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Introduction: The in vivo tibial loading mouse model has been extensively used to evaluate bone adaptation in the tibia after mechanical loading treatment. However, there is a prevailing assumption that the load is applied axially to the tibia. The aim of this in silico study was to evaluate how much the apparent mechanical properties of the mouse tibia are affected by the loading direction, by using a validated micro-finite element (micro-FE) model of mice which have been ovariectomized and exposed to external mechanical loading over a two-week period.
Methods: Longitudinal micro-computed tomography (micro-CT) images were taken of the tibiae of eleven ovariectomized mice at ages 18 and 20 weeks. Six of the mice underwent a mechanical loading treatment at age 19 weeks. Micro-FE models were generated, based on the segmented micro-CT images. Three models using unitary loads were linearly combined to simulate a range of loading directions, generated as a function of the angle from the inferior-superior axis (θ, 0°–30° range, 5° steps) and the angle from the anterior-posterior axis (ϕ, 0°: anterior axis, positive anticlockwise, 0°–355° range, 5° steps). The minimum principal strain was calculated and used to estimate the failure load, by linearly scaling the strain until 10% of the nodes reached the critical strain level of −14,420 με. The apparent bone stiffness was calculated as the ratio between the axial applied force and the average displacement along the longitudinal direction, for the loaded nodes.
Results: The results demonstrated a high sensitivity of the mouse tibia to the loading direction across all groups and time points. Higher failure loads were found for several loading directions (θ = 10°, ϕ 205°–210°) than for the nominal axial case (θ = 0°, ϕ = 0°), highlighting adaptation of the bone for loading directions far from the nominal axial one.
Conclusion: These results suggest that in studies which use mouse tibia, the loading direction can significantly impact the failure load. Thus, the magnitude and direction of the applied load should be well controlled during the experiments.
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1 INTRODUCTION
Bone is a dynamic tissue that adapts over time due to biomechanical and biochemical stimuli (Martin et al., 1998; Frost, 2003; Bonewald, 2011). It is the balance between these adaptations which keeps bone healthy, through bone cells which continuously maintain and remodel the bone tissue. However, musculoskeletal diseases, such as osteoporosis, can disrupt this balance. Osteoporosis affects bone remodeling, reducing the bone mineral density (BMD) by reducing the number or thickness of trabeculae, reducing the cortical thickness, increasing the cortical porosity and/or decreasing the local mineralization and consequently the tissue mineral density (TMD). These changes deteriorate the mechanical properties, leading to a decrease in bone strength, and hence, an increase in fracture risk (Birkhold et al., 2014; Razi et al., 2015a; Roberts et al., 2019).
Various treatments exist for osteoporosis, including antiresorptive treatments (targeting osteoclasts, i.e., bone resorbing cells) or bone anabolic treatments (targeting both osteoclasts and osteoblasts, i.e., bone forming cells). However, these treatments have side effects, for example, long term use of bisphosphonates (antiresorptive drugs) is associated with atypical femoral fractures (Shane et al., 2014). Anabolic treatments such as Parathyroid Hormone (PTH) are associated with poor cost effectiveness (Yeam et al., 2018). Therefore, new and improved treatments are needed. New treatments must be tested in animals preclinically before being assessed in clinical trials, with the mouse model being the most commonly used animal model in drug development (Gould et al., 2015). Osteoporosis treatments are usually tested in adult mice after ovariectomy, a model of estrogen deficiency that induces accelerated bone resorption and a phenotype similar to that observed in postmenopausal osteoporotic patients (Bouxsein et al., 2005; Roberts et al., 2019). Mechanical loading affects bone adaptation responses (Frost, 2003). Low levels of mechanical loading (including complete unloading) can cause bone resorption, whilst high levels of mechanical loading can stimulate bone formation, hence, increasing bone density and bone strength (Frost, 2003). As a result, mechanical loading in the form of exercise has been suggested as an anabolic treatment against osteoporotic fractures (Martelli et al., 2020; Du et al., 2021; O’Rourke et al., 2021). Additionally, mouse models have been used to study the combined effects of mechanical loading and pharmacological treatments on bone remodeling and mechanical properties (Levchuk et al., 2014; Scheuren et al., 2020).
Several rodent models are available to evaluate the effect of mechanical loading on the bone in a controlled way (Nepal et al., 2023). Among them, the in vivo tibial loading model has been extensively used to evaluate bone adaptation in the tibia after the application of external mechanical loads through the knee and the ankle joints, aiming at loading the tibia predominantly along its axial direction. This model has been used to investigate bone adaptation in various ways, such as: in disuse models (Moustafa et al., 2012); under different peak loads, by mimicking impact exercises (De Souza et al., 2005; Sugiyama et al., 2012; Main et al., 2020; Miller et al., 2021); varying loading type (static vs. static and dynamic) (Sugiyama et al., 2010); and varying the load frequency (Holguin et al., 2013; Yang et al., 2017). Investigations into the effect of mechanical loading on bone adaptation in aged mice (Lynch et al., 2011; Birkhold et al., 2014; Razi et al., 2015a, 2015b), ovariectomized mice (Roberts et al., 2019, 2020, 2023) and healthy mice (Melville et al., 2014) have shown an increase in bone formation. Furthermore, some studies have looked at increasing the bone anabolic effect of mechanical loading over time on the mouse tibia through the administration of drug treatments, specifically PTH (Sugiyama et al., 2008; Meakin et al., 2017; Cheong et al., 2020a; Roberts et al., 2020; Rooney et al., 2023), working towards the optimization of combined biomechanical and pharmacological osteoporotic treatments.
Although the in vivo tibial loading model is widely used, there is a prevailing assumption that the load is applied axially to the tibia. However, considering the transmission of the applied load through the knee and ankle joints, compounded by the potential for the leg to be repositioned within the loading device during longitudinal studies, uncertainty arises over the true loading direction and the effect that this may have on bone adaptation. Digital image correlation measurements have highlighted the sensitivity of the mouse tibia superficial strain as a function of the loading conditions (Carriero et al., 2014). Moreover, a previous study that used digital volume correlation (DVC) showed that repositioning of the bone when using the in vivo tibial loading model affected the internal strain distribution across the tibia, inducing areas of higher strain, particularly at the distal end of the bone (Giorgi and Dall’Ara, 2018).
The gold standard for evaluating the effect of mechanical loading and combined treatments on bone densitometric and morphometric properties is using ex vivo or in vivo micro-computed tomography (micro-CT) (Bouxsein et al., 2010). Recently, micro-CT based micro-finite element (micro-FE) models have been developed to non-invasively evaluate the mechanical properties of bone. Micro-FE models not only have the potential to dramatically reduce and partially replace the use of mice in skeletal research (Viceconti and Dall’Ara, 2019), but also to evaluate the sensitivity of different parameters on the biomechanical properties of the bone; something that could not be achieved with experiments. Nevertheless, before their application in preclinical studies, the models should be validated against biomechanical experiments. Recent validation studies showed that hexahedral homogeneous micro-FE models can accurately predict local displacements (R2 > 0.82, against displacements measured with DVC), apparent stiffness (errors of 14% ± 11%), and failure load (errors of 9% ± 9%) (Oliviero et al., 2018). Following that study, an optimization of the failure criterion in the mouse tibia was conducted. Hexahedral homogeneous micro-FE models were found to accurately predict normalized stiffness (R2 = 0.80, error of 14% ± 8%) and normalized failure load (R2 = 0.81, errors of 9% ± 6%) (Oliviero et al., 2021a). Different material properties (homogenous and heterogeneous) and different mesh types (hexahedral and tetrahedral) were also investigated. The micro-FE models with homogeneous material properties and hexahedral meshes were found to be the best predictors of the tibial mechanical properties (Oliviero et al., 2021b). Additionally, strain gauges have been used to compare local experimental strain measurements to the predictions of micro-FE models within the same locations (Stadelmann et al., 2009; Patel et al., 2014; Yang et al., 2014; Razi et al., 2015b). The accuracy of the micro-FE models for the estimation of the local strains varied (0.40 < R2 < 0.99, errors between 5% and 20%). It should be considered that several factors contribute to the comparison between experimental and computational strain assessments, including the number and location of strain gauges, differences in the ages of the mice used, and variations in micro-FE input parameters.
Micro-FE models combined with strain gauges placed on the lateral, posterior and antero-medial surfaces of the bone have been used to inversely identify the point of application of the external load. It was found that the load location varied among mice, and the strains in the tibia were highly sensitive to the load location (Pickering et al., 2021). Micro-FE models have also been used to investigate the loading conditions when predicting bone adaptation during application of the in vivo tibial loading model, highlighting the importance of the load direction (i.e., the magnitude of the three Cartesian components of the load), through the inclusion of both the external axial load and the daily physiological axial and transverse loads (Cheong et al., 2021a). Nevertheless, the extent to which the mechanical properties of the mouse tibia are affected by the loading direction associated with the tibial loading model is still unknown.
The aim of this study was to evaluate how much the apparent mechanical properties of the mouse tibia are affected by the loading direction, by using a validated micro-FE model of mice which have been ovariectomized and exposed to external mechanical loading over a two-week period.
2 MATERIALS AND METHODS
2.1 Experimental in vivo data
The experimental data used in this study were acquired from a previous study by Roberts et al. (2020), wherein it was determined that a sample size of six mice per group was sufficient to attain 80% statistical power, considering morphometric parameters such as trabecular bone volume fraction and cortical thickness. Eleven female C57BL/6 mice were subjected to ovariectomy (OVX) at age 14 weeks (Figure 1). In vivo micro-CT images were taken of the right tibiae of all mice every other week, from week 14 to 24 (VivaCT80, Scanco Medical Brütisellen, Switzerland). The scanning protocol used (55 kVp, 145 μA, 10.4 μm isotropic voxel size, 32 mm field of view, 100 ms integration time and 1,500/750 samples/projections) allowed for minimal effects of radiation on the tibia whilst still allowing for scanning of the whole bone at high resolution (Oliviero et al., 2017, 2019). The images were reconstructed using a third-order polynomial beam hardening correction algorithm based on a 1,200 mgHA/cm3 wedge phantom, which was provided by the manufacturer.
[image: Figure 1]FIGURE 1 | Left: Schematic of the in vivo tibial loading model. Right: Overview of the data collection timeline in C57BL/6 mice, acquired from a previous study (Roberts et al., 2020). OVX: ovariectomy, OVX + ML: ovariectomy and mechanical loading. Ovariectomy was performed at age 14 weeks, micro-CT images were taken every 2 weeks throughout the duration of the study, treatment window commenced at week 18 and was withdrawn by week 23. Images from weeks 18 and 20 were used in this study (highlighted in red).
In this study the micro-CT images acquired both for the ovariectomized mice (OVX group, N = 5) and for mice ovariectomized and subsequentially subjected to external mechanical loading (OVX + ML group, N = 6) were considered. Only images acquired at weeks 18 and 20 were used. Briefly, mice in the OVX + ML group underwent external mechanical loading treatment at weeks 19 and 21 (Figure 1), using the in vivo tibial loading model. Each right tibia was fixed in between two soft caps and mechanically loaded using a 12 N peak load (2 N static preload superimposed with a 10 N high-strain dynamic load at a rate of 160,000 N/s (maximal nominal speed of the machine), 40 cycles/day, 3 days/week on alternate days; ElectroForce BioDynamics 5100, TA instruments, USA). The applied nominal load was assumed to be along the axial direction of the tibia. This procedure has been shown to induce cortical and trabecular lamellar bone adaptation without inducing micro-damage (De Souza et al., 2005). All the experimental procedures complied with the UK Animals (Scientific Procedures) Act 1986 and were approved by the local Research Ethics Committee of the University of Sheffield.
2.2 Image processing and micro-FE models
The main steps of the image processing, creation of the micro-FE models, and post-processing to calculate the apparent mechanical properties of each tibia are reported in Figure 2. The modeling pipeline has been previously validated for predictions of apparent structural properties using compressive tests (Oliviero et al., 2021b) and of local displacements using DVC (Oliviero et al., 2018).
[image: Figure 2]FIGURE 2 | Flowchart illustrating the main steps of the pipeline to create the micro-FE models from the micro-CT images and to evaluate the apparent mechanical properties (from (A–G)) micro-CT acquisition, image registration, image segmentation (binarization), creation of the micro-FE models, results generation, post-processing of the local strains, calculation of failure load and apparent stiffness.
To align the micro-CT images across the time points, the fibula was first virtually removed from all the images (MATLAB, 2018A, The MathWorks Inc., Natick MA, USA). One reference tibia was roughly aligned such that the axis of the bone was aligned to the z-axis of the image, and the sagittal plane bisected the midpoint of the line joining the centers of the articular surfaces of the medial and lateral condyles (Lu et al., 2016). This orientation is referred to as the “nominal axial” orientation within this study. The images were then rigidly registered to the reference image taken at week 14 (Amira 6.3.0, Thermo Fisher Scientific, France), as detailed in Lu et al. (2016, 2017). After alignment, the images were cropped from the slice below the proximal growth plate towards the distal end of the tibia, resulting in 80% of the total tibia length (Cheong et al., 2020b; Cheong et al., 2021b). This procedure was associated with reproducibility errors in estimating local bone mineral content (BMC) lower than 3.5% (Oliviero et al., 2022).
The images were segmented by applying a single-level threshold, defined as the midpoint between the background and bone peaks of the grey value histogram of the images (Oliviero et al., 2018; Cheong et al., 2021b). All segmented images were converted into micro-FE models by converting each bone voxel into a finite element (linear 8-node hexahedral elements). Larger elements were not used as they would not enable a proper description of the geometry of the trabecular bone in the proximal portion of the tibia (average trabecular thickness of approximately 45 μm (Roberts et al., 2020)). Tetrahedral elements were not found to improve the prediction of the bone mechanical properties (Oliviero et al., 2021b). Each model contained approximately 10 million nodes and 9 million elements. Isotropic, homogeneous, linear elastic material properties were used (E = 14.8 GPa, v = 0.3), which is in line with previous validation studies which showed good agreement between experimental measurements (Oliviero et al., 2018; Oliviero et al., 2021a; Oliviero et al., 2021b). In fact, heterogeneous material properties based on the local or average values of TMD calculated from the micro-CT images did not improve the predictive ability of the micro-FE models (Oliviero et al., 2021b). The boundary conditions were set to simulate the in vivo tibial loading model: the nodes in the proximal end were fully constrained, and the nodes in the distal end were connected via kinematic coupling to a control node which was located at the centroid of the distal surface with a small offset in the superior direction. This was done to avoid over-constraining the tibia (Cheong et al., 2020a). Three independent unitary load cases (Figure 3) were applied along the inferior-superior, medio-lateral or anterior-posterior directions for each mouse at each time point. The minimum principal strain was calculated at the nodes. All input files for the models were generated in MATLAB. The models were solved in Abaqus 2018 (Dassault Systèmes Simulia, RI, USA) using the University of Sheffield High Performance Computing Clusters (ShARC).
[image: Figure 3]FIGURE 3 | Left: Three independent unitary load cases (1 N in the inferior-superior direction (FIS), 1 N in the medio-lateral direction (FML), and 1 N in the anterior-posterior direction (FAP) for each mouse at each time point) were used to calculate the failure load along the different loading directions. Right: Schematic representation of the loading directions as a function of the two angles θ and ϕ. θ describes the angle from the inferior-superior axis and ranges from 0° to 30° in steps of 5°. ϕ describes the angle from the anterior-posterior axis, going anticlockwise, and ranges from 0° to 355° in steps of 5°.
2.3 Post-processing
Due to the linear nature of the models, scaling and superposition of the effects were used to combine the results from the unitary load models during post-processing, to calculate the minimum principal strain for a resultant of 1 N with different combinations of loading directions (Eqs 1–4). Calculations were performed as a function of the angle from the inferior-superior axis (θ, 0°–30° range, 5° steps) and the angle from the anterior-posterior axis (ϕ, 0°: anterior axis, positive anticlockwise, 0°–355° range, 5° steps) (Figure 3).
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where, [image: image] is the minimum principal strain value calculated in each node for the loading direction defined by the angles θ and ϕ, [image: image] are the minimum principal strain values calculated in each node for each of the three unitary cases, and [image: image] , [image: image] , and [image: image] are scaling coefficients, such that:
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The bone strength (failure load; FL_FE, N) for each loading direction (Figures 2F, G) was estimated using a previously validated modeling pipeline (Oliviero et al., 2021a). The bone was assumed to fail when 10% of the nodes of the model reached a critical third principal strain value equal to −14,420 με Eqs. 5, 6 (Oliviero et al., 2021a). Therefore, the tenth percentile value of the minimum principal strain was calculated and used to rescale the applied unitary load in order to calculate the failure load.
Let [image: image] be the ordered set of minimum principal strain values, where [image: image] is the number of nodes in the micro-FE model, then
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where, [image: image] is the force applied to the micro-FE model (in this case 1N) and
[image: image]
i.e., [image: image] is the smallest integer greater than or equal to 10% of [image: image].
For each loading direction, the normalized failure load (NFL_FE, N) was calculated as the FL_FE calculated for that loading direction divided by FL_FE calculated for the nominal axial loading direction (θ = 0°, ϕ = 0°), for each mouse at each time point.
To evaluate the effect of the time point (week 18 vs. week 20), and of the group (OVX vs. OVX + ML), the following quantities were calculated for all loading directions (θ in range 0°–30°, ϕ in range 0°–355°): percentage differences in failure load (ΔFLt_FE, %) between time points (week 18 vs. week 20) for OVX and OVX + ML groups, and the difference between the percentage changes in failure load (ΔFLg_FE, %) from week 18 to week 20 calculated between the two groups (OVX vs. OVX + ML).
A safety factor (SF) was calculated for each loading direction by dividing the calculated FL_FE by the applied load in the in vivo tibial loading model (12 N).
The apparent bone stiffness (S_FE, N/mm) was calculated as the ratio between the axial applied force (i.e., when θ = 0°) and the average displacement along the longitudinal direction calculated for the loaded nodes.
2.4 Statistical analysis
The mean, standard deviation (SD) and coefficient of variation (CV) of the apparent bone stiffness was calculated for the nominal axial loading direction for each group of mice, at each time point. The mean, SD and CV of the bone strengths were calculated for each loading direction for each group of mice, at each time point.
Non-parametric tests were chosen due to the results not being normally distributed (Shapiro-Wilks test) and the small sample size. The difference in stiffness between timepoints was assessed using the non-parametric two-tailed Wilcoxon test. The difference in stiffness between groups was assessed using the non-parametric two-tailed Mann-Whitney U test. The effect of the loading direction on the strength between time points was assessed using the non-parametric two-tailed Wilcoxon test. The effect of the loading direction on the strength between groups was assessed using the non-parametric two-tailed Mann-Whitney U test, as was the comparison between the nominal axial loading direction and every other loading direction. The statistical significance level was set at α = 0.05 for all tests.
3 RESULTS
In total, 504 loading directions were evaluated for each mouse, for both mouse groups (OVX and OVX + ML) and for two time points (week 18 and week 20) (Table 1).
TABLE 1 | For both groups and time points: loading directions associated with the minimum (θ = 30°, ϕ = 30°–50°) and maximum failure loads (θ = 10°, ϕ = 205°–210°), mean minimum and maximum failure loads (FL_FE), and mean apparent stiffness (S_FE) calculated for the nominal axial direction (θ = 0°, ϕ = 0°).
[image: Table 1]The S_FE in the OVX group was not significantly different between week 18 (243.2 ± 27.1 N/mm) and week 20 (237.0 ± 22.8 N/mm; p = 0.188). The S_FE in the OVX + ML group at week 18 (273.7 ± 8.0 N/mm) was significantly different from the S_FE at week 20 (293.0 ± 15.4 N/mm, p = 0.031). The difference in the change of S_FE from week 18 to 20 was significantly higher for the OVX + ML (7.03% ± 2.66%) group compared to the OVX group (−2.55% ± 3.70%, p = 0.009).
Large variation in the FL_FE of the mouse tibiae across the tested loading directions was observed (Figure 4). Similar trends were found across all groups and time points. For the OVX group, at week 18, the FL_FE ranged from 12.6 N (θ = 30°, ϕ = 30°–45°) to 65.7 N (θ = 10°, ϕ = 205°–210°). At week 20, the FL_FE within the OVX group ranged from 12.5 N (θ = 30°, ϕ = 35°–45°) to 66.3 N (θ = 10°, ϕ = 205°–210°). For the OVX + ML group at week 18, the FL_FE ranged from 13.3 N (θ = 30°, ϕ = 40°–45°) to 69.5 N (θ = 10°, ϕ = 205°–210°). At week 20, the FL_FE in the OVX + ML group increased and ranged from 15.1 N (θ = 30°, ϕ = 45°–50°) to 78.0 N (similar angle for maximum FL_FE as for week 18; θ = 10°, ϕ = 205°–210°). The CV for the FL_FE for all groups and time points ranged between 2.49% and 8.54%, with the OVX group generally having larger coefficients of variation than the OVX + ML group.
[image: Figure 4]FIGURE 4 | Heatmaps of the mean values of FL_FE and coefficients of variation (CV) across all loading directions (θ in range 0°–30°, ϕ in range 0°–355°) for both groups (OVX and OVX + ML) and time points (W18 and W20). The red square and arrow highlight the loading direction for which the maximum FL_FE was found. OVX, ovariectomy; OVX + ML, ovariectomy and mechanical loading; W18, week 18; W20, week 20.
Similar trends were found for the NFL_FE across all groups and time points (Figure 5). NFL_FE nearly doubled for loading directions with θ approximately 10° and ϕ between 205° and 210°.
[image: Figure 5]FIGURE 5 | Heatmaps of the normalized failure load (NFL_FE) across all loading directions (θ in range 5°–30°, ϕ in range 0°–355°) for both groups (OVX and OVX + ML) and time points (W18 and W20). The values in grey show the loading directions associated with FL_FE to be not significantly different to the FL_FE obtained for the nominal axial loading direction. The yellow square and arrow highlight the loading direction for which the maximum NFL_FE was found. OVX, ovariectomy; OVX + ML, ovariectomy and mechanical loading; W18, week 18; W20, week 20.
Typical distributions of the minimum principal strain obtained for loads along the nominal axial loading direction (θ = 0°, ϕ = 0°), and in the direction associated with the maximum FL_FE, are reported in Figure 6. For both the nominal axial loading direction and the loading direction associated with the minimum FL_FE and NFL_FE, high absolute values of the minimum principal strain were localized in the medial distal and lateral portions of the tibia. High strains were found proximally to the distal tibiofibular junction in the posterior portion of the bone, across all groups and time points. Lower strains were found at the anterior crest for all groups and time points. Additionally, for the loading direction associated with maximum FL_FE and NFL_FE, high absolute values of the minimum principal strain were also localized in the medial proximal portion of the tibia. As expected, small differences were found for models at week 18 between the two groups (both groups untreated), and larger differences induced by the mechanical loading could be observed at week 20. Typical internal distributions of the minimum principal strain calculated for models loaded along the nominal axial loading direction (θ = 0°, ϕ = 0°), along the direction associated with the minimum FL_FE, and along the direction associated with the maximum FL_FE, are reported in Figure 7. High absolute values of the minimum principal strain bridge the periosteal and endosteal surfaces of the cortical bone, for these three loading directions (a video showing all internal slices can be found in the Supplementary Material).
[image: Figure 6]FIGURE 6 | Minimum principal strain distribution of two representative tibiae (OVX–mouse 3, OVX + ML–mouse 5) obtained using a load of magnitude 1 N at W18 and W20. It should be noted that at W18 both groups were untreated, so observed differences are associated mainly with different animals. Left: Load applied along the nominal axial loading direction (θ = 0°, ϕ = 0°). Middle: Load applied along the loading direction associated with the minimum FL_FE (θ = 30°, ϕ = 40°). Right: Load applied along the loading direction associated with the maximum FL_FE (θ = 10°, ϕ = 210°). OVX, ovariectomy; OVX + ML, ovariectomy and mechanical loading; W18, week 18; W20–week 20.
[image: Figure 7]FIGURE 7 | Internal minimum principal strain distribution of a representative tibia (mouse 5) within the OVX + ML group, obtained using a load magnitude 1 N at W18 and W20. For each week three loading directions are shown: the load applied along the nominal axial loading direction (θ = 0°, ϕ = 0°), the load applied along the loading direction associated with the minimum FL_FE (θ = 30°, ϕ = 40°), and the load applied along the loading direction associated with the maximum FL_FE (θ = 10°, ϕ = 210°). OVX, ovariectomy; W18, week 18; W20, week 20.
For the OVX group, the FL_FE between weeks 18 and 20 (ΔFLt_FE) were not significantly different for any loading direction (maximum absolute difference 1.7%, p > 0.05; Supplementary Figure S1). For the OVX + ML group, the FL_FE increased significantly between weeks 18 and 20 (p < 0.031) with ΔFLt_FE between 5.4% (θ = 15°, ϕ = 190°) and 16.0% (θ = 10°, ϕ = 305°) (Figure 8). Percentage differences between ΔFLt_FE for the OVX and the OVX + ML groups were significant for every loading direction (p < 0.004), with ΔFLg_FE ranging between 6.2% (θ = 15°, ϕ = 190°) and 14.6% (θ = 10°, ϕ = 310°) (Figure 8).
[image: Figure 8]FIGURE 8 | Left: Heatmap of the percentage difference in failure load (ΔFLt_FE) between time points (W18 vs. W20) for OVX + ML group for all loading directions (θ in range 0°–30°, ϕ in range 0°–355°). Right: Heatmap of the difference between the percentage difference in failure load (ΔFLg_FE) between W18 and W20 calculated between the two groups (OVX vs. OVX + ML) for all loading directions (θ in range 0°–30°, ϕ in range 0°–355°). All loading directions were statistically significant when the two time points were compared (Wilcoxon test, p < 0.05). The blue square and arrow highlight the loading direction for which the maximum difference was found. OVX, ovariectomy; OVX + ML, ovariectomy and mechanical loading; W18, week 18; W20, week 20.
The SF across all loading directions ranged from approximately 1 (in most cases for θ = 30° and ϕ between 35° and 50°) to 5–6 (θ = 10°, ϕ between 195° and 215°), in all groups and time points (Supplementary Figure S2).
4 DISCUSSION
The overall goal of the study was to investigate the effect of the loading direction on the apparent mechanical properties of the mouse tibia and to evaluate how the apparent mechanical properties are sensitive to the load after the treatment with external mechanical loading.
Using validated micro-CT based micro-FE models, the apparent mechanical properties of the tibiae under different loading directions were calculated. The change over time of the apparent stiffness of the bone was higher for the OVX + ML group than the OVX group. A previous study, in which the experimental axial stiffness was measured from the load-displacement curves, showed the stiffness of C57BL/6 mice at ages 16 and 24 weeks to be in the range 188–307 N/mm for ovariectomized mice and in the range 234–366 N/mm for ovariectomized mice treated with PTH (Oliviero et al., 2021a). The high variability could be due to the heterogeneous effect of ovariectomy and PTH, but could also be due to experimental variables such as the bone alignment and fixation in the testing machine. Nevertheless, even though the age range of the mice in that study was larger (weeks 16–24) than that of this study (weeks 18–20) and the treatments vary between the two studies, the apparent stiffness values obtained in this study fit within the range of previously reported experimental stiffness values.
The values of the failure load for the different loading directions showed that the bone is stronger for a different loading direction to the nominal axial case (θ = 0°, ϕ = 0°), with the maximum occurring at θ equal to 10° and ϕ equal to 205° or 210°, suggesting that the bone is optimized for this loading direction. Considering that the fibula is located roughly at a ϕ angle between 170° and 220°, this result suggests that the fibula may share some of the load and reduce the deformation of the tibia if loaded along these directions. Nevertheless, it remains to be demonstrated to what extent the contribution of the fibula, proximal tibio-fibular joint, and soft tissues around the two bones, would affect the deformation of the tibia. The low coefficients of variation (range: 2.5%–8.5%) associated with the FL_FE estimations at each loading direction per time point, per group, highlight the reproducibility of the results, in line with the low errors associated with the generation of the micro-FE models, as recently reported by Oliviero et al. (2022). The mouse tibia has been shown to be very sensitive to the loading direction, with some loading directions resulting in a FL_FE ranging from half to double that of the nominal axial case. This result expands on those of a previous study, which showed that small variations of the load direction (effect of transverse load due to physiological loading on top of axial external mechanical loading) affect the local deformation and strain energy density (Cheong et al., 2021a). This result highlights the importance of controlling the loading direction when using the in vivo tibial loading model; a problem already demonstrated in a repositioning study for the in vivo tibial loading model (Giorgi and Dall’Ara, 2018) and in a misalignment study for the rodent tail loading model (Goff et al., 2014). The loading direction during this kind of experiment could be partially accounted for by integrating a tri-axial load cell in the experimental setup or using advanced 3D printed loading caps. It should be noted that the variability of the loading direction could be critical when developing multiscale models to predict bone adaptation driven by mechanoregulation (Pereira et al., 2015; Cheong et al., 2020b; Cheong et al., 2021b), and accounting for it may improve the accuracy of the predictions.
It should also be noted that the safety factor calculated in this study identified the loading directions with θ = 30° as critically close to 1, and therefore at risk of bone failure during the in vivo tibial loading experiments (Supplementary Figure S2). While further studies should be performed to understand the load sharing between the different musculoskeletal components of the mouse leg, this risk should be considered to maximize animal welfare during the experimental studies. Furthermore, the risks of inducing bone fractures during the tests would be reduced by incorporating features in the loading rigs that minimize potential misalignment errors, ensuring that they stay below 20° with respect to the longitudinal axis of the tibia.
When making comparisons between time points for the OVX group, the differences in FL_FE were within the limits of the inter-operator reproducibility error of the FE pipeline (precision error below 1.96%) (Oliviero et al., 2022), and in fact were not statistically different. This result confirms that the potential changes in bone geometry, trabecular bone density and partitional cortical bone density, and microstructure due to ovariectomy and growth between week 18 and week 20 do not affect the failure load, as previously reported by Roberts et al. (2019). However, this study extends the findings by confirming that this is valid for several loading directions. On the contrary, for the OVX + ML group, a statistically significant difference between the time points for all loading directions was found, with an increase of FL_FE between 5.4% and 16.0%. This was also confirmed by comparing longitudinally the OVX and OVX + ML groups, which highlighted differences in longitudinal changes of failure load between 6.2% and 14.6%. These results confirmed that the changes in morphometric and densitometric properties of the trabecular and cortical bone induced by the external mechanical loading (Roberts et al., 2020) translate into changes to the FL_FE for the different loading directions included in this study. Furthermore, the direction of the optimal load remains relatively constant (within 5°) across groups and time points (Figure 4). This result suggests that the mechanical loading increases the tibia FL_FE for all loading directions quite homogenously. However, when longitudinally comparing the two groups (OVX and OVX + ML), the largest difference was found for different loading directions (Figure 8), suggesting that the external mechanical loading may induce bone remodeling that leads to an improvement in FL_FE at non-optimized locations. Nevertheless, the orientation of the optimal load remains similar across time.
The main limitation of the study is that the model of the tibio-fibular complex has been simplified. Firstly, the fibula has not been included in the model. It is known that small differences in repositioning can lead to large transverse loads at the knee and ankle, which induce bending in the tibia (Giorgi and Dall’Ara, 2018). This is modelled by increasing θ, which results in an increase in the transverse loads, and this would in part be transferred through the fibula (Prasad et al., 2010; Cheong et al., 2021a). However, the inclusion of the fibula in the model would induce further assumptions, as the tibiofibular joint material properties are currently not known. Nevertheless, in typical in vivo tibial loading experiments, the bone remodeling associated with the fibula is also ignored and the aim of the experiment is to induce bone anabolism on the tibia by loading it axially. Additionally, the growth plate has not been included in the model. The main reason for this design choice is that currently little is known about the material properties of the growth plate. Nevertheless, this feature is likely to affect the transmission of the load in the proximal portion of the tibia, and may therefore affect the local deformation, and consequently the failure load, differently for the different loading directions.
In conclusion, this study has highlighted the importance of the loading direction on the failure load of the mouse tibia. The results of this study will be important to optimize the protocols for in vivo tibial loading experiments on mice. Moreover, external mechanical loading has been found to increase the bone strength across all loading directions, providing more insights on the effect of this intervention on the bone’s apparent mechanical properties.
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