and a maximum of 19.4 GPa (human tibia). Somewhat higher values (29.09 ± 2.39 GPa) have also been found for the extravascular tissue Young's modulus [START_REF] Luczynski | Extracellular bone matrix exhibits hardening elastoplasticity and more than double cortical strength: evidence from homogeneous compression of non-tapered single micron-sized pillars welded to a rigid substrate[END_REF] performing uniaxial compression on micro-scale beam specimens. The Young's modulus found in the present study (13.12 ± 1.06 GPa) is in the mid-range of the moduli determined in aforementioned studies.

Given that the specimens were prepared from a single femoral head, we did not expect large variations in measured E t . Overall, the variability of tissue moduli determined in the present study was 18.5 % with a variability of only 4.2 % for three out of four specimens. This variability may be explained both by a small heterogeneity of tissue modulus within the femoral head and various sources of errors as detailed below.

Given the precision of the measured frequency peaks we estimate the precision of the frequency estimation to about 1 kHz. The sensitivity of the technique can be estimated from ∂f e /∂ Ẽt which is about 2.3 kHz/GPa. The resulting uncertainty on E t is about 0.4 GPa. Other sources of uncertainty may come from the numerical bone model manipulation. The computation of frequencies involves image cropping and rotation to obtain a perfect RP with faces aligned with the frame of the µ-FE computation in order to apply the loadings according to the direct mechanics scheme. The uncertainties associated to this process remain to be quantified.

The mesh consisted in hexahedral elements (cubes) of 18 µm per side. We did not conduct a convergence study to quantify the potential bias in the determination of E t due to the digitization of the trabeculae. Nevertheless, we do not expect an important error due to meshing. Indeed, the chosen element size is significantly less than one-fourth of the typical trabecular thickness, as recommended for numerical convergence [START_REF] Niebur | Convergence behavior of highresolution finite element models of trabecular bone[END_REF]. Also, the element size was smaller than in most of the previously published µ-FE studies [START_REF] Van Rietbergen | Relationships between bone morphology and bone elastic properties can be accurately quantified using high-resolution computer reconstructions[END_REF][START_REF] Ladd | Finite-element modeling of trabecular bone: Comparison with mechanical testing and determination of tissue modulus[END_REF][START_REF] Niebur | Highresolution finite element models with tissue strength asymmetry accurately predict failure of trabecular bone[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF][START_REF] Verhulp | Indirect determination of trabecular bone effective tissue failure properties using micro-finite element simulations[END_REF][START_REF] Blanchard | Intravoxel bone micromechanics for microct-based finite element simulations[END_REF].

Another potentially important source of errors is related to the precision the shape of the RP specimen. In an unpublished work, we estimated the uncertainty of the apparent elasticity of the specimen due to geometry errors to be between 1 and 5 %.

Similarly to practically all previous studies implementing trabecular bone µ-FE models, the bone tissue was assumed to be isotropic and homogeneous, with a fixed Poisson's ratio. There is extensive experimental evidence that this assumption yields µ-FE results consistent with actual mechanical testing [START_REF] Ladd | Finite-element modeling of trabecular bone: Comparison with mechanical testing and determination of tissue modulus[END_REF][START_REF] Kabel | Constitutive relationships of fabric, density, and elastic properties in cancellous bone architecture[END_REF][START_REF] Niebur | Highresolution finite element models with tissue strength asymmetry accurately predict failure of trabecular bone[END_REF][START_REF] Bayraktar | Comparison of the elastic and yield properties of human femoral trabecular and cortical bone tissue[END_REF]. For instance, [START_REF] Kabel | Constitutive relationships of fabric, density, and elastic properties in cancellous bone architecture[END_REF]) demonstrated the consistency with experiments of simulations of uniaxial compression tests in three orthogonal directions using a µ-FE trabecular bone model with isotropic tissue elastic properties, i.e., the anisotropic apparent level properties were correctly modeled assuming an isotropic tissue. This is because the apparent level anisotropy is essentially due to the oriented trabecular architecture. In uniaxial compression, trabeculae are essentially loaded in compression or bending, hence their deformation is essentially governed by their elastic properties in the long direction of the trabeculae (average direction of collagen fibers). Accordingly, the tissue Young's modulus used in the µ-FE simulations is interpreted as the modulus in the direction of the trabeculae axis [START_REF] Cowin | Remarks on the paper entitled 'fabric and elastic principal directions of cancellous bone are closely related[END_REF]. Nevertheless, these assumptions may be challenged depending on loading type and specimen's microarchitecture. In our testing method, the first vibrational mode is associated to a torsion-like deformation of the specimen illustrated on (Fig. 7.4). Further studies should investigate the validity of the assumptions of isotropy and constant Poisson's ratio for such a loading. Although the model accounts for the microarchitecture, it also seems important to investigate further possible interactions between the back-calculated E t and microarchitectural variables.

This study has several limitations. Only four specimens from a bovine were used. An important question is the extrapolation of the technique proposed here to human cancellous bone. The bone volume fraction of human bone can be somewhat smaller than that of bovine bone. Some preliminary tests achieved with the setup used in the present work indicate that the first vibration peak is measurable in human cancellous bone.

An important limitation is that the back-calculated values of E t were not validated against an independent assessment of tissue Young's modulus from a reference technique. Several avenues could be explored toward this goal. A first possibility would be to use nanoindentation to measure tissue modulus. But, even if nanoindentation is used as a reference method, many difficulties will have to be overcome. Many indentation measurements should be combined to obtain an average tissue

Conclusion

As far as we know, the present study is the first attempt to assess trabecular bone tissue elasticity with a vibrational method, namely RUS. The elasticity values compare favorably with previously published data. Our results call for a broader investigation of the possibilities of the technique and of the sources of error. RUS is a non destructive technique, relatively easy to implement compared to traditional mechanical testing, and that is efficient to measure large series of bone specimens [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]. The technique proposed in this study could contribute to a better documentation of bone tissue elastic properties of various species, at different skeletal sites, and elastic alterations with ageing, modifications of the loading environment and pathologies. Tissue elastic properties are important parameters of micro-finite element analyses for clinical assessment of bone strength [START_REF] Van Rietbergen | A survey of micro-finite element analysis for clinical assessment of bone strength: The first decade[END_REF].

Introduction

Measurement of bone elastic properties and the understanding of their variations are a key in elucidating the mechanical effects of skeletal pathologies such as osteoporosis. Also, elastic properties are necessary inputs of finite element models of the skeleton for the accurate computation of stresses and strains [START_REF] Van Rietbergen | A survey of micro-finite element analysis for clinical assessment of bone strength: The first decade[END_REF][START_REF] Engelke | Fea to measure bone strength: A review[END_REF].

According to the Christoffel equation, the coefficients of the stiffness tensor of an anisotropic elastic solid can be deduced from the phase velocity of shear and longitudinal ultrasound (US) bulk waves propagating along different material directions. Most of the knowledge on the stiffness of cortical bone, which is an orthotropic or transverse isotropic material [START_REF] Ashman | A continuous wave technique for the measurement of the elastic properties of cortical bone[END_REF][START_REF] Rho | An ultrasonic method for measuring the elastic properties of human tibial cortical and cancellous bone[END_REF][START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF][START_REF] Rudy | Anatomic variation in the elastic inhomogeneity and anisotropy of human femoral cortical bone tissue is consistent across multiple donors[END_REF] has been obtained through the measurement of ultrasonic bulk wave velocity (BWV) ex vivo along different anatomical directions using cuboid specimens. Since the method was introduced to measure bone in the 1960's [START_REF] Lang | Elastic coefficients of animal bone[END_REF], and until recently, this technique has been applied to assess bone elasticity and relate it to age [START_REF] Lefèvre | Analyzing the anisotropic hooke's law for children's cortical bone[END_REF], anatomical location [START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF][START_REF] Schwartz-Dabney | Accuracy of elastic property measurement in mandibular cortical bone is improved by using cylindrical specimens[END_REF] or others bone properties such as microstructure [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF] and extravascular bone tissue properties [START_REF] Baumann | The relative influence of apatite crystal orientations and intracortical porosity on the elastic anisotropy of human cortical bone[END_REF].

However, in bone studies such as those cited above, the phase velocity is not measured but rather a signal velocity that is used in place of phase velocity to determine the stiffness coefficients from Christoffel equation. The interpretation of this signal velocity is complicated by the modifications of the pulse shape during propagation due to frequency-dependent attenuation, dispersion and possible interference effects related to reflections within the specimen [START_REF] Haïat | Effects of frequencydependent attenuation and velocity dispersion on in vitro ultrasound velocity measurements in intact human femur specimens[END_REF][START_REF] Kohles | Ultrasonic wave velocity measurement in small polymeric and cortical bone specimens[END_REF]. In practice the signal velocity is obtained by determining the first deviation from zero [START_REF] Njeh | Orthogonal relationships between ultrasonic velocity and material properties of bovine cancellous bone[END_REF], one zero-crossing [START_REF] Haïat | Effects of frequencydependent attenuation and velocity dispersion on in vitro ultrasound velocity measurements in intact human femur specimens[END_REF] or a thresholding [START_REF] Nicholson | A comparison of time-domain and frequency-domain approaches to ultrasonic velocity measurement in trabecular bone[END_REF]. In general, these different markers yield different ultrasound velocity values [START_REF] Haïat | Effects of frequencydependent attenuation and velocity dispersion on in vitro ultrasound velocity measurements in intact human femur specimens[END_REF].

The possible biases of the method of measurement of BWV for the estimation of cortical bone stiffness have not been thoroughly discussed to the best of our knowledge. It appears that there is no generally accepted protocol to measure BWV in cortical bone in terms of US frequency (frequencies in the range 1 to 20 MHz have been used), signal processing technique and specimen size (specimens of characteristic size between 0.5 and 10 mm have been used) [START_REF] Lang | Elastic coefficients of animal bone[END_REF][START_REF] Kohles | Ultrasonic wave velocity measurement in small polymeric and cortical bone specimens[END_REF][START_REF] Ashman | A continuous wave technique for the measurement of the elastic properties of cortical bone[END_REF][START_REF] Lefèvre | Analyzing the anisotropic hooke's law for children's cortical bone[END_REF]. Furthermore, the signal processing method used to estimate the velocity is rarely specified in the studies.

The aim of this study is to elucidate the effects of the signal processing to measure BWV on cuboid specimens of cortical bone, discuss the choice of transducer frequency and the possible influence of specimen size. Based on BWV measurements of polycarbonate specimens of different sizes and bone specimens, and comparing with stiffness estimated by resonant ultrasound spectroscopy (RUS), we propose guidelines to standardize the BWV measurement of cortical bone stiffness. Section 8.2 presents the equations used to assess the stiffness tensor from BWV measurements. The methodology is described in Section 8.3, which contains four subsections. The samples included in this study are described in Subsection 8.3.1. Subsection 8.3.2 presents the ultrasonic velocity measurements and the RUS method is outlined in Subsection 8.3.3. Statistics are presented in Subsection 8.3.4. Finally, results are illustrated and discussed in Sections 8.4 and 8.5, respectively and concluding remarks end the paper in Section 8.6.

Theory

The stiffness tensor of an orthotropic material has nine independent coefficients. The tensor writes in matrix form using Voigt notation as,

C ij =            C 11 C 12 C 13 0 0 0 C 12 C 22 C 23 0 0 0 C 13 C 23 C 33 0 0 0 0 0 0 C 44 0 0 0 0 0 0 C 55 0 0 0 0 0 0 C 66            (8.1)
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According to the Christoffel equation [START_REF] Auld | Acoustic fields and waves in solids[END_REF], the 6 diagonal terms can be determined by propagating longitudinal and shear waves along the principal material axes (1,2,3),

C ii = ρv 2 ii (i = 1, 2, 3) C 44 = ρv 2 23 = ρv 2 32 (8.2) C 55 = ρv 2 13 = ρv 2 31 C 66 = ρv 2 12 = ρv 2 21
where ρ is the mass density, v ii is the velocity of a longitudinal wave propagating in direction i, and v ij is the velocity of a shear wave propagating in direction i with particle motion in direction j. The off-diagonal terms of the stiffness tensor can be obtained by measuring BWV in directions at a 45 • angle from the material axes. However this has rarely been done to measure cortical bone due to the limited size of the samples.

If the material is isotropic, then, its stiffness tensor can be characterized by two constants : C 11 = C 22 = C 33 and C 44 = C 55 = C 66 .

Method

Specimens

Eleven polycarbonate (PC) specimens were prepared to investigate the effect of specimen size on BWV. PC was chosen because its acoustic properties (BWV, intrinsic attenuation) are close to those of cortical bone [START_REF] Phillips | Ultrasonic studies of polycarbonate, polysulfone, and polyether sulfone[END_REF][START_REF] Lakes | Ultrasonic wave propagation and attenuation in wet bone[END_REF]. The density of the PC was ρ = 1.187 g/cm 3 . Specimens of square cross-section of variable side length w (w ∈ [4, 111] mm) were cut from the same PC plate of thickness 4.85 mm. The direction of ultrasound propagation was along the plate thickness. Note that thickness and lateral dimensions are larger than the US wavelength (see Table 8.1).

A total of 55 bone specimens were harvested from the left femora of 29 human cadavers. The femurs were provided by the Départment Universitaire d'Anatomie Rockefeller (Lyon, France) through the French program on voluntary corpse donation to science. The tissue donors or their legal guardians provided informed written consent to give their tissue for investigations, in accord with legal clauses stated in the French Code of Public Health. Among the 29 donors, 16 were females and 13 were males (77.83 ± 11.39 years old, mean±SD). The fresh material was frozen and stored at -20 o C.

The specimens were slowly thawed and then, for each femur, approximately a 10 mm thick cross sectional slab was cut perpendicular to the bone axis at the mid-diaphysis. Then, using a water-cooled low-speed diamond wire saw (Model 3241, Well, Lyon, France), two rectangular parallelepiped shaped specimens were prepared in the lateral and medial anatomical quadrants of each cross section. The nominal specimen size was 3x4x5 mm 3 in radial (axis 1), circumferential (axis 2) and axial (axis 3) directions, respectively, defined by the anatomic shape of the femoral diaphysis. All specimens were kept hydrated during specimen preparation and between measurements.

Ultrasonic velocity measurements

BWV was measured with different pairs of matched contact transducers (Table 8.1), differing both in central frequency and diameter φ. Transducers were excited with a pulser with 200 MHz (-3 dB) US bandwidth (Panametrics 5900PR). The received signal was digitized and stored using an acquisition card (Agilent Acquiris DP240) and post-processed with a custom Matlab program (The Mathworks Inc., Natick, MA). For PC specimens, all pairs of transducers were used while for cortical bone, only two pairs were used, namely V105 and V152, for longitudinal and shear waves, respectively. Typical wavelengths in PC associated to each transducer are given in Table 8.1. For bone, the choice of the transducers was driven by the dimensions of the specimens and by the scale of interest to measure the bone elasticity. That is, at the chosen frequency (2.25 MHz and 1 MHz, for longitudinal and shear waves, respectively), the resulting wavelength (∼ 1.7 mm), which defines the probing scale, guaranteed to retrieve the bone mesoscopic elasticity (i.e. at a scale much larger than the vascular pores) (Grimal et al., 2011a).

The BWV (longitudinal or shear) v was calculated as v = d/∆t, where d is the propagation distance in the specimen, and ∆t is a time delay. The latter was calculated as a difference between the time-of-flight (TOF) of the signal propagating through the specimen and that of a reference signal. The propagation distance, d, i.e., the specimen's dimension between the transducers, was measured by a digital calliper (precision ± 0.01 mm). In order to minimize the uncertainty of this measurement, four measurements were averaged. Precisely, the measurement were 8.3. Method 121 taken after repositioning the calliper on different location of the opposite surfaces to account for possible parallelism defects.

Four different signal processing techniques were used to define the TOF (Figure 8.1): (1) the first arrival of the wave defined by a threshold of 5% of the maximum amplitude of the signal; (2) the maximum amplitude of the envelope defined by the Hilbert transform; (3) the first zero-crossing of the signal; and (4) the phase velocity at the central frequency of the transducer [START_REF] Droin | Velocity dispersion of acoustic waves in cancellous bone[END_REF]. For longitudinal waves, ∆t was obtained as the difference between the arrival time of the US pulse (determined using one of the proposed signal processing techniques) with the specimen inserted in between the transducers and the arrival time of a reference signal taken with the transducers in contact. Figure 8.2 shows an example of the longitudinal waveforms in PC and bone and the reference waveform. 

Chapter 8. Assessment of bulk wave velocity method

For small propagation distances, the shear wave signal generated in the sample by shear wave transducers may not be well separated from a small amplitude spurious longitudinal wave signal also generated by the transducer. This is in general an issue for bone specimens. To circumvent this issue, a polymethyl methacrylate (PMMA) plate of thickness 9.36 mm was interposed between the sample and one of the transducers (Figure 8.3). This increases the traveling distance and allows for a better separation of the longitudinal and shear signals. Accordingly, the reference signal for bone specimens was measured through the PMMA plate. For PC samples, it was not necessary to increase the shear wave traveling distance; accordingly the reference signal was measured with the transducers in contact. Examples of the waveform of shear waves propagation through PC and bone are shown in Figure 8.4. To ensure efficient transmission of the incident waveforms into the specimen, water was used as a couplant for longitudinal waves and honey for the case of shear waves.

Six successive measurements with intermediate repositioning were done for all measurement cases. In subsequent analyses the averaged velocity value determined from the six measurements is used.

In summary, the following measurements were conducted:

• in PC: shear and longitudinal BWV for each size w (11 specimens), for each of the 4 signal processing methods, and with each of the 6 transducer pairs listed in Table 8.1.

• in bone: shear and longitudinal BWV for each of the 4 signal processing methods with two transducer pairs, V152 and V105, respectively. 

Resonant Ultrasound Spectroscopy

For the purpose of comparison, stiffness was evaluated in bone by resonant ultrasound spectroscopy (RUS). This method has been recently introduced to measure cortical bone [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF][START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF]. In RUS, all elastic constants are determined from a single measurement configuration and the complexity of wave propagation in a finite specimen is taken into account through a model. Thus, RUS is supposed to be free of bias associated with specimen size and can provide a more accurate assessment of stiffness, in particular for shear coefficients and small specimens.

The method used was described in detail in [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]. Briefly, a bone specimen was held by two opposite corners between two ultrasonic transducers (V154, Panametrics, Waltham, MA), one for emission and one for reception, to achieve a free boundary condition for vibration. The frequency response of the vibration in the frequency range 100-500 kHz, tuned so as to measure the 30-40 first resonant frequencies, was recorded by a vector network analyzer (Bode 100, Omicron Electronics GmbH, Klaus, Austria) and a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik GmbH, Berlin, Germany). Six consecutive measurements were performed on each specimen. Between each measurement, the specimen was turned with a slightly different orientation in order to maximize the number of detectable resonant frequencies. Then, the resonant frequencies of the specimen were extracted from the six measured responses using the method dedicated to high damping material [START_REF] Lebedev | Method of linear prediction in the ultrasonic spectroscopy of rock[END_REF]. Finally, knowing the apparent mass and dimensions of each specimen, the elastic coefficients were automatically calculated by solving the inverse problem formulated in a Bayesian framework [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF].

Data analysis

The precision error of the measurements was quantified in PC by calculating the standard deviation (SD) of the BWV obtained from 6 measurements. To analyze the influence of the signal processing method, specimen size (w), and transducer choice, all BWV measured in PC specimens were analyzed with three-way analysis of variance (ANOVA). Also, in order to further investigate the influence of specimen size, stiffness and precision errors were analyzed in PC with respect to the ratio specimen size-transducer diameter, w/φ, and using linear regressions. To analyze the influence of the signal processing method in bone, BWV were analyzed with oneway ANOVA. Post hoc Tukey-Kramer tests were used to compare individual groups when appropriated. Determined stiffness values with RUS and BWV methods were compared using ANOVA and post hoc Tukey-Kramer tests. Statistical analysis was carried out using Matlab Statistics Toolbox Release 2014a (The MathWorks Inc., Natick, Massachusetts, United States). Data were considered statistically significant for p < 0.05. Overall, precision error decreased when frequency increased. The averaged error using the different transducers (at different central frequencies) ranged from 0.24% to 0.85% and from 0.57% to 1.24% for longitudinal and shear stiffness, respectively. Figure 8.5 shows the precision error calculated in PC specimens with transverse dimension w smaller than 20 mm and using the first arrival of the wave to define the TOF. Similar results were found for the rest of the signal processing techniques. In general, the velocity defined by the maximum amplitude of the envelope led to the
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largest precision errors and first-zero crossing and first arrival of the wave criteria to the smaller ones. This error increased at smaller specimen size for shear stiffness but was more constant for longitudinal stiffness (no significantly high correlation in any longitudinal case). The distribution in form of box-plots of the elastic coefficients measured in all the PC specimens (including all specimen sizes) and grouped by frequency and signal processing technique are depicted in Figure 8.6. Three-way ANOVA revealed differences of both longitudinal and shear stiffness associated to transducer choice and signal processing method (p < 10 -4 ). Interestingly, PC stiffness calculated using the arrival time criterion was consistently higher except for the longitudinal BWV at 10 MHz. Post hoc Tukey tests showed that measurements with the different transducers were all different except for longitudinal stiffness at 5 MHz and 10 MHz, which did not show any significant difference. In general, stiffness increased at higher frequencies, which is consistent with the expected behavior for a viscoelastic solid [START_REF] Lakes | Viscoelastic materials[END_REF].

We found significant differences associated with specimen's dimension in shear stiffness C 44 (expressed as w/φ) (Figure 8.7) but not in longitudinal stiffness C 11 (ANOVA: p < 10 -4 , p = 0.17 for shear and longitudinal stiffness, respectively). Shear stiffness was correlated with the aspect ratio w/φ and this correlation increased for aspect ratios smaller than two (R 2 > 0.4, p < 0.05 in all cases). Longitudinal stiffness was mostly constant throughout the whole range of specimen dimensions and neither strong nor significant correlation was found (R 2 ≤ 0.189, p > 0.18 in all cases). Dependency of stiffness on the signal processing technique was also found in cortical bone (p < 10 -4 , ANOVA). Post hoc Tukey tests indicated that for longitudinal waves, the phase velocity gave the lowest stiffness values, while velocity defined by the arrival criterion yielded the highest values. In the case of shear waves, the highest stiffness values corresponded to the velocity defined by the maximum amplitude of the envelope and the lowest ones to the velocity defined by the first-zero crossing of the signal. The measured stiffness coefficients calculated by using different signal processing methods are summarized in Table 8.2 and compared to those measured by RUS. Because we expect a variation of stiffness with mass density [START_REF] Bernard | Bayesian normal modes identification and estimation of elastic coefficients in resonant ultrasound spectroscopy[END_REF], the shear and longitudinal stiffness values obtained from BWV and RUS are plotted as a function of mass density in Figure 8.8. Note that only C 11 and C 44 are shown but similar results were found for the other coefficients. 

Discussion

Previous studies have shown that results obtained in terms of US wave velocity are dependent on the method used to estimate the speed of sound in trabecular bone due to the frequency dependence of the attenuation coefficient and the velocity dispersion of trabecular bone [START_REF] Haïat | Effects of frequencydependent attenuation and velocity dispersion on in vitro ultrasound velocity measurements in intact human femur specimens[END_REF][START_REF] Nicholson | A comparison of time-domain and frequency-domain approaches to ultrasonic velocity measurement in trabecular bone[END_REF]. Cortical bone is also a dissipative medium, but a lesser extent compared to cancelous bone [START_REF] Laugier | Bone quantitative ultrasound[END_REF][START_REF] Trębacz | The estimation of structural anisotropy of trabecular and cortical bone tissues based on ultrasonic velocity and attenuation[END_REF] and the influence of the method to estimate the US wave velocity has not been reported yet as far as we know. We have shown that, in cortical bone and PC, which intrinsic attenuation is close to that of bone, the signal processing method used to define the velocity can lead to significantly different stiffness estimates. These differences, introduced by the signal processing method, represent approximately 1.5% and 2.7% for longitudinal and shear stiffness in the case of PC, and increases up to 5.7% and 10.4% in the case of longitudinal and shear stiffness of cortical bone, respectively. It is noteworthy that the measurement of shear stiffness is more sensitive to the measurement conditions than longitudinal stiffness. Our results point out the possible effects of dispersion in cortical bone, which result is to distort signals and leads to different values of BWV using different signal processing methods.

Signal distortion can also be the result of interferences within the specimens due to reflection of bulk waves within the specimen and near-field diffraction effects. We have observed that specimen's transverse dimension has an effect on shear stiffness coefficients. Similar effects of the transverse specimen dimension on velocity were reported previously in polymers, but correlations were weaker than the ones found here [START_REF] Kohles | Ultrasonic wave velocity measurement in small polymeric and cortical bone specimens[END_REF]. They attributed this size effect mainly to the transition from bar to bulk wave propagation. The present study however, in which all specimen dimensions are larger than the wavelength, suggests that there may be other explanations besides the bar-bulk wave transition for the observed effects on transverse stiffness.

The feasibility of BWV measurement to retrieve stiffness coefficients in small specimens such the ones used in cortical bone application (few millimeters) has already received attention in the literature [START_REF] Kohles | Ultrasonic wave velocity measurement in small polymeric and cortical bone specimens[END_REF][START_REF] Schwartz-Dabney | Accuracy of elastic property measurement in mandibular cortical bone is improved by using cylindrical specimens[END_REF]. It has been shown that measurement repeatability (precision) improves with an increase in the wave transmission distance (propagating dimension). Uncertainty in the determination of the length of wave path may be responsible, in part, for the precision dependency on the propagation dimension. The uncertainty on the determination of the dimensions is affected by both the quality of the cuboid shape (parallelism error) and the precision of the calliper. The specimen dimension is measured at four locations after repositioning. These four values are averaged, compensating to a certain extent for the uncertainty due to parallelism error. Nevertheless, the uncertainty of dimensions induced by measurements, e.g., measured by a digital calliper, may impact stiffness calculations. In this study, considering a dimension uncertainty of ±0.01 mm, defined by the calliper precision, the uncertainty error of the calculated stiffness can be up to 0.41% in PC and 0.67% in bone when the wave propagation is along the radial dimension (C 11 , C 55 and C 66 ), which is the shortest one (3 mm). Note that these values should be considered as upper bounds of the error since in the actual protocol, the dimension of a specimen is taken to be the average of four measurements. Overall, the error due to dimension uncertainty may be comparable to the one introduced by frequency while main differences in elasticity are related to the signal processing technique. Our study also points out that not only the propagation dimension but also the transverse one determines the precision of the measurements. In particular, the increased variability of transverse stiffness measurements with smaller specimen size was of greater concern than in the case of longitudinal stiffness.

There are different possible explanations for these differences between shear and longitudinal waves. One important reason may be the greater difficulty in measuring small specimens, which in the case of a shear waves transducer, there are extra difficulties arising from the transducer polarization, the delicate positioning and coupling with the specimen [START_REF] Maynard | The use of piezoelectric film and ultrasound resonance to determine the complete elastic tensor in one measurement[END_REF][START_REF] Grimal | Assessment of cortical bone elasticity and strength: Mechanical testing and ultrasound provide complementary data[END_REF]. In addition, in the case of small specimens, additional uncertainties may arise from the relative position between specimen and transducer. On the other hand, a conventional US transducer always generates both longitudinal and shear waves that not always can be correctly separated [START_REF] Tang | Radiation patterns of compressional and shear transducers at the surface of an elastic half-space[END_REF]. It is possible that in the small specimens (w/φ ≤ 2) this phenomenon may have more importance. These additional difficulties may increase the measurement error.

Finally, although this study sheds light on some problems for measuring elastic properties in cortical bone, some others remain. As has been shown here, increasing the frequency improves the precision of the measurements. However, scaling up the frequency is limited by the scale of interest and the wavelength must remain much larger than bone heterogeneities. At the mesoscale, this length is limited to the representative volume element (RVE), which is approximately 1.5 mm (Grimal et al., 2011a). Moreover, the attenuation of ultrasound waves increases with frequency, particularly for transverse waves. Motivated to overcome these difficulties, RUS has been recently adapted to bone [START_REF] Bernard | Accurate measurement of cortical bone elasticity tensor with resonant ultrasound spectroscopy[END_REF], which has shown better precision compared to ultrasound velocity measurements. There is in principle no limitation in size (as long as the specimen is larger than the RVE), since all the complexity of wave propagation in a finite specimen is taken into account instead of assuming propagation of pure bulk waves. In the present study we have shown that, for the particular measurement conditions in cortical bone, stiffness obtained from RUS was not significantly different from the stiffness obtained from the signal velocity based on the first arrival of the signal.

This study has several limitations. We did not determine the accuracy (trueness) of the BWV or stiffness values because we lack reference values. Elasticity measurement with RUS has been validated previously by comparing the derived elastic coefficients with reference values of Young's modulus and Poisson ratio of synthetic bone samples [START_REF] Bernard | Resonant ultrasound spectroscopy for viscoelastic characterization of anisotropic attenuative solid materials[END_REF]. This validation was however limited to two samples and the variation of the elastic properties with frequency was not further investigated. Additional RUS validation measurements are necessary before RUS can be used as a reference to discuss small inaccuracies of bone elasticity measurements with BWV. Also, the effect of varying the measurement frequency was not investigated in bone. Although we could quantify the effect of the frequency in PC (a small percentage of stiffness) care should be taken to extrapolate this result to bone. Indeed, bone is not only viscoelastic like PC but is also heterogeneous and at frequencies in the range 5-10 MHz and higher the wavelength may not be sufficiently large compared to the RVE to probe effective elastic properties. Finally, we could not provide an unambiguous explanation for the observed effect of transducer size on measured shear stiffness. This was prevented by the complexity of the mechanism of wave excitation. This would deserve further analysis using, e.g. numerical simulations.

There is no standard protocol to measure cortical bone stiffness coefficients based on BWV and we have evidenced that the measurement method can have an effect on the stiffness values. For smooth progress in bone research, it would be beneficial to comply a well defined protocol when measuring bone stiffness coefficients based on BWV. Such a protocol must be defined according to several conditions (specimen size, frequency and signal processing). Although those settings taken together are difficult to reconcile, in practice, a compromise must be done. Based on the results of the present study, we may formulate the following guidelines. The central frequency of shear and longitudinal wave transducers should be chosen in order to achieve a similar wavelength in bone, typically larger than 1.5 mm. 2.25 MHz and 1 MHz for longitudinal and shear waves, respectively, is a popular choice. Since the signal processing method has a significant effect on the stiffness, it should be clearly reported in all studies. We recommend that the beginning of the signal be measured for the TOF estimation. This marker is in general less sensitive to signal dispersion and its precision is reasonable. Furthermore, this criterion leads to the same stiffness values as the values calculated by RUS. Finally, to guarantee a correct separation between shear and longitudinal components, the interposition of a plate of PMMA or PC, with impedance relatively close to that of bone, was found to be efficient to measure the TOF of shear waves. Unfortunately, the specimen size cannot be standardized because this depends on the available material; nevertheless, the recommendation is to extract the largest cuboid specimen possible in the cortical bone thickness avoiding large pores and excessive porosity gradient in the radial direction.

Conclusion

There is a need for standardizing the ultrasonic bulk wave velocity measurements in cortical bone. Effects of the signal processing method, specimen size and frequency on the resulting stiffness have been experimentally investigated. Results indicate that (1) there is a relatively increased measurement error at lower frequencies; (2) the error increases in shear stiffness as transverse section decreases; and (3) resulting stiffness significantly depends on the signal processing technique used to estimate the velocity. For human cortical bone, over all the different analysed velocities, the one calculated from the first arrival of the signal leads to similar results to the resonant ultrasound spectroscopy method.

Introduction

There are a number of circumstances under which an accurate knowledge of the anisotropic stiffness of cortical bone is requested. For example, in finite element analysis of bone mechanical properties [START_REF] Engelke | Fea to measure bone strength: A review[END_REF][START_REF] Rayfield | Finite element analysis and understanding the biomechanics and evolution of living and fossil organisms[END_REF], in simulating the wave propagation in bones [START_REF] Bossy | Three-dimensional simulations of ultrasonic axial transmission velocity measurement on cortical bone models[END_REF][START_REF] Grimal | Modeling of femoral neck cortical bone for the numerical simulation of ultrasound propagation[END_REF], or in ultrasonic guided waves (GWs) measurements of bone [START_REF] Foiret | Combined estimation of thickness and velocities using ultrasound guided waves: A pioneering study on in vitro cortical bone samples[END_REF], bone stiffness needs to be assigned to the model.

Recent developments in GWs techniques applied to the measurement of tibia and radius open the way for assessing cortical thickness [START_REF] Foiret | Combined estimation of thickness and velocities using ultrasound guided waves: A pioneering study on in vitro cortical bone samples[END_REF][START_REF] Bochud | Predicting bone strength with ultrasonic guided waves[END_REF], elastic properties and porosity [START_REF] Vallet | Predicting bone strength with ultrasonic guided waves[END_REF] and thus for the prediction of bone strength in vivo. GWs measurements usually involve an inverse procedure relating the GWs dispersion curves to the interested unknowns (thickness, stiffness, porosity). As the dispersion curves are sensitive to the elastic anisotropy of bone, accurate knowledge of the anisotropic stiffness constants of the cortical bone at these two skeletal sites would help to improve the convergence of the inversion or relax some assumptions involved and thus improve the results. The sensitivity of the propagation of ultrasound waves to the elastic anisotropy of bone (and hence the improvement) also applies to an emerging application, ultrasonic bone imaging [START_REF] Renaud | In vivo ultrasound imaging of the bone cortex[END_REF], which was considered an impossible mission until now.

In finite element modeling (FEM) of bone mechanical properties, bone elastic properties are also required to refine the models to predict patterns of stress and strain of proximal femur [START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF][START_REF] Liebl | In-vivo assessment of femoral bone strength using finite element analysis (fea) based on routine mdct imaging: a preliminary study on patients with vertebral fractures[END_REF], of vertebra [START_REF] Keaveny | Effects of teriparatide and alendronate on vertebral strength as assessed by finite element modeling of qct scans in women with osteoporosis[END_REF][START_REF] Pahr | Clinical versus pre-clinical fe models for vertebral body strength predictions[END_REF][START_REF] Zysset | Comparison of proximal Bibliography femur and vertebral body strength improvements in the freedom trial using an alternative finite element methodology[END_REF] and distal radius [START_REF] Engelke | Fea to measure bone strength: A review[END_REF][START_REF] Kawalilak | In vivo precision of three hr-pqct-derived finite element models of the distal radius and tibia in postmenopausal women[END_REF][START_REF] Christen | Improved fracture risk assessment based on nonlinear micro-finite element simulations from hrpqct images at the distal radius[END_REF], the three major skeletal sites of fracture for osteoporotic patients. However, the elastic properties of bones are usually assumed to be isotropic with a constant Poisson's ratio (= 0.3 typically) so that the elastic modulus can be predicted using empirical laws between Hounsfield values (a surrogate of bone density [START_REF] Shapurian | Quantitative evaluation of bone density using the hounsfield index[END_REF][START_REF] Lee | Correlation between bone mineral density measured by dual-energy x-ray absorptiometry and hounsfield units measured by diagnostic ct in lumbar spine[END_REF]) from computed tomography scans and the elastic modulus [START_REF] Rayfield | Finite element analysis and understanding the biomechanics and evolution of living and fossil organisms[END_REF][START_REF] Wagner | Deriving tissue density and elastic modulus from microct bone scans[END_REF]. The limitations in these studies include that (1) bone was not considered as an anisotropic material as it is; (2) empirical laws between bone density and the anisotropic stiffness constants have been seldom established. The only study which has documented the laws for the complete stiffness tensor was the recent one for the tibia [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]; (3) whether the empirical law applied at one skeletal site works for another skeletal site is unknown. We hypothesize that bone elastic properties may be different at different skeletal sites because the loading environment is different. Therefore, there is a need to have better documentation of bone anisotropic elastic properties at different skeletal sites, and their relationships with mass density.

Considering the advantages of resonant ultrasound spectroscopy (RUS) that it allows precise and efficient measurement of the entire stiffness tensor of bone specimens with a small volume which permits its application in the current context involving large number of bone specimens, we aimed to document the range of the anisotropic stiffness constants of human cortical bone from various skeletal sites and their relationships with bone mass density in the elderly. The investigated skeletal sites included the femoral neck, femoral upper shaft (proximal femur), femoral middiaphysis, tibial mid-diaphysis and distal radius.

Materials and method

Specimens

From a cohort (cohort 1) of 19 donors (8 males and 11 females, ages 48.0 -81.0 years, mean ± SD = 65.9 ± 9.6 years) who underwent hip replacement surgery in Charing Cross Hospital (Fulham Palace Road, London), 19 rectangular parallelipiped (RP) specimens were prepared at the medial site of femoral neck (Femur N). From another cohort (cohort 2) of 20 donors (7 males and 13 females, aged 69 -9.2. Materials and method 133 94 years, mean ± SD = 83.6 ± 8.2 years), 19 pairs of left and right femoral bones, 16 left and 19 right tibiae were harvested. In the femoral bones, 73 RP specimens (Femur U) were retrieved at the lateral and anterior sites from the proximal location (upper shaft) and 76 RP specimens (Tibia M) were retrieved at the medial site of the mid-diaphysis of the tibiae. The stiffness constants of 55 specimens (among Tibia M), retrieved from the right tibiae had already been reported in [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]. Specimens (set #1) retrieved at the femoral mid-diaphysis (Femur M) from the MULTIPS project (cohort 3) are included in this chapter as well. From the cross-section between posterior and lateral sites of one-third proximal radii of 20 donors (a subgroup of the donors in MULTIPS, 11 males and 9 females, aged 50.0 -91.0 years, mean ± SD = 75.6 ± 11.1 years), 42 RP specimens were prepared. The skeletal sites where the specimens were collected is illustrated in Figure 9.1. The nominal dimension of the specimens are 3×3×6 mm 3 for Femur N, 3×4×5 mm 3 for Femur U and Femur M, 2×3×4 mm 3 for Tibia M and 1.5×2×3 mm 3 for Radius D in radial (axis 1), circumferential (axis 2) and axial (axis 3) directions, respectively, defined by the anatomic shape of the bones. In Table 9.1, specimen information regarding the notation, size, location and number is summarized. 

Bone stiffness and porosity measurements

All the specimens were measured by RUS following the same protocol as detailed in Section 3.2.2. Transverse isotropic elastic symmetry was assumed for Radius D, Tibia M and Femur M, whereas orthotropic elastic symmetry was assumed for Femur N and Femur U, because anisotropy in the transverse plane was observed in femur departing away from the mid-diaphysis [START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF][START_REF] Rudy | Anatomic variation in the elastic inhomogeneity and anisotropy of human femoral cortical bone tissue is consistent across multiple donors[END_REF]. The a priori information of the distribution of the stiffness constants required for the Bayesian analysis was taken from the data in [START_REF] Granke | Change in porosity is the major determinant of the variation of cortical bone elasticity at the millimeter scale in aged women[END_REF] for the femoral and radius specimens, and from [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF] for the tibial specimens.

The intra-cortical porosity of the Femur N, a subgroup of Femur U (38 specimens) and Tibia M (14 specimens) was measured by µCT. Femur N was scanned at Oxford University (Zeiss Xradia 510 Versa, 40 kV, pixel size 7 µm). Femur U and Tibia M were scanned at Université Paris Diderot (Skyscan 1176, 80 kV, pixel size 

µm).

The porosity of the Femur M was measured by SR-µCT in the MULTIPS project.

Statistics

Statistical analyses were performed using the Matlab 2017a Statistics Toolbox (Mathworks Inc., Natick, MA, USA). Normality was tested using Shapiro-Wilk test. As some datasets were not normally distributed, non-parametric test were consequently used. Bivariates correlations between the stiffness constants (C ij ), anisotropy ratios (C 33 /C 11 , C 33 /C 22 , C 44 /C 66 and C 55 /C 66 ) and mass density (ρ) were tested by the Spearman's rank correlation test and the linear regression model (empirical laws) are reported. Differences in the stiffness constants, anisotropy ra-
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tios and mass density between different groups of bone specimens were tested using Wilcoxon test. Data were considered statistically significant for p < 0.05.

Results

The data of the stiffness constants, anisotropy ratios and mass density from the different skeletal sites are summarized in Table 9.2 and their differences are compared in Figure 9.2. Considering compression stiffness constants (C 11 , C 22 and C 33 ), Femur M (mean value) was significantly stiffer (Table 9.2 and Figure 9.2) than Femur U and Femur N (9-14%). Between Radius D, Femur M and Tibia M, Tibia M was significantly less stiff than the others (9-33%), whereas C 33 of Radius D and Femur M were not significantly different. In the shear stiffness constants (C 44 , C 55 and C 66 ), Femur M was significantly stiffer than Femur U and Femur N (12-19%) as well. Between Radius D, Femur M and Tibia M, Tibia M was significantly less stiff than the others except for C 44 of Femur M (not significant), while Radius D was significantly stiffer than Femur M in C 44 but not significant in C 66 .

In femur, the neck had the largest anisotropy ratio in both compression and shear coefficients. While the differences between femur N and femur M were significant, the anisotropy between femur N and Femur U was not significantly different. Between Radius D, Femur M and Tibia M, Tibia M and Femur M had the largest and least anisotropy ratio, respectively, in both compression and shear coefficients. Tibia M was significantly different from Radius D in C 33 /C 11 but not in C 44 /C 66 . In femur, the mass density of Femur M was significantly greater than Femur U and Femur N. The mass density of Radius D was significantly smaller than Femur M and Tibia M. Significant positive correlations were observed between all the compression and shear stiffness constants of the bones and the mass density (Table 9.3). Generally speaking, all the stiffness constants of the femoral bones from the three anatomical 136 Chapter 9. Bone elasticity at multiple skeletal sites [15.0-20.5] [13.6-20.9] [12.1-21.7] [14.5-23.8] [5.3-20.3 locations followed a similar relationship with mass density (Figure 9.3). There was a good match between the femoral and tibial bone stiffness except for the constants associated with the transverse plane (C 11 , C 22 and C 66 ) in which the tibia is less stiff. In general, Radius D was stiffer than the others for a given mass density because its distribution of stiffness against mass density was above the others (Figure 9.3). Significant negative correlations were observed between the anisotropy ratios and mass density for femoral bone and tibia except for C 33 /C 11 of Femur U (Table 9.3).

For Radius D, a significant correlation was observed only for C 33 /C 11 but it was a positive correlation. The correlation between the anisotropy ratios and mass density in tibia seemed to be stronger than in the femur and radius (Figure 9.4). The empirical laws between the stiffness and anisotropy ratios and mass density of the bones are also listed in Table 9.3.

Plotting compression and shear stiffness constants of a subset of femoral and tibia bone specimens against porosity, one may observe that the data follow a similar relationship (Figure 9.5). 

Discussion

The anisotropic stiffness constants of human cortical bone specimens retrieved from several skeletal sites (distal radius, tibia mid-diaphysis, and neck, upper shaft and mid-diaphysis in femur) measured by RUS have been presented in this chapter.

The differences between bones from different skeletal sites in the stiffness constants, anisotropy ratios and mass density were compared. The relationships between the stiffness constants, anisotropy ratios and the mass density of the specimens were investigated. In addition, the relationships between the stiffness constants and porosity were also demonstrated in a subset of the bone specimens. The novelties of this work lie in the following aspects (1) the anisotropic elastic properties of femoral neck, femoral upper shaft and radius have never been reported before;

(2) the relationships between bone mass density and elasticity have not been established for most of the aforementioned bones and (3) bone elasticity and the relationships of these skeletal site have not been measured by the same technique and compared yet.

All the root-mean-square-errors (σ f ) between the measured (between 15-30 frequencies) and calculated resonant frequencies were all less than 1% (the median was 0.5%) a typical value we observed in RUS measurements of human cortical bone [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]Cai et al., 2017b). Different a priori information were used in the inverse problem. The purpose of using the a priori information was to improve the convergence speed of the Gibbs sampling chains and stabilize the inversion for some cases when the amount of the resonant frequencies is small, e.g., when only 15 frequencies are available to calculate the orthotropic elasticity (9 independent unknows). The results are not very sensitive to the a priori information because σ f was small and, overall, the stiffness in the radius was stiffer than in the femur (Figure 9.3), although the same a priori information was used. Note also that there was a good overlap between the femoral and tibial bones in C 33 and the shear stiffness constants, although different a priori information were used (Figure 9.3). Nevertheless, during the RUS processing, we observed that when less resonant frequencies (relative to the amount of unknowns to be solved) are available or the frequencies are not accurately extracted, the retrieved compressional stiffness constants may depend on the a priori information while not the shear stiffness constants, which may be related to the fact that RUS is more sensitive to the shear constants [START_REF] Sedlák | Determination of all 21 independent elastic coefficients of generally anisotropic solids by resonant ultrasound spectroscopy: Benchmark examples[END_REF].

To our knowledge, this work is the first to present the complete anisotropic stiffness constants of a large series of human cortical bone specimens (> 260 specimens) collected from three skeletal sites (radius, femur and tibia). The anisotropic stiffness of radius and femoral upper-shaft and neck were presented for the first time in this work as well. Nevertheless, we need to stress that the bone specimens came from 3 different cohorts of donors and the following observations may be biased. Further investigation using bone specimens from the same donor is needed to confirm the following observations.

Comparing the data (mean values) in femoral bones, Femur M was the stiffest, while less anisotropic than Femur U and Femur N which is consistent with previous observations [START_REF] Orías | Anatomic variation in the elastic anisotropy of cortical bone tissue in the human femur[END_REF][START_REF] Rudy | Anatomic variation in the elastic inhomogeneity and anisotropy of human femoral cortical bone tissue is consistent across multiple donors[END_REF]. This may be related to the fact that the mass density in Femur M is higher because the stiffness data in femur follows a similar empirical law with mass density (Figure 9.3). Tibia M is less stiff than Femur M and has a lower mass density. One interesting observation is that the differences between Femur M and Tibia M in the stiffness constants associated with the transverse plane (C 11 , C 22 and C 66 ) were much bigger (19-33%) than that in the constants associated with the axial axis (2-8%) (see Table 9.2 and Figure 9.3), suggesting that the biomechanical loading may be quite different in the transverse directions between the two skeletal sites. Indeed, femoral mid-diaphysis is surrounded by strong muscles (e.g., Vastus medius, intermedius and lateralis) whose volume to muscle fiber length ratio (the larger the ratio the stronger the muscle) are the largest among the muscles attached to most of the skeletal sites [START_REF] Brand | The sensitivity of muscle force predictions to changes in physiologic cross-sectional area[END_REF] whereas only a layer of soft tissues (e.g., skins) is attached to the medial site of the tibia mid-diaphysis where Tibia M was harvested. The reason why the radius distal is stiffer than tibia and femur (Figure 9.3) in general is less understood due to lack of data in the literature which needs further investigation.

Our data also show that Tibia M is the most anisotropic site while femoral bone is the least anisotropic site among radius, femur and tibia.

Not surprisingly, all the compression and shear stiffness constants and most of the anisotropy ratios from these skeletal sites significantly correlated with mass density. Negative correlations observed between the anisotropy ratios and mass density in tibia have been demonstrated in a previous work [START_REF] Bernard | Elasticitydensity and viscoelasticity-density relationships at the tibia mid-diaphysis assessed from resonant ultrasound spectroscopy measurements[END_REF]. Our data further show that such correlations are stronger in tibia than in femur and radius (Figure 9.4). Furthermore, we plotted the compression and shear stiffness constants against porosity (Figure 9.5) of Femur N, Femur M and a sub group of Tibia M and Femur U whose porosity data were available at the time of writing this thesis. In this portion of data, we observed that the stiffness constants in the tibia and femur follow a similar empirical law as a function of porosity. Nevertheless, it should not be over interpreted because many other factors could affect the results, such as the small number of specimens, measurement errors and the tissue material properties which may be different between the two sites.

There are several limitations in this work that need to be discussed here. Despite that all the specimens were measured by RUS in our laboratory using the same setup, (1) not all the specimens were from the same donors, (2) different numbers of specimens were used in the groups of different skeletal sites, and (3) the volumes of the specimens from different skeleton sites were different. Specifically, specimens in Radius D have the smallest volume (around 9 mm 3 ) while in Femur M they are about 6.7 times bigger. These differences may affect the analysis and results in the following aspects. Firstly, the comparison of the data between the skeletal sites may be biased because three different cohorts of donors with different mean ages (65.9, 77.8 and 83.6 years) were used. As aging, more pores are expected and hence less stiff are the bones and lower is mass density. But we did not observe big influences affected by the age of the donors, e.g., Femur N was less stiff than Femur U although the latter came from the group with 83.6 years mean age. However, this is just a speculation because other factors like health conditions and lifestyle which may have an effect not controlled and are unknown. Secondly, the correlation coefficients can not be quantitatively compared as the number of specimens are different. Lastly but most importantly, the measurement errors (uncertainties) may not be the same across the skeletal sites because the size of the specimens are quite different. The uncertainties in bone stiffness measured by RUS was quantified as 1.7% and 3.1% for shear and compression stiffness constants, respectively, in Femur M (Chapter 2) which has a relatively larger volume than the specimens from the other sites. For the smaller specimens in Tibia M and Radius D, larger measurement errors are expected due to relatively bigger geometrical errors and bigger stress at the two specimens corners held by the transducers. Consequently, the results may be biased as well. These limitations highlight the necessity of using specimens from the same donors, well controlled sample size and more experiments to improve this work in the future.

It is worthy to mention also that negative values in some Poisson's ratios of several specimens in Femur N and Femur U (orthotropy) were observed while not in Femur M, Radius D and Tibia M (transverse isotropy). As negative Poisson's ratio was not reported before, to our knowledge, for human cortical bone and if it is not physical in human cortical bone, we suspect that this may be caused by the fact that the inversion for orthotropic bone stiffness is less constrained because 9 independent parameters need to be optimized compared to 5 parameters in the case of transverse isotropy although the same amount of resonant frequencies is available.

Conclusion

This study demonstrates possible skeletal site and location dependency of the anisotropic elastic coefficients and anisotropy ratios of human cortical bone, which includes bones from femoral mid-diaphysis, upper-shaft, neck, distal radius and tibia mid-diaphysis. Overall, in the anatomical locations in femoral cortical bones, the mid-diaphysis had the greatest stiffness but the smallest anisotropy ratios while the neck had the lowest stiffness but greatest anisotropy ratios which may be associated with the mass density. Among the distal radius, femoral and tibial mid-diaphysis, the radius had the greatest stiffness while the tibia had the lowest stiffness. The tibia mid-diaphysis had the greatest anisotropy ratios whilst the femoral mid-diaphysis had the lowest anisotropy ratios and the anisotropy ratios were associated with the mass density. The data presented in this work provides extensive reference values for bone elastic properties related calculations, simulations and modelling, such as for FEM of bone mechanical properties and for GWs and bone imaging techniques.

Chapter

Summary and conclusion

Bone is a highly optimized anisotropic material which carries out most of the mechanical loading in human body. The overall mechanical performance of bone depends on both its structural and compositional properties because it has a complex hierarchical structure spanning over several length scales from the nanoscale to macroscale. Hence, a deep understanding of the interplay between bone mechanical properties and its structural and compositional properties is necessary to better predict and treat bone diseases, improve orthopedic implants design, and engineer bio-inspired materials. A special focus was placed on bone anisotropic elasticity both at the millimeter and micrometer scales. This is because the mesoscopic elasticity has a direct impact on the mechanical behavior of bone at the macroscale level at which cortical bone acts to resist to functional loads. In addition, for a given load, the microscopic elasticity greatly determines local mechanical environment of bone tissue that can be sensed by mechanosensitive osteocytes which stimulate bone remodelling process.

To carry out our study, a state-of-the-art technique RUS was used to measure the anisotropic elastic properties of small solid specimens. It possesses several distinct features compared to competing methods such as BWV and mechanical testing: very small specimens (volume of several mm 3 ) can be measured (by our current setup), the whole set of stiffness tensor can be precisely measured (uncertainty of a few percent) on a single specimen without additional sample preparation and the measurements are quite fast (about 5 mins per specimen). In this work, we took these advantages of RUS and tried to expand our knowledge about human cortical bone anisotropic elasticity both at millimetre and micrometer scales by first properly quantifying the measurement errors in RUS (Chapter 2), by investigating the relative contributions of the microstructural and compositional properties to mesoscopic elasticity (Chapter 3 and 4), then by proposing a novel method to estimate the entire stiffness tensor of bone matrix (Chapter 5), and finally by several ancillary studies covering both several technical aspects (Chapter 6, 7 and 8), and human cortical bone elasticity at multiple skeletal sites (Chapter 9).

The first part of the present work was dedicated to investigating the relative contributions of microstructural and compositional properties to bone mesoscopic elasticity. To measure bone anisotropic elasticity at the mesoscale, RUS is used this work. Nevertheless, its precision depends on the uncertainties on the reso-nant frequencies and specimen dimensions measurements and perfectness of the RP geometry of the specimen which needs to be quantified. In Chapter 2, the results show that following the current experimental protocol which typically produces bone specimens of about 1 • perpendicularity and parallelism errors, an accuracy error of a few percent for all the stiffness constants and engineering moduli is achievable.

Knowing the precision of bone stiffness, it is possible to quantitatively investigate the relative contributions of bone microstructural and compositional properties which were measured by state-of-the-art techniques as well (Chapter 3). Despite that an exhaustive amount of bone material characteristics have been measured, it turns out that intra-cortical porosity and DMB explain most of the variability of bone stiffness (76.4% < Adj -R 2 < 90.9%) in an elderly population. To further depict the role of bone microstructural characteristics in bone stiffness, the inter-specimen variability of bone matrix properties needs to be controlled which is not an easy task experimentally. Therefore, a set of synthetic bone stiffness data was calculated directly using the microstructure of each bone specimen by a FFTbased homogenization method fixing a constant matrix stiffness tensor (Chapter 4). We found that the effects caused by microstructural features other than porosity are smaller than the experimental errors and cannot be captured experimentally. We also observed that a popular bone biomechanical model idealizing the pores as cylinders evenly distributed in a hexagonal cell overestimates all the stiffness constants which may be related to the specific arrangement of the pores in bone differing from the structure of the idealized model, i.e., Haversian canals vertically distributed in bone matrix and transversely connected by Volkmann's canals. This observation suggests that a more appropriate biomechanical model should be developed to accurately predict bone stiffness. Moreover, we showed that pore shape (quantified as the average ratio between the circumferential and radial axis lengths of the pores) is related to the anisotropy between both the compression (C 22 /C 11 ) and shear (C 44 /C 55 ) stiffness constants in the transverse plane, suggesting that it is an important factor affecting bone orthotropic elastic behavior.

In the second part of the present work (Chapter 5), we proposed a novel inverse homogenization method to measure bone tissue elastic properties (micrometer level) with the objective of investigating its range of variations and the consequences on the magnitude of microstrain in bone matrix which may be sensed by osteocytes. The inverse homogenization method combines RUS and a fast Fourier transform based homogenization algorithm to estimate the entire tissue stiffness tensor which overcomes several limitations of current methods such as SAM and nano-indentation. We estimated that the inverse homogenization may produce a good accuracy < 4% (basically determined by the accuracy of RUS) for all the stiffness constants and the estimated bone matrix elasticity data show significant correlations with DMB. Based on these data, empirical laws between DMB and bone matrix anisotropic stiffness constants were obtained for the first time. Furthermore, using the bone matrix elasticity data, we investigated the possible range of the microstrain experienced by bone matrix which CV was about 8.2%. This work opens the way to better evaluate and understand bone mechanical behaviour at the micrometer level, such as the microstrain that can be sensed by osteocytes and builds the bridge to comprehensively investigate the connections between bone anisotropic properties at the millimeter and micrometer scale, and between the anisotropic microelastic properties and the characteristics at the nanometer scale.

Several ancillary studies accomplished during the PhD study were also presented from Chapters 6 to 9. The first one concerns the effects of chemical defatting of bone specimens and the irradiation during SR-µCT imaging on bone stiffness. Our results show that the defatting protocol and the X-ray irradiation dose used in the present thesis has non measurable effect on bone anisotropic stiffness measured by RUS. The second ancillary study presents an alternative method to measure trabecular bone tissue elasticity replacing the mechanical testing by simply measuring the first mechanical resonant frequency of a freestanding cuboid specimen using RUS, which is relatively easy to implement compared to traditional mechanical testing. The results show good consistency with the data from previous studies. The third one concerns the pitfalls in the BWV method, despite the apparent simplicity of this method compared to RUS. The effects of the signal processing method, specimen size and frequency (which decides the wave length) on the resulting stiffness were experimentally investigated and the results show that these factor affect the resulting stiffness in different ways. Hence, some guidelines to standardize the BWV measurements in cortical bone were proposed. Finally, the last ancillary study presents the anisotropic stiffness data of human cortical bone collected at different skeletal sites (radius, femur and tibia). Measured by the same method (RUS) in the same laboratory, the comparisons may be more convincing than previous studies. This work is the first to present the complete anisotropic stiffness constants of a large series of human cortical bone specimens (> 260 specimens) collected from the three skeletal sites. From the analysis of our data, we showed that bone elastic properties may be different at different skeletal sites (our hypothesis). However, due to limitations in the collected specimens, we cannot really validate our hypothesis and the results should not be over interpreted. To further improve this work, careful selection and preparation of the specimens are needed (e.g., from same donors).

It is worthy to mention some limitations in this thesis and some difficulties encountered during this work and hence to bring some perspective for future work. The main datasets of this thesis were collected from one anatomical location (femoral mid-diaphysis) in an elderly population. Herein, the conclusions drawn in this work especially in the investigation of the relative contributions of the bone characteristics to stiffness may change if specimens from other anatomical locations, for a different age group or from unhealthy bones (osteogenesis imperfecta, skeletal fluorosis, etc...) were used, as some bone characteristics may change significantly. Nevertheless, this work present a good framework to investigate the effects of the changed bone properties (caused by disease for instance) on the mechanical properties. Also, there is room for improvements in the RUS tool used in this work. While the inverse problem to retrieve stiffness constants has been automatized, the signal processing step (retrieving resonant frequencies from the resonant spectra) is a user-dependent process. Some efforts should be made to automatize the signal processing step. Another important limitation is that currently for bone specimens which have an orthotropic elastic symmetry (see Chapter 9), the determination of the stiffness constants may be less reliable because the amount of retrievable resonant frequencies may not be sufficient to reliably estimate 9 independent coefficients, i.e., the inverse problem is less constrained compared to the transverse isotropy case (5 parameters). This may be the reason why negative values in some Poisson's ratios of several specimens in Femur N and Femur U (orthotropy) were observed while not in Femur M, Radius D and Tibia M (transverse isotropy). This situation may be improved by using a stronger a priori information of bone stiffness but it may cause another issue that the results may depend on the a priori information given when less resonant frequencies (relative to the amount of unknowns to be solved) are available or the frequencies are not accurately extracted. One solution to this problem may be to find a way to selectively excite and record the vibration modes like what has been done to copper using electromagnetic acoustic resonance [START_REF] Ogi | Contactless mode-selective resonance ultrasound spectroscopy: Electromagnetic acoustic resonance[END_REF]. If successful, probably less amount of resonant frequencies will be required as has been shown in RUS measurements of wooden materials [START_REF] Vorobyev | Characterisation of cubic oak specimens from the vasa ship and recent wood by means of quasi-static loading and resonance ultrasound spectroscopy (rus)[END_REF][START_REF] Longo | Elastic characterization of wood by resonant ultrasound spectroscopy (rus): a comprehensive study[END_REF] and the restrictions by the a priori knowledge of bone stiffness can be relaxed for the inverse problem.

In conclusion, intra-cortical porosity and DMB were found to be the most important determinants of bone mesoscopic stiffness in the elderly. Other microstructural characteristics independent of porosity have some small effects on bone mesoscopic stiffness but may not be captured experimentally considering the precision. To more accurately predict bone stiffness, a more appropriate micromechanical model taking into account the interactions between Haversian and Volkmann's canals, rather 1.00 --C44 0.94 3 0.90 3 0.87 3 1.00 -C66 0.97 3 0.74 3 0.89 3 0.93 3 1.00 The convergence study was carried out on four specimens of 5%, 9.9%, 15.4% and 21.2% porosity, respectively, whose original pixel size (ps) of the 3D images was 6.5 µm. The pixel size of the images of each specimen was increased to ps = 15, 25, until 115 µm, respectively, with 10 µm interval. The stiffness constants of the specimens at each ps were calculated by the FFT homogenization and compared with the results when ps = 6.5 µm to estimate the relative differences (equation (C.1)).

δC ij = C #4 ij -C #1 ij , δρ = ρ #4 -ρ #1 .
When ps = 35 µm, the relative differences of all the stiffness constants from all the specimens (from low to high porosity) are less than 1.4%. 

C.1.2.2 Inverse problem

The pixel size of the images of each specimen was increased to ps = 10, 15, 20, 25, 30 and 35 µm, respectively, in order to study how does image resolution affect the calculation of stiffness constants. The effective stiffness constants C 10 ij were used as the input, together with the images at the other pixel size (15-35 µm), to calculate bone matrix stiffness constants C m,ps ij biased by the reduce image resolution. The RMSE between C m,ps ij and C m0 ij of each specimen was evaluated as:

RM SE(ps) = 1 5 ij C m,ps ij -C m0 ij C m0 ij 2 × 100% (C.2)
When ps 35 µm, all the RMSEs were less than 1.5%. For the 3 specimens of porosity between 5.0% and 15.4%, all the RMSE were less than 0.5%. Compared with experimental errors in RUS, these values are smaller. To this end, ps = 35 µm was considered as an appropriate value for the 3D images of the specimens and was chosen in this work.

C.2 Validation of the inversion homogenization

The effective stiffness constants C F F T 0 ij of all the 55 specimens were calculated by the FFT homogenization with the values C m0 ij for bone matrix and the pixel size of the images was 35 µm. Using C F F T 0 ij as the input, both the calibration and optimization approaches were implemented to calculate bone matrix stiffness constants C m ij and the RMSE of each specimen was evaluated as:

RM SE = 1 5 ij C m ij -C m0 ij C m0 ij 2 × 100% (C.3)
The results are depicted in Figure C.3 in which we observed that all the RMSE are less than 0.15% and 0.018% for the calibration and optimization approaches, respectively, and most are less than 0.05% and 0.005%, which means the inverse methods themselves are reliable. 
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 11 Figure 1.1: The Eiffel tower designed by the French engineer Gustave Eiffel (1832-1923) was inspired by the work of the anatomist Hermann von Meyer who described the microstructure of trabecular bone at the proximal femur (Meyer, 1867).
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 12 Figure 1.2: Hierarchical structure of a femoral bone: (a) collagen molecules precipitated by hydroxyapatite (mineral) crystals in their gaps constitute fibrils which are then arrganged in (b) fibers with the deposition of mineral crystals on the surface. (c) Mineralized fibers are arranged to form bone lamellae and within lamellar sublayers, the orientation of the fibers may vary. (d) The osteon (in cortical bone) a cylindrical structure organized by several concentric lamellae around a Haversian canal constitutes the basic structural unit at the microscale. (e) In cancellous (trabecular) bone, segments of parallel sheets of lamellae are arranged in a mosaic way which form thin rods and plates of bone tissue known as trabeculae, the basic unit of trabecular bone microstructure. (f) Finally, cortical and trabecular bone assemble the whole bone. Reproduced from Mouchet (2012) based on the picture in Reisinger et al. (2010).
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 13 Figure 1.3: Trabecular bone (top) is much more porous than cortical bone (bottom). Trabecular bone is in the inner parts and the extremities of long bones whereas cortical bone mainly occupies the outer shell of bone. Reproduced from Mouchet (2012).
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 15 Figure 1.5: A typical RUS setup (a) to measure the resonant spectrum (b) of a'free' vibrating solid sample held between two ultrasonic transducers by its two corners. The spectrum illustrated here was measured on a metallic sample. Reproduced from[START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF] 
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 16 Figure 1.6:As the Q factor decreases, the width of the peaks increases and close peaks overlap. Reproduced from[START_REF] Bernard | Resonant ultrasound spectroscopy for the viscoelastic characterization of cortical bone[END_REF] 

  Figure 1.7: A pair of shear ultrasonic transducers is used to measure 6 resonant spectra per specimen by successively rotating the specimen to maximize the number of detectable resonant frequencies.
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 19 Figure 1.9: Methods to evaluate bone tissue stiffness. (a) Scanning acoustic microscopy, adapted from Raum (2011). (b) Nano-indentation, adapted from Zysset et al. (1999). (c) Mechanical testing on µm sized specimens, adapted from Luczynski et al. (2015).
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 110 Figure 1.10: An overview of the experiments to acquire multiphysical quantities of bone in the Multips project.
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 2 Figure 2.1: (a) the cross section of a femur was cut into 4 pieces according to the anatomical locations: lateral, medial, posterior and anterior; (b) the steel block on which a bone piece was fixed for being cut by a diamond wire saw to retrieve a cuboid specimen. Two pairs of perpendicular cuts were realized by successively positioning the block on a reference stage with two mutually perpendicular faces.

Figure 2

 2 Figure 2.3: A typical resonant spectrum measured on a bone specimen. The plus signs (+) represent the extracted resonant frequencies.

Figure 2

 2 Figure 2.4: a) A slice of the binarized image of bone structure. b) The mask of the bone slice after filling up the pores (the black parts in a)) and the contours (red color) detected from the mask. The contours of all the masks determine the external envelope of the specimen which was used to quantify its perpendicularity and parallelism quality.
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 26 Figure 2.6: The distributions of the perpendicularity error δα and parallelism error δβ of the 23 specimens.
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 27 Figure 2.7: The distribution of the dimension error ε obtained by comparing for each specimen the volume of the bone SR-µCT reconstruction and the volume of a hypothetical RP of dimensions dim exp ± ε.
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 29 Figure2.9: The mean and 95% confidence intervals of the errors on stiffness constants and engineering moduli corresponding to case (D), (F), (D+F) and (S). The error bars show the upper and lower bounds of the intervals and the mean values are represented at the center of the errorbars by the 'circle' or 'square' makers. For case (D), (F) and (D+F) the intervals were estimated as mean ± 2×SD, for case (S) they were evaluated by fitting the cumulative distribution functions of the errors using kernel density estimators.
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 210 Figure 2.10: Diagram of the FEM simulation for quantifying the bias caused by imperfect specimen geometry. C exp ij are bone stiffness constants measured by RUS (Section 2.3.2), f f em are the resonant frequencies calculated from the actual specimen geometry, dim exp are the dimensions of the specimens measured by caliper, C f em ij are the stiffness constants calculated by solving the inverse problem, and δC f em ij represent the estimation errors.
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 31 Figure 3.1: Sample preparation procedure and the representations of the experimental modalities including RUS, SR-µCT, biochemistry and FTIRM. (a) A cross-section of femoral bone from which two specimens were extracted at the lateral and medial quadrants. (b) Four rectangular parallelepiped shaped specimens (set #1, #2, #3 and #4) were prepared along the axial direction. (c,d) RUS measurements for bone stiffness. (e) Pore network obtained treating bone phase as background. (f) Biochemistry experiments to quantify the collagen and cross-links. (g) A FTIRM spectra containing compositional information of the bone specimen. (h) bone microstructure idealized as infinite cylindrical pores periodically distributed in bone matrix on a hexagonal lattice (see Section 3.2.8).
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 32 Figure 3.2: The porous network after reconstruction and one slice of cortical bone scanned by SR-µCT showing the distribution of the gray levels
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 33 Figure 3.3: 3D bar graphs representing the C ij as a function of φ and DMB. Linear regressions are plotted in the background for each variable with the coefficients of determination (r 2 ) and the Adj-R 2 values of the model using φ and DMB as the explanatory variables are depicted as well.
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 34 Figure 3.4: Linear regression and Bland-Altman plots between the C ij and C cyl ij
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 35 Figure 3.5: Linear regression and Bland-Altman plots between the C ij and C cyl ij
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 41 Figure 4.1: Sample preparation procedure and the experiments, (a) a cross-section of femoral bone from which two specimens were extracted at the lateral and medial quadrants. (b) RUS measurements for bone stiffness. (c) a representation of the 3D microstructure of a bone specimen imaged by SR-µCT adapted from (Granke et al., 2011). (d) pore network obtained treating bone phase as background. (e) bone microstructure idealized as infinite cylindrical pores periodically distributed in bone matrix on a hexagonal lattice (see Section 4.2.5).
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  100%, respectively, were compared with R d to reveal their relationships.

  After minimizing the objective function between C EXP ij and C F F T ij (equation (5.1)), bone matrix stiffness C m ij was found to be C m 11 = 24.4 GPa, C m 33 = 33.5 GPa, C m 13 = 14.7 GPa, C m 44 = 6.9 GPa, C m 66 = 5.4 GPa. The constants in C EXP ij agree well with C F F T ij except for C 13 when φ > 12% (Figure 4.3). As illustrated by the RMSE with the experimental fits (equation (4.7)), the fluctuations of C EXP ij
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 42 Figure 4.2: The relationship between R d and the relative difference (δ 21 and δ 45 ) between C F F T 22 and C F F T 11 , and between C F F T 44 and C F F T

4. 3 . 5 Figure 4 . 3 :

 3543 Figure 4.3: Calibration and validation of the model. Stiffness tensors C EXP ij and C F F T ij , and their corresponding RMSE after optimization (equation (4.7)).

Figure 4 . 4 :

 44 Figure 4.4: Comparison between C F F T ij and C cyl ij to reveal the effect of the simplified bone microstruture (Figure 4.1 e) on the effective bone stiffness

  While the effective stiffness constants C F F T ij estimated by FFT homogenization compared well with the experimental ones C EXP ij (Table 4.2 and Figure 4.3), C F F T ij exhibit a smaller diversity (Figure 4.3) which was expected because (i) the homogenization model did not take the variations of bone matrix stiffness among individuals into account and (ii) the model is free of stiffness measurement error. Moreover, the discrepancies between the RMSE for C F F T ij and C EXP ij cannot be entirely explained by experimental uncertainties which strengthens the fact that bone matrix stiffness contribute to bone mesoscopic stiffness as well (see Chapter 2).

Figure 4 . 5 :

 45 Figure 4.5: Quasi-cylindrical pores (Haversian canals) connected by the transversely oriented Volkmann's canals.

  Figure 5.1: Sample preparation procedure and the experiments.

Figure 5 . 2 :

 52 Figure 5.2: One slice of cortical bone scanned by SR-µCT showing the distribution of the gray levels.

  example) and C m 11 was established by varying the values of C m 11 starting from C m0 11 while fixing C m0 33 , C m0 13 , C m0 44 , C m0 66 (see Fig. 5.3). The range of variations were C m0

Figure 5 . 3 :

 53 Figure 5.3: An example of a specimen-specific relationship (solid curve) between C F F T 11 and C m 11 . The latter was projected (circle) by C EXP 11

Figure 5 . 4 :

 54 Figure 5.4: Histogram of DMB (ρ m ) of the specimens.

Figure 5 . 6 :

 56 Figure 5.6: Bland-Altman's plots for the comparison between bone matrix stiffness constants C m ij from optimization and calibration approaches. d refers to the average difference (solid line), the bounds (dash line) defines the 95% confidence interval.

Figure 5 . 7 :

 57 Figure 5.7: Relationships between ρ m and C m ij , and the corresponding linear regression model (solid line) with the 95% CI (dot line) from optimization (in black) and calibration (in red) approaches. r is the Pearson's correlation coefficient.

Figure 5 . 9 :

 59 Figure 5.9: Histogram of the microstrain ε m 33 and its relationship with DMB. The 95% CI of the linear regression model is also shown (dot line).

  2.3; (3) RUS measurements of elastic coefficients on the defatted specimens (C D ij ); (4) SR-µCT imaging on the defatted specimens as described in section 6.2.4; and (5) RUS measurements of the elastic coefficients on the defatted and irradiated specimens (C D+R ij ).

Figure 6 . 1 :

 61 Figure 6.1: Experimental protocol.

Figure 6 . 2 :

 62 Figure 6.2: Bland-Altman of C 33 measured on (a) native and defatted specimens, (b) native and irradiated specimens

Figure 7 . 1 :

 71 Figure 7.1: RUS measurement configuration showing the mounting of a bovine specimen between ultrasonic transducers. Measurements are repeated with successive mounting on the different pairs of opposite corners.

Figure 7 . 2 :

 72 Figure 7.2: Typical RUS spectra around the first resonance frequency. Eight repetitions are shown corresponding to two measurements for the positioning on each of the four pairs of corners. The vertical line indicates the estimated average frequency of the first resonance peak.

Figure 7 . 3 :

 73 Figure 7.3: Calculated first resonance frequency as a function of test values of tissue Young's modulus. The black square symbol corresponds to the measured resonant frequency.

Figure 8 . 1 :

 81 Figure 8.1: Criteria to define the time-of-flight. (1) first arrival; (2) maximum amplitude of the envelope; (3) first zero-crossing;

Figure 8 . 2 :

 82 Figure 8.2: Example of longitudinal wave signals using transducers at 2.25 MHz. The reference signal and signal through the specimen are shown for PC (left) and bone (right).

Figure 8 . 3 :

 83 Figure 8.3: Configuration of transducers for ultrasonic measurements in cortical bone. Longitudinal (left) and shear wave (right) velocity measurements.

Figure 8 . 4 :

 84 Figure 8.4: Example of shear wave signals using transducers at 1 MHz. The reference signal and signal through the specimen are shown for PC (left) and bone (right). Note the satisfactory splitting of shear and longitudinal signal through bone achieved by interposing a PMMA plate.

Figure 8 . 5 :

 85 Figure 8.5: Evolution of precision error of stiffness in PC specimens with transverse dimension smaller than 20 mm (w ≤ 20) at different excitation frequencies and using the first arrival wave criterion. Values obtained using different transducers are plotted as a function of w/φ. Left: longitudinal stiffness C 11 ; right: shear stiffness C 44 .

Figure 8 . 6 :

 86 Figure 8.6: Longitudinal (C 11 , left) and shear (C 44 , right) stiffness measured in polycarbonate specimens at different excitation frequencies and using 4 different signal processing methods to calculate the US velocity. (1) first arrival; (2) maximum amplitude of the envelope; (3) first zero-crossing; (4) phase velocity. Median (lines within boxes), mean (circles within boxes), interquartile (boxes) and extreme values (whiskers) are shown.

Figure 8 . 7 :

 87 Figure 8.7: Measured stiffness in polycarbonate specimens with transverse dimension smaller than 20 mm (w ≤ 20) at different excitation frequencies. Left: longitudinal stiffness C 11 ; right: shear stiffness C 44 .

  Figure 9.1: An illustration of the skeletal sites where the specimens were collected and the dimensions (adapted from Leslie (2012)).

Figure 9 . 2 :

 92 Figure 9.2: Differences between the stiffness constants, anisotropy ratios and mass density. * p < 0.05, * * p < 0.01, * * * p < 0.001.

Figure 9 . 4 :Figure 9 . 5 :

 9495 Figure 9.4: Relationships between the anisotropy ratios and mass density of the specimens at the different skeletal sites.

Figure B. 1 :

 1 Figure B.1: Relationships between the difference between the stiffness constants and mass density of the set #1 and #4.δC ij = C #4 ij -C #1 ij , δρ = ρ #4 -ρ #1 .

  Figure C.1: A hexagonal cell of 15% porosity and the evolution of the relative differences of stiffness constants using different values of η.

Figure C. 2 :

 2 Figure C.2: The evolution of the relative differences of stiffness constants (C 11 and C 44 ) of four specimens (5.0 -21.2% porosity) varying pixel size of the images.

0 0 .RMSEFigure C. 3 :

 03 Figure C.3: Histogram of the RMSE (Equation C.3) of the specimens from the calibration and optimization approaches.

Table 2 .1:

 2 Properties of the reference RP bone specimen. The eigenfrequencies f 0 of the reference specimens are associated to the parameters in this table.

	dim 0 (mm) m 0 (mg)	C 0 ij (GPa)
	3 × 4 × 5	112.2	19.58 29.04 11.74 5.83 4.28

Table 2 .2: The

 2 

	errors (mean±SD in %) on stiffness constants (Eq. (2.5)) and the
	engineering moduli due to four sources of error: uncertainties on dimension (D), on
	frequencies (F), on dimension and frequencies together (D+F) and imperfect specimen
	geometry (S) detailed in Sec. 2.5.			
	Error source	D	F	D+F	S
	δC 11	-0.41±1.51 -0.12±1.41 -0.52±1.70 3.56±1.61
	δC 33	0.16±2.68 0.00±1.44 0.13±2.52 -2.18±1.51
	δC 13	-0.21±1.38 -0.09±2.60 -0.36±2.16 2.22±2.08
	δC 44	0.02±1.27 0.00±0.53 0.07±1.41 -0.52±0.91
	δC 66	-0.01±1.10 -0.03±0.48 -0.05±1.18 0.85±0.68
	δE 1	-0.16±1.08 -0.07±0.46 -0.22±1.09 1.55±0.82
	δE 3	0.17±2.62 -0.00±1.09 0.20±2.67 -3.19±1.10
	δν 23	0.03±1.92 -0.01±1.94 -0.06±2.68 2.78±1.15
	δν 31	0.34±2.26 0.05±1.79 0.32±2.24 -2.01±1.53
	δν 21	-0.50±2.06 -0.14±1.89 -0.55±2.24 2.42±1.49
	σ f	0.35±0.23 0.43±0.06 0.58±0.16 0.29±0.09

Table 2 .3: The 95% CIs (in %) of the errors on stiffness constants and the engineering moduli due to imperfect specimen geometry.

 2 

	δC 11	δC 33	δC 13	δC 44	δC 66
	95% CI [-1.08, 6.16] [-5.15, 0.62] [-3.29, 5.33] [-3.29, 1.04] [-1.04, 2.34]
	δE 1	δE 3	δν 23	δν 31	δν 21
	95% CI [-0.87, 3.27] [-5.09, -0.98] [0.75, 5.56] [-4.78, 1.39] [-0.17, 5.17]

Table 3 . 1 :

 31 Microstructure variables assessed by CTAnalyser and their definitions.

Variable

Unit Definition φ % pore volume fraction PoS/PoV mm -1 pore surface to pore volume ratio PoN mm -1 pore number per millimeter PoDm µm average diameter of the pores PoSp µm average separation between pores PoPf mm -1 pore pattern factor, lower PoPf indicates higher concavity, i.e., better-connected pore network ConnD mm -3 connectivity density, a measure of the degree to which a pore is multiply connected SMI a.u. structure model index, the relative prevalence of rods and plates in a 3D pore network

Table 3 . 2 :

 32 Compositional variables assessed by FTIRM and biochemistry experiments and their definitions.

	Variable	Unit	Definition		Modality
	Mineral group			
	DMB	g/cm 3	Degree of mineralization of bone	SR-µCT
	MinOrga no unit	Mineral to organ ratio, the ratio of the	FTIRM
			ν1ν3PO4 area (910 -1184 cm -1 ) over the	
			Amide I area (1592 -1730 cm -1 )	
	MinMat	no unit	Mineral maturity, the ratio of the ap-	FTIRM
			atitic (∼1030 cm -1 peak) over non apatitic	
			(∼1110 cm -1 peak)		
	Carbon	no unit	Carbonation, the ratio of the ν2CO3 area	FTIRM
			(862 -894 cm -1 ) over the ν1ν3PO4 area	
	CryInd	cm	Crystallinity index, the inverse of the full	FTIRM
			width FTIRM at half maximum of the	
			∼604 cm -1 peak		
	Collagen group			
	CollMat	no unit	Collagen maturity, ∼1660 cm -1 peak over	FTIRM
			∼1690 cm -1 peak		
	DHLNL	mmol/mol	Didhydroxylysinonorleucine, immature	Biochemistry
		collagen	enzymatic cross-links		
	HLNL	mmol/mol	Hydroxylysinonorleucine,	immature	Biochemistry
		collagen	enzymatic cross-links		
	PYD	mmol/mol	Pyridinoline, mature enzymatic cross-	Biochemistry
		collagen	links		
	DPD	mmol/mol	Deoxypyridinoline, mature enzymatic	Biochemistry
		collagen	cross-links		
	PEN	mmol/mol	Pentosidine, non-enzymatic cross-links	Biochemistry
		collagen			
	Coll	%	Collagen percentage by weight	Biochemistry

Table 3 .

 3 3: A summary of the results (Mean(SD)) of stiffness constants, microstructure and compositional variables from the lateral (L) and medial (M) specimens. * Variables in which significant difference were found between the data from lateral and medial specimens.

	Stiffness constants				
		C11 (GPa)	C33 (GPa)	C13 (GPa)	C44 (GPa)	C66 (GPa)
	L	19.56(1.95)	28.97(2.29)	11.88(0.90)	5.77(0.62)	4.31(0.59)
	M	20.10(1.84)	28.92(1.84)	12.12(0.91)	5.90(0.58)	4.49(0.64)
	Microstructure variables			
		φ (%)	PoS/PoV (mm -1 )	PoN (mm -1 )	PoDm (µm)	PoSp (µm)
	L	7.38(4.27)	59.24(17.06)	0.78(0.25)	90.19(30.95)	322.74(35.47)
	M	7.57(3.85)	61.83(19.70)	0.83(0.20)	88.59(33.56)	317.70(27.47)
	PoPf (mm -1 ) ConnD L 31.34(8.26) 10.32(4.99)	3.23(0.25)	1.90(0.06)	
	M	30.36(9.35)	24.75(5.84)	3.05(0.22)	1.90(0.06)	
	Mineral variables				
		DMB (g/cm 3 )	MinOrga (cm)
	L	1.01(0.02)	5.26(0.30)	1.84(0.10)	0.0071(0.0003) 0.0384(0.0011)
	M	1.02(0.02)	5.55(0.26)	1.72(0.07)	0.0066(0.0002) 0.0396(0.0006)
	Collagen variables				
		CollMat *	DHLNL	HLNL	PYD	DPD
		(n.u.)	(mmol/mol	(mmol/mol	(mmol/mol	(mmol/mol
			collagen)	collagen)	collagen)	collagen)
	L	4.54(0.37)	577.7(210.2)	265.1(78.6)	352.6(53.5)	98.3(17.5)
	M	4.33(0.29)	557.9(183.5)	255.7(69.0)	353.5(34.3)	108.0(18.0)
		PEN	Coll			
		(mmol/mol	(mmol/mol			
		collagen)	collagen)			
	L	10.3(2.9)	13.6(0.8)			
	M	9.5(2.6)	13.4(0.5)			

* (mm -3 ) SMI * (a.u.) ρ (g/cm 3 ) * (n.u.) MinMat * (n.u.) Carbon * (n.u.)

CryInd *

  Table3.5. Collagen variables only explain a little variability of the C ij (Adj-R 2 from 9.9% to 21.8%). In the microstructure variables, φ and PoPf help to explain the C ij , whereas only DMB and MinOrga out of the mineral variables and DHLHL out of the collagen variables explain the C ij . From the slope of the variables in the linear model, one can tell that the relative contribution of φ is greater than the other explanatory variables. Pooling together the explanatory variables from each group, φ, DMB and PoPf present the best explanation of the C

ij (Adj-R 2 from 77.9% to 90.9%). As φ is highly correlated with PoPf (r = -0.96) it was removed in the linear model of the best combination for C 33 and replace by φ for C 13 . The resultant linear models with only two important variables, φ and DMB, present similar accuracy (less than 2% difference for Adj-R 2 and less than 0.05 GPa difference for RM SE) as the best combination model (Table

Table 3 . 5 :

 35 Linear regression model of bone stiffness C ij . In the two-variable model, only φ and DMB are included. For C 11 , C 44 and C 66 , the best combination is with φ and DMB as the explanatory variables. 3 p < 0.0001.

	Stiffness Explanatory variables Linear model	Adj-R 2 RM SE (%) (GPa)
	C11	microstructure	18.14 -4.06 × φ	78.9 3	0.87
		mineral	19.38 + 3.63×DMB	59.8 3	1.20
		collagen	19.48 -1.34×DHLNL	13.0 1	1.77
		best combination	18.36 -3.03 × φ + 1.66×DMB	86.4 3	0.70
		φ + DMB	-	-	-
	C33	microstructure	26.23 -5.97 × φ -1.52×PoPf	82.0 3	0.87
		mineral	28.66 + 4.63×DMB-1.14×MinOrga 54.6 3	1.38
		collagen	28.57 -1.47×DHLNL	13.2 1	1.91
		best combination	26.43 -5.16 × φ -1.44×PoPf	85.1 3	0.79
			+1.18×DMB		
		φ + DMB	27.27 -3.67 × φ + 1.22×DMB	83.2 3	0.84
	C13	microstructure	11.31 -1.67 × φ	58.8 3	0.58
		mineral	11.78 + 1.81×DMB	65.9 3	0.53
		collagen	11.79 -0.80×DHLNL	21.8 1	0.80
		best combination	11.97 + 0.81×PoPf+1.29×DMB	77.9 3	0.42
		φ + DMB	11.47 -0.92 × φ + 1.21×DMB	76.4 3	0.44
	C44	microstructure	5.28 -1.33 × φ	84.4 3	0.24
		mineral	5.69 + 1.16×DMB	60.6 3	0.38
		collagen	5.73 -0.43×DHLNL	13.3 1	0.56
		best combination	5.35 -1.02 × φ + 0.49×DMB	90.9 3	0.18
		φ + DMB	-	-	-
	C66	microstructure	3.86 -1.29 × φ	76.1 3	0.30
		mineral	4.25 + 1.16×DMB	58.8 3	0.39
		collagen	4.30 -0.39×DHLNL	9.9 1	0.58
		best combination	3.93 -0.95 × φ + 0.55×DMB	83.7 3	0.25
		φ + DMB	-	-	-

high requirements in the experimental apparatus. Hence, several state-of-the-art experimental modalities (RUS, SR-µCT, FTIRM and biochemistry) were used.

Table 4 . 1 :

 41 Microstructural variables assessed by CTAnalyser and their definitions.

	Variable	Unit	Definition
	φ	%	pore volume fraction
	PoS/PoV mm -1 pore surface to pore volume ratio
	PoN	mm -1 pore number per mm
	PoDm	µm	average diameter of the pores
	PoSp	µm	average separation between pores
	PoPf	mm -1 pore pattern factor, lower PoPf
			indicates higher concavity, i.e.,
			better-connected pore network
	ConnD	mm -3 connectivity density, a measure of
			the degree to which a pore is
			multiply connected
	SMI	a.u.	structure model index, the relative
			prevalence of rods and plates in a
			3D pore network

Table 4 .

 4 3: A summary (Mean±SD) of the values of bone microstructural variables and their range.

		φ (%)	PoS/PoV (mm -1 ) PoN (mm -1 )	PoDm (µm)
	Mean±SD	7.3 ± 3.7	60.6 ± 17.8	0.80 ± 0.22	89 ± 31
	Range	2.0 -18.3	29.6 -106.2	0.40 -1.51	44 -174
		PoSp (µm)	ConnD (mm -3 )	SMI (a.u.)	PoPf (mm -1 )
	Mean±SD	320 ± 31	17.5 ± 9.0	3.1 ± 0.3	30.92 ± 8.54
	Range	253 -401	3.9 -37.6	2.8 -4.0	15.16 -52.51

Table 4 . 4 :

 44 Pearson's correlation coefficient r between C F F T p < 0.0001, n.s., non significant, 1 p < 0.05 after controlling for the contribution of φ.

	ij	(in GPa) and microstruc-

* 

Table 5 . 1 :

 51 The average, SD and range of the experimental data of the stiffness constants (C EXP

		C EXP 11	(GPa) C EXP 33	(GPa) C EXP 13	(GPa) C EXP 44	(GPa)
	Mean±SD	19.76 ± 1.88	28.98 ± 2.01	11.95 ± 0.93	5.86 ± 0.56
	Range	13.99 -23.84 23.07 -32.08	9.29 -14.12	4.32 -6.86
		C EXP 66	(GPa)		φ (%)	ρm (g/cm 3 )
	Mean±SD	4.39 ± 0.60	7.43 ± 3.93	1.02 ± 0.02
	Range	2.83 -5.90	1.82 -21.18	0.95 -1.06
		0.94	0.96	0.98	1	1.02	1.04	1.06	1.08

ij

), porosity (φ) and DMB (ρ m ).

Table 5 . 2 :

 52 .2). Whereas, one can note that the SD of δC m ij increases as porosity increases. In addition, C m The errors (Mean±SD in %) on bone matrix stiffness constants affected by the errors on the effective stiffness constants. Obtained from the 4 specimens of 5.0%, 9.9%, 15.4% and 21.2% porosity used in the error propagation analysis.

	11

Table 5 . 3 :

 53 The average, SD and range of the bone matrix stiffness constants C m ij and engineering moduli obtained by the optimization and calibration approaches and their corresponding effective stiffness constants C F F T ij , as well as the experimental data of the stiffness constants C ij . # : five specimens were excluded.

		C m 11 (GPa)	C m 33 (GPa)	C m 13 (GPa)	C m 44 (GPa)	C m 66 (GPa)
	Optimization	24.5 ± 1.2 21.7 -27.5	33.6 ± 1.1 31.4 -36.2	14.7 ± 1.0 12.1 -16.7	7.0 ± 0.3 6.1 -7.5	5.4 ± 0.4 4.5 -6.3
	Calibration	24.7 ± 1.4 21.6 -28.6	33.6 ± 1.0 31.6 -35.7	14.7 ± 1.0 12.1 -16.5	7.0 ± 0.3 6.1 -7.4	5.4 ± 0.4 4.5 -6.3
		E m 1 (GPa)	E m 3 (GPa)	ν m 23	ν m 31	ν m 12
	Optimization	15.1 ± 0.8 13.2 -17.0	22.4 ± 1.0 20.3 -24.9	0.26 ± 0.02 0.19 -0.31	0.38 ± 0.02 0.34 -0.41	0.41 ± 0.03 0.32 -0.48
	Calibration	15.1 ± 0.8 13.1 -17.1	22.4 ± 1.1 20.0 -25.6	0.26 ± 0.03 0.19 -0.31	0.38 ± 0.02 0.33 -0.41	0.41 ± 0.03 0.33 -0.49

Table 5 . 4 :

 54 Empirical laws between ρ m and C m ij .

			laws
		Optimization	Calibration
	C m 11	14.96 × ρm + 9.28	18.64 × ρm + 5.70
	C m 33	13.99 × ρm + 19.39 14.16 × ρm + 19.14
	C m 13	11.79 × ρm + 2.69	14.08 × ρm + 0.32
	C m 44	8.82 × ρm -2.02	8.95 × ρm -2.16
	C m 66	11.13 × ρm -5.97	11.31 × ρm -6.15
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Figure
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.8: Relationships between ρ m and bone matrix Young's moduli and Poisson's ratio, and the corresponding linear regression model (solid line) with the 95% CI (dot line) from optimization (in black) and calibration (in red) approaches. r is the Pearson's correlation coefficient.

Table 5 . 5 :

 55 Comparison between the bone matrix elastic properties found in this work and in previous studies. The values are summarized as mean ± SD except those converted by the mean values of the coefficients (elastic tensor to Engineering moduli or conversely). Franzoso: Franzoso and Zysset (2009); Lakshmanan:[START_REF] Lakshmanan | Assessment of anisotropic tissue elasticity of cortical bone from high-resolution, angular acoustic measurements[END_REF]; Turner:[START_REF] Turner | The elastic properties of trabecular and cortical bone tissues are similar: results from two microscopic measurement techniques[END_REF].

			Acoustic		Nano-indentation
		This study Lakshmanan	Turner		Franzoso
	C m 11 (GPa)	24.5 ± 1.2	21.9 ± 2.1	22.4 ± 0.8	-	14.3
	C m 33 (GPa)	33.6 ± 1.1	29.9 ± 5.0	28.3 ± 0.3	-	38.6
	C m 13 (GPa)	14.7 ± 1.0	9.7 ± 1.6	-	-	12.3
	C m 12 (GPa)	13.8 ± 0.9	9.2 ± 1.5	-	-	10.3
	C m 44 (GPa)	7.0 ± 0.3	6.7 ± 1.2	-	-	7.7 ± 0.5
	C m 66 (GPa)	5.4 ± 0.4	6.4	-	-	4.7 ± 0.4
	E m 1 (GPa)	15.1 ± 0.8	16.8	14.9 ± 0.5 16.6 ± 0.3	9.2 ± 0.6
	E m 3 (GPa)	22.4 ± 1.0	23.8	20.6 ± 0.2 23.5 ± 0.2	24.7 ± 2.7
	ν m 23	0.26 ± 0.02	0.22	-	-	0.29 ± 0.02
	ν m 31	0.38 ± 0.02	0.31	-	-	0.56 ± 0.02
	ν m 12	0.41 ± 0.03	0.32	-	-	0.25 ± 0.01

Table 6 . 1 :

 61 Elastic coefficients (in GPa) and mass density (in mg/mm 3 ) measured on native, defatted and irradiated specimens and their respective analysis.

		N	D	D+R
		Mean±SD	Mean±SD	Mean±SD
	C11	19.88 ± 1.94	19.77 ± 1.79	19.81 ± 1.90
	C33	28.89 ± 1.85	28.92 ± 2.16	28.70 ± 2.08
	C13	11.96 ± 0.96	12.04 ± 0.87	11.96 ± 0.95
	C44	5.83 ± 0.57	5.84 ± 0.61	5.81 ± 0.60
	C66	4.41 ± 0.63	4.40 ± 0.62	4.42 ± 0.64
	ρ	1.885 ± 0.090 1.893 ± 0.064 1.895 ± 0.069

Table 6 . 2 :

 62 Proportion of variance of the elastic coefficients explained by each component (state, specimen and interaction). For all the elastic coefficients, the mixed linear model shows a significant influence of specimen ( * * p < 10 -4 ), and no significant effect of state and interaction.

	Variance components
	State	Specimen Interaction
	C11 0.06% 98.77% * *	1.17%
	C33 0.24% 97.15% * *	2.61%
	C13 0.17% 94.51% * *	5.32%
	C44 0.05% 99.35% * *	0.60%
	C66 0.01% 99.40% * *	0.59%

Table 7 . 1 :

 71 Dimensions and mass of specimens

	specimen	1	2	3	4
	mass (mg)	115.48	117.82	135.18	123.48
	dimensions 4.92×5.59×6.05 4.90×5.83×6.83 4.90×6.04×6.85 4.93×5.58×5.83 (mm 3 )

Table 7 . 2 :

 72 Tissue elastic modulus E t (GPa) back-calculated from the first resonance frequency of each specimen.

	specimen	1	2	3	4
	Et (GPa) 13.35 13.92 11.56 13.63

Table 8 .1: Ultrasonic transducers

 8 

	Transducer	Wave Type	Diameter Central frequency Wavelength φ [mm] [MHz] PC [mm]
	V105 Panametrics	longitudinal	19	2.25	0.94
	V110RM Panametrics	longitudinal	6	5	0.42
	CHG102 NDT systems longitudinal	6	10	0.19
	V152 Panametrics	shear	25	1	1
	V154 Panametrics	shear	13	2.25	0.45
	SF051 CTS Valpey Corporation	shear	3	5	0.22

Table 8 .2: Average

 8 stiffness coefficients (SD) of cortical bone obtained with RUS and BWV method using different signal processing: (1) first arrival; (2) maximum amplitude of the envelope; (3) first zero-crossing; (4) phase velocity.Longitudinal stiffness coefficients (C 11 , C 33 ) obtained from RUS did not significantly differ from those obtained from BWV using the arrival criterion. Shear stiffness coefficients (C 44 , C 66 ) obtained from RUS did not significantly differ from those obtained from BWV using either of the arrival time or phase velocity criteria (Table8.2).

			Signal processing method		RUS
	(GPa)	(1)	(2)	(3)	(4)	
	C11	19.47(1.72) 18.17(2.45) 17.11(2.17) 16.37(2.35) 19.35(2.94)
	C33	27.72(1.77) 26.59(2.15) 26.03(2.06) 25.30(2.27) 28.33(3.68)
	C44	5.74(0.55)	6.66(0.93)	4.97(0.61)	5.65(0.67)	5.75(0.78)
	C66	4.35(0.60)	4.70(0.85)	3.79(0.66)	4.23(0.69)	4.28(0.78)

Table 9 . 1 :

 91 Specimen information (notation, size, location and number).

	Notation	Location	Size	Number Cohort
	Radius D	Distal radius	1.5×2×3 mm 3	42	3
	Femur N	Femoral neck	3×3×6 mm 3	19	1
	Femur U	Femoral upper-shaft	3×4×5 mm 3	73	2
	Femur M Femoral mid-diaphysis	3×4×5 mm 3	55	3
	Tibia M	Tibia mid-diaphysis	2×3×4 mm 3	76	2

Table 9 .

 9 2: A summary of the values (mean±SD [range]) of the stiffness constants, anisotropy ratio and mass density.

		Radius D	Femur N	Femur U	Femur M	Tibia M
	C11 (GPa)	18.8±1.2	17.3±2.1	17.5±2.5	19.8±1.8	14.9±3.0

  Relationships between compression and shear stiffness constants and mass density of the specimens at the different skeletal sites.
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	Figure 9.3:														

Table 9 . 3 :

 93 Experical laws (slope ×ρ+ intercept), Spearman's correlations coefficients (r) and the RMSE (in brackets) between the laws and the data.

			Radius D		Femur N		Femur U		Femur M		Tibia M	
	C11		9.9ρ+0.8		22.2ρ-23.3		19.3ρ-17.4	30.4ρ-37.8		26.9ρ-35.4	
			0.38(1.04)		0.88(1.06)		0.86(1.19)	0.92(0.71)		0.67(1.64)	
	C22			-		24.1ρ-26.2		20.5ρ-19.0		-		-		
				-		0.90(1.09)		0.88(1.23)		-		-		
	C33		36.2ρ-36.4		30.8ρ-29.7		28.2ρ-24.2	31.7ρ-31.3		28.5ρ-26.4	
			0.58(2.61)		0.86(1.67)		0.83(1.91)	0.79(0.93)		0.70(1.70)	
	C44		7.6ρ-7.5		7.2ρ-8.0		7.0ρ-7.4		9.7ρ-12.6		8.4ρ-9.9	
			0.75(0.34)		0.79(0.40)		0.87(0.41)	0.89(0.21)		0.54(0.61)	
	C55			-		9.0ρ-11.5		7.7ρ-8.8			-		-		
				-		0.82(0.49)		0.87(0.47)		-		-		
	C66		4.5ρ-4.1		7.7ρ-10.5		6.2ρ-7.4		9.7ρ-13.9		7.4ρ-10.0	
			0.53(0.37)		0.86(0.35)		0.88(0.37)	0.87(0.26)		0.68(0.44)	
	C33/C11 1.19ρ-0.59 -0.18ρ+1.87		n.s.		-0.64ρ+2.67 -2.28ρ+6.13	
			0.35(0.17)		-0.47(0.04)		n.s.		-0.52(0.06)		-0.42(0.23)	
	C33/C22		-		-0.29ρ+2.01 -0.11ρ+1.69		-		-		
				-		-0.78(0.03)		-0.26(0.08)		-		-		
	C44/C66		n.s.		-0.99ρ+3.24 -0.55ρ+2.39 -0.75ρ+2.75 -1.29ρ+3.99	
				n.s.		-0.73(0.08)		-0.66(0.07)	-0.58(0.06)		-0.58(0.17)	
	C55/C66		-		-0.40ρ+2.06 -0.19ρ+1.69		-		-		
				-		-0.68(0.06)		-0.26(0.07)		-		-		
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Table B . 1 :

 B1 Spearman's correlation coefficient r between microstructure variables and between microstructure, mineral and collagen variables. 1 p < 0.05, 2 p < 0.001, 3 p < 0.0001, n.s. not significant.

		φ	PoS/PoV	PoN	PoDm PoSp	PoPf	ConnD	SMI
	PoS/PoV	-0.95 3	1	-	-	-	-	-	-
	PoN	0.80 3	-0.67 3	1	-	-	-	-	-
	PoDm	0.90 3	-0.95 3	0.50 2	1	-	-	-	-
	PoSp	-0.47 2	n.s.	-0.60 3 -0.28 1	1	-	-	-
	PoPf	-0.96 3	0.95 3	-0.81 3 -0.85 3	0.29 1	1	-	-
	ConnD L	0.51 1	-0.40 1	0.65 1	n.s.	-0.63 1 -0.48 1	1	-
	ConnD M	n.s.	n.s.	n.s.	n.s.	-0.51 1 -0.48 1	1	-
	SMI L	n.s.	n.s.	-0.44 1	n.s.	n.s.	n.s.	n.s.	1
	SMI M	n.s.	n.s.	-0.45 1	n.s.	n.s.	n.s.	n.s.	1
	DMB	-0.59 3	0.55 3	-0.51 3 -0.53 3	0.54 3	0.53 3	n.s.	n.s.
	MinOrga L	n.s.	n.s.	-0.53 1	n.s.	0.57 1	n.s.	n.s.	n.s.
	MinOrga M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	MinMat L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	-0.48 1	n.s.
	MinMat M	n.s.	n.s.	n.s.	n.s	0.40 1	n.s.	-0.40 1	n.s.
	Carbon L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	Carbon M	n.s.	n.s.	n.s.	n.s.	-0.49 1	n.s.	n.s.	n.s.
	CryInd L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CryInd M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CollMat L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CollMat M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	DHLNL	n.s.	n.s.	0.44 1	n.s.	-0.57 3	n.s.	n.s.	n.s.
	HLNL	n.s.	n.s.	0.44 1	n.s.	-0.46 2	n.s.	n.s.	n.s.
	PYD	n.s.	n.s.	n.s.	n.s.	-0.32 1	n.s.	n.s.	n.s.
	DPD	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.	-0.34 1
	PEN	n.s.	n.s.	-0.27 1	n.s.	n.s.	n.s.	n.s.	n.s.
	Coll	-0.28 1	n.s.	n.s.	n.s.	n.s.	0.28 1	n.s.	n.s.

B.2.

Correlations between the bone characteristics 153Table B . 2 :

 B2 Spearman's correlation coefficient r between collagen variables. 1 p < 0.05, 2 p < 0.001, 3 p < 0.0001, n.s. not significant.

		DHLNL HLNL PYD DPD PEN	Coll
	HLNL	0.94 3	1.00	-	-	-	-
	PYD	0.53 3	0.37 1	1.00	-	-	-
	DPD	n.s.	n.s.	0.54 3	1.00	-	-
	PEN	-0.52 3	-0.56 3	n.s.	n.s.	1.00	-
	Coll	n.s.	n.s.	n.s.	n.s.	n.s.	1.00
	DMB	-0.55 3	-0.56 3	n.s.	n.s.	0.34 1	n.s.
	MinOrga L	-0.52 1	-0.48 1	n.s.	n.s.	0.40 1	n.s.
	MinOrga M	-0.54 1	-0.55 1	n.s.	n.s.	0.60 1	n.s.
	MinMat L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	MinMat M	n.s.	n.s.	n.s.	n.s.	n.s.	0.39 1
	Carbon L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	Carbon M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CryInd L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CryInd M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CollMat L	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.
	CollMat M	n.s.	n.s.	n.s.	n.s.	n.s.	n.s.

Table B . 3 :

 B3 Spearman's correlation coefficient r between mineral variables and between mineral and collagen variables. 1 p < 0.05, 2 p < 0.001, 3 p < 0.0001, n.s. not significant.

		DMB MinOrgan MinMat Carbon CryInd CollMat
	MinOrga L	0.51 1	1	-	-	-	-
	MinOrga M 0.66 2	1	-	-	-	-
	MinMat L	n.s.	n.s.	1	-	-	-
	MinMat M	n.s.	n.s.	1	-	-	-
	Carbon L	n.s.	-0.44 1	n.s.	1	-	-
	Carbon M	n.s.	n.s.	n.s.	1	-	-
	CryInd L	n.s.	n.s.	0.62 2	-0.59 1	1	-
	CryInd M	n.s.	n.s.	n.s.	-0.53 1	1	-
	CollMat L	n.s.	n.s.	0.42 1	n.s.	n.s.	1
	CollMat M	n.s.	n.s.	n.s.	n.s.	n.s.	1

Table B . 4 :

 B4 Spearman's correlation coefficient r between C ij . 3 p < 0.0001.

	C11	C33	C13	C44	C66
	C33 0.79 3	1.00	-	-	-
	C13 0.91 3 0.76 3			

  See the examples of the evolution of the relative differences of C 11 and C 44 in figure C.2.
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The bone matrix stiffness constants C m ij obtained by the optimization and calibration approaches are summarized in Table 5.1, together with the effective stiffness constants C F F T ij calculated with their respective C m ij and the Engineering moduli of the bone matrix. The values of C m ij (Table 5.3) from the calibration approach agreed well with the optimization approach, although the RMSE values from the former were greater in general (Figure 5.5). A more detailed comparison between the C m ij from the two approaches are demonstrated in Figure 5.6, from which only a small bias was observed for C m 11 (0.15 GPa), but not for the other coefficients. Moreover, the relative differences are quite small (CV was between 0.35 -0.96%) compared to experimental errors. Therefore, one can conclude that there is no significant difference between the two inverse homogenization approaches.

Comparison between bone matrix elasticity and DMB

The CV of ρ m (2%, Table 5.1 and Figure 5.4) is smaller than that of C m ij (3.0-7.1%), matrix Young's moduli (4.5 -5.5%) and Poisson's ratios (5.3 -11.5%). Further, significant linear correlations were found between ρ m and C m 44 , C m 66 (0.65 < r < 0.70, p < 1 × 10 -5 , Figure 5.7). Between C m 11 , C m 33 , C m 13 and ρ m , moderate but significant correlations (r = 0.30, p < 0.05) were found for the calibration approach, whereas the correlations are weak for the optimization approach (0.24 < r < 0.27, p < 0.1). Also, ρ m positively correlates with E m 1 , ν m 23 and ν m 31 (0.30 < r < 0.59), and negatively with ν m 12 (-0.61 < r < -0.59), while not with E m 3 (Figure 5.8). The empirical laws between ρ m and C m ij are depicted in Table 5.4.

The variation of the microstrain

In Figure 5.9, the distribution of the microstrain (ε m 33 ) on bone matrix is depicted along with the relationship between ε m 33 and DMB. The range of mean value of the microstrain was between 2253 and 3328 µstrain (mean±SD, 2626±216 µstrain) in Young's modulus because indentation measures a local elastic property and is sensitive to the local orientation of mineralized collagen fibres. Another possibility would be to measure the apparent elastic modulus of a specimen with a set-up for quasi-static mechanical testing and compare it to the apparent modulus predicted from µ-FE using the tissue modulus obtained for the same specimen from a RUS measurement. This would indirectly validate the tissue modulus.

Quasi-static mechanical testing of a trabecular bone specimen associated to µ-FE calculation has been widely used to recover the tissue Young's modulus through back-calculation. The vibrational method introduced in this paper has a number of advantages over mechanical testing. The method is non destructive and is potentially more precise because the measurement can be performed several times for a single specimen and the data can be averaged to enhance precision. In the present work we only used three measurements per specimen but the duration of a measurement being of the order of one minute, data from a large number of measurements may be averaged if necessary. The precision and accuracy of mechanical testing is driven by the limited precision when measuring small displacements in the elastic range of deformation of the specimen, and by end-effect artefacts which may be all the more important when the specimen is small. In contrast, resonant ultrasound spectroscopy is well adapted to 'small' specimens of the typical size of bone specimens [START_REF] Keaveny | Systematic and random errors in compression testing of trabecular bone[END_REF]. Using RUS, the limitations in terms of accuracy and precision are essentially related to the quality of the rectangular parallelepiped geometry of the specimen and the accuracy of the measurement of its dimensions and mass. Note that RUS can also be conveniently performed on cylindrical specimens, which are easier to prepare.

Chapter 8

Critical assessment of ultrasonic bulk wave velocity method in bone elasticity measurements

This chapter is a published article (L. Peralta, X. Cai, P. Laugier, and Q. Grimal. A critical assessment of the in-vitro measurement of cortical bone stiffness with ultrasound. Ultrasonics, 80:119-126, 2017). The full text of the article is reproduced here with no addition and no modifications except in the form. A critical assessment of the BWV method to measure the elasticity on cuboid specimens in terms of ultrasound frequency, specimen size and signal processing technique is presented. The results evidence that measurement methods can have an effect on the estimated stiffness and a well-defined protocol is needed to accurately measure bone stiffness.

Chapter 9

A comparison study of human cortical bone elasticity at multiple skeletal sites

This chapter presents the anisotropic stiffness of human cortical bone collected at several different skeletal sites, including the distal radius, tibial mid-diaphysis and three anatomical locations in the femur (neck, proximal and mid-diaphysis). The bone specimens came from several different cooperative works involving several research laboratories in Europe. Femoral mid-diaphysis specimens were from the MULTIPS project. Proximal femoral specimens and the tibia specimens were from the projects conducted in collaboration with the Julius Wolff institute in Berlin (Charité Universitätsmedizin). Radius specimens were from a project supported by the Fondation pour la Recherche Médicale and AZALÉE. Femoral neck specimens were from the MSk lab at Imperial College London. All the specimens were measured by the same method, resonant ultrasound spectroscopy, in our laboratory. Except for the femoral neck specimens, all the specimens were prepared in our laboratory as well.

Appendix A

Appendix: Calculation of resonant frequencies using finite element modelling

In Chapter 2, 'virtual' RUS experiments were conducted with the help of FEM to investigate the errors on bone stiffness constants caused by imperfect specimen geometry. The 'virtual' experiments asked for the perturbed eigenfrequences of specimens with irregular shape as the inputs which cannot be calculated by Rayleigh-Ritz method but can be calculated by FEM. In this part, the conditions in mesh generation and the resultant accuracy of the model used in Chapter 2 are investigated here.

A.1 Mesh generation and model computation

Bone was modeled as a homogeneous transversely isotropic material. The bone volumes obtained from the SR-µCT were discretized into about 3 million quadratic tetrahedral elements. This corresponds to a maximum element size of 0.12 mm, which was chosen after a convergence study and ensures at least 10 elements per smallest wavelength in the investigated frequency bandwidth. A modal analysis was conducted to calculate the eigenfrequencies. We used the FEM software Code-Aster (ver 12.5, EDF R&D, France, license GNU GPL, http://www.code-aster.org).

A.2 Accuracy of the model

The accuracy of the finite element model was evaluated by comparing the first 40 FEM-yielded eigeinfrequencies to the eigenfrequencies calculated with the Rayleigh-Ritz method for a perfect RP bone specimen (Table 2.1). The RMSE σ f between eigenfrequencies calculated by the two methods was ∼ 0.06%. After solving the inverse problem using FEM-yielded eigenfrequencies, the errors in the stiffness constants were ∼ 0.05%, 0.60% and 0.30% on shear, longitudinal and off-diagonal stiffness constants. These errors are at least one order of magnitude smaller than the errors related to shape imperfections (Sec. 2.5).

Appendix: Additional results in the quantification of the contributions of bone characteristics to stiffness

In this part, the discrepancies between the stiffness (measured by RUS) of specimens set #1 and #4 which have a mutual distance about 3 cm are shown. The purpose was to verify the representativeness of the stiffness data measured on set #1 since all the microstructural and compositional properties were measured on the specimens harvested at the anatomical locations between set #1 and #4. In addition, in Chapter 3 the focus was place on the relationships between bone stiffness and microstruactural, compositional properties. As we also observed many interesting correlations within and among each group of the variables, we list the results in the tables here.

B.1 Homogeneity of the stiffness constants

The specimens in set #1 were also measured by bulk wave velocity (BWV) experiments [START_REF] Lang | Elastic coefficients of animal bone[END_REF] for an independent validation. As reported in a previous work [START_REF] Peralta | A critical assessment of the in-vitro measurement of cortical bone stiffness with ultrasound[END_REF], no significant difference were found between the results measured by RUS and BWV. No significant difference was found between the bone stiffness of the set #4 (C #4 ij ) and set #1 (C #1 ij ) by one-way ANOVA. The differences between C #4 ij and C #1 ij revealed by paired t-test (upper bounds of the 95% CI) were 2.8, 1.5 and 0.7 GPa for the compression, off-diagonal and shear constants, respectively and can be explained by RUS systematic errors and the differences on the mass density (Fig. B.1). Hence we assume that bone stiffness along bone long axis between set #1 and set #4 are homogeneous and the stiffness measured on set #1 is used in the following analysis.

B.2 Correlations between the bone characteristics

Spearman's correlation coefficients between the variables in each group as well as between the groups are listed bellow, from Tables B.1 to B.4. Note that for the variables whose data from lateral site are significantly different from the data from medial site, the correlations were calculated using the datasets from lateral or medial only.

Appendix: Convergence studies in the FFT homogenization related computations and the validation of the inverse homogenization method

In Chapters 4 and 5 where the effective and tissue stiffness were evaluated with the FFT homogenization method using the 3D volumes of the specimens, the values of two important parameters (the convergence criterion in FFT homogenization and the pixel size of the images) will affect the computing speed and the accuracy of the results. The values of the two parameters were determined by the convergence studies discussed as follows. We have also validated the proposed inverse homogenization method using synthetic stiffness data.

C.1 Convergence studies

C.1.1 Convergence criterion in FFT homogenization

A convergence criterion on the compatibility of the strain field and the fulfilment of the pointwise constitutive relation has been adopted [START_REF] Michel | A computational method based on augmented lagrangians and fast fourier transforms for composites with high contrast[END_REF]. The iterative resolution stops when the relative error is less than a chosen value η. For the choice of η, a convergence study was carried out by comparing the stiffness constants calculated by FFT homogenization with different values of η (0.01, 0.03, 0.05, 0.07 and 0.09) for a hexagonal cell with 15% porosity (figure C.1) to the results estimated by the AH method [START_REF] Parnell | The influence of mesoscale porosity on cortical bone anisotropy. investigations via asymptotic homogenization[END_REF][START_REF] Parnell | Analytical methods to determine the effective mesoscopic and macroscopic elastic properties of cortical bone[END_REF]. The stiffness of the bone and pore phases from Section 4.2.6 were used, the same to the convergence study for choosing pixel size (C.1.2). The relative differences of the stiffness constants are calculated as

As shown in figure C.1, when η = 0.01, the relative differences on all the stiffness constants are less than 0.3%.

Appendix: Expected confidence intervals of the correlation coefficients between DMB and bone tissue stiffness

To determine how reliable and the expected range of the correlation coefficients between DMB (ρ m ) and bone tissues stiffness data evaluated by the inverse homogenization method (Chapter 5), we assessed the uncertainties on both DMB data (presented below) and the tissue stiffness data (accomplished in Section 5.2.7).

Based on the uncertainties and the available experimental data in this work, we investigated the 95% confidence interval of the correlation coefficient for each stiffness constants which is presented below.

D.1 Repeatability of DMB measurements

In order to assess the reproducibility of ρ m , the ρ m of a subset (23) of bone specimens scanned by SR-µCT in another independent experiment (performed on the beamline ID 19 at ESRF) were also calculated and compared with the latest ones.

The details of the scanning procedure have been described in previous work Cai et al. (2017a,b) and will not be repeated here. The comparison shows that the CV of the differences between two sets of data is about 0.9%, with the coefficient of determination r 2 =0.76.

D.2 Confidence interval of the correlation coefficients

We tested the range of correlation coefficients between C m ij (optimization) and ρ m given the experimental data and uncertainties using MC simulations. The uncertainty σ ij of the matrix stiffness constants C m 11 , C m 33 , C m 13 , C m 44 , and C m 66 were 4.0%, 3.0%, 3.5%, 1.6% and 1.7%, respectively (mean value of the SD in Table 5.2 excluding the column of 21.2% porosity). The uncertainty of ρ m was set to 1.0% (D.1). Perturbed C m ij in the inverse homogenization was modelled as

for each specimen, where N (a, b) is the normal distribution with mean value a and SD b. Random errors were added to ρ m of each specimen as well, which was modelled as ρ m = N (ρ m , 0.01ρ m ). Then the correlation coefficient r between C m ij and ρ m was computed for 10,000 realizations of the synthetic data set. The 95% CIs of the r were found to be [-0.01, 0.39], [-0.02, 0.38], [0.04, 0.36], [0.46, 0.70] and [0.47, 0.69] 

Appendix: Confidence intervals of the correlation coefficients

These intervals shows the best and the worst correlation can be found between ρ m and C m ij , given the limited range of one realization of the experimental data (especially the limited range of ρ m ) and the experimental uncertainties.