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ABSTRACT
[bookmark: _Hlk147442208]The aim of this review is to provide a critical overview of the material modelling of cortical bone in the context of patient-specific finite element simulation for osteoporosis diagnosis. 
The paper provides motivation for the appraisal of the state-of-the art in cortical bone modelling through discussions of contested mechanisms of osteoporosis and the promising potential of patient-specific modelling in the clinical domain. Subsequently, a comprehensive set of material models developed in the last 10 years are analyzed based on their fidelity to bone material characteristics and mechanical response, and their ability to be incorporated into finite element bone simulation workflows. 
Based on the thematic analysis of material models for cortical bone, it emerges that a key development in the field is the increasing prevalence of multi-scale models that can incorporate features from multiple levels of the bone hierarchical structure. The most advanced constitutive models of cortical bone are beginning to reflect biological mechanisms of damage, osteoblast driven remodeling and fatigue. Key challenges that must be overcome to increase prevalence of advanced material models in finite element simulation include lack of high resolution in-vivo imaging techniques, standardization, and methodology to determine patient-specific material parameters. 
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INTRODUCTION
Osteoporosis is an insidious condition which causes bone fragility and an increased propensity to fracture. As an age-related disorder, osteoporosis is increasing in prevalence due to an aging global population thus resulting in high levels of burden on the global healthcare system [1]. 
Although the deleterious impacts of osteoporosis are well known, it remains chronically underdiagnosed. Traditional clinical diagnosis methods involve the production of a bone mineral density (BMD) map based on two-dimensional dual-energy X-ray absorptiometry (DXA) [2]. While this method can identify individuals at risk of osteoporotic fracture, it is unable to detect its onset and early-stage osteopenia, at which point no symptoms have appeared [2,3]. 
There has thus been surging interest in techniques to better assess and predict osteoporotic fracture risk. Patient-specific modelling (PSM) through finite element (FE) simulation has emerged as a promising approach as it is believed that by accounting for individual microstructural, geometrical, and compositional variations, a more clinically valuable picture of the bone can be constructed and used in diagnoses [4]. However, given the computationally intensive and time-consuming nature of FE simulation, they are seldom used in practice and are reserved for only rare and serious cases where DXA imaging-based BMD measurement is insufficient [4]. 
A finite element bone simulation workflow requires several accurate inputs – the most important of these are imaging, material modelling and the application of load and boundary conditions [5]. Of these inputs, this review focusses predominantly on the material modelling procedure for the outer compact or cortical bone. 
Historically, the spongy inner trabecular bone has been preferentially studied and deemed a more significant contributor to osteoporosis than cortical bone [6] for reasons covered in section 2.2. However, recent contrary findings emphasizing the role of cortical bone have resulted in increased efforts to model its structure and properties. Given that there has been a neglect of the cortical bone until the early 2000’s [7], the central focus of the review is to synthesize and consolidate research into constitutive models for cortical bones and evaluate them from the perspective of delivering improvements to patient specific FE models with future applicability to the clinical setting.
The review aims to achieve its objectives through the following structure. Section 2 provides a brief overview of the relevant microstructural properties of the cortical bone and introduces the mechanism of osteoporotic fracture. Section 3 explores the benefits and clinical importance of patient-specific FE bone modelling and details the procedural steps involved in an FE workflow. Section 4 provides a thematic material characteristic-based overview of cortical material models published in the literature and identifies the state of the art, recent developments, and any recent trends. Section 5 synthesizes the insight from sections 3 and 4 through a discussion of the degree of adoption of state-of-the-art material models for cortical bone into FE workflows and consolidates the key challenge in developing more advanced and patient-specific modelling techniques. Finally, the review discusses unanswered questions in the field, and the progress that will need to occur for PSM to one day be ubiquitous in practice. 
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Figure 
1
. Microstructure of cortical bone [8]
)Bone is composed of two types of tissue: cortical and trabecular. Cortical bone, the focus of this review, forms a protective outer sheath around the spongy inner trabeculae [5]. As the primary load bearing structure in the body, thick layers of cortical bone are found in the diaphysis or axis of long bones such as the femur and hip. In order to fulfil its physiological purpose, cortical bone is stiff, strong and hard; it consequently comprises 80% of the skeleton by weight [9]. 
The structure of the cortical bone is hierarchical and multiscale [5]. As seen in Figure 1, closely packed osteons form the building blocks of the cortical bone. The osteons are comprised of circumferentially arranged layers of lamellae, which are formed of collagen fibers. The direction of these fibers alternates with each successive lamellar layer, a feature that has been attributed to increasing bone strength in both tension and compression [10]. At the center of the cortical osteon lies a Haversian canal which branches out into a network of transversely laid Volkmann canals, both of which support the transport of blood. The concentric lamellar arrangement has embedded spaces called lacunae, which house an osteocyte each, and are connected to adjacent lamellae through canaliculi. The Haversian canals, Volkmann canals, lamellae and canaliculi collectively constitute the porosity within the cortical bone, which is generally found to be between 4% and 30% and is strongly correlated to age [11]. 
The mechanical behaviour of the cortical bone in response to loading is a strong function of its hierarchical structure. As a knowledge of this behaviour is crucial to the development of accurate material models, Table 1 encapsulates the well-established description of cortical bone response to specific material characteristics based on comprehensive prior work by Evans [12]. 
[bookmark: _Ref122056913]Table 1. Important material characteristics of cortical bone
	Material Characteristic
	Response Description

	Strength
	Greater in compression than in tension

	Symmetry
	Anisotropic, with greater strength and elasticity in longitudinal as opposed to transverse direction

	Viscosity
	There is a positive relationship between strain rate and yield strength, stiffness, and fracture strength 

	Creep
	Observed only if loading results in stress above the creep threshold



[bookmark: _Toc122082987]MECHANISM OF OSTEOPOROSIS
Osteoporosis occurs because of increased bone porosity and hence reduced bone density, which in turn makes it more fragile and likely to fracture [1]. While this general conceptual idea is widely acknowledged, the specific mechanism underpinning osteoporosis has been under increasing scrutiny for the relative importance it assigns trabecular and cortical bone. This section homes in on the disagreement by exploring a range of mechanistic arguments put forth in the literature. 
Bala et al. [10] first described the prevailing mechanistic theories of osteoporotic fracture as “trabeculocentric”, noting that the emphasis on the role of trabecular tissue in causing osteoporosis far exceeds the consideration given to cortical bone. The reasons for this lopsided research are two-fold. Osteoporosis has been considered a trabecular phenomenon given the tissue’s greater metabolism and hence role in remodeling. As the net rate of degradation and modelling of bone determine the overall porosity and hence fragility, osteoporotic fracture has been attributed to reduced trabecular mechanical properties [10]. Further, as the spongy trabeculae withstands greater deformation than the cortex, some studies [3] hypothesize that an increase in trabecular porosity will have a relatively higher impact on overall bone strength. Wills et al. [3] conducted a Receiver Operating Characteristic – Area Under the Curve (ROC-AUC) study which concluded that the risk of bone fracture was more accurately predicted by the degradation of trabecular as opposed to cortical bone. However, the authors state that such conclusions, despite strong correlation, can be unreliable given that the phenomenological modelling of interactions between cortical and trabecular bone are highly individual. 
The second reason for historical trabecular focus is that imaging technology has been until recently unable to capture detailed information about cortical porosity given its smaller length scales than trabecular porosity. 
With a gradual improvement in imaging such as micro computerized tomography (mCT) and an acknowledgment that over 80% of bone fractures occur in the cortex dominated appendicular skeleton [7], there has been a growing body of research investigating the role of the cortical tissue in bone fragility. Cooper et al. [10] argue that the marginal degradation of already heavily porous trabecula is minimal compared to the same percentage increase in cortical porosity. Further, the development of cortical pores increases remodeling which results in even greater porosity, thus resulting in a cycle of increased fragility. In contrast, the rate of trabecular degradation is more controlled. Some studies such as by Dapaah et al. [13] also mention that the energy to fracture is heavily dependent on crack initiation and the subsequently formed microdamage zone located in the cortical tissue, therefore making it a more significant consideration than the trabecular tissue.  
Thus, although no consensus has been reached in the literature on the mechanism of osteoporosis, it has nevertheless become important to appraise the state-of-the-art in cortical bone modelling in order to develop simulations with greater bio-fidelity.  

[bookmark: _Toc122082988]FE SIMULATION OF BONES
The current clinical standard for osteoporosis diagnosis is areal bone density mapping (aBMD) based on DXA imaging, coupled with diagnostic frameworks such as Fracture Risk Assessment Tool (FRAX) [14]. While this method is frugal, subject patients to relatively low radiation doses and is time-efficient, it has several shortcomings. First, BMD mapping provides only planar information and cannot provide volumetric visualisation [4]. In addition, it is unable to account for individual bone geometry, patient specific material properties and loading conditions. Finally, it must be recognized that while studies have shown adequate correlation of BMD with fracture risk, there are several other contributing factors such as microstructure, rate of osteocyte turnover and bone geometry.[16] Due to these limitations, BMD risk assessments are able to diagnose osteoporosis only for more severe cases with bone density test scores less than -2.5, thereby resulting in prediction errors of around 25-30% as reported by Wills et al. [3]. 
Patient specific finite element simulation of bones overcomes several limitations presented by BMD diagnosis. By allowing for personalized inputs, it is proposed that FE models will allow for improved diagnosis of fracture risk through a more detailed understanding not only of bone fragility but also the mechanism of fracture initiation and propagation. [5,15]
PSM has the potential to benefit clinicians by improving their ability to monitor bone health and provides useful information in deciding a commensurate treatment plan for patients. 
The reason FE models are not already popular is due to the lack of standardization of inputs, high radiation and cost associated with QCT imaging, the most preferred method for FE. [4,5] After these issues are addressed, it would also be necessary to engage in widespread retraining of staff to understand how the assumptions in workflow stages can affect FE accuracy and hence diagnosis and treatment recommendations. These challenges, amongst others, will be addressed in greater detail in section 5. 

[bookmark: _Toc122082990]FE SIMULATION WORKFLOW
The purpose of patient specific finite element modelling is to simulate the mechanical response of bone tissue given a set of individualized input conditions. In general, a typical finite element workflow to develop a bone simulation requires three important inputs: imaging, material model assignment and load and boundary condition specification [4]. Once the image has been segmented such that it can be analyzed, the generated model is then meshed and overlaid with the material model and boundary conditions [4]. Ultimately, the simulation will output the biomechanical response which may include stress, strain, deformations, and other clinically relevant parameters [17]. A flow chart of a typical FE workflow for modelling bone is shown in Figure 2. 
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Figure 
2
. FE workflow for bone modelling [18]
)
Each input of the FE simulation must be subject specific to obtain an individualized result. The material model is particularly challenging to make accurate given the multitude of properties to take into consideration, and the underlying lack of consensus on fracture mechanism. This review thus addresses the material modelling of the cortical bone specifically as an input to FE simulations. However, a context specific overview of all the inputs is first given to provide requisite background information. 

[bookmark: _Toc122082991]Imaging and segmentation 
There are several popular medical imaging techniques each with their strengths and weaknesses in yielding insightful information on bone structure. Cortical bone is associated with certain unique imaging challenges due to its microstructure and porosity length scale. The following is an evaluation of commonly used imaging techniques from a cortical bone perspective. 
Dual-energy X-ray Absorptiometry (DXA)
DXA scans are the most used in clinical osteoporosis diagnostics due to their low radiation dose, speed and low cost. Recently, the use of DXA scans is being extended to producing subject specific FE simulation instead of merely providing two-dimensional maps of bone mineral density. [3] Typically, they are used to determine cortical bone thickness which help in determining the overall bone density and hence propensity to fracture [19]. 
Computerized Tomography (CT)
Computerized tomography is the most popular imaging technique to input into FE workflows as it can be used to reconstruct three-dimensional patient specific bone geometry and model individual material properties.[20] However, it has a higher radiation dose than DXA and is more resource intensive, therefore typically being reserved for only essential use in clinical practice. 
CT scans are capable of indirectly quantifying the porosity of cortical bone through vascularity and bone mineral-based density measurement. Cooper et al. [6] observe that more than 60% of cortical pores are <100 micrometers, which although previously unfeasible to detect, is increasingly becoming possible with the finer resolution qCT scanning. 
Magnetic Resonance Imaging (MRI)
Recently, Florkow et al. [21] have attempted to use MRI imaging in the finite element modelling workflow of bones. A benefit of this approach is the lack of associated radiation. MRI captures images of fluid in the bone, as opposed to the solidified bone structure itself. This presents a challenge for cortical bone is dense and contains low quantities of bound water within the microstructure [22]. As a result, the intensity of signal obtained is attenuated in regions of high cortical tissue concentration, thus providing limited ability to reconstruct geometry or material properties. 
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Figure 
3
. Constitutive modelling procedure for bone [5]
)Material or constitutive modelling aims to simulate the experimentally observed behaviour of bone tissue. Typically, material models are created using a combination of data extracted from in vitro experiments and imaging. The former are important in defining post-yield and time-varying characteristics, while the latter are used to describe the elastic range as well as the degree of anisotropy [4]. Figure 3 illustrates the concept of constitutive model development. The ultimate objective of such a model is to use experimentally obtained data from mechanical testing on bone and predict its behaviour for a broader range extending beyond the experimental readings.
[bookmark: _Toc122082993]Boundary and loading conditions
Accurate assignment of boundary and loading conditions is an under-researched aspect of the FE simulation workflow. [4] Relevant boundary conditions include muscles and ligaments, for example at joints of long bones. Accurate simulations require the stiffness and geometry of these tissue, which are challenging to obtain and whose experimental validation is sparse. Further, subject specific loading forces, including their direction, magnitude and point of application must be known. Pankaj [4] reports that there are two popular methods of boundary and load condition modelling. While the first involves extracting loading data from muscles and ligaments and applying it to bone FE models, the second includes the boundary tissues as part of the system to be analyzed along with the bone. 
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MATERIAL MODELLING OF CORTICAL BONES
	Author
	Directional symmetry
	Plasticity
	Time dependence
	Damage
	Length scale  

	Asgharpour et al.
	Iso-
	
	
	-
	Macro

	Barkaoui et al.
	Iso-
	-
	-
	-
	Nano/multi

	Cloete et al.
	-
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	-
	Macro

	Halldin et al.
	-
	
	
	-
	Macro

	Bekker et al.
	-
	-
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	-
	Meso

	Sansalone et al. 
	Iso-
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	-
	Macro

	Ng et al. 
	Iso-
	
	-
	
	Macro

	Zysset et al. 
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	Macro

	Ramezanzadehkoldeh
	Iso-
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	-
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	Meso

	Atsumi et al. 
	Ortho-
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	Macro

	Mirzaei et al. 
	Ortho-
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	-
	-
	Macro

	Shah et al.
	-
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	Multi /nano

	Idkaidek et al.
	Iso-
	-
	-
	
	Micro

	Khor et al.
	Ortho-
	-
	-
	
	Macro

	Cai et al.
	Trans iso-
	-
	-
	-
	Micro/multi

	Gustafsson et al. 
	Iso-
	-
	-
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	Micro

	Wills et al.
	Iso-
	-
	-
	-
	Macro

	Lei et al. 
	Trans iso-
	-
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	Macro

	Gustafsson et al. 
	Iso-
	-
	
	
	Meso

	Kraiem et al. 
	Ortho-
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	Macro

	Remache et al.
	Iso-
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	Macro

	Shokry et al.
	Trans iso-
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	-
	Macro

	Soni et al.
	Trans iso-
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	Multi/micro

	Dapaah et al.
	Trans iso-
	-
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	Macro


Table 2 provides a summary of the developed constitutive models for cortical bone in the past 10 years against a set of relevant material characteristic considerations. Table cells are left unfilled if insufficient detail is provided by the study, or if it explicitly ignores the modelling of a given characteristic. The following subsections (4.1 – 4.5) appraise the progress in modelling of each consideration based on the information presented. 



Table 2. Summary of constitutive models of cortical bones recently published in literature.

[bookmark: _Toc122082995]Length scale
 (
Figure 
4
. 
Hierarchical
 structure of cortical bone [45]
)[image: Diagram

Description automatically generated]Prior to 2007, constitutive models of cortical bone developed in literature were predominantly phenomenological in nature with the aim of simulating macroscopic experimental observation without incorporating mechanistic understanding of features at smaller length scales. However, over the last 15 years, progress has been made in integrating nano structural [26] and microstructural models [30] at the tissue-scale, thereby providing a more holistic and accurate prediction of strength, damage, and fracture. 
Much variation is observed amongst studies defining the bounds of each length scale and the biological bone constituents falling within each scale. For consistency, this section uses the definition of scales proposed by Hamed et al. [45] to classify the bone models considered in Table 2, even if the authors of these studies use different terminology to describe a given structural feature. Figure 4 illustrates the length scale definitions along with the relevant features of interest.

	Length-scale
	Biological composition
	Relevant Study

	Nanoscale
	Collagen fibrils, lacunar water and protein, hydroxyapatite nanocrystals
	· Barkaoui et al. [8]
· Shah et al. [36]

	Sub-microscale
	Lamellar layer, lacunar cavity
	· Ascenzi et al. [24]

	Microscale
	Haversian canal, embedded osteocytes, canaliculi, osteon
	· Soni et al. [46]
· Idkaidek et al. [37]

	Mesoscale
	Cortical bone tissue
	· Gustafsson et al. [42]
· Ramezanzadehkoldeh[33]

	Macroscale
	Whole bone including cortical and trabecular tissue
	· Dapaah et al. [47]
· Remache et al. [44]
· Kraiem et al. [43]


[bookmark: _Ref122080673][bookmark: _Ref122080661]Table 3. Biological composition of each length scale with relevant modelling studies
Table 3 presents a summary view of the biological composition at each length scale, with a corresponding list of material models developed from that scale. Given that the de facto constitutive model considers the macroscale, only a representative sample set is listed. The models listed at sub-macroscopic scales take a multiscale approach – they are classified based on the smallest scale considered. 
Sansalone et al. [30] state that the decision to adopt a specific length scale should be made based on the availability of experimental input parameters. For subject-specific bone analyses, the authors recommend a macroscale approach if the ultimate objective is merely a determination of overall elastic properties. Further, they argue that despite recent multiscale models such as by Yoon et al. [46] which closely represent hierarchical microstructure, the lack of availability and methodology to obtain subject specific inputs limits their practical use. Pahr et al. [5] support this view, adding that this lack of experimental data increases the inherent uncertainty in models as their validation must be done at a higher length scale. 
Ghanbari and Naghdabadi [47] attempt to address the issues raised [30,46], opting for a simultaneous modelling approach. The authors discretely develop nano structural and macroscale boundary value problems and eventually couple them together with a homogenization technique to obtain macroscopic properties such as Poisson’s ratio, modulus of shear and Young’s modulus. Such an approach allows for the characterization of representative volume elements in different regions of the cortical tissue and results in a tissue level response closely reflecting experimental data. Budyn and Hoc [48] focus on the damage aspect, using extended FEM to model Haversian microstructure and simulate the initiation and propagation of cracks through computational algorithm. Although both studies show alignment with experimental data from, they fail to achieve subject specificity due to their assumptions of literature-based material constants. 
Recently, Ascenzi et al. [25] demonstrated the ability to construct patient-specific macrostructural models using experimentally obtained stress-strain data for hydroxyapatite crystals and lacunae  of osteocytes obtained from CT-based techniques. Although the study assumed isotropic properties at the macroscale, the orthotropic and subject-specific inputs regarding microfibril orientation, lacunar hydration and mineral deposits are a positive step towards clinical relevance. 

[bookmark: _Toc122082996]Directional Symmetry
The anisotropic nature of cortical bone properties is widely acknowledged in literature. Nevertheless, it is not uncommon for constitutive models employ orthotropic, transversely isotropic, or simple isotropic relationships for the sake of simplicity and to reduce reliance on high-resolution imaging and computational resource. These assumptions in material symmetry often limit the validity of studies but can be justified if the study emphasis is on another aspect of bone fracture. Pankaj [4] cautions against uncritically assuming the superiority of orthotropic models as improper determination of constants of elasticity could lead to less biofidelic output than simplistic yet more accurate isotropic models. A major challenge in the past has been the determination of a large number of constants of elasticity (5 for transverse isotropy and 9 for orthotropy), but Franzoso and Zysset [49] as well as a number of others [4] have developed nanoindentation and ultrasound-based techniques to resolve this impediment. 
Wills et al. [3] developed a subject-specific femur FE model using linear isotropic elasticity based on the reasoning that previous studies have shown limited percentage improvement in displacement accuracy at a continuum scale through the adoption of an orthotropic modelling, a position with which Ramezanzadehkoldeh and Skallerud [33] agree with in their study on subject-specific FE cortical bone modelling using micro-CT imaging. 
On the other hand, Khor et al. [38] emphasize that while isotropic models are sufficient in simulating the kinematics of bone bending, orthotropic modelling is essential to gain insight into fracture pattern, failure initiation location and ultimate tensile strength. Studies approaching constitutive modelling from a microstructural approach, such as by Ascenzi et al. [25] benefit from using an orthotropic framework to incorporate the directional effects of the Haversian system-based reinforcement structures in cortical bone. 
Thus, it appears that the choice of material symmetry must be intentionally made based on the desired complexity, computational ability, and theoretical focus of the study. 

[bookmark: _Toc122082997]Strength-based modelling
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Figure 5. Strength of cortical bone [38]
The yield and ultimate strength of cortical bone are asymmetrical in tension and compression, with higher values observed in compression as shown in Figure 5. Prior experimental works have also highlighted the anisotropy in elasticity, strength and stiffness of the cortical tissue [43]. In literature, there is widespread agreement in modelling low-strain mechanical response as time-independent linearly elastic [29]. While the loading of cortical tissue in tension results in brittle failure shortly after yield, its behaviour in compression prior to fracture is more layered, justifying its characterization through elastoplastic stress-strain curves [38]. 
It is important to represent both elastic and post-yield regions accurately as they each provide distinct insight into the mechanism of bone failure. Modelling of the elastic region is necessary to pinpoint the initiation of yield but is not capable of revealing subsequent progression to failure. It therefore becomes crucial to investigate post-elastic response to simulate yield itself, progressive damage and ultimately fracture. Wills et al. [3] take exception to this stance, proposing instead to altogether eliminate the modelling of post-elastic behaviour of osteoporotic bone given its propensity to very brittle failure. While it is acknowledged that such a simplification may be acceptable in tensile loading scenarios, it fails to account for the experimental evidence [39] which underscores the role of plasticity in explaining multi-axial and compressive failure. 
A long-standing point of contention has been the modelling of yield onset, particularly in the selection of stress-based on strain-based criteria. Theoretical frameworks for strain-based yield much preceded any experimental validation, until a seminal study by Nalla et al.[50] provided such evidence. Using an innovative “double-notch-bend” sample configuration, the authors demonstrated that strain was observed to be nearly isotropic whereas stress was significantly anisotropic. Several studies employ the von Mises criteria to model yield onset, which simplistically assumes bone symmetry in bidirectional loading and does not account for pressure sensitivity. Natali et al. [51] supports the view that the von Mises approach is deficient, adding that it cannot capture load-displacement and deformation in parallel during nanoindentation. In an attempt to determine an optimal yield modelling strategy, Keyak and Rossi [52] published a comprehensive study reviewing a total of 9 failure theories and their suitability to in the context of fracture of the femur, concluding that shear stress and distortion energy-based theories were the most adaptive to a range of loading scenarios. The study discourages the use of intensive anisotropic criteria such as Tsai-Wu, Kelvin and Hill as these require the determination of additional constitutive parameters without a significant increase in accuracy – up to 80% of the predictions made on the basis of mathematically simpler models were accurate. Hoffseth et al. [54] find that the Drucker Prager Yield Criterion is suitable to model cortical bone yielding given its ability to account for the asymmetry of strength in tension and compression. Mullins et al. [51] corroborate this claim with extensive simulation validation. A limitation to progress in the direction of strain-based yield criteria is that such FE codes are usually not available in the commercial domain. 
An alternative approach to address the need for yield criteria to account for multi-axial loading is provided by Ng et al. [31] who propose the brittle damage plasticity model to make predictions on compressive failure. Finally, there has been a recent interest in going beyond the historically accepted linear isotropic elasticity by expanding constitutive model capabilities to reflect anisotropic reality. For instance, the model proposed by Atsumi et al. [34] allows for anisotropic elastic, yield, and post-yield behaviour to be reflected in FE simulation. 

[bookmark: _Toc122082998]Time dependent effects
The relevance of incorporating viscosity in models of the cortical bone has been established for over half a century. A knowledge of the effects of viscous effects on biomechanical responses of bone is useful in simulating physiological events ranging from ambulation to traumatic injury loading [54].  The existing literature is not conclusive in correlating microstructural features such as collagen interlinkage and mineralization to macroscopically observed viscous effects. However, Wu et al. [55] report that porosity of bone and its hydration are contributors to viscoelastic response, which may indicate potential applicability of such studies to osteoporotic fracture diagnosis in future. 
Research in the past 10 years has criticized the dominance of non-physiological low strain-rate focused studies and neglect of higher strains which can be used to simulate impact occurrences in the cortical bone.  In response to this deficiency, constitutive modelling based on Hopkinson bar techniques has emerged popular [42,30,28]. Further, nanoindentation performed at a range of cyclical loading frequencies, indentation rates and hold times have yielded insight into the lamellar level rate dependent stiffness, although the microstructural features fundamentally underpinning viscoelasticity are still obscured [56]. 
However, a limitation of these experimental approaches is that they cannot be used to model the initiation of failure and must be restricted to values where this is unlikely to occur [57]. 

[bookmark: _Toc122082999]Damage-based modelling
As reported by Pahr et al. [5], there has been an increasing emphasis given to microcrack propagation in recent years, which is a characteristic unique to cortical bone. Baldonedo et al. [58] argue that it is crucial to account for damage evolution in order to improve fracture risk prediction given that cyclical loading and degenerative conditions can have deleterious impacts on biomechanical properties. Most commonly, continuum damage models (CDM) have been utilized in describing the growth of micro-cracks. As early as 1987, Krajcinov et al. [59] developed a rudimentary analytical model of the cortical bone tissue accounting for the Haversian canal architecture at a micro and mesoscale, which strongly validated the CDM approach by predicting theoretical values within 3% of experimental observations.  
Early work in simplistic damage modelling of cortical tissue has spring boarded the conception of more sophisticated three-dimensional generalizations. For instance, a well cited publication by Garcia et al. [23] synthesizes elastoplastic as well as damage behaviour through a novel algorithm allowing them to analyze bone in both tension and compression, although somewhat limited by the assumption of identical constitutive models for both cortical and trabecular tissue. 
More recently, CDM is being used to reflect the understanding that the intrinsic fracture toughness of bones slows the evolution of microdamage, through the modelling of micro-damage process zones (MDPZ). Dapaah et al. [48] developed a finite element model based on micro-CT imaging and a bi-linear constitutive damage model, whose resultant load-deflection response closely matched the data generated from single-edge notch bending tests.  Subsequent work by the authors [60] provides further improvements through a recognition of the role of strain-rate dependency and work-hardening in MPDZ formation. A contemporary study by Gustafsson et al. [43] acknowledges the high computational demands of attempted modelling of crack growth resistance, proposing instead to use a combination of mesoscale imaging and an interface damage model to better predict 3D crack propagation more efficiently. 
Much less commonly, the modelling of cortical bone is undertaken through a discrete damage approach. Although discrete damage models can simulate the full crack progression as opposed to merely its initiation, the numerical instability inherent in such models due to topological crack complexity limits their prevalence in the literature [14]. While previous attempts at discrete damage modelling have been made, numerical instability prevents them from providing insight into crack propagation. Gustafsson et al.[14] claim to present a novel framework in response to this gap, allowing for the simulation of a patient-specific heterogenous femur which synthesizes strength and fracture toughness to make high accuracy fracture predictions. Although promising in the context of osteoporosis diagnosis, more research is required due to the limited sample size for experimental validation and lack of variety in bone loading scenarios considered. 

[bookmark: _Toc122083000]DISCUSSION
[bookmark: _Toc122083001]Adoption of state-of-the art cortical bone modelling in FE workflows
Following a thematic categorization and presentation of recently developed cortical bone material models, this section analyses the ability and extent to which these constitutive models can be integrated into FE workflows. As finite element simulations are minimally used in clinical settings, the scope is broadened to consider models produced in research settings, which are validated through either primary or secondary experimental data. 
[bookmark: _Ref122055210][bookmark: _Ref122055196]Considering the studies cited in section 4, Table 4 identifies the features of material models input into FE simulation based on their level of prevalence and sophistication. As each study is unique in its assumptions, limitations, and proposed advances, they are classified based on the most advanced features they incorporate into FE workflows, even if they contain elements from lower levels of sophistication. Studies previously listed in Table 2 are included in this analysis only if there is an attempt at constructing an FE model, with full consideration of input assumptions and limitations. 

Table 4. Classification of finite element bone models
	Prevalence in FE workflow
	Material characteristics incorporated
	Relevant studies

	Level 1
Ubiquitous, found in baseline standard FE model
	· Linear elasticity
· Heterogenous bone density mapping
· Isotropic material property assignment
· Consideration of damage
	Shokry et al. [46]
Dapaah et al. [48]
Sansalone et al. [31]

	Level 2
Emerging, found in state-of-the-art advanced FE simulations
	· Plasticity
· Orthotropy 
· Viscosity

	Remache et al.[45]
Kraiem et al. [44]
Gustafsson et al. [43]

	Level 3
Typically restricted to material modelling and seldom found in FE simulation
	· Bone remodelling
· Fatigue
· Sub-macroscale characterisation of microarchitecture
	Barkaoui et al. [27]
Idkaidek et al. [38]



It is worth noting that studies often cite processing power and FE software-specific constraints [60,24] as the rationale for simplifying FE input parameters, as opposed to a deficiency in constitutive modelling capabilities resulting from insufficient mechanistic understanding. Indeed, a combination of fine meshing, anisotropic material properties and consideration of complex damage functions can be unfeasible particularly at the macroscale. A proposed compromise between simplistic FE simulation and computational cost [48] is to define regions of interest within the model, thereby gaining a fuller albeit localized insight into material response. 
Lenaerts et al. [20] provides several examples evidencing the commonplace practice of generating FE simulations based on isotropic and heterogenous constitutive modelling. Such an approach does not preclude patient-specific bone mineral density mapping. However, a limiting factor is the lack of acknowledgement of the microstructural factors that lead to bone anisotropy. Even in instances where it is computationally feasible to simulate anisotropy, most studies either fail to account for local variation by using global values or determine parameters through in vitro techniques that cannot be replicated in vivo. A dearth of research into the optimal modelling of anisotropy in patient-specific FE has thus likely necessitated the simplifications and assumptions made in studies.   
Sporadically, novel methodology is used to achieve greater sophistication in FE models. Barkaoui et al. [27] attempt to use a multi-scale approach which starts from nanoscale FE of collagen microfibrils. Using a neural network, the elastic properties at the nanoscale are obtained and then incorporated using homogenization techniques into subsequently higher length scales eventually representing the cortical tissue itself. While the authors were able to successfully demonstrate the validity of their approach against prior literature, this holds true exclusively in the linear elastic regime. Idkaidek et al. [38] similarly develop an osteon level 2D xFEM simulation which although individually modelled as linearly elastic and isotropic at the micro-scale, could yield anisotropic insight when scaled up. However, due to the granular initial scale, the authors had to limit their study to four osteons for feasible simulation times, therefore potentially losing accuracy in reflecting in-vivo cortical tissue conditions. 
A 2020 study by Kraiem et al. [44] is particularly noteworthy given that it combines multiple level 2 features including viscosity, plastic theory, continuum damage, porous elasticity and transverse isotropy. Further, rigorous validation against a representative element sample (RVE) developed by Zysset coupled with an analysis of parameter sensitivity instill confidence in the model, making it one of the most advanced constitutive model-FE pairing in literature. 
Despite the mentioned advances, microstructural inclusion in FE models is an exception and not a norm. Further, none of the FE simulations considered in this review attempt to incorporate fatigue mechanisms despite their growing presence in constitutive modelling.  Li and Gong [61], in their review on the fatigue behaviour of cortical bone offer a compelling reason for such an exclusion, attributing it to challenges in computationally characterizing the cement lines between osteons which greatly influence fracture toughness. Finally, the osteoblast-driven remodeling process of cortical bone which reinstates prior mechanical properties, is not captured in FE simulation and has only recently begun appearing in numerical constitutive models [62]. As a result, nearly all damage models assume irreversibility and will likely continue to do so until in-vivo material characterization through high-resolution imaging is developed. 

[bookmark: _Toc122083002]CHALLENGES IN MODELLING CORTICAL BONE FOR FE SIMULATION
There are several challenges associated with the development of high-fidelity cortical bone models for use in finite element simulation. These roadblocks may be categorized into three distinct issues for clarity: 1) The accuracy of input parameters including imaging capabilities 2) The underlying mechanistic understanding of osteoporotic fragility and fracture itself, and 3) the validity of proposed constitutive models against experimental evidence and theoretical bases. 
A concern common to numerous authors [11, 21] is the limitations in imaging technology as a tool to determine patient-specific microstructure and material properties. Typical FE simulation workflows use micro-CT imaging to heterogeneously map material properties such as elasticity and stiffness using processed CT attenuation based on predetermined thresholding. As discussed earlier, the micrometer scale of cortical porosity and other nano and microstructural features can only be captured through high-resolution imaging. While imaging advances have made it possible to gain insight into such granular detail, there is an appreciably higher time cost due to the intensive computation needed. From a clinical perspective, it remains undesirable to routinely use CT due to the high radiation dose compared to DXA based BMD mapping. Recent studies demonstrate the potential of DXA [3] and MRI [21] based finite element modelling to greatly reduce or eliminate radiation, although these are exceedingly rare. The former study recruits 111 subjects of which 49 are control and the latter does not present any experimental validation, indicating the need for corroborating evidence from contemporary studies. MRI in the context of cortical bone is particularly problematic as it generates nondescript and attenuated signals due to a low concentration of protons and short duration of NMR relaxation. 
It is equally important to work towards resolving debate surrounding the theory underpinning osteoporotic fracture mechanisms, as a model can only be as accurate as the theory it attempts to simulate. Examples of outstanding questions include the relative importance and specific roles of cortical and trabecular bone in osteoporotic fracture mechanisms, associated individual-specific material parameters and the role of strain-rate in estimating the stress at failure. For instance, studies by McElhany [63] and Crownshield and Pope [64] argue that higher elasticity moduli and strength follow from high-strain compression, while Hansen et al. [65] provide opposing evidence demonstrating a lack of appreciable strength predictions based on consideration of strain. It is not possible directly compare these conclusions because of different moisture contents during sample preparation. It is thus acknowledged however that there is possibility of high-level disagreement misrepresented as a lack of mechanistic consensus, whereas the root cause of disagreement may have arisen from the systematic lack of standardization [5] across studies. Finally, issues pertaining to the fidelity of models with experimental and theoretical observations should be considered. 
At present, while the multiscale structure of bone is well known, multiscale constitutive modelling typically synthesizes discretely developed inputs from as opposed to a simultaneous integration of each hierarchical level accounting for their complex interfacing [66]. 
Similarly, there is an increasing incorporation of anisotropic material properties in FE models, but many studies use literature values which cannot account for the individual patient anatomy, age, environment and loading conditions [25, 66]. The models that do not attempt anisotropic modelling at the microscale take isotropic collagen and HA crystals as isotropic due to lack of availability of data. 
A recurring theme in this regard is the establishment of rigorous validation standards [11, 48]. Validation is required on multiple levels, which may include animal mechanical testing, numerical simulation, cadaveric experimentation, and finally clinical validation.  Of the studies analyzed in this review, a majority consider machined specimens from animal bones [48]. While this is not an inherently flawed approach, there are appreciable differences in structural parameters compared to humans. Further, such samples do not afford the opportunity to study the effect of bone remodeling. Ideally, an in vivo validation based on the living bone tissue of human subjects is undertaken to mitigate these shortcomings. Given the lack of existing solutions, it is appropriate for future research to investigate in vivo modelling [60]. 

CONCLUSIONS
Attempts at developing constitutive models and characterizing the mechanical properties of the cortical bone commenced as early as the 1960s. However, there has only recently been an increase in such efforts, both to aid the development of better patient-specific FE bone models and to gain a more accurate understanding of the underlying mechanism of osteoporotic fracture. 
The results of this review suggest that there have been considerable improvements in the material models developed over the last 20 years, particularly in reducing the number of assumptions of material parameters and increasingly simulating a wide range of response functions including viscoelasticity, microcrack initiation and propagation, and fatigue. 
There is still, however, a lack of mechanistic understanding in several regards which provide an impediment to modelling cortical bone. For instance, debates continue around the determination of yield point, propagation of microcracks, hierarchical microstructure effects and so on 
Nevertheless, the promise of novel cortical bone modelling could offer several benefits in future, including making evidence based clinical interventions through efficient and accurate patient-specific finite element simulation. It is also possible for their application to extend beyond FE modelling by playing an important role in biomaterial synthesis, bone grafting and prosthetic implant design.
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