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Introduction

Space exploration has always been a challenge, particularly for long duration space missions. These long-term missions create new physical and mental challenges. In space or in microgravity, our body biology reacts differently than when under gravity forces on the ground. These gravity forces play a major role on the physiology of our body's organs as living beings have adapted to their existing environment on earth for millennia. For example, due to a decrease or disappearance of gravity forces (body weight), bone loss is observed, and can be a serious threat for astronauts in longduration space missions. Gravity has a substantial role in keeping bone strength to an optimized condition that will support our body weight. Empirical researches have showed that bone mineral density (BMD) decreases every month by an average of 1 to 2 % [START_REF] Keyak | Reduction in proximal femoral strength due to long-duration spaceflight[END_REF][START_REF] Vico | Effects of long-term microgravity exposure on cancellous and cortical weight-bearing bones of cosmonauts[END_REF][START_REF] Leblanc | Bone mineral and lean tissue loss after long duration space flight[END_REF] in space. Hence, without gravity, bone will degrade and adapt to its new "mechanically unloaded" environment.

During the last 50 years, spaceflights have shown that both long-term and short-term missions induce bone loss. However, the amount of bone loss varies as a function of the bone type and mechanical load environment. Bodyweight is not equal throughout the different bones of our body. For example, lower limb bones, pelvis, and vertebral column sustain more weight. Consequently, their structures are stronger than other bones. Clinical and experimental observations [START_REF] Leblanc | Bone mineral and lean tissue loss after long duration space flight[END_REF][START_REF] Ruggiu | Bone mechanobiology, gravity and tissue engineering: effects and insights[END_REF] show considerable change in the bone loss of femur, vertebral column, and pelvis. However, these studies do not show any significant changes in the density of other bones such as humerus, radius, and ulna as they do not sustain high gravity loads compared to the other bones. However, this is probably due to the time length of the proposed study as it is expected that with lower mechanical loads the bone density would decrease over time. A decrease in gravity and consequently a decrease in the applied pressure on the skeleton causes significant changes in bone density [START_REF] Ruggiu | Bone mechanobiology, gravity and tissue engineering: effects and insights[END_REF][START_REF] Amin | Mechanical factors and bone health: effects of weightlessness and neurologic injury[END_REF]. Bed rest studies [START_REF] Leblanc | Spinal bone mineral after 5 weeks of bed rest[END_REF][START_REF] Zerwekh | The effects of twelve weeks of bed rest on bone histology, biochemical markers of bone turnover, and calcium homeostasis in eleven normal subjects[END_REF] show that a 5 to 12-week period of bed rest causes 3 to 4 % loss in the femoral neck and spine. Other works [START_REF] Leblanc | Bone mineral loss and recovery after 17 weeks of bed rest[END_REF] indicate that the amount of bone loss during a 17 weeks bed rest reaches 5 % in the femur, 4 % in the lumbar spine and 2 % in the tibia. In addition, the variation of cortical and trabecular bone loss is different. Comparing these two parts of the bone, the amount of volumetric change of, volumetric bone mineral density (vBMD), mass, and density is much higher in trabecular bone [START_REF] Ramanchandran | Hierachy of bone structure[END_REF]. A specific study on the femoral neck by Lang [START_REF] Lang | Adaptation of the proximal femur to skeletal reloading after long-duration spaceflight[END_REF] reports a 16.5 % bone loss in trabecular bone for only about 9.4 % loss in cortical bone in identical mechanical load conditions.

Bone is a living material and is renewing itself continuously along the life. Each year 25% of trabecular bone and 3% of cortical bone is being renewed [START_REF] Hardy | Bone loss in inflammatory disorders[END_REF]. As such, bone cells are being continuously activated either to construct new bone or resorb old bone under the various mechanical loads of life. In this process, three types of cells are principally in charge of this bone remodeling, namely osteoclasts, osteoblasts, and osteocytes [START_REF] Kumar | Orban's oral histology & embryology[END_REF]. Osteoclasts are the cells in charge of the resorption process. They are multinucleated cells and originate from stem cells of the bone marrow. Osteoblasts are the cells in charge of the bone-forming process. Both osteoclasts and osteoblasts are located at the bone surface for their respective degradation and formation of the bone structure [START_REF] Veni | Interaction between Bone Cells in Bone Remodelling[END_REF][START_REF] Florencio-Silva | Biology of bone tissue: structure, function, and factors that influence bone cells[END_REF]. On the contrary to the two other types, octeocytes are almost immovable. They have a stellate shape with various biological processes [START_REF] Sugawara | Three-dimensional reconstruction of chick calvarial osteocytes and their cell processes using confocal microscopy[END_REF]. They manufacture collagen and other substances that make up the bone extracellular matrix [START_REF] Hadjidakis | Bone remodeling[END_REF]. They are also, and more importantly, believed to send mechanobiological signals to osteoblasts and osteoclasts and drive the bone remodeling process through the mechanosensation of the various externally applied mechanical stimuli [START_REF] Klein-Nulend | Mechanosensation and transduction in osteocytes[END_REF]. In the bone formation process, new bone is formed in response to applied mechanical load, the density of bone increases and consequently the strength of the bone is enhanced. On the contrary, in mechanically "unloaded" state, the resorption process occurs with a bone density decrease and loss of strength. Overall, the bone remodeling process during average normal life conditions, and hence the corresponding bone effective density, is the result of a competition, driven by the osteocytes, between the osteoblasts creating bone and osteoclasts resorbing it, under certain levels of applied mechanical loads. This bone density variation depends specifically on the rates of effective bone formation and resorption processes as quantified by Wang [START_REF] Wang | Skeletal growth and peak bone strength[END_REF] and Thudium [START_REF] Thudium | Development of Novel Models for Studying Osteoclasts[END_REF].

In the past decades, many theoretical numerical models have tried over the years to represent the bone density evolution as a function of time. It mainly started with the very well know Wolff's Law [START_REF] Wollf | Das Gesetz der Transformation der Knochen Hirschwald[END_REF] stating a structural optimization of the bone microstructure as a function of the applied mechanical loads. Carter [START_REF] Carter | Mechanical loading histories and cortical bone remodeling[END_REF][START_REF] Carter | Relationships between loading history and femoral cancellous bone architecture[END_REF] followed by Huiskes [START_REF] Huiskes | Adaptive boneremodeling theory applied to prosthetic-design analysis[END_REF] stated the existence of a mechanical equilibrium (for daily life mechanical loads) around which bone density would be constant (only everyday living remodeling occurs without density variation) through the existence of a so called "lazy zone" for bone strain localized between about 100-300 to about 1500-3000 micro-strain [START_REF] Frost | Bone "mass" and the "mechanostat": a proposal[END_REF].

Over the past fifty years, various definitions of macroscopic bone stimulus have been proposed to be at the origin of the bone remodeling process. They range from adaptative response, to physiological approaches, to optimal response, and cellular automata [START_REF] Hegedus | Bone remodeling II: small strain adaptive elasticity[END_REF][START_REF] Burr | Bone remodeling in response to in vivo fatigue microdamage[END_REF][START_REF] Weinans | The behavior of adaptive bone-remodeling simulation models[END_REF][START_REF] Mullender | A physiological approach to the simulation of bone remodeling as a self-organizational control process[END_REF][START_REF] Lekszycki | Modelling of bone adaptation based on an optimal response hypothesis[END_REF][START_REF] Tovar | Bone remodeling as a hybrid cellular automaton optimization process[END_REF][START_REF] Ruimerman | A theoretical framework for strainrelated trabecular bone maintenance and adaptation[END_REF][START_REF] Lekszycki | Functional adaptation of bone as an optimal control problem[END_REF][START_REF] Pivonka | Model structure and control of bone remodeling: a theoretical study[END_REF][START_REF] Hart | Bone modeling and remodeling: theories and computation[END_REF]. Some focus on more local definitions of the mechanisms being at the origin of the bone remodeling process such as cellular sensitivity to fluid transports [START_REF] Lemaire | Multiphysical modelling of fluid transport through osteoarticular media[END_REF][START_REF] Lemaire | What is the importance of multiphysical phenomena in bone remodelling signals expression? A multiscale perspective[END_REF][START_REF] Sansalone | Interstitial fluid flow within bone canaliculi and electro-chemo-mechanical features of the canalicular milieu[END_REF][START_REF] Sansalone | On the uncertainty propagation in multiscale modeling of cortical bone elasticity[END_REF][START_REF] Lemaire | Three-scale multiphysics modeling of transport phenomena within cortical bone[END_REF][START_REF] Madeo | A continuum model for the bio-mechanical interactions between living tissue and bio-resorbable graft after bone reconstructive surgery[END_REF], or accounting for more sophisticated constitutive material models for bone [START_REF] Lekszycki | A mixture model with evolving mass densities for describing synthesis and resorption phenomena in bones reconstructed with bio-resorbable materials[END_REF][START_REF] Madeo | A second gradient continuum model accounting for some effects of micro-structure on reconstructed bone remodelling[END_REF][START_REF] Andreaus | A 2-D continuum model of a mixture of bone tissue and bio-resorbable material for simulating mass density redistribution under load slowly variable in time[END_REF][START_REF] Scala | Mechanically-driven bone remodeling simulation: Application to LIPUS treated rat calvarial defects[END_REF][START_REF] Giorgio | A visco-poroelastic model of functional adaptation in bones reconstructed with bio-resorbable materials[END_REF][START_REF] Giorgio | Viscous second gradient porous materials for bones reconstructed with bio-resorbable grafts[END_REF]. Also, it is important to account for the fact that classical continuum mechanics theories will fall short when considering very small scales (at the cellular level) when continuity of the material will not be realistic anymore [START_REF] Dell'isola | At the origins and in the vanguard of peridynamics, non-local and higher-gradient continuum mechanics: An underestimated and still topical contribution of Gabrio Piola[END_REF][START_REF] Abali | Theory and computation of higher gradient elasticity theories based on action principles[END_REF][START_REF] Dell'isola | Higher-gradient continua: The legacy of Piola, Mindlin, Sedov and Toupin and some future research perspectives[END_REF]. It has come reasonably clear lately that the integration, at some stage, of biological influence in the bone remodeling process was necessary in order to integrate phenomena that cannot be modeled otherwise just by a strain mechanical energy. In essence, if bone is biologically empty, one can apply all possible mechanical loads, no bone remodeling will occur. This is particularly true in microgravity where the bone remodeling is only based on biology and not on mechanical loads. Hence, in the past ten years, new multiphysics models have emerged trying to integrate biology in the bone remodeling problem [START_REF] Andreaus | Optimal bone density distributions: numerical analysis of the osteocyte spatial influence in bone remodeling[END_REF][START_REF] Bednarczyk | A novel mathematical model for growth of capillaries and nutrient supply with application to prediction of osteophyte onset[END_REF][START_REF] Lu | A novel coupled system of non-local integro-differential equations modelling Young's modulus evolution, nutrients' supply and consumption during bone fracture healing[END_REF][START_REF] Allena | Reaction-diffusion finite element model of lateral line primordium migration to explore cell leadership[END_REF][START_REF] George | Mechanobiological stimuli for bone remodeling: mechanical energy, cell nutriments and mobility[END_REF][START_REF] George | A multiphysics stimulus for continuum mechanics bone remodeling[END_REF][START_REF] George | Integrating molecular and cellular kinetics into a coupled continuum mechanobiological stimulus for bone reconstruction[END_REF]. However, accounting for the local bone microstructure distribution remains a challenge as the material is highly heterogeneous and requires specific homogenization tools [START_REF] Rémond | Applied RVE reconstruction and homogenization of heterogeneous materials[END_REF][START_REF] Hasanabadi | 3D microstructural reconstruction of heterogeneous materials from 2D cross sections: a modified phase-recovery algorithm[END_REF][START_REF] Hasanabadi | Efficient three-phase reconstruction of heterogeneous material from 2D cross-sections via phase-recovery algorithm[END_REF][START_REF] Sheidaei | Influence of bone microstructure distribution on developed mechanical energy for bone remodeling using a statistical reconstruction method[END_REF] able to account for the specific bone microstructure distribution at the meso and local-scales [START_REF] Sigmund | On the optimality of bone microstructure[END_REF][START_REF] Rodrigues | Global and local material optimization models applied to anisotropic bone adaptation[END_REF][START_REF] Huiskes | Effects of mechanical forces on maintenance and adaptation of form in trabecular bone[END_REF][START_REF] Nowak | Structural optimization system based on trabecular bone surface adaptation[END_REF][START_REF] Jang | Computational study of Wolff's law with trabecular architecture in the human proximal femur using topology optimization[END_REF][START_REF] Goda | A 3D elastic micropolar model of vertebral trabecular bone from lattice homogenization of the bone microstructure[END_REF][START_REF] Goda | Optimal internal architectures of femoral bone based on relaxation by homogenization and isotropic material design[END_REF][START_REF] Lee | Homeostasis-based aging model for trabecular changes and its correlation with age-matched bone mineral densities and radiographs[END_REF][START_REF] Spingarn | Multiphysics of bone remodeling: a 2D mesoscale activation simulation[END_REF][START_REF] Allena | Heterogeneous directions of orthotropy in three-dimensional structures: finite element description based on diffusion equations[END_REF][START_REF] Cluzel | A general method for the determination of the local orthotropic directions of heterogeneous materials: application to bone structures using μCT images[END_REF], in the objective of being able to merge all these together [START_REF] Goda | Combined bone internal and external remodeling based on Eshelby stress[END_REF].

We aim here to develop a novel numerical method of bone remodeling at the trabecular scale. This model aims at the prediction of long-term bone density loss in microgravity. The investigation is implemented on real human bone microstructures. The bone loss is determined as a function of time. We show that bone loss does not happen at a constant rate, depends on the bone microstructure distribution, and the size of the bone surface available at the meso-scale. In Section 2, reconstruction of the bone microstructures and the trends of the bone loss in microgravity are introduced. In Section 3, the mathematical model and the optimization algorithm are detailed. In Section 4, optimization is implemented on a given bone sample and the bone loss is calculated. The effects of bone loss and microstructure connectivity, linked to the mechanical properties, are discussed. Changes in the bone microstructure are predicted for a long stay in microgravity condition. Finally, some conclusions are proposed in Section 5.

Materials and Method

Model objectives

There currently exist no experimental data to quantify precisely the bone density variation kinetics at the trabecular scale. At best, bone density variation is measured at macroscopic patient scale over time. However, since it is agreed that bone density variation is patient dependent, there exist an influence of the bone microstructure distribution and bone biology on this evolution for each person. Hence, we propose to develop a model that should account for the bone microstructure distribution to propose an effective bone density evolution as a function of time, and based on macroscopic experimental data available in the literature. The development methodology is divided in four different steps as follow:

1. Macro scale: Identify the effective bone degradation at macroscopic scale from experiments for given environments 2. Macro to meso scale: Identify at local trabecular scale (for a given patient) the bone degradation mechanisms as a function of the macroscopic identification 3. Meso to macro scale: Predict bone degradation at local scale for the given bone microstructure and homogenize at macroscopic scale 4. Macro scale: Predict long term macroscopic bone degradation

The principal objective here is to validate a theoretical model that will be identified on macroscopic experimental data and be able to account for the patient's bone microstructure distribution to predict long term bone degradation.

3D-Reconstruction of Bone Microstructure

Trabecular bone samples were extracted from iliac crest bone biopsies, secondly defatted and imaged with a cone-beam system Skyscan® 1072 (Skyscan, Brucker, Kontich, Belgium). The images were acquired at 80 kV and 100 μA, with an angular rotation of 0.45°. 3D images were reconstructed with a voxel size of 10.77 μm, using the manufacturer's reconstruction algorithm, which is based on a customized Feldkamp algorithm.

The experimental CT scans (see an example on Fig. 1a) were used to create the finite element (FE) numerical models. A 3D stitching of the Micro-CT data was done to construct the 3D virtual model of trabecular bone microstructures. For this, a MATLAB code has been developed using the CT images as input data. The reconstructed model (Fig. 1b) is meshed based on the resolution of the CT images. The finite element mesh is constructed on the CT-Scan voxels leading to a cube containing about one million voxels per sample. The initial samples are constituted only by the dried bone microstructure and empty space around them. In order to numerically represent the bone density evolution (at the bone border surface), we assume that the sample is inside a real bone and hence empty space is filled with bone marrow. For this, the reconstructed numerical FE model is composed of two phases being the bone and bone marrow in contact with each other (Fig. 1b).

The mechanical properties of each voxel are assigned based on the Hounsfield unit (HU) of each pixel in the CT-scan images. Each phase (bone and bone marrow) and more specifically the definition of the microstructure distribution of the bone are defined on the values allocated to the Hounsfield unit. A normalized zero value corresponds to the bone marrow while a normalized value of one corresponds to the bone. Hounsfield values that are between zero and one will be located around the interface between bone and bone marrow. We hypothesize that the materials are homogeneous and isotropic and that they have a linear elastic behavior with a Young's modulus of bone and bone marrow of 15 GPa and 1 kPa respectively. Poisson's ratio is set to 0.3 for both materials.

Determination of the bone quality in microgravity

Bone density is related to its remodeling occurring throughout our entire life as being a competition between bone formation (through osteoblasts cells) and bone resorption (through osteoclasts cells). For constant mechanical load, this density varies according to age. It increases during childhood, be more or less constant during adulthood, and decreases after about 50 years old (due mainly to osteoporosis). Comparatively, bone loss occurs in microgravity due to a decrease in the applied mechanical load (change in gravity conditions) and loses its mineral contents rapidly to adapt to the new living conditions.

Currently, the bone strength is usually measured using bone mineral density (BMD) based on Dualenergy X-ray absorptiometry (DXA). This type of measurement is usually performed to follow the bone status of astronauts. However, BMD is an expression of bone strength that expresses the amount of bone mineral content divided by a surface area for which the measured BMD is representative of about 70 % of the bone strength [START_REF] Klibanski | Osteoporosis prevention, diagnosis, and therapy[END_REF]. This does not correspond to an accurate parameter for true bone density in terms of volume fraction, which is the bone mass divided by the volume of the bone. Some works have proposed a simple conversion of the volumetric BMD to bone volume fraction [START_REF] Pennline | Mapping Bone Mineral Density Obtained by Quantitative Computed Tomography to Bone Volume Fraction[END_REF], but until now, there does not seem to be any method to precisely relate the BMD to the bone volume fraction. Hence, as the volume fraction is the parameter used here in the numerical simulations and finite element modeling, a more direct link is required between BMD and bone quality.

In Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF], a comparative study is proposed between microgravity bone loss and ageing bone loss. Based on this comparison, it is estimated that for a 12 months space mission, bone loss would be about 18 % of its initial amount of mineral content. Liu et al. [START_REF] Liu | Quantification of Volumetric Bone Mineral Density of Proximal Femurs Using a Two-Compartment Model and Computed Tomography Images[END_REF] proposed a linear relation between the volumetric BMD (vBMD, determined by a Two Compartment Model Method) and area BMD (aBMD, obtained from DXA). Following this approach, we applied this linear relation to evaluate the amount of vBMD compared to aBMD for the bone loss estimated by Qin et al [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]. From these works, we show that the amount of bone loss measured by aBMD as a function of time is very close to the calculated vBMD variation with a difference lower than 1 % (see Fig. 2). Hence, the results indicate that it is possible to use the estimated bone mineral density loss aBMD based on surface measurements as a direct comparison with the volumetric mineral bone density loss vBMD. 

Theory

Theoretical model

In the following, a new strategy is proposed to represent the bone density variation in microgravity. Each voxel of our model (Fig. 1) is defined based on the Hue Value (Hounsfield unit) corresponding to a given bone density within the element (voxel). At the trabecular scale, the voxels located inside the trabecula will have the highest density (normalized to one) and in the bone marrow, the lowest density (normalized to zero). For voxels located around the surface of the bone trabecula, their density will take different values between zero and one. For a bone density increase, these voxels will have their density increase, while for bone loss, it will decrease. Hence, within a given voxel, this density is assumed to be a percentage of the voxel volume represented as a hard phase while the rest is the soft phase. A bone density of 0.3 in a given voxel will be constituted of 30 % volume hard phase and 70 % volume soft phase. The bone density change is then theoretically represented as a phase exchange between hard phase (bone) and soft phase (bone marrow) within the voxel, and this for all voxels inside the model.

For each element located on the border between bone and bone marrow, a phase exchange is defined. With this approach, both reconstruction and resorption phenomena are possible as a function of the intensity of the applied mechanical load (see Fig. 3). No empty space is assumed between the hard and the soft phase, and each phase is able to transform into one another. As a reversible exchange is defined between the hard (H) and soft (S) phases, the evolution of each phase is governed by the following kinetic equations:

̇ (1) and ̇ (2) 
where and are the volume fraction of the hard and soft phases respectively. The coefficients and express the rate of exchange between phases. In the general case, these parameters are dependent on the applied mechanical stimulus and other biological issues as they describe the activity of the bone cells.

denotes the coefficient affected by the osteoblast activity, and is indicative of the osteoclast activity. Since the soft and hard phases can be both present within the same voxel, the summation of the volume fraction of these two phases is equal to 1.

(3) Moreover, derived from equation ( 3), the summation of the rate of these coefficients in healthy conditions is equal to zero.

̇ ̇ (4) 
Solving equation ( 4) as a function of time, the volume fraction of a bone voxel is changing at each time increment as a function of the coefficients and as follow:

(5)
is the time increment between and . As it was presented that the osteoblasts and osteoclasts are located at the surface of the bone structure, so the remodeling happens at the surface of bone [START_REF] Florencio-Silva | Biology of bone tissue: structure, function, and factors that influence bone cells[END_REF]. Thus, the remodeling equation should be solved only for the voxels placed at the surface of the bone.

From the many models existing in the literature presented above, it is clear that the bone density evolution depends on the locally developed mechanical stimulus, and will be different for each voxel of the bone surface on a mechanically loaded structure with variously oriented beams. This evolution hence depends on the mechanical load distribution in these beams as compared to cable nets [START_REF] Greco | On the force density method for slack cable nets[END_REF]. In addition, each voxel of the bone surface may have one or more of its faces in contact with the soft (bone marrow) phase which will influence its evolution kinetics. Hence, the size area in contact with the bone marrow for each voxel face makes the evolution rate vary throughout the voxels. When the surface increases, the density rate increases. To account for the variability of the interface area for each voxel, the variables and are defined as a function of the surface area such that:

Where and are variables that need to be determined through an optimization procedure due to the fact that the evolution rates are dependent on the size of the interface surface per voxel and also on the locally developed mechanical stimulus.

For microgravity conditions, no applied mechanical load exists. Hence the bone degradation kinetics does not depend on the locally developed mechanical stimulus. In the following, we assumed, without specific knowledge available, that biology distribution was homogeneously distributed within the bone microstructure, corresponding to an averaged healthy patient. This means that the bone degradation kinetics will be homogeneous everywhere on the microstructure, only dependent on the bone microstructure and surface distribution. The degradation kinetic is then directly identified with the model parameters from the effective experimental degradation rate.

Optimization algorithm

The determination of the model parameters, in the remodeling governing equations ( 6) and [START_REF] Zerwekh | The effects of twelve weeks of bed rest on bone histology, biochemical markers of bone turnover, and calcium homeostasis in eleven normal subjects[END_REF] for each voxel, was done using a Particle Swarm Optimization (PSO) algorithm. PSO is a populationbased algorithm developed by Eberhart et al. [START_REF] Eberhart | Swarm intelligence[END_REF] in 2001, used to simulate social behavior, such as the movement of school of fish or bird flock. To solve the optimization problem, a population of candidate solutions (called particles) is used. These particles move around in the search-space to find the optimized solution (position within the group for fish or birds). The particles' movements are affected by their own best known position in the search-space and also by the entire swarm's best known position. In the current study, the algorithm is randomly initialized with a population of dual variable for each voxel containing two variables and . These variables determine the exchange rate between phases. To find the optimized solution of the problem, the remodeling process of bone is performed for all voxels of the microstructure with an iterative process. This process was repeated for each iteration of the optimization for the bone microstructure degradation over a 36month period (time length of experimental data available) for all particles. For each dual variable (particle) and iteration, the best experience (minimum value) is extracted and defined as the personal best (PBest) among all particles, the dual variable (particle) which has the smallest value (smallest Personal Best -PBest) is introduced as the global best (GBest) and the optimization continues at the next iteration. Finally, we can compare the obtained optimized global trend of bone loss by selected optimized coefficients with the global trend of bone loss measured by Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]. A schematic flowchart of the PSO algorithm is presented in Fig. 4. 

End

Through the iterative process, the optimal solutions, for the parameters and , are found. Here, the experimental data presented by Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF], were used for optimization of the degradation kinetics of bone. They are representative of an average bone degradation rate over a 36 months period. After parameter identification from the optimization process and comparison between the calculated degradation rate and experimental data, we show that the difference between this optimized process and the real macroscopic bone degradation (from Qin's data) is very small (see Results section 4.3 below) and will not lead to any misinterpretation in the overall degradation mechanism. Hence, it is assumed that the optimization process is valid for the entire sample.

Once the optimization process finished and the best parameters and determined, we used the proposed model presented in paragraph 3.1 to calculate the bone degradation mechanism and longterm prediction.

This prediction could only be validated at a later stage as there is currently no experimental information on the local degradation kinetics at the bone trabecular scale, nor over long periods of time. However, in our previous works [START_REF] Sheidaei | Influence of bone microstructure distribution on developed mechanical energy for bone remodeling using a statistical reconstruction method[END_REF], we evaluated the influence of bone microstructure distribution on the developed mechanical energy for bone remodeling using a statistical reconstruction method and showed that for a given effective bone density, the influence of the bone microstructure distribution remains small for a given static load. Here, although no external mechanical load is present and we are particularly interested in this small patient dependent variability as it will impact long term predictions. Of course, this effect would be increased by the presence of a mechanically loaded microstructure where the bone degradation kinetics would depend on the intensity of the locally developed stimulus. This will need to be addressed separately.

Results and discussion

Bone microstructures data

Using the provided experimental micro-CT images, 10 models of trabecular human bone were generated. For these created models, the bone volume fractions (bone volume / total volume of sample) varied from 13.64 % to 31.16 %. The bone surface depends on the microstructure distribution of the bone and its volume fraction. For the studied samples, we observed that by increasing the volume fraction, the amount of bone surface area increased in general (see Tab 1, later down). Of course, this is completely patient dependent, but it provides a general trend that affects both the degradation rate and bone stiffness as a function of time.

Effect of the surface contact area on the rate of degradation

The bone density variation occurs at the surface of the bone and is calculated using the experimental degradation kinetics proposed by Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]. A larger bone surface (voxel area) in contact with the bone marrow increases the degradation rate. As all voxels have the same size, we investigated this effect on one voxel of the model as a function of the number of faces in contact with the bone marrow being considered as a descriptor of the contact area. The results are presented on Fig. 7. As expected, with an increase in the number faces in contact with the bone marrow, a faster degradation is observed, while for only one face, the degradation is the slowest.

Since it was assumed that the effective bone density change was the same as the one at the local voxel size, the only influencing parameters in the bone microstructure degradation at this scale will be the density of bone within the voxel and the size of the contact area with the bone marrow, whereas a the global scale, it will be the number of bone voxels in the sample and their contact surfaces constituting the bone surface for a given sample. 

PSO optimization results

The long-term prediction of bone loss in microgravity should be done on an "average" sample in order to be representative of an "average" person since the bone microstructure varies from one person to another. Hildenbrand and Anderson [START_REF] Hildebrand | A new method for the model-independent assessment of thickness in three-dimensional images[END_REF][START_REF] Anderson | How do changes to plate thickness, length, and face-connectivity affect femoral cancellous bone's density and surface area? An investigation using regular cellular models[END_REF] showed that the standard volume fraction of the femur trabecular bone is around 27 %. Hence, to use the general trend of bone loss presented by Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF], we choose among the available samples the one with a volume fraction equal to 26.12 % (corresponding to an elderly woman aged 70). The results presented in the following are based on this sample.

The initial population used for the PSO optimization process is composed of 100 particles initialized randomly. The procedure is implemented for 50 optimization iterations. The time steps are divided into one-month period for performing the remodeling process over a 36 months (3 years) period corresponding to the duration of Qin's [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF] From these identified parameters, the bone degradation was calculated and the prediction of the effective (macroscopic) bone density degradation was plotted as a function of time and compared with Qin's results [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]. Fig. 8 shows both the predicted trend of our model and the bone density loss by Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]. We can observe a very good superposition of both curves. The optimization process was performed to validate the proposed predictive theoretical numerical model with the data available in the literature. With this validation, it is then possible to extend the degradation process, and predict the evolution of the bone microstructure for a long-term living in microgravity condition. The model was used to extrapolate the bone degradation over a 12 years period and observe the bone microstructure evolution. The results of this prediction are presented in Fig. 9 for the studied sample. After a period of 144 months (12 years), the trabecular bone has lost about 82 % of its initial volume fraction. This corresponds, at the trabecular scale and for an average starting volume fraction equal to 26 %, to a final density of only 4 % of the initial bone volume fraction. A better understanding of the degradation mechanism regarding the bone microstructure evolution is shown in Fig. 10. The results show three different sections within the same "average" sample. The voxels are displayed in colors for three ranges of normalized bone densities: (i) white between 0.9 and 1, (ii) yellow between 0.4 and 0.9, and (iii) red between 0.1 and 0. Of course, a number of simplifying hypotheses were made in the current study also simplifying the interpretation towards an exact evaluation in real life. These are mainly, but not exhaustively, the fact that the degradation mechanism remains phenomenological based on experimental data. However, this brings strength to our approach as the local bone mechanobiology is still not well understood and would have provided some approximation errors in our analyses. Nevertheless, although a phenomenological degradation over three years gives an almost exact prediction, there is no guaranty that this trend continues for very long durations as most probably, when bone density will reach a lower threshold, new biological events will develop in order for the bone density not to degrade completely. Another aspect is the assumption that the macroscopic degradation kinetic is the same as the local degradation kinetic. More work is required to better correlate these two effects. Although it feels confident that, under the hypothesis of isotropy and homogeneity of the materials, and without externally applied mechanical load (no strain energy within the structure), the bone degradation kinetic should remain fairly constant everywhere. The last point is related to the patient's variability.

As each person has different bone density, microstructure distribution, and related bone biology, there is no reason the bone loss should be equal between each person. It is reminded that the prediction provided in the current work is based on an average degradation curve (Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]) and with more experimental data available on different groups of people, the model could be adjusted for better long-term predictions.

Influence of the available bone surface on the rate of degradation at the sample scale

After Fig. 7, we can observe that there is a large variation of bone degradation kinetics as a function of the bone surface area. This is also dependent on the bone density in the sample and the microstructure distribution (which is patient dependent and highly heterogeneous). Since the average bone density is measured macroscopically, it is interesting to highlight the degradation rate for different samples with similar initial bone volume fraction but different bone surface area as it will correspond to different patient cases. The simulations of bone loss were performed for six samples with three different couples of similar initial bone volume fractions but with different bone surface area. On the contrary, we also compared five samples (two different groups) of similar bone surface area but different initial bone volume fractions. The different cases are presented in Tab. The comparative similar initial bone volume fractions were respectively 13.6%, 15.2%, and 24.1%. For these, the difference in the available bone surface between similar samples varied from 1.64 mm² to 2.87 mm². For the similar initial bone surface, the comparative cases were around 12.5 mm², and 17.6 mm². The prediction of bone loss was made using the above proposed model with optimized coefficients. The results are presented in Fig. 11. We can observe, as it was presented previously on a single voxel, that the bone degradation rate at the sample scale is directly dependent on the amount of bone surface available. A larger bone surface has generated a faster degradation. Hence, not only the initial bone density and the bone microstructure distribution play a critical role in the degradation kinetics, but also the amount of bone surface. Comparatively, we can also observe that this tendency seems fairly constant for each similar initial bone density (Fig. 11a).

For other cases where we have different initial bone density with similar bone surface area (Fig. 11b), we observe an inverse effect. The degradation kinetics seems to be fairly similar for each case which plays in favor of the surface area. The bone degradation kinetics is therefore very much patient dependent and the influencing parameters such as initial bone density and surface area, together with microstructure distribution are important parameters that should be accounted for in order to obtain more predictive long-term evolutions.

These interpretations are of course based on the hypotheses of similar degradation kinetics for the whole structure of the samples being assumed homogeneous in the material properties and therefore having similar degradation kinetics. We used averaged macroscopic experimental data (Qin [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF]) with our predictive model. For as long as the studied bone remains within this "averaged" trend group, the prediction will remain valid. However, for bones (patients) that will be out of this "averaged" trend (due to different bone mechanobiology), a new identification (or bone degradation kinetics) should be made in order to have adequate long-term prediction.

Effective elastic modulus at the sample scale

It was presented on Fig. 9 and Fig. 10 a long-term prediction of the bone mineral density loss on one "average" sample as a function of time. It is of course very important to know the bone microstructure degradation as it will impact directly the potential recovery after coming back to normal loading conditions. However, it does also impact directly the strength (stiffness) of the bone.

The developed strains within the bone microstructures will impact the bone degradation rate and homogenization of the frame lattice into a general continuum remains a challenging task [START_REF] Abdoul-Anziz | Strain gradient and generalized continua obtained by homogenizing frame lattices[END_REF]. Nevertheless, with a simplified approach theory using a linear elastic bone behavior within a heterogeneously distributed microstructure, we can look at the decrease of the effective Young's modulus as a function of time related to the bone volume fraction. It is a useful quantitative evaluation of patient's bone strength, or astronauts bone strength for long time space flight. For this, we link our model's prediction of the microstructure degradation to the macroscopic bone stiffness. We used the predictive model to calculate the corresponding effective elastic modulus with a decrease in the volume fraction of the hard phase. The results of the simulations are presented in Fig. 12a andFig 12b. Fig. 12a and Fig. 12b show the general trend decrease in the bone stiffness as a function of time which is related to the number of remaining voxels degrading in the sample and also to the loss of connectivity between different regions of the sample. Two main conclusions can be extracted from the Table in Fig. 12a. The decreasing rate of Young's modulus, bone volume fraction, and number of voxels as a function of time is highly nonlinear with a slow initial evolution and fast increase towards the end. Also, the degradation mechanism over the microstructure as a function of the creation of voxel clusters (per range of volume fraction) seems to follow the trend of Young's modulus to volume fraction degradation. A decrease in the volume fraction leads to a descending trend in the elastic modulus. As the bone degradation is occurring everywhere, it will ultimately create clusters of bone by a reduction of the connectivity between the different zones of the structure, hence reducing the effective bone strength. Instead of having a giant cluster of the hard phase, there are several smaller clusters loosening the structure. Since our degradation model is homogeneous over the whole structure, it will ultimately lead to a complete loss of bone density as a function of time.

Nevertheless, this is an assumption as it seems also clear that when reaching a minimum threshold, the bone biology will change and react in a different way in order not to let the degradation continue until complete vanishing of the structure. This should be included at a later stage of this work.

To highlight the Young's modulus to bone volume fraction degradation, different degradation points are presented on Fig. 12b (circles and blue curve). We can observe a certain discrepancy in the decreasing trend believed to be related to the anisotropic distribution of the bone sample. The sample is probably not "big enough" to show a "smooth" degradation trend as compared to effective homogeneous degradation. Of course, this is sample related. The bone degradation over an entire bone should not show this variation. Nevertheless, the overall trend of degradation seems respected as a function of time. We also note that creating bone cluster within the sample, not only create important drops in the overall bone stiffness, but also argues on the fact that real physical bone degradation may not be constant everywhere (as assumed here) in the structure by favoring some local places and not others in order to lose the complete bone stiffness in one step. Hence smoother bone stiffness degradation could be expected by localizing the biological degradation with a more, physical mechanobiological model. However, the inconvenient of this approach is that it requires a precise knowledge of the mechanobiological couplings at the local scale, which is not the case yet. These are strength and weaknesses of these two approaches and should be investigated further at a later stage.

Finally, also presented on Fig. 12b, are projected data from Qin's [START_REF] Qin | Challenges to the musculoskeleton during a journey to Mars: assessment and counter measures[END_REF] experiments (triangle and red curve). These are extracted from the experimental BMD loss as a function of time related to the corresponding bone volume fraction, and knowing that the BMD correspond to about 70% of the bone stiffness [START_REF] Klibanski | Osteoporosis prevention, diagnosis, and therapy[END_REF]. When normalizing these data with our corresponding bone sample density, we projected the "experimental" Young's modulus degradation and compared with our "predicted" Young's modulus degradation. It appears that, despite the sample microstructure variability and simplifying hypotheses that were made in order to extract the microstructure bone degradation, there is a very good correlation between the two curves. The main causes at the origin of this result are: (i) the model parameters identification on the experimental data, (ii) the degradation phenomenon assumed homogeneous over the entire bone microstructure, and (iii) the bone sample density and microstructures are reasonably close to each other. One could argue that it feels obvious that the model predicts what it was identified for. However, the same model with identified parameters was used for the ten different samples and was able to predict the degradation mechanisms for each sample separately and observe the variability between each sample. Hence, we could say that the proposed model is able to extract and predict patient dependent bone degradation. This in turn could be used for the prediction of various patient cases knowing their specific bone microstructure distribution.

Conclusion

A new approach was proposed to predict bone density loss in micro-gravity. It is based on an optimization model identified on experimental data and able to predict bone degradation at trabecular scale. It is patient dependent. The real samples studied had volume fraction varying between 13.64 % and 31.16 %. It was observed that, in this range, the bone volume fraction follows a similar trend as the amount of bone surface area being mostly at the origin of the degradation kinetics under the given hypotheses. We show that for similar initial bone volume fractions degradation rate may vary as a function of sample microstructure and surface are of the bone. A prediction is made for long term bone degradation base on simplifying hypotheses. The degradation mechanisms are presented at the trabecular scale. The results show that after about 72 months, voxels' connections are lost leading to the loss of connectivity in the microstructure. This causes a drop in the bone stiffness. The bone stiffness loss was predicted with a good accuracy as compared with normalized experimental projections. This prediction should be confirmed with more experimental data and trabecular samples. After 12 years in the microgravity, a possible loss over 80 % of the bone initial volume fraction under the given hypotheses is anticipated. However, this does not account for the local biological cellular reactions needed to be integrated.
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 1 Fig. 1. Example of a trabecular bone 3D model constructed with a Matlab code. All samples of this work are obtained from experimental CT-scans. Fig. 1a represents an experimental sample at the voxel scale. Fig. 1b shows the constructed numerical model from Matlab with both the dark grey voxels being the bone trabeculae, and the light grey voxels corresponding to the bone marrow.

Fig. 2 .

 2 Fig. 2. Percentage of the bone mineral density loss aBMD based on surface measurement and volumetric bone mineral density loss vBMD. The red circles are the fit through the experimental data obtained from surface measurements by Qin [75]. The black line represents the volumetric bone density loss obtained by our calculation using the interpolation by Liu et al [76].

Fig. 3 .

 3 Fig. 3. Simplified model to transform Hard (H -bone) and Soft (Sbone marrow) phases to represent bone formation or bone degradation at the bone surface.

Fig. 4 .

 4 Fig. 4. Flowchart of the PSO algorithm used for optimizing the variables in the remodeling equations. Swarms contain two variables of the equations. The best swarm determined through the optimization algorithm somehow the trend of bone loss from numerical simulation has minimum discrepancy with the predicted trend of bone loss by Qin [75].
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 7 Fig. 7. Bone loss per voxel as a function of time using our degradation model, based on the number of faces in contact with the bone marrow.

Fig. 8 .

 8 Fig. 8. Comparison of the bone density loss obtained from the PSO optimization work at the scale of the sample, and the fit through the experimental data by Qin [75].The black line is obtained from the degradation model developed at the voxel scale for all voxels at the bone surface and homogenized over the whole sample.
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 9 Fig. 9. Prediction of the bone microstructure degradation and changes in the bone volume fraction over a period of 12 years (144 months).

Fig. 10 .

 10 Fig. 10. Simulation of the degradation of bone voxel in different sections of the microstructure. Each column corresponds to a different section of the same "average" sample. Evolution is shown for every 36 months. The white voxel are density between 0.9 and 1, yellow voxels are density between 0.4 and 0.9, and red voxels are density between 0.1 and 0.4.
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 11 Fig. 11. Comparative bone loss as a function of time for different samples with (a) similar bone volume fractions and different bone surface area, and (b) similar bone surface area and different bone volume fractions.

Fig. 12a .

 12a Fig. 12a. Results obtained from the degradation analysis on "average" sample as a function of time. As a function of degradation time, the total numbers of voxels remaining in the sample are presented together with the number of voxel inside the largest voxel cluster. The number of voxels is also presented for different bone volume fraction and as a function of time together with corresponding effective Young's modulus.

Fig. 12b .

 12b Fig. 12b. Change in the macroscopic Young's modulus in the (X-direction) in time for "average" sample as a function of the bone volume fraction degradation

Input and output parameters of the PSO optimization process for the experimental degradation study applied to the "average" bone sample.

  experimental data. The results of the optimization process are presented in bold in Tab. 2.

	Nb. Particles Nb. Iterations Time step A HS (1/mm²) A SH (1/mm²) Avg discrepancy error
	100	50	1 month	1	280	0.45 %
	Tab. 2.					

Generated samples to compare bone density loss as a function of time depending on (i) similar bone volume fractions (bold) and different bone surface area, and (ii) similar bone surface area (bold) and different bone volume fractions.

  1. The bold values are the comparative initial values for either initial bone volume fraction or initial surface area.

	Sample N°	Initial bone surface (mm²)	Initial bone volume fraction	Final bone volume fraction
	1	12.590	0.1364	0.1059
	2	14.311	0.1367	0.1021
	3	13.193	0.1524	0.1202
	4	14.839	0.1526	0.1171
	5	17.572	0.2415	0.1990
	6	20.438	0.2416	0.1919
	7	12.448	0.1365	0.1059
	8	12.594	0.1209	0.0910
	9	17.668	0.3116	0.2686
	10	17.776	0.2280	0.1845
	Tab. 1.