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Bone healing and remodeling are mechanically driven processes. While the generalized response to mechanical stimulation in bone is well-understood, much less is known about the mechanobiology-regulating tissue-scale bone formation and resorption during the reparative and remodeling phases of fracture healing. In this study, we combined computational approaches in the form of finite element analysis and experimental approaches by using a loaded femoral defect model in mice to investigate the role of mechanical stimulation in the microenvironment of bone. Specifically, we used longitudinal micro-computed tomography to observe temporal changes in bone at different densities and micro-finite element analysis to map the mechanics of the microenvironment to tissue-scale formation, quiescence (no change in bone presence between time points), and resorption dynamics in the late reparative and remodeling phases (post bridging). Increasing levels of effective strain led to increasing conditional probability of bone formation, while decreasing levels of effective strain led to increasing probability of bone resorption. In addition, the analysis of mineralization dynamics showed both a temporal and effective strain level-dependent behavior. A logarithmic-like response was displayed, where the conditional probability of bone formation or resorption increased rapidly and plateaued or fell rapidly and plateaued as mechanical strain increased.
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INTRODUCTION
The mechanobiological association between bone healing (Augat et al., 1998; Carter et al., 1998; Bailón-Plaza and van der Meulen, 2003; Augat et al., 2005; Morgan et al., 2008; Morgan et al., 2010; Tourolle né Betts et al., 2020), bone remodeling (Webster et al., 2012; Schulte et al., 2013; Birkhold et al., 2014; Meakin et al., 2014; Scheuren et al., 2020), and mechanical stimulation is well-established. Many authors have shown mechano-regulatory behavior at the organ and tissue scale in bone remodeling models (Webster et al., 2008; Schulte et al., 2013; Lambers et al., 2015; Webster et al., 2015; Scheuren et al., 2020). However, in bone healing, the influence of mechanical stimulation throughout all the three phases of fracture healing lacks a thorough understanding at the tissue scale (Tourolle né Betts et al., 2020). Improved knowledge of the effects of mechanics in the microenvironment on all phases of fracture healing will allow better understanding of fixation methods, biomaterial application, and pharmacological effects on mechanosensitive cells.
Fracture healing displays three overlapping phases, which are as follows: inflammation, repair, and remodeling (Marsell and Einhorn, 2011). Almost immediately after fracture, which is called the inflammatory phase, a hematoma forms. Following this, the early reparative phase begins, and lowly mineralized tissue starts forming. The term lowly in this context refers to a low degree of mineralization of the bone tissue (i.e., the opposite of highly mineralized bone). The fracture bridges in the reparative phase, and the lowly mineralized tissue begins to mineralize, overshooting the required amount of bone needed for structural stability. This excess bone is removed in the remodeling stage (Ghiasi et al., 2017). Similar to the studies on bone remodeling, micro-computed tomography (micro-CT) has allowed the longitudinal quantification of this process (Morgan et al., 2009; Wehrle et al., 2019a). More recently, micro-finite element analysis (micro-FE) has also been used to link mechanical stimuli to the patterns of formation, resorption, and quiescence during the fracture healing process (Morgan et al., 2010; Tourolle né Betts et al., 2020), indicating that soft- and bone-tissue strains allow improved prediction of where bone will form. This echoes what is seen in bone remodeling studies, where several authors have coupled micro-CT, micro-FE, and cyclic mechanical loading to show that the tissue-scale changes are correlated with the mechanical microenvironment (Lambers et al., 2013; Schulte et al., 2013; Lambers et al., 2015; Scheuren et al., 2020). More specifically, high local strains within the mature and mineralized bone tissue have been shown to increase the likelihood of site-specific bone formation, whereas sites of resorption correlated with low local strains (Carter et al., 1998; Claes et al., 1998; Claes and Heigele, 1999; Schulte et al., 2013; Lambers et al., 2015; Scheuren et al., 2020). Building on investigations in mature bone, Tourolle né Betts et al. (2020) developed a multi-density approach, whereby a range of densities was analyzed to investigate the link between mechanics and mineralization dynamics in lowly mineralized woven bone. While the initial periods of the inflammation and reparative phases show limited similarities between fracture healing and bone remodeling, the late reparative and remodeling phases that occur after bridging should have much in common (Huiskes et al., 2000).
The combined experimental and computational approach of micro-CT and micro-FE are well-established tools for investigating bone adaptation (Webster et al., 2008; Bouxsein et al., 2010; Schulte et al., 2011; Lambers et al., 2013; Schulte et al., 2013; Lambers et al., 2015; Webster et al., 2015; Paul et al., 2018), and many different approaches have been taken to describe the mechanical environment. Currently, the main mechanism driving cell response to mechanical stimuli is debated, with direct cellular strain and indirect fluid shear stresses being supported by several studies (Fritton and Weinbaum, 2009; Weinbaum et al., 2011; Klein-Nulend et al., 2013). To combine these mechanisms, SED is often used (Webster et al., 2012; Schulte et al., 2013; Webster et al., 2015; Scheuren et al., 2020) as it combines volumetric and deviatoric strains (which drive fluid movement and direct strain, respectively). However, SED scales linearly with material stiffness, and hence, while it is an appropriate metric for mature bone, it has limitations for rapidly mineralizing tissue found in bone healing (Tourolle né Betts et al., 2020). Hence, effective strain has been used by several authors (Pistoia et al., 2002; Tourolle né Betts et al., 2020). Since effective strain combines volumetric and deviatoric strains, it allows for better comparison of bone remodeling and healing (Tourolle né Betts et al., 2020) than SED.
In silico models can aid understanding of the mechanobiology of bone remodeling and healing (Ghiasi et al., 2019). In particular, they allow rapid parameter investigation (Lacroix and Prendergast, 2002), forming the foundation for more targeted experiments. Often, these models use simplified or mathematically derived relationships (Isaksson et al., 2007) to describe the mechano-regulation of bone healing. There exists a lack of accurate, experimentally derived data to quantify the exact relationship between the microenvironment and tissue-scale changes in the late reparative and remodeling phases of fracture healing (Geris et al., 2009). This limits the accuracy of the mechano-regulatory aspect of in silico modeling in fracture healing. Quantification of this relationship will allow improved mechano-regulatory descriptions in in silico models of bone healing.
In this study, we analyze the sites of formation, resorption, and quiescence determined via an experimental approach of longitudinal in vivo micro-CT and couple them with a computational approach of micro-FE analysis to investigate the role played by effective strain within the microenvironment in the late reparative and remodeling phases of a loaded femur defect healing model. We incorporate a multidensity approach to allow analysis of bone tissue formation and mineralization under mechanical stimulation and perform a correlative analysis into the mechanoresponsivity of bone during fracture healing. We hypothesize that late phases of fracture healing display similar mechano-regulatory behavior to bone remodeling. More specifically, we hypothesize that mechanoresponsivity will be greater in the mechanically loaded group and that both the physiological (sham-loaded/control) group and the extra-physiologically loaded group will have greater probability of site-specific formation and resorption in regions of higher and lower effective strain, respectively. Determining these relationships will provide a foundation for realistic rules for in silico investigations of bone during the post-bridging phases of fracture healing and improve our understanding of mechanobiological relationships in fracture healing.
RESULTS
We combined micro-CT imaging and micro-FE (Figures 1A,C) to determine mechanical stimulation in the microenvironment in 20 animals (10 loaded and 10 control) from a femoral defect loading study (Wehrle et al., 2019b). The control group was sham-loaded (0 N) for 5 min thrice weekly, and the loaded group was loaded according to the real-time finite element (rtFE) protocol indicated by Paul et al. (2021), resulting in the loads indicated in the Supplementary Material. We assessed the changes in bone volume, rates of bone formation, and resorption (Figure 2) and the mechanical environment in four regions, the cortical region, medullary region, peripheral region, and then the combination of all three (termed “all”) (Figure 1B). Mechano-regulation was assessed using two methods. The first entailed a conditional probability approach, whereby the conditional probability of a surface voxel forming, resorbing, or remaining quiescent was calculated as a function of the percentage of maximum effective strain in the region. Second, the area under the curve (AUC) of the receiver operating characteristic (ROC) was used to indicate the level of mechano-regulation, where the correct classification rate of each voxel at the following time point (a formation or a resorption voxel) for a given effective strain was determined.
[image: Figure 1]FIGURE 1 | (A) Femur defect loading was performed by an electromagnetic actuator, a specially designed holder, and an external fixator (Wehrle et al., 2021). (B) Three mask regions at week 0 of the femur defect regions. (C) Temporal progression of femur defect healing of both control and loaded mice.
[image: Figure 2]FIGURE 2 | Regions of high effective strain have a greater probability of new bone formation, while regions of low effective strain lead to bone being resorbed in all femur defect regions.
Longitudinal Bone Changes During Fracture Healing
Defect healing was observed to follow a typical pattern (Figure 3A) of bone formation, consolidation, and remodeling. Lowly mineralized bone tissue begins to form at week 1 and accelerates until week 3. By week 3, sufficient amounts of bone tissue will be formed for both the loaded and control groups to bridge the osteotomy gap for all mice but one in the control group (which bridged at week 4). Prior to week 3, all groups were treated the same, and from week 3 onward, the loaded protocol was implemented. At week 3, the control group had begun to display consolidation, whereby lowly mineralized bone tissue was mineralized, and the excess callus was remodeled away, approaching an equilibrium by week 7. Contrastingly, from the onset of loading in week 3, far greater bone formation was seen in the loaded group. By week 7, twice as much bone tissue was present in the loaded group compared to the control group. Lowly mineralized tissue was continuously forming, albeit at a decaying rate, but consolidation occurred, leading to far more bone tissue of all levels of mineralization in comparison to that in the control group. These patterns were mimicked in the bone formation and resorption rates (Figure 3B), where high rates of lowly mineralized tissue formation (up to ∼1 mm2 per week at week 3) preceded rates of highly mineralized tissue formation (up to ∼0.75 mm2 at week 4). In contrast with the control group, the loaded group expressed a higher peak formation rate of mineralized tissue (loaded group: ∼0.8 mm2 vs. control group: ∼0.5 mm2) at week 4 and suppressed resorption rates for all mineralization levels. In addition, the control group’s peak resorption rate occurred one week later than that of the loaded group.
[image: Figure 3]FIGURE 3 | (A) Bone volume over time in femur defect regions. In both the loaded and control groups, lowly mineralized tissue starts to form at week 1. After week 3, mineralization occurs and the control group remodels away excess tissue, while the loaded group continues to form both lowly mineralized and mineralized tissue. A similar pattern is seen in the medullary and peripheral regions, while the cortical region sees substantial bone resorption, a process which is arrested by loading. (B) Formation and resorption rates over time. In all regions, peak formation occurs at week 3, while loading increases the amount of mineralized tissue forming at week 4. Similar patterns are seen in the medullary and peripheral regions, while resorption dominates the cortical region for the control group. Loading increases the rate of formation and decreases the rate of resorption in the loaded group’s cortical region.
When separated into three regions, several interesting patterns emerged. It was observed that behavior in both the medullary and peripheral regions was similar to the “all” region behavior. The original cortical region underwent significant resorption during the first 3 weeks of the healing period in both the loaded and control groups. Upon the application of load, bone resorption was arrested in the loaded group, despite the original cortical wall not being restored upon completion of the study.
The Mechanical Environment During Fracture Healing
As bridging occurs, effective strain consolidates within the range of mineralized tissues (Figure 4) (i.e., from low to high bone density), which was seen by reduction in the broad initial range of effective strain across multiple densities. This is due to the formation of a complete callus and the mineralization of lowly mineralized tissue. As more tissue forms and mineralizes, the organ-scale load is more evenly distributed throughout the tissues, such that extreme deformations of the lowly mineralized tissue can be avoided. Effective strains in the control group increased slightly throughout the observation period. However, for all time points, effective strain found in voxels of formation were higher than those in quiescent voxels, which in turn were higher than effective strain in resorption voxels. For the loaded group, the rtFE method led to effective strain increasing until all mice had reached the maximum load. Hence, effective strain peaked at week 5 and decreased to week 7, as the bone volume approached equilibrium, while the applied load remained constant. Dispersion of formation, quiescence, and resorption effective strain values were also observed, with greater degrees of dispersion particularly in the peripheral region.
[image: Figure 4]FIGURE 4 | Longitudinal mechanical environment in femur defect regions. As lowly mineralized tissue further mineralized, the mechanical environment becomes more homogenous between bone of differing densities in both the control and loaded groups. For all densities of formation, the average effective strain was higher than for quiescent or resorption voxels, while resorption voxels displayed the lowest effective strain on average of the three possible changes.
In all regions, formation voxels of lower levels of mineralization were more likely to have higher effective strain than those of greater levels of mineralization. For the peripheral region, resorbed voxels of lower mineralization displayed lower levels of effective strain than those of greater mineralization. Quiescent voxels displayed no mineralization dependency of effective strain.
Mechano-Regulation During the Post-Bridging Phase
Formation and resorption displayed clear mechano-regulatory behavior in both the loaded and control groups. The conditional probability of bone formation and resorption displays a logarithmic-like behavior. High effective strain increased the conditional probability of formation occurring rapidly at first and then gradually as effective strain further increased. For resorption, the conditional probability decreased quickly at first and then gradually as effective strain further increased.
As seen in Figure 5A, both the loaded and (to a lesser extent) control groups showed a clear relationship between the effective strain level and tissue mineral density throughout the post-bridging period. For formation voxels at week 3, voxels of lower mineralization were more likely to be formed for all effective strain values, while by week 7, higher effective strain values were more likely to lead to further mineralization of voxels. Mid-strain values appeared to lead to lower probabilities of resorption in lowly mineralized tissue than in tissue of greater mineralization, while for very high effective strain, this pattern was reversed. This general pattern was seen in all regions. However, in the cortical regions (Figure 5B), where the original cortex was remodeled away, the mechanosensitivity of the control group decreased substantially over time. Initially, the formation probability at maximum effective strain was 60% and decreased to 40% by week 7. A similar, but less drastic, decrease was seen in the loaded group from week 4 to week 7, where the probability for formation to occur decreased from 80% to roughly 65%. The medullary region (Figure 5C) displayed an increase in mechanosensitivity from week 3 until week 6 for both the control and loaded groups. This large degree of mechanosensitivity decreased from week 6 to week 7 in the control group, particularly for very high effective strain. In contrast, the loaded group maintained a high degree of mechanosensitivity until week 7. An additional change in mechanosensitivity was seen in the peripheral region (Figure 5D) for the final time point (week 6 to week 7) of the loaded group. For voxels of mid-to-lower effective strain, a lower conditional probability was observed in comparison with earlier time points.
[image: Figure 5]FIGURE 5 | Conditional probability of formation/quiescence/resorption based on effective strain in femur defect regions. (A) Formation and resorption show clear mechano-regulation for all time points. (B) Cortical regions show less mechanosensitivity in early time points in the loaded group, while the control group shows that very high strains are required before formation is most likely to occur. (C) Similar to the cortical region, the loaded group shows increasing mechanosensitivity toward week 7. (D) In the peripheral region of the loaded group, it is evident that during the earlier time points, lowly mineralized tissue is more likely to form than highly mineralized tissue for voxels under effective strains up to half of the maximum effective strain.
The AUC results indicate mechano-responsive behavior from week 3 onward (Figure 6), with an AUC value greater than 0.5 for formation over all densities in both the control and loaded groups. For the loaded group, in the medullary and peripheral regions, the AUC value from week 3 onward is higher for all resorption voxels (regardless of density) in comparison to formation voxels. Similar results are seen in the correct classification rate (CCR) for formation, quiescent, and resorption voxels (Figure 6). For all post-bridging time points, the CCR is greater than 33%. The lowly mineralized tissue displays a higher CCR in both the loaded and control groups until week 4, with lower starting values for the loaded group. From week 4 onward, the CCR for highly mineralized tissue was higher (∼49.5% in the control group and 49.75% in the loaded group). Peak CCR occurred at week 6 and then decreased in week 7. The decrease for the control group was larger than that in the loaded group. The CCR displayed similar patterns and values for every region.
[image: Figure 6]FIGURE 6 | (A) Area under the curve (AUC) for classification of regions of formation and mineralization based on effective strain values in femur defect regions. All regions displayed effective strain as better than random predictor of formation. Effective strain acts as a better predictor for the mineralization of lowly mineralized tissue for all regions except the medullary region in the control group. (B) Correct classification rate of formation, resorption, and quiescent voxels show that extra-physiological loading increases predictability based on effective strain. The decrease of predictability from week 6 to week 7 was observed in the control group but not in the loaded group, and this indicates that the control group is closer to balanced remodeling by the end of the study at week 7 than the loaded group.
The conditional probability of quiescence (Figures 5A–D) displayed independence from effective strain both locally (i.e., for all regions) and globally, hence demonstrating that quiescence is not mechano-regulated. This observation holds true for all mineralization levels of the tissue.
DISCUSSION
The purpose of this study was to investigate the relationship between effective strain in the microenvironment and the formation and resorption behavior of a loaded femoral defect model in mice. We combined longitudinal micro-CT scanning and micro-FE simulation to determine mechano-regulatory relationships between tissue-level effective strain and changes within bone tissue. High effective strain strongly increased the likelihood of bone formation, while low effective strain increased the likelihood of bone resorption. Our results align with results seen in bone adaptation models, providing support to the idea that the late reparative phase and remodeling phase exhibit similar behavior to conventional bone remodeling (Isaksson et al., 2009).
Similar to the study by Schulte et al. (2013); Malhotra et al. (2021), in a loaded vertebrae model of bone adaptation in mice, we observed an exponential relationship for formation and resorption; however, while this was generally observed in all regions, the cortical and medullary regions did not display such an evident relationship, appearing somewhat linear in the earlier time points. It is worth noting that the steepness of the initial exponential response increased as the study progressed. This indicates that the exponential response of formation and resorption to mechanical stimuli is a dominant function of remodeling behavior and not reparative behavior. Given that this exponential response develops earlier in the loaded group than in the control group, mechanical loading may be increasing the rate of transition from the reparative phase to the remodeling phase. This is also reflected in Figure 3B, where the resorption peaks of the loaded group occur earlier than those in the control group. Furthermore, the rate of mineralization and the formation peaks is higher in the loaded group than in the control group at week 4.
The novelties of our approach allow us to show that the mineralization dynamics are tightly interwoven with the formation and resorption of new packets of bone. Lowly mineralized bone displays a greater conditional probability to precede highly mineralized bone, particularly in the reparative phase. Assessing the AUC results (Figure 6), Scheuren et al. (2020) and Tourolle né Betts et al. (2020) showed similar AUC values for formation. However, in comparison with the study by Tourolle né Betts et al. (2020), our range of AUC values was more consistent in our data, which is most likely a result of better control of the mechanical environment due to extra-physiological loading. Mechanical loading appeared to increase the predictability of highly mineralized tissue formation as AUC values for highly mineralized tissue were comparatively higher in the loaded group for every region than in the control group. Formation in the medullary region in the control group displayed the highest level of mechanical control. The peak AUC was ∼0.75 at week 5 in the control group in comparison to peak AUC in the loaded group (week 4, ∼0.7). Formation of highly mineralized tissue was also better predicted from week 4 onward in the medullary region than in any other region. Extra-physiological loading did not increase the AUC values in the cortical region or all regions, indicating that the mere addition of extra load does not necessarily lead to increased mechanosensitivity, perhaps tying in to the concept of Frost et al.’s mechanostat (Frost, 1987), where, once a specific effective strain set point has been exceeded, additional mechanical stimulation does not further increase mechano-regulation. The CCR results, which additionally incorporate resorption and quiescence, show that mechanical loading does slightly increase the predictability of remodeling in every region. In particular, extra-physiological loading keeps predictability higher at week 7, indicating that the control group is closer to balanced remodeling (Tourolle né Betts et al., 2020) than the loaded group. The formation, resorption, and quiescence of lowly mineralized tissue are more predictable than those of highly mineralized tissue at week 3. The predictability of tissue changes increased in general from week 3 to week 4, with highly mineralized tissue increasing to a greater degree of predictability than lowly mineralized tissue. This observation is intuitive as more lowly mineralized tissue is present at week 3 than in the following weeks. The lower CCR at week 3 indicates that bone regeneration is less predictable, based on effective strain, than remodeling behavior.
The mapping of the response between local effective strain and the conditional probability for formation, quiescence, and resorption has great potential to aid in silico simulations. Many authors have built models for the prediction of defect healing (Isaksson et al., 2006; Geris et al., 2009; Isaksson et al., 2009). However, these models most often use theoretical or mathematical descriptions for the likelihood of voxels being remodeled under a particular load. These approaches, while built on global experimental observations and theories, do not use a locally derived relationship such as observed in our study. Therefore, our results can be used as a “mechano-stat” curve to provide experimentally supported probability to improve real-world legitimacy of healing simulations. The multidensity analysis approach aims to provide a continuum of relationships by categorizing the bone mineral density and related mechanical stimulation into far smaller discretization than previous approaches. While describing these overarching relationships is currently qualitative in its description, further efforts should start with a thorough analysis of these data in the context defect healing models and then move onto using such modeling and analysis techniques to work toward group and temporal quantitative interpretation of the AUC, ROC, and CCR results.
This work contains several limitations. Partial volume effects affect voxels on the boundary of bone and soft tissue, leading to artificially low grayscale values, hence affecting formation/resorption values for the lowest level of mineralization within the multidensity analysis. However, this limitation is largely addressed by the multidensity method, where shifts in grayscale values are captured within the binning approach. Another limitation is the description of the boundary conditions. Here, we made use of a simple superposition of a uniaxial load and a bending load derived from geometries and loading parameters of the external fixator, while the fixator–bone arrangement is under a dynamic load and hence, the mechanical response is dynamic, the range of mechanical stimuli reflecting that within the literature (Duda et al., 1998; Meakin et al., 2014; Razi et al., 2015; Liu et al., 2018; Wehrle et al., 2021). We, therefore, consider this static analysis sufficient for this study. As the bone´s stiffness increases with the progression of healing, the PEEK fixator’s stiffness becomes relatively smaller, leading to an increase in pin rotation. This compliance of the external fixator could lead to a larger bending load than the one we have used here. Capturing such large deformation would require extensive modeling and validation but could decrease error in this dataset. In addition, we have not performed a traditional intergroup statistical analysis as this study aims to move toward the analysis of mechano-regulatory relationships as a continuum and not limited by simple threshold-based analyses (within the limitation of the imaging modality). Such conventional loading experiment outcomes, highlighting bone volume changes and the impact of loading, are well described by Wehrle et al. (2019a); Wehrle et al. (2021). A final limitation that is worth noting is the lack of inclusion of the effect of the microstructure on mechanical stimuli. For example, our finite element models do not model strain amplification or any effects of the lacunae. Inclusion of such modeling would greatly expand the impact of this study but was beyond its scope.
In summary, we investigated the mechano-regulation of the post-bridging stages in a mouse femur defect loading model. Results show that increase in effective strain in the microenvironment lead to increased probability of formation and decreased probability of resorption. The inverse is also true; low effective strain increases the probability of resorption, while simultaneously decreases the probability of formation. In addition to this, quiescence is not mechano-regulated, displaying independence from the level of effective strain. We were able to confirm our hypothesis that high effective strain would lead to bone formation, while lower effective strain would lead to resorption. In addition, we were able to demonstrate that the mineralization process of the lowly mineralized bone is mechano-regulated and that this relationship is temporally dependent. This means that the mechanosensitivity of different densities of bone changes over time and, at certain time points, lower levels of mineralized bone are more likely to form, while high levels of mineralized bone are more likely to be resorbed. This work sets the stage for three future investigations. First, extension of mechanical loading protocols and mechano-regulatory analysis into the pre-bridging phase will elucidate the early stages of fracture healing, potentially giving rise to the possibility of improved interventions. Second, the established conditional probability relationship can act as an input into in silico models, allowing accurate mechano-regulatory relationships within bone healing and remodeling simulations. Finally, the translation of this mechano-regulatory behavior down to a cell scale, via the incorporation of either high-resolution scanning or histological approaches, would improve our ability to link the organ scale loading to cell-scale responses, allowing further understanding of the osteocyte–osteoblast–osteoclast mechanobiological relationship.
MATERIALS AND METHODS
In vivo Experiments and Loading Protocol
Details regarding animal experiments and mechanical-loading protocol are mentioned by Wehrle et al. (2021) and Paul et al. (2021). All animal procedures were approved by the relevant authorities (license number: 36/2014, Kantonales Veterinäramt Zürich, Zurich, Switzerland). All methods were carried out in accordance with the ARRIVE guidelines and the Swiss Animal Welfare Act and Ordinance. All mice (20 female, and C57BL/6J) were acquired from Janvier (Saint Berthevin Cedex, France) at an age of 12 weeks and were housed in the ETH Phonemics Center animal facility under a 12:12 h light–dark cycle, maintenance feed (3,437, KLIBA NAFAG, Kaiseraugst, Switzerland), five animals/cage for 8 weeks until surgery. Female animals were used to ensure consistency with previous studies. All animals at 20 weeks of age underwent osteotomies on the right femur with a 0.66-mm Gigli wire by the same veterinarian. The details can be found in the study by Wehrle et al. (2019a). The mice were divided into two groups, the control/sham loading group (n = 10) and the loaded group (n = 10). Post surgery, they were housed with 2–3 animals per cage. For all surgeries and micro-CT scans, the animals were anaesthetized with 5% isoflurane/oxygen for inductance and maintained at 1–2% isoflurane/handling.
Mechanical loading was performed thrice weekly (10 Hz loading frequency, 300 s loading time, and 3,000 cycles) from week 3 onward. RtFE (Paul et al., 2021) was used to determine the loading parameters, which are contained in Supplementary Table S1 in the Supplementary Material.
Imaging, Pre-Processing, Masking, and Multidensity Finite Element Analysis
Imaging was performed on a (Scanco Medical, Brüttisellen, and Switzerland) reconstructed micro-CT image at a nominal resolution of 10.5 um. The scanned region required two stacks of 211 voxels each and had an imaging time of 15 min. All animals were scanned weekly from week 0 (post operation) until week 7 (post operation). All images for each time point of each mouse were registered to the baseline image (week zero) of that particular mouse. Pre-processing entailed the extraction of the relevant sub volume (reducing the image size to 300 × 300 × 180 voxels), Gaussian filtration (σ = 1.2, support = 1), and binning gray values using a multidensity approach proposed by Tourolle né Betts et al. (2020).
Masks (Figure 1B) were generated with a ray tracer approach as performed by Tourolle né Betts et al. (2020) from each baseline image. The original cortices were extracted by thresholding all tissues above a bone mineral density of 645 mg HA/cm3 18, while the medullary region (marrow cavity) and the peripheral region (everything else) were extracted from the remaining regions.
For mechanical simulations, the binned grayscale values were converted from density (mg HA/cm3) to Young’s moduli (GPa) on a per voxel basis. The regions of soft tissue were set to a Young’s modulus of 0.003 GPa (Claes and Heigele, 1999) and the marrow cavity of the femur was capped with a plate of 20 GPa, preventing edge effects due to the soft tissue found lying on the top slice of the finite element mesh. A linear micro finite element (micro-FE) solver, parasol (Flaig and Arbenz, 2011), was then used to solve the finite element mesh. For the uniaxial loading case, 1% compressive displacement was applied to the top slice in the axial direction, and the bottom-most slice was fixed (only in the axial direction). For the bending case, the center of bending was determined via a center of mass calculation found in the SciPy library (Virtanen et al., 2020), and the bending load was centered on the axis of loading from the loading machine and deformed by 1% at the furthest edges of the mesh. The Swiss National Supercomputing Center (CSCS) was used to solve each finite element simulation, requiring roughly 2 min per image.
Estimation of Mechanical Stimulation
The local in vivo mechanical environment was described using effective strain, calculated as described by Pistoia et al. (2002). The results of the simulations were appropriately scaled based on the assumed loading parameters using the following ratios:
[image: image]
Or for a bending moment:
[image: image]
where [image: image] is the effective strain result of the simulation (based on the 1% displacement), is the sum of reaction forces of all the nodes of the upper most surface. Fresultant, the reaction forces occur as a result of the displacement applied to the nodes. [image: image] is the selected force (i.e., a force provided by a mechanical stimulation machine) and [image: image] is the strain under the applied force. Bending moments were determined using length of the implant pins as the moment (10 mm) and the loading force from the machine (described in Supplementary Material, ranging from 8 to 16 N). Axial forces were taken as the loading force, and the bending and axial loads were superimposed upon one another. All control mice were assumed to have a uniaxial load of 10 N as described previously (Tourolle né Betts et al., 2020).
Analysis of Bone Volume and Formation, Quiescence, and Resorption Rates
Bone volume was calculated by counting the number of voxels above an increasing density threshold. The threshold densities ran from 395 mg HA/cm3 to 720 mg HA/cm3 in incremental steps of 25 mg HA/cm3. Regions of formation, quiescence, and resorption were calculated by the binary difference between an image at a given time point and neighboring image at a preceding time point to establish their respective rates of change. Voxels present in both images were classified quiescent, present in the most current time point were classified as formation, and only present in the preceding time point were classified as resorption. Masks were then formed to describe these regions.
Statistical Analysis of Local Mechano-Regulation
The scaled results of the micro-FE simulation in terms of effective strain were used as a measure of mechanical stimuli. The mechanical stimuli as calculated before were mapped to each voxel. The mean strain at each time point was calculated on a per group basis. Mean effective strain for each density band was calculated. The conditional probabilities for formation, quiescence, and resorption were calculated to occur for a given value of effective strain (as per Schulte et al. (2013)) at a given bone tissue density. The surface effective strain values were normalized to the 99th percentile effective strain in the whole simulation region to ensure that simulation artifacts did not affect the analysis.
The area under the curve (AUC) of a receiver operating characteristic ROC curve was used to assess the performance of the particular effective strain value as a predictor of formation and mineralization. An AUC greater than 0.5 implies that the change in voxel (either a new voxel forming, or an existing voxel mineralizing) is associated with mechanical stimulation. An AUC of 0.5 indicates no relationship between the mechanical stimuli and the voxel, while below 0.5 indicates an inverse relationship between mechanical stimuli and voxel behavior.
As prediction of formation, quiescence, and resorption from preceding strain is a multiclass classification problem, AUC/ROC approaches could not be used. Hence, the mechanobiology of callus remodeling classification approach developed by Tourolle né Betts et al. (2020) was applied. This approach uses two thresholds, one upper threshold to classify the sites of formation (i.e., bone density values above were considered to have formed) and one lower to classify sites of resorption (i.e., bone density values below were considered to be resorbed). Any value between these thresholds was classified as quiescence. The ground truth was determined by comparing sequential time-lapsed images for formation, quiescent, and resorption regions. Similar to the ROC, thresholds were swept through the range of possible effective strain values to derive a matrix corresponding to whether a voxel was classified correctly based on the two particular thresholds. This correct classification rate (CCR) was determined for each mouse, at each time point post bridging (week 3 onward) and at each bone density level (i.e., from 395 mg HA/cm3 to 720 mg HA/cm3 in steps of 25 mg HA/cm3). As three states are possible (formation, quiescence, and resorption), the maximum CCR would need to be greater than 33% to indicate mechano-regulation within the tissue.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the Kantonales Veterinaramt Zurich, Zurich, Switzerland.
AUTHOR CONTRIBUTIONS
The study was designed by GP and RM. Experimental data were provided from previous in vivo studies by GP, EW, and GK. Data analysis was performed by GP, PV, MR, and AS. Additional analysis code was provided by DT. The manuscript was written by GP and reviewed by all authors.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to acknowledge the support from the ERC Advanced MechAGE ERC-2016-ADG-741883). EW received funding from the ETH Postdoctoral Fellowship Program (MSCA-COFUND, FEL-25_15-1).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.856204/full#supplementary-material
Supplementary Table S1 | Loading parameters for the loaded group.
REFERENCES
 Augat, P., Margevicius, K., Simon, J. r., Wolf, S., Suger, G., and Claes, L. (1998). Local Tissue Properties in Bone Healing: Influence of Size and Stability of the Osteotomy gap. J. Orthop. Res. 16, 475–481. doi:10.1002/jor.1100160413
 Augat, P., Simon, U., Liedert, A., and Claes, L. (2005). Mechanics and Mechano-Biology of Fracture Healing in normal and Osteoporotic Bone. Osteoporos. Int. 16, S36–S43. doi:10.1007/s00198-004-1728-9
 Bailón-Plaza, A., and van der Meulen, M. C. H. (2003). Beneficial Effects of Moderate, Early Loading and Adverse Effects of Delayed or Excessive Loading on Bone Healing. J. Biomech. 36, 1069–1077. doi:10.1016/S0021-9290(03)00117-9
 Birkhold, A. I., Razi, H., Duda, G. N., Weinkamer, R., Checa, S., and Willie, B. M. (2014). Mineralizing Surface Is the Main Target of Mechanical Stimulation Independent of Age: 3D Dynamic In Vivo Morphometry. Bone 66, 15–25. doi:10.1016/j.bone.2014.05.013
 Bouxsein, M. L., Boyd, S. K., Christiansen, B. A., Guldberg, R. E., Jepsen, K. J., and Müller, R. (2010). Guidelines for Assessment of Bone Microstructure in Rodents Using Micro-computed Tomography. J. Bone Miner Res. 25, 1468–1486. doi:10.1002/jbmr.141
 Carter, D. R., Beaupr??, G. S., Giori, N. J., and Helms, J. A. (1998). Mechanobiology of Skeletal Regeneration. Clin. Orthopaedics Relat. Res. 355S, S41–S55. doi:10.1097/00003086-199810001-00006
 Claes, L. E., Heigele, C. A., Neidlinger-Wilke, C., Kaspar, D., Seidl, W., Margevicius, K. J., et al. (1998). Effects of Mechanical Factors on the Fracture Healing Process. Clin. Orthop. Relat. Res. S132-S147, S132–S147. doi:10.1097/00003086-199810001-00015
 Claes, L. E., and Heigele, C. A. (1999). Magnitudes of Local Stress and Strain along Bony Surfaces Predict the Course and Type of Fracture Healing. J. Biomech. 32, 255–266. doi:10.1016/S0021-9290(98)00153-5
 Duda, G. N., Heller, M., Albinger, J., Schulz, O., Schneider, E., and Claes, L. (1998). Influence of Muscle Forces on Femoral Strain Distribution. J. Biomech. 31, 841–846. doi:10.1016/S0021-9290(98)00080-3
 Flaig, C., and Arbenz, P. (2011). A Scalable Memory Efficient Multigrid Solver for Micro-finite Element Analyses Based on CT Images. Parallel Comput. 37, 846–854. doi:10.1016/j.parco.2011.08.001
 Fritton, S. P., and Weinbaum, S. (2009). Fluid and Solute Transport in Bone: Flow-Induced Mechanotransduction. Annu. Rev. Fluid Mech. 41, 347–374. doi:10.1146/annurev.fluid.010908.165136
 Frost, H. M. (1987). Bone ?mass? and the ?mechanostat?: A Proposal. Anat. Rec. 219, 1–9. doi:10.1002/ar.1092190104
 Geris, L., Vander Sloten, J., and Van Oosterwyck, H. (2009). In Silicobiology of Bone Modelling and Remodelling: Regeneration. Phil. Trans. R. Soc. A. 367, 2031–2053. doi:10.1098/rsta.2008.0293
 Ghiasi, M. S., Chen, J. E., Rodriguez, E. K., Vaziri, A., and Nazarian, A. (2019). Computational Modeling of Human Bone Fracture Healing Affected by Different Conditions of Initial Healing Stage. BMC Musculoskelet. Disord. 20. doi:10.1186/s12891-019-2854-z
 Ghiasi, M. S., Chen, J., Vaziri, A., Rodriguez, E. K., and Nazarian, A. (2017). Bone Fracture Healing in Mechanobiological Modeling: A Review of Principles and Methods. Bone Rep. 6, 87–100. doi:10.1016/j.bonr.2017.03.002
 Huiskes, R., Ruimerman, R., van Lenthe, G. H., and Janssen, J. D. (2000). Effects of Mechanical Forces on Maintenance and Adaptation of Form in Trabecular Bone. Nature 405, 704–706. doi:10.1038/35015116
 Isaksson, H., Comas, O., van Donkelaar, C. C., Mediavilla, J., Wilson, W., Huiskes, R., et al. (2007). Bone Regeneration during Distraction Osteogenesis: Mechano-Regulation by Shear Strain and Fluid Velocity. J. Biomech. 40, 2002–2011. doi:10.1016/j.jbiomech.2006.09.028
 Isaksson, H., Gröngröft, I., Wilson, W., van Donkelaar, C. C., van Rietbergen, B., Tami, A., et al. (2009). Remodeling of Fracture Callus in Mice Is Consistent with Mechanical Loading and Bone Remodeling Theory. J. Orthop. Res. 27, 664–672. doi:10.1002/jor.20725
 Isaksson, H., Wilson, W., van Donkelaar, C. C., Huiskes, R., and Ito, K. (2006). Comparison of Biophysical Stimuli for Mechano-Regulation of Tissue Differentiation during Fracture Healing. J. Biomech. 39, 1507–1516. doi:10.1016/j.jbiomech.2005.01.037
 Klein-Nulend, J., Bakker, A. D., Bacabac, R. G., Vatsa, A., and Weinbaum, S. (2013). Mechanosensation and Transduction in Osteocytes. Bone 54, 182–190. doi:10.1016/j.bone.2012.10.013
 Lacroix, D., and Prendergast, P. J. (2002). A Mechano-Regulation Model for Tissue Differentiation during Fracture Healing: Analysis of gap Size and Loading. J. Biomech. 35, 1163–1171. doi:10.1016/S0021-9290(02)00086-6
 Lambers, F. M., Koch, K., Kuhn, G., Ruffoni, D., Weigt, C., Schulte, F. A., et al. (2013). Trabecular Bone Adapts to Long-Term Cyclic Loading by Increasing Stiffness and Normalization of Dynamic Morphometric Rates. Bone 55, 325–334. doi:10.1016/j.bone.2013.04.016
 Lambers, F. M., Kuhn, G., Weigt, C., Koch, K. M., Schulte, F. A., and Müller, R. (2015). Bone Adaptation to Cyclic Loading in Murine Caudal Vertebrae Is Maintained with Age and Directly Correlated to the Local Micromechanical Environment. J. Biomech. 48, 1179–1187. doi:10.1016/j.jbiomech.2014.11.020
 Liu, C., Carrera, R., Flamini, V., Kenny, L., Cabahug-Zuckerman, P., George, B. M., et al. (2018). Effects of Mechanical Loading on Cortical Defect Repair Using a Novel Mechanobiological Model of Bone Healing. Bone 108, 145–155. doi:10.1016/j.bone.2017.12.027
 Malhotra, A., Walle, M., Paul, G. R., KuhnMüller, G. A. R., and Müller, R. (2021). Application of Subject-specific Adaptive Mechanical Loading for Bone Healing in a Mouse Tail Vertebral Defect. Sci. Rep. 11, 1861. doi:10.1038/s41598-021-81132-8
 Marsell, R., and Einhorn, T. A. (2011). The Biology of Fracture Healing. Injury 42, 551–555. doi:10.1016/j.injury.2011.03.031
 Meakin, L. B., Price, J. S., and Lanyon, L. E. (2014). The Contribution of Experimental In Vivo Models to Understanding the Mechanisms of Adaptation to Mechanical Loading in Bone. Front. Endocrinol. 5. doi:10.3389/fendo.2014.00154
 Morgan, E. F., Gleason, R. E., Hayward, L. N. M., Leong, P. L., and Palomares, K. T. S. (2008). Mechanotransduction and Fracture Repair. J. Bone Jt. Surg Am 90, 25–30. doi:10.2106/Jbjs.G.01164
 Morgan, E. F., Mason, Z. D., Chien, K. B., Pfeiffer, A. J., Barnes, G. L., Einhorn, T. A., et al. (2009). Micro-computed Tomography Assessment of Fracture Healing: Relationships Among Callus Structure, Composition, and Mechanical Function. Bone 44, 335–344. doi:10.1016/j.bone.2008.10.039
 Morgan, E. F., Salisbury Palomares, K. T., Gleason, R. E., Bellin, D. L., Chien, K. B., Unnikrishnan, G. U., et al. (2010). Correlations between Local Strains and Tissue Phenotypes in an Experimental Model of Skeletal Healing. J. Biomech. 43, 2418–2424. doi:10.1016/j.jbiomech.2010.04.019
 Paul, G. R., Malhotra, A., and Müller, R. (2018). Mechanical Stimuli in the Local In Vivo Environment in Bone: Computational Approaches Linking Organ-Scale Loads to Cellular Signals. Curr. Osteoporos. Rep. 16, 395–403. doi:10.1007/s11914-018-0448-6
 Paul, G. R., Wehrle, E., Tourolle, D. C., Kuhn, G. A., and Müller, R. (2021). Real-time Finite Element Analysis Allows Homogenization of Tissue Scale Strains and Reduces Variance in a Mouse Defect Healing Model. Sci. Rep. 11, 13511. doi:10.1038/s41598-021-92961-y
 Pistoia, W., van Rietbergen, B., Lochmüller, E.-M., Lill, C. A., Eckstein, F., and Rüegsegger, P. (2002). Estimation of Distal Radius Failure Load with Micro-finite Element Analysis Models Based on Three-Dimensional Peripheral Quantitative Computed Tomography Images. Bone 30, 842–848. doi:10.1016/S8756-3282(02)00736-6
 Razi, H., Birkhold, A. I., Zaslansky, P., Weinkamer, R., Duda, G. N., Willie, B. M., et al. (2015). Skeletal Maturity Leads to a Reduction in the Strain Magnitudes Induced within the Bone: A Murine Tibia Study. Acta Biomater. 13, 301–310. doi:10.1016/j.actbio.2014.11.021
 Scheuren, A. C., Vallaster, P., Kuhn, G. A., Paul, G. R., Malhotra, A., Kameo, Y., and Müller, R. (2020). Mechano-Regulation of Trabecular Bone Adaptation Is Controlled by the Local in Vivo Environment and Logarithmically Dependent on Loading Frequency. Front. Bioeng. Biotechnol. 8, 566346. doi:10.3389/fbioe.2020.566346
 Schulte, F. A., Lambers, F. M., Kuhn, G., and Müller, R. (2011). In Vivo micro-computed Tomography Allows Direct Three-Dimensional Quantification of Both Bone Formation and Bone Resorption Parameters Using Time-Lapsed Imaging. Bone 48, 433–442. doi:10.1016/j.bone.2010.10.007
 Schulte, F. A., Ruffoni, D., Lambers, F. M., Christen, D., Webster, D. J., Kuhn, G., et al. (2013). Local Mechanical Stimuli Regulate Bone Formation and Resorption in Mice at the Tissue Level. Plos One 8, e62172. ARTN e62172. doi:10.1371/journal.pone.0062172
 Tourolle né Betts, D. C., Wehrle, E., Paul, G. R., Kuhn, G. A., Christen, P., Hofmann, S., et al. (2020). The Association between Mineralised Tissue Formation and the Mechanical Local In Vivo Environment: Time-Lapsed Quantification of a Mouse Defect Healing Model. Sci. Rep. 10, 1–10. doi:10.1038/s41598-020-57461-5
 Virtanen, P., Gommers, R., Oliphant, T. E., Haberland, M., Reddy, T., Cournapeau, D., et al. (2020). SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 17, 261–272. doi:10.1038/s41592-019-0686-2
 Webster, D. J., Morley, P. L., van Lenthe, G. H., and Müller, R. (2008). A Novelin Vivomouse Model for Mechanically Stimulated Bone Adaptation - a Combined Experimental and Computational Validation Study. Comput. Methods Biomech. Biomed. Eng. 11, 435–441. doi:10.1080/10255840802078014
 Webster, D., Schulte, F. A., Lambers, F. M., Kuhn, G., and Müller, R. (2015). Strain Energy Density Gradients in Bone Marrow Predict Osteoblast and Osteoclast Activity: A Finite Element Study. J. Biomech. 48, 866–874. doi:10.1016/j.jbiomech.2014.12.009
 Webster, D., Schulte, F., Lambers, F., Kuhn, G., and Müller, R. (2012). The Mechanical Environment in Bone Marrow Predicts Osteoblast and Osteoclast Activities. Bone 50, S73. doi:10.1016/j.bone.2012.02.208
 Wehrle, E., Paul, G. R., Betts, D. C., Kuhn, G. A., and Müller, R. (2019). Individualized Cyclic Mechanical Loading Improves Callus Properties in Novel Femur Fracture Loading Model as Assessed by Time-Lapsed In Vivo Imaging and Real-Time Micro-finite Element Analysis. BioRxiv . doi:10.1101/2020.09.15.297861
 Wehrle, E., Paul, G. R., Tourolle né Betts, D. C., Kuhn, G. A., and Müller, R. (2021). Individualized Cyclic Mechanical Loading Improves Callus Properties during the Remodelling Phase of Fracture Healing in Mice as Assessed from Time-Lapsed In Vivo Imaging. Sci. Rep. 11, 23037. doi:10.1038/s41598-021-02368-y
 Wehrle, E., Tourolle né Betts, D. C., Kuhn, G. A., Scheuren, A. C., Hofmann, S., and Müller, R. (2019). Evaluation of Longitudinal Time-Lapsed In Vivo Micro-CT for Monitoring Fracture Healing in Mouse Femur Defect Models. Sci. Rep. 9, 17445. doi:10.1038/s41598-019-53822-x
 Weinbaum, S., Duan, Y., Thi, M. M., and You, L. (2011). An Integrative Review of Mechanotransduction in Endothelial, Epithelial (Renal) and Dendritic Cells (Osteocytes). Cel. Mol. Bioeng. 4, 510–537. doi:10.1007/s12195-011-0179-6
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Paul, Vallaster, Rüegg, Scheuren, Tourolle, Kuhn, Wehrle and Müller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-856204-g005.gif





OPS/images/fcell-10-856204-g006.gif
B ool s § &
—






OPS/images/fcell-10-856204-g003.gif





OPS/images/fcell-10-856204-g004.gif





OPS/images/inline_3.gif
Cactual





OPS/images/inline_1.gif





OPS/images/inline_2.gif
F applied





OPS/xhtml/nav.xhtml
Contents

		Cover

		Tissue-Level Regeneration and Remodeling Dynamics are Driven by Mechanical Stimuli in the Microenvironment in a Post-Bridging Loaded Femur Defect Healing Model in Mice		Introduction

		Results		Longitudinal Bone Changes During Fracture Healing

		The Mechanical Environment During Fracture Healing

		Mechano-Regulation During the Post-Bridging Phase





		Discussion

		Materials and Methods		In vivo Experiments and Loading Protocol

		Imaging, Pre-Processing, Masking, and Multidensity Finite Element Analysis

		Estimation of Mechanical Stimulation

		Analysis of Bone Volume and Formation, Quiescence, and Resorption Rates

		Statistical Analysis of Local Mechano-Regulation





		Data Availability Statement

		Ethics Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

Tissue-Level Regeneration and
Remodeling Dynamics are Driven
by Mechanical Stimuli in the
Microenvironment in a Post-
Bridging Loaded Femur Defect
Healing Model in Mice





OPS/images/fcell-10-856204-g001.gif





OPS/images/fcell-10-856204-g002.gif





OPS/images/math_qu2.gif
gl i
S—

Prendingresltant





OPS/images/math_qu1.gif
PRI it
Caxialactual =









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





