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Real‑time finite element analysis 
allows homogenization of tissue 
scale strains and reduces variance 
in a mouse defect healing model
Graeme R. Paul, Esther Wehrle, Duncan C. Tourolle, Gisela A. Kuhn & Ralph Müller*

Mechanical loading allows both investigation into the mechano‑regulation of fracture healing as 
well as interventions to improve fracture‑healing outcomes such as delayed healing or non‑unions. 
However, loading is seldom individualised or even targeted to an effective mechanical stimulus level 
within the bone tissue. In this study, we use micro‑finite element analysis to demonstrate the result 
of using a constant loading assumption for all mouse femurs in a given group. We then contrast this 
with the application of an adaptive loading approach, denoted real time Finite Element adaptation, 
in which micro‑computed tomography images provide the basis for micro‑FE based simulations and 
the resulting strains are manipulated and targeted to a reference distribution. Using this approach, 
we demonstrate that individualised femoral loading leads to a better‑specified strain distribution and 
lower variance in tissue mechanical stimulus across all mice, both longitudinally and cross‑sectionally, 
while making sure that no overloading is occurring leading to refracture of the femur bones.

Bone requires mechanical stimulation for fractures to heal. Improved understanding of the mechanical stimu-
lation—fracture–healing relationship will provide substantial benefit in both basic scientific investigation of 
cell fate and behaviour as well as clinical application. However, the exact mechanical stimulation required to 
initiate bone formation is still up to debate, with in vivo, in vitro and in silico models showing differing levels of 
activation strains at different anatomical  scales1–4. For example, at tissue level, strains of up to 3000 microstrain 
occur due to strenuous physiological loading in  humans5, while at cell level, in silico models have shown that 
micro-architectural variations lead to strain amplifications and strain peaks exceeding 10,000 microstrain in 
and around  osteocytes6,7. Strains exceeding 10,000 microstrain approach the activation levels seen in single cell 
in vitro investigations on the response of osteocytes to mechanical  loading8. However, even though mechanical 
stimulation at each scale differs greatly, our ability to control the mechanical stimuli is most easily performed at 
organ scale. A mechanical force applied at the organ scale via a loading machine will deform the bone, resulting 
in a specific strain distribution at each scale throughout. Controlling this “mechanical dose” in the mechanical 
environment is essential for experimental methods to either optimise or map mechanical stimulation to under-
stand the formation processes underlying bone healing and develop improved interventions. In turn, with the 
growth of personalised medicine approaches, treatments adjusted towards a patient’s individual anatomy would 
require mechanical interventions with a specific “mechanical dose” for each patient.

The mechanical environment during fracture healing is greatly dependant on the geometry of bone, its micro-
structure, mechanical properties and the degree of  mineralisation9,10. Strains propagate differently through each 
individual bone, providing a variety of mechanical stimuli throughout the  tissue11. This geometric variance is 
seen from traumatic fractures in  humans12 to well controlled osteotomies in  sheep13 or murine  models14. While 
inbred mouse or rat strains should provide the lowest variance out of all appropriate model animals for fracture 
healing, often the variance is not as low as expected. For example, even within studies, defect size variance can be 
large, often displaying a standard deviation of over 10% of the nominal size in osteotomy based  experiments13–15. 
In addition, even though it is known that the resulting strain from the initial size of the fracture  gap13,16–19 is 
influential in the outcome of the healing process, this geometric information is regularly left either unreported, 
with no size or geometric description of the defect  presented20–22, or underreported with only the nominal size 
being  presented23–25. While such basic geometric conditions are critical for outcome, additional affecters such 
as activity of the  animal26, disruption of the  periosteum27,28 and inter-fragmentary  movement29 provide fur-
ther biological and mechanical cues. These cues influence the longitudinal progression of bone formation and 
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resorption and hence lead to geometric changes, which in turn further influence the mechanical environment 
within the tissue and the resultant healing outcome divergence across a group. Additionally, effects attributed to 
interventions such as pharmacological agents could be obscured due to inconsistent mechanical environments 
within and between groups. As loading models are often used to study the effects of mechanical stimulation on 
physiological processes in bone such as remodelling and healing, controlling the local and global stimuli acting 
on the tissue would improve the validity of such  investigations17. The reduction of variance within loading models 
of bone has potential to simplify experiments via the reduction of group sizes and hence improve approaches 
of animal experimentation.

Non-individualised loading has been applied during all phases of the fracture healing process in pre-clinical 
studies. Vibration loading has often been attempted during the inflammation phase with mixed  results21,24,25,30, 
while results that are more consistent have been seen with direct mechanical stimulation during the end stages of 
the reparative phase and the remodelling  phase31,32. However, while these studies aim at providing some degree of 
mechanical stimulation to the bone structure, limitations lie in the lack of either targeted mechanical stimulation 
(i.e. attempting to achieve a certain mechanical strain within the tissue), or application of load regardless of the 
individual structural and geometric state of the  bone33–35. Often attempts at targeting strains and the resultant 
mechanical loads are derived from past studies using bone-surface strain gauge measurements, amalgamating 
loading-strain relationships throughout the animal  group36,37. However, strain gauged based mechanical loading 
values show substantial in-group variance, with values differing by up to 30% in such  studies36,37.

In this study, we analyse the inter-individual and temporal variance of the mechanical environment using 
image-based finite element  analysis17 during the bridging and post-bridging phase under a 10 N load and, due 
to individual differences seen within groups, propose and apply a novel methodology of adapting loading condi-
tions to the individual bone geometry within an in vivo mouse femur osteotomy model. We term this method 
real time Finite Element (rtFE) adaptive loading. Via the incorporation of finite element simulations into the 
experimental pipeline in real time, we are able to homogenise tissue level strains between each mouse, adapting 
the experimental load based on these simulations in one imaging and loading session. Such a method aims to 
provide a consistent mechanical environment within the bone tissue to minimise experimental variance. It is 
reasonable to assume that a consistent mechanical environment throughout the bone tissue will reduce overall 
variance and provide the basis for better comparisons between animals within groups. Additionally, we are able 
to assess whether a bone has a risk of refracture when under loading, allowing loading on the healing mouse 
femur to start as soon as it is safe to do so. Due to this addition, we are able to demonstrate that adaptive loading 
reduces variance throughout the post-bridging phases and allows complete intervention control throughout the 
repair and remodelling phases of fracture healing.

Results
In this study, we compared the effect of traditional constant loading (Fig. 1a) with loading adjusted by rtFE 
adaptive loading on the mechanical environment in a healing bone defect (Fig. 1b,c). We used longitudinal, 
time-lapsed in vivo micro-CT images (five per animal) taken from 30 mice during healing of a femur osteotomy 
fixed by an external fixator. Ten of the animals received loading of the defect, the rest were sham loaded at 0 N. 
Based on the CT images, we calculated the local strain distribution within the callus by micro-FE analysis for a 
simulated 10 N loading. In a second step, we adapted the applied loading such that the distribution of strains is 
minimised with reference to a target distribution, derived from a mouse displaying a good healing progression. 
The whole process was optimized to allow incorporation into a single anaesthesia session, hence the name real 
time FE. We successfully ran the rtFE adaptive loading process with an increase of less than 5 min, in addition 
to image reconstruction times, between the end of scanning and the start of loading (Fig. 1c). This is important 
as it prevents the need to re-anaesthetise the animal, which induces stress and could influence study results.

Longitudinal observation of the bone healing process. Bridging of the fracture defect occurred 
between week 2 and week 3 post surgery. As seen in Fig. 2a,d, between week 2 and week 3, a considerable amount 
of bone was formed. The callus structure had many small strut- and truss-like features that transfer the structural 
load. These can be seen at week 3 (Fig. 3a,b). These small structural elements concentrated mechanical strains 
into small regions, increasing strain variance, such as seen at week 2, 3 and week 4 in Fig. 2b,c,e,f, where strain 
standard deviation exceeds future values. Once these small structural elements were absorbed into the new corti-
cal wall (as can be seen in Fig. 3a,b, weeks 3–5), the strain distributions displayed lower standard deviation, as 
the thicker structure dissipates the load more evenly.

Constant loading and the mechanical environment. At week 3 for the control group, the median 
strain under constant loading was 683 ± 81 microstrain. With the observed decreasing bone volume (Fig. 2a), 
the median strain and standard deviation increased throughout the study duration, 740 ± 60 microstrain at week 
4, 818 ± 61 at week 5, 873 ± 71 at week 6 and 905 ± 86 at week 7 (Fig. 2b).

Contrastingly, in the loaded group, with an increasing bone volume (Fig. 2d), the median strain decreased 
throughout the remaining reparative and remodelling phase (727 ± 74 at week 3, 582 ± 77 at week 4, 471 ± 68 at 
week 5, 413 ± 61 at week 6 and 383 ± 56 at week 7) (Fig. 2e). For both loading and control group, the standard 
deviation of strains in the mechanical environment remained high, roughly or greater than 10% of the median 
strain for all simulated time points.

Adaptive loading and the mechanical environment. With application of rtFE adaptive loading 
(Fig. 4), a set of loading parameters was determined. The adaptive loading approach proposed a decrease in 
loading for control mice throughout the observation period, while proposing an increasing load for loaded mice. 
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When looking at the mechanical environment, the median strain for the control group remained within narrow 
bounds (713 ± 33 at week 3, 792 ± 35 microstrain at week 4, 714 ± 38 at week 5, 726 ± 35 at week 6 and 736 ± 30 
at week 7) throughout the remaining reparative and remodelling phase, respectively. A similar pattern was seen 
in the loaded group with median strains remaining similar (721 ± 32 at week 3, 712 ± 20 microstrain at week 4, 
700 ± 15 at week 5, 681 ± 14 at week 6 and 698 ± 14 at week 7) from week 3 to week 7. As with the control group, 
upon rtFE application, standard deviation decreased substantially from week 3 to week 4, and further decreased 

Figure 1.  (a) A traditional loading experiment images the animal and uses a loading protocol decided on 
before the experiment has begun. (b) The rtFE approach incorporates the simulation and adjustment of the 
loading parameters to ensure a targeted mechanical stimulation at each time point for the animal. (c) When 
incorporated within the experimental pipeline, appropriate implementation of the rtFE will allow the full 
process to be incorporated in a single anaesthetic session.
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Figure 2.  As bone volume decreases (a), or increases (d), the mechanical strains increase (b) or decrease (e), 
respectively throughout the duration of the loading period. This causes a changing mechanical environment 
at each point of time. (c,f) Display the application of the rtFE approach to ensure this change in the local 
mechanical environment does not occur. Additionally, comparisons between (b) and (c), and (e) and (f), show 
the reduction of variance caused by rtFE specifying appropriate loading parameters on an individualised basis. 
Bone volume is normalised to the amount of bone volume at week 0 post surgery.

Figure 3.  Longitudinal and cross-sectional strain progression under constant loading and rtFE adaptation 
simulations results show the progression of strain within the bone tissue. (a) demonstrates how poorly healed 
bones have less consistent strain distributions throughout the tissue, with regions of dangerously high strain and 
regions of lower strains. Well-healed bones however show a decrease in the strains throughout the tissue, as is 
the case in L06. (b) rtFE adapts the loading to ensure no peak strain voxels exist (C10) and maintains consistent 
strain fields (L06). For mice with smaller changes in bone geometry (C09 and C14), the adaptation is less 
obvious, but still present.



5

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13511  | https://doi.org/10.1038/s41598-021-92961-y

www.nature.com/scientificreports/

during the remodelling period, remaining 35% and 25% of the constant load case for the control and loaded 
groups at week 7 respectively.

Upon application of the fracture prevention step, the control group observed a decrease in median strain and 
an increase in standard deviation (give mean increase/decrease in %; 691 ± 158 at week 3, 726 ± 110 microstrain at 
week 4, 714 ± 47 at week 5, 726 ± 44 at week 6 and 736 ± 30 at week 7) (Fig. 2c) in comparison with the mechanical 
environment prior to this step. Likewise, the loaded group also displayed an increase in standard deviation for 
earlier time points yet a quicker reduction than in the unloaded group (721 ± 122 at week 3, 712 ± 20 microstrain 
at week 4, 700 ± 15 at week 5, 681 ± 14 at week 6 and 698 ± 14 at week 7). While the fracture prevention step of 
the rtFE led to an increase in variation, it still was lower in comparison to all other time points past week 4. 
Kolmogorov–Smirnov comparisons of the control group and the loading group’s strain distributions can be seen 
in Fig. S1 in the “Supplementary material S1”.

Discussion
In this study, we demonstrated that the introduction of an adaptive loading approach to individualise load would 
lead to reduced mechanical environment variance in a femur defect model in mice. Mechanical environments 
under the assumption of constant loading remain divergent throughout the reparative and remodelling phase 
of week 3–week 7. This was more pronounced in the event of substantial bone growth seen in the loaded group, 
where mechanical stimulation is constantly decreasing under an assumption of constant load for loaded mice. 
Conversely, a substantial increase in median strain in the control mice is observed with declining bone volume. 
With the constant loading assumption, the lowest variation in median strain is at week 7, where all bones have 
sufficiently bridged and fragile structures of the callus are being or have been modelled into new cortical bone 
or have been removed in the remodelling processes. This indicates how changes in geometry from loading inter-
ventions cause large changes in the mechanical environment, which by the very nature of the fracture–healing 
environment are present, with or without loading. Contrasting the constant loading assumption, when rtFE 
adaptation is applied, even with fracture prevention screening, we can clearly see that we are able to keep the 
median strains similar, and reduce group variance, for all mice. The rtFE adaptation responds with changes in 
bone volume, with control mice requiring a decrease in mechanical load throughout the study, i.e. as excess bone 
tissue is removed via remodelling, a similar mechanical load would produce a greater median strain within the 
tissue, hence the load needs to be reduced to compensate for these changes. Contrastingly, the loaded mice display 
an increasing level of loading required to develop a sufficient strain within the tissue, this is due to loading caus-
ing greater bone formation and hence more structural regions to support a particular load. From the displayed 
data, it is quite clear that if one wants a consistent or targetable degree of mechanical stimulation, one needs to 

Figure 4.  Loading parameters relative to the 10 N assumption, determined by rtFE. (a) A decreasing load is 
needed to maintain a consistent mechanical environment in a control group. (b) An increasing load is needed to 
maintain a consistent mechanical environment in a loaded group.
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counter the changes in geometry during the repair and remodelling phases, and hence adaptation of loading is 
required to minimise strain variance between mice at the tissue level. On the other hand, it is clear that using 
a constant load will lead to varying mechanical environments during the course of fracture healing, delivering 
drastically different mechanical stimulation to each mouse and its bone tissue. Real time FE adaptation allows 
the identification of a set of loading parameters (Fig. 4), which would achieve a more consistent mechanical 
environment both longitudinally, throughout the study, as well as cross sectionally within any group, or across 
groups. Details on geometric changes and healing behaviour associated with post-bridging loading are described 
in Wehrle et al.37. Extra-physiological loading applied to the remodelling phase led to larger callus formation and 
mineralization compared to the 0 N control group, which displayed a normalised (relative to pre-osteotomy) 
level of bone volume by the end of the study period.

Even though we selected a target distribution with a median strain of 700 microstrain, this in practice can 
be any choice of distribution centred on any particular median value. However, it would obviously make sense 
to select a distribution that one hypothesises would give a particular effect, such as bone growth. In the event of 
pharmaceutical intervention, one could aim to create an environment as close to perfect quiescence as possible, 
minimising the confounding of the pharmaceutical intervention by a longitudinally or cross sectionally varying 
mechanical environment. Factors such as inflammation level or habitual loading could also be factored in to a 
rtFE approach, for example, a mouse of lower than average habitual loading could be brought inline with the 
cohort via a loading protocol using rtFE. Finally, rtFE has a primary advantage over approaches based on strain 
gauge measurements on the surface of the  bone36–38. RtFE allows surfaces, which are inaccessible to strain gauges, 
yet active in formation and resorption events in the callus region, to be included in stain targeting.

While the fracture prevention approach is conservative, it plays a critical role in preventing load adaptation 
reaching dangerously high strains in the potential fragile environment within the reparative and remodelling 
phase. Often, once the time point has been reached where the experimental design calls for loading to begin, there 
are several animals with partially or incompletely bridged fractures. In Fig. 5b,c, we can see the difference from 
a delicate truss-like structure to a more solidified cortical structure within the same bone via large changes in 
median strain. While the majority of mice for this model heal quickly and well, other models can include larger 
defects that require more time to  bridge17, leaving the start date of loading in doubt. Even in the presented data, 
where the fracture gaps are relatively small, several mice displayed low bone volume at week 3 and hence had 
less structure to absorb load. This led to small, fragile structures within the callus being over loaded. This can be 
clearly seen in Fig. 5a,b, where a very small relative amount of voxels exceed the 1% strain margin, yet in Fig. 5c, 
one can observe that many of these highly strained voxels lie next to one another in the thin structural parts of 
the callus. This increases the risk of refracture and hence poses a risk to the animal. From this visualisation, it 
becomes clear why the general strain distribution can be misleading in terms of identifying the appropriate load. 
Without proper visualisation and screening for the upper limit of strains in the tissue, there is a high chance 
of excessive loading of fragile, small structures within the callus, impairing healing, or at worst threating the 
welfare of the animal. While the above mentioned fracture risk approach is conservative and will not provide 
the same accuracy of a validated failure assessment of the bone tissue, it provides a metric for justification of 
reducing loading forces in the event that animal welfare may be compromised. Hence, a conservative estimate 
is appropriate given the experimental situation.

Limitations of the above work are largely related to simulation accuracy and correct description of bound-
ary conditions. Micro-FE has been validated as an approach to simulate strains within normal bone as well as 
 callus39–42. However, it has proved challenging to validate micro-FE at a tissue level and well specified boundary 
conditions are essential for accurate  results42. rtFE adaptation needs to be implementation in conjunction with 
a loading machine in an experimental setting, such as performed by likewise in the femur by Wehrle et al.43 and 
in a loaded vertebrae model of bone regeneration by Malhotra el al.44. The boundary conditions would need to 
match the loading level applied by the machine to minimise the error of the whole process. However, boundary 
conditions that match the load applied during an experiment would be a requirement for accurate modelling 
of the mechanical environment in post-processing and mechano-regulation analysis anyway. This implies that 
the best use of the concept of adaptive loading is in conjunction with a well-designed and accurate mechanical 
loading device in defect healing experiments. For this dataset, we assumed only uniaxial loads. However, the 
boundary conditions could be expanded to any set of uniaxial, shear, bending or torsional boundary conditions 
with the same principle and analysis applied. Additionally, it is important to note that this approach is not limited 
to mice. Targeted mechanical stimulus would have the potential to allow induction of specific strain distribu-
tions within any bone, fracture or mechanically responsive tissue whether it be in mice, rats, sheep or humans. 
Another limitation of rtFE is one shared by many models using extra-physiological loading, that is, self-induced 
loading by the animal is not considered. To increase the effectiveness of an adaptive loading regime, both extra-
physiological load and self-induced loading would need to be considered to create a consistent mechanical 
environment during the remodelling process across all animals. This combined loading dataset would consist 
of the self-induced loading, which cannot be controlled during the experiment, and an adaptable component, 
which can be manipulated via the rtFE approach and a loading device. However, it is important to note that the 
fixator shields the fracture from physiologically induced load, while in our model the callus is loaded directly, 
hence the extra-physiological load would be the dominant load experience by the bone. Another limitation of 
this work is the accuracy of microFE in modelling the soft callus. Currently there is limited validation of microFE 
models for such structures during the fracture healing process and a thorough investigation (such as in the form 
of ex-vivo mechanical testing) would allow validation of many simulation approaches.

Finally, while this study demonstrates adaptive loading in a post-bridging model, adaptive loading (and 
the rtFE method) could be applied to manipulate strain in any other model of loading, such as in vertebrae 
 models44. Additionally, rtFE could also model strains within soft tissue, such as those occurring prior to bridging, 
and aim to reduce variance at every stage of the healing process. Such an application would provide a targeted 
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Figure 5.  Fracture risk profiling (a) identifies the number of voxels over 1% strain (b) and down scales the load 
(c–f) until there are less than 50 voxels in the identified strain risk region.
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individualised approach to more common group approaches of manipulating load prior to bridging, such as 
the use of semi-rigid  fixation45,46. However, it is important to note that to ensure the validity of the approach 
discussed throughout this paper, validation of microFE analysis for the soft tissue found in fracture healing 
would be greatly beneficial.

Here we analysed mice with the same fixation systems, same sex, operated on by the same surgeon in the 
same environment, ideally leading to a best-case scenario for external factors that could drive healing differences, 
yet variances remained. Even though it is well established that tissue level strains are the main driver behind 
remodelling and  healing2,17 the vast majority of mechanical interventions do not aim to target particular strains 
within the tissue directly. However, it is possible that an individualised adaptive loading approach, derived from 
longitudinal in vivo imaging, targeting a specific strain distribution could lead to improved results, reduced con-
founds and deliver improved outcomes in studies and approaches that have historically produced mixed results. 
Finally, with the growth in interest and application of personalised medicine the individualised approaches in 
mice could possibly be translated to humans. In this case, rtFE adaptation would be applicable for mechanical 
intervention for fractures in patients.

Mechanical environments differ greatly within defect models, even within a group of mice of identical strain, 
fixation and surgeon. We have shown the need to reduce the inter-animal variance in tissue scale mechanical 
strains loaded models of bone healing. We propose to do this via optimising each mechanical environment to 
achieve as similar tissue level strains as possible between individuals within each group. Mechanical environment 
optimisation provides several benefits within loading models: (a) it allows targeting of a strain distribution, pro-
viding a specific median strain within the bone tissue, (b) it reduces in-group mechanical environment variance, 
both longitudinally and cross-sectionally, and (c) it reduces the probability of refracture in the callus region of 
the animal. We propose incorporating mechanical environment optimisation into the experimental pipeline; 
a process, which we have named real time Finite Element (rtFE) adaptive loading. This approach provides a 
means of reducing mechanical environment variation throughout the post-bridging phrases. Real time FE can be 
executed during the conventional imaging-loading pipeline with minimal additional time under anaesthetic for 
each animal. We believe that when coupled with accurate identification of mechanical dosages required to opti-
mise defect-healing outcome, rtFE adaptive loading can be used to specify and apply these required dosages to 
homogenise the mechanical environment and reduce variance in both impaired and non-impaired healing cases.

Materials and methods
Study design. All animal procedures were approved by the authorities (licence number: 36/2014; Kanton-
ales Veterinäramt Zürich, Zurich, Switzerland). We confirm that all methods were carried out and reported in 
accordance with relevant guidelines and regulations (Swiss Animal Welfare Act and Ordinance (TSchG, TSchV) 
and ARRIVE guidelines). For the purpose of this study, we used 30 sets of micro-CT images (30 animals, 5 time 
points per set). 20 of these sets were taken during a defect healing study in an externally fixated mouse osteotomy 
 model43 and an additional ten sets under the same surgery, scanning and 0 N loading protocols were added to 
this study. Each mouse was scanned weekly, with homogeneous intervals, over a period of 49 days after surgery. 
10 of the mice received mechanical loading starting at week 3 post surgery, of which details can be found  in43. 
We applied micro-FE analysis to simulate the mechanical environment under constant boundary conditions for 
all mice, and analysed the longitudinal changes in the mechanical environment of bones. We then applied an 
adaptive loading approach, targeting the loading to an idealised reference strain distribution, and then analysed 
and compared the longitudinal changes of the mechanical environment between the constant load dataset and 
the adaptive load dataset.

Imaging and pre‑processing. All images were acquired by a vivaCT 40 (Scanco Medical, Brüttisellen, 
Switzerland) with the following scanner settings: 55 kVp, 145 µA, 350 ms integration time, 500 projections per 
180°, 21 mm field of view (FOV), aluminium filter. Radiation levels were approximately 0.67 Gy per scan and 
previous studies using the same protocol did not find any negative effects of the radiation  dose14. Images were 
reconstructed to a voxel size of 10.5 µm. All images were assessed to ensure they were free of artefacts and were 
of sufficient quality. All original images were cropped to a dimension 300 × 300 × 210 voxels and were of the same 
femoral region between the internal screws of the external fixator for each mouse. The longitudinal images were 
then registered to the week 0 time-point, to ensure boundary conditions were consistently applied. Details of 
the registration process can be found  in47. For post registration, each image was cropped to 180 voxels length via 
the removal of 15 slices on the top and bottom of the volume. This was done to remove empty slices caused by 
rotation and translation during image registration. This volume was then Gaussian filtered (σ = 1.2, support = 1) 
and we applied the multi-density approach proposed by Tourolle et al.17. All voxels was converted to a linear 
hexahedral element and the voxels grayscale value was converted from density (mg HA/cm3) to Young’s moduli 
(GPa), from 395 to 720 mg HA/cm3 in steps of 25 mg HA/cm3, corresponding to 4.045–12.170 Gpa, respectively 
with steps of 0.626 Gpa. Regions of soft tissue were set to a Young’s modulus of 0.003  GPa16 and the marrow cav-
ity 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.

Finite element analysis and scaling of the mechanical environment. From this mesh, the mechan-
ical environment was determined using a linear micro-finite element (micro-FE) solver,  Parasol48. A compres-
sive displacement of 1% was applied to the top slice in the axial direction while the bottom slice was fixed. The 
Swiss National Supercomputing Centre (CSCS) or an internal computing cluster (48 cores, Intel Xeon Platinum 
8168  CPU@ 2.70 GHz, 792 Gb RAM) was used to solve each finite element simulation, requiring roughly 2 min 
per image. Effective  strain17,49 results of the simulation were taken as the mechanical environment of the bone.
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Two sets of mechanical environments were created from the sets of images (in total 60 mechanical environ-
ments per time points (2 per mouse), one at a load of Fapplied = 10 N as per Tourolle et al.17 and then one at an 
adaptive load, which was determined by minimising (via a Nedler-Mead  optimiser50) the Kolmogorov–Smirnov 
test result to a reference distribution, determined to be representative of a well-healed mouse with a median 
strain of 700 microstrain. Control mice were also simulated with a load of 10 N, in line with the uniaxial loading 
conditions calculated by Tourolle et al.17 This allows the control group to be compared with the loaded group. 
To align the force on the bone to the constant or calculated values across all mice, the results of the simulations 
were appropriately scaled based on the assumed loading parameters using the following ratio:

where εsimulation is the effective strain result of the simulation (based on the 1% displacement), Fresultant is the sum 
of reaction forces of all the nodes of the uppermost surface, Fapplied is the selected force (i.e. a force provided by 
a mechanical stimulation machine) and εactual is the strains under the applied force. All analysis was performed 
on strains in the bone tissue only, ignoring both the soft tissue and the marrow cap. This was done by masking 
out regions of soft tissue and marrow caps and then performing all relevant analysis on the remaining voxels.

Real time finite element adaptive loading. Adaptation of loading parameters to ensure minimisation 
of strain variance was then performed, in a means that can be incorporated into an experiment; a process we 
termed real time Finite Element (rtFE) adaptive loading. In this process, finite element analysis is performed 
after the animal is imaged and the results are used to change the experimental loading parameters, ensuring 
similar strain distributions within or across groups. The rtFE adaptation required two stages: a strain distribu-
tion matching stage, to minimise variance between longitudinal and cross sectional mechanical environments, 
and a fracture-risk identification stage; where given the determined loading parameters, the risk of fracture was 
identified and the load downscaled if required. The process was completely automatic and did not require user 
input for any parameter for registration, microFE or strain distribution targeting (outside of a pre-determined 
target strain distribution.

A target distribution was developed from a mouse with good healing progression and scaled to be of a median 
strain of 700 microstrain. This acted as an idealised strain distribution for the application of rtFE. We then mini-
mised the Kolmogorov–Smirnov test statistic (Fig. 6a) between the mechanical environment of each mouse from 
week 3 to week 7 and this target distribution using a Nedler-Mead optimiser. This ensured minimal differences 
between the cumulative distribution functions of each distribution. Alternatively, the strain distribution can be 
plotted with a series of incremental possible loading options governed by whatever mechanical actuator is in 
use. The researcher can then select the most appropriate distribution (Fig. 6b), where each possible scenario is 
plotted with regard to the target distribution. For this approach, the most appropriate distribution was chosen, 
regardless if it lay a fair distance away from the idealised distribution.

However, scaling load and matching strain distribution can lead to certain fragile structures within the cal-
lus developing dangerously high strain, potentially leading to refracture. After the strain distribution matching 
is complete, a fracture risk analysis is performed. The aim of this analysis is to determine if the new loading 

εactual =
Fapplied

Fresultant
εsimulation

Figure 6.  Two approaches can be implemented for the rtFE approach. Optimising via a Kolmogorov–Smirnov 
test (a) allows an automated process, saving time and giving an exact value, while plotting and selecting (b) from 
a list of loading options provides the researcher with more understanding of the strain distributions for each 
loading parameter.
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parameters could lead to failure of the healing bone, and hence such an occurrence can be mitigated. For the 
selected loading case, the number of voxels of 10,000 microstrain or greater are counted. If this exceeds 50 voxels, 
the load is downscaled by 2 N and the number of voxels greater than 10,000 microstrain is counted again. This 
process is repeated until less than 50 voxels exceeding 10,000 microstrain remain (as depicted in Fig. 5a–f) and 
the final loading parameter is selected. Comparison of outcomes can be seen in Fig. 3. 50 Voxels and 10,000 
microstrain were chosen based on researcher experiences and it is important to note that these values can be 
changed for any implementation of the adaptive loading approach.

Statistics. For each mechanical environment, the median effective strain value was calculated. For all groups 
at each time point, means and standard deviations were calculated. All histogram were calculated for the range of 
0–15,000 microstrain with 250 bins over the range. All statistics were performed using Scipy 1.050.

Data availability
All necessary data generated or analysed during the present study are included in this published article (preprint 
available on BioRxiv, BIORXIV/2020/274878). Additional information related to this paper may be requested 
from the authors.

Received: 4 September 2020; Accepted: 18 June 2021

References
 1. Paul, G. R., Malhotra, A. & Muller, R. 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. https:// doi. org/ 10. 1007/ s11914- 018- 0448-6 (2018).
 2. Schulte, F. A. et al. Local mechanical stimuli regulate bone formation and resorption in mice at the tissue level. PLoS ONE 8, ARTN 

e62172. https:// doi. org/ 10. 1371/ journ al. pone. 00621 72 (2013).
 3. Goodman, S. & Aspenberg, P. Effects of mechanical stimulation on the differentiation of hard tissues. Biomaterials 14, 563–569. 

https:// doi. org/ 10. 1016/ 0142- 9612(93) 90171-W (1993).
 4. Morgan, E. F. et al. Correlations between local strains and tissue phenotypes in an experimental model of skeletal healing. J. 

Biomech. 43, 2418–2424. https:// doi. org/ 10. 1016/j. jbiom ech. 2010. 04. 019 (2010).
 5. Burr, D. B. et al. In vivo measurement of human tibial strains during vigorous activity. Bone 18, 405–410. https:// doi. org/ 10. 1016/ 

8756- 3282(96) 00028-2 (1996).
 6. Verbruggen, S. W., Vaughan, T. J. & McNamara, L. M. Strain amplification in bone mechanobiology: A computational investigation 

of the in vivo mechanics of osteocytes. J. R. Soc. Interface 9, 2735–2744. https:// doi. org/ 10. 1098/ rsif. 2012. 0286 (2012).
 7. Vaughan, T. J., Verbruggen, S. W. & McNamara, L. M. Are all osteocytes equal? Multiscale modelling of cortical bone to characterise 

the mechanical stimulation of osteocytes. Int. J. Numer. Meth. Bio. 29, 1361–1372. https:// doi. org/ 10. 1002/ cnm. 2578 (2013).
 8. You, J. et al. Substrate deformation levels associated with routine physical activity are less stimulatory to bone cells relative to 

loading-induced oscillatory fluid flow. J. Biomech. Eng.-T Asme. 122, 387–393. https:// doi. org/ 10. 1115/1. 12871 61 (2000).
 9. Hoc, T. et al. Effect of microstructure on the mechanical properties of Haversian cortical bone. Bone 38, 466–474. https:// doi. org/ 

10. 1016/j. bone. 2005. 09. 017 (2006).
 10. Fritton, S. P., McLeod, K. J. & Rubin, C. T. Quantifying the strain history of bone: spatial uniformity and self-similarity of low-

magnitude strains. J. Biomech. 33, 317–325. https:// doi. org/ 10. 1016/ S0021- 9290(99) 00210-9 (2000).
 11. Karali, A. et al. Full-field strain of regenerated bone tissue in a femoral fracture model. J. Microsc. https:// doi. org/ 10. 1111/ jmi. 

12937 (2020).
 12. Augat, P., Simon, U., Liedert, A. & Claes, L. Mechanics and mechano-biology of fracture healing in normal and osteoporotic bone. 

Osteoporosis Int. 16, S36–S43. https:// doi. org/ 10. 1007/ s00198- 004- 1728-9 (2005).
 13. Claes, L., Augat, P., Suger, G. & Wilke, H. J. Influence of size and stability of the osteotomy gap on the success of fracture healing. 

J. Orthop. Res. 15, 577–584. https:// doi. org/ 10. 1002/ jor. 11001 50414 (1997).
 14. Wehrle, E. et al. Evaluation of longitudinal time-lapsed in vivo micro-CT for monitoring fracture healing in mouse femur defect 

models. Sci. Rep. 9, 17445. https:// doi. org/ 10. 1038/ s41598- 019- 53822-x (2019).
 15. Rontgen, V. et al. Fracture healing in mice under controlled rigid and flexible conditions using an adjustable external fixator. J. 

Orthop. Res. 28, 1456–1462. https:// doi. org/ 10. 1002/ jor. 21148 (2010).
 16. Claes, L. E. & Heigele, C. A. Magnitudes of local stress and strain along bony surfaces predict the course and type of fracture heal-

ing. J. Biomech. 32, 255–266. https:// doi. org/ 10. 1016/ S0021- 9290(98) 00153-5 (1999).
 17. Tourolle né Betts, D. C. et al. The association between mineralised tissue formation and the mechanical local in vivo environment: 

Time-lapsed quantification of a mouse defect healing model. Sci. Rep.-UK 10, 1–10. https:// doi. org/ 10. 1038/ s41598- 020- 57461-5 
(2020).

 18. Claes, L., Eckert-Hubner, K. & Augat, P. The fracture gap size influences the local vascularization and tissue differentiation in callus 
healing. Langenbeck. Arch. Surg. 388, 316–322. https:// doi. org/ 10. 1007/ s00423- 003- 0396-0 (2003).

 19. Claes, L. E. et al. Effects of mechanical factors on the fracture healing process. Clin. Orthop. Relat. R. S132–S147. https:// doi. org/ 
10. 1097/ 00003 086- 19981 0001- 00015 (1998).

 20. Brady, R. D. et al. Closed head experimental traumatic brain injury increases size and bone volume of callus in mice with con-
comitant tibial fracture. Sci. Rep.-UK 6, ARTN 34491. https:// doi. org/ 10. 1038/ srep3 4491 (2016).

 21. Shi, H. F., Cheung, W. H., Qin, L., Leung, A. H. C. & Leung, K. S. Low-magnitude high-frequency vibration treatment augments 
fracture healing in ovariectomy-induced osteoporotic bone. Bone 46, 1299–1305. https:// doi. org/ 10. 1016/j. bone. 2009. 11. 028 (2010).

 22. Leung, K. S. et al. Low-magnitude high-frequency vibration accelerates callus formation, mineralization, and fracture healing in 
rats. J. Orthop. Res. 27, 458–465. https:// doi. org/ 10. 1002/ jor. 20753 (2009).

 23. Recknagel, S. et al. Experimental blunt chest trauma impairs fracture healing in rats. J. Orthop. Res. 29, 734–739. https:// doi. org/ 
10. 1002/ jor. 21299 (2011).

 24. Wehrle, E. et al. The impact of low-magnitude high-frequency vibration on fracture healing is profoundly influenced by the oes-
trogen status in mice. Dis. Model. Mech. 8, 93–104. https:// doi. org/ 10. 1242/ dmm. 018622 (2015).

 25. Wehrle, E. et al. Distinct frequency dependent effects of whole-body vibration on non-fractured bone and fracture healing in mice. 
J. Orthop. Res. 32, 1006–1013. https:// doi. org/ 10. 1002/ jor. 22629 (2014).

 26. Klosterhoff, B. S. et al. Wireless sensor enables longitudinal monitoring of regenerative niche mechanics during rehabilitation that 
enhance bone repair. Bone https:// doi. org/ 10. 1016/j. bone. 2020. 115311 (2020).

 27. Kojimoto, H., Yasui, N., Goto, T., Matsuda, S. & Shimomura, Y. Bone lengthening in rabbits by callus distraction—The role of 
periosteum and endosteum. J. Bone Joint Surg. Br. 70, 543–549 (1988).

https://doi.org/10.1007/s11914-018-0448-6
https://doi.org/10.1371/journal.pone.0062172
https://doi.org/10.1016/0142-9612(93)90171-W
https://doi.org/10.1016/j.jbiomech.2010.04.019
https://doi.org/10.1016/8756-3282(96)00028-2
https://doi.org/10.1016/8756-3282(96)00028-2
https://doi.org/10.1098/rsif.2012.0286
https://doi.org/10.1002/cnm.2578
https://doi.org/10.1115/1.1287161
https://doi.org/10.1016/j.bone.2005.09.017
https://doi.org/10.1016/j.bone.2005.09.017
https://doi.org/10.1016/S0021-9290(99)00210-9
https://doi.org/10.1111/jmi.12937
https://doi.org/10.1111/jmi.12937
https://doi.org/10.1007/s00198-004-1728-9
https://doi.org/10.1002/jor.1100150414
https://doi.org/10.1038/s41598-019-53822-x
https://doi.org/10.1002/jor.21148
https://doi.org/10.1016/S0021-9290(98)00153-5
https://doi.org/10.1038/s41598-020-57461-5
https://doi.org/10.1007/s00423-003-0396-0
https://doi.org/10.1097/00003086-199810001-00015
https://doi.org/10.1097/00003086-199810001-00015
https://doi.org/10.1038/srep34491
https://doi.org/10.1016/j.bone.2009.11.028
https://doi.org/10.1002/jor.20753
https://doi.org/10.1002/jor.21299
https://doi.org/10.1002/jor.21299
https://doi.org/10.1242/dmm.018622
https://doi.org/10.1002/jor.22629
https://doi.org/10.1016/j.bone.2020.115311


11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13511  | https://doi.org/10.1038/s41598-021-92961-y

www.nature.com/scientificreports/

 28. Murao, H., Yamamoto, K., Matsuda, S. & Akiyama, H. Periosteal cells are a major source of soft callus in bone fracture. J. Bone 
Miner. Metab. 31, 390–398. https:// doi. org/ 10. 1007/ s00774- 013- 0429-x (2013).

 29. Claes, L., Recknagel, S. & Ignatius, A. Fracture healing under healthy and inflammatory conditions. Nat. Rev. Rheumatol. 8, 
133–143. https:// doi. org/ 10. 1038/ nrrhe um. 2012.1 (2012).

 30. Wolf, S. et al. Effects of high-frequency, low-magnitude mechanical stimulus on bone healing. Clin. Orthop. Relat. R. 192–198. 
https:// doi. org/ 10. 1097/ 00003 086- 20010 4000- 00030 (2001).

 31. Palomares, K. T. S. et al. Mechanical stimulation alters tissue differentiation and molecular expression during bone healing. J. 
Orthop. Res. 27, 1123–1132. https:// doi. org/ 10. 1002/ jor. 20863 (2009).

 32. Gardner, M. J. et al. In vivo cyclic axial compression affects bone healing in the mouse tibia. J. Orthop. Res. 24, 1679–1686. https:// 
doi. org/ 10. 1002/ jor. 20230 (2006).

 33. Liu, C. et al. Effects of mechanical loading on cortical defect repair using a novel mechanobiological model of bone healing. Bone 
108, 145–155. https:// doi. org/ 10. 1016/j. bone. 2017. 12. 027 (2018).

 34. Rapp, A. E. et al. Systemic mesenchymal stem cell administration enhances bone formation in fracture repair but not load-induced 
bone formation. Eur. Cells Mater. 29, 22–34. https:// doi. org/ 10. 22203/ eCM. v029a 02 (2015).

 35. Morse, A. et al. Sclerostin antibody increases callus size and strength but does not improve fracture union in a challenged open 
rat fracture model. Calcified Tissue Int. 101, 217–228. https:// doi. org/ 10. 1007/ s00223- 017- 0275-2 (2017).

 36. Birkhold, A. I. et al. Mineralizing surface is the main target of mechanical stimulation independent of age: 3D dynamic in vivo 
morphometry. Bone 66, 15–25. https:// doi. org/ 10. 1016/j. bone. 2014. 05. 013 (2014).

 37. Webster, D. J., Morley, P. L., van Lenthe, G. H. & Muller, R. A novel in vivo mouse model for mechanically stimulated bone 
adaptation—A combined experimental and computational validation study. Comput. Method Biomec. 11, 435–441. https:// doi. 
org/ 10. 1080/ 10255 84080 20780 14 (2008).

 38. Razi, H. et al. Skeletal maturity leads to a reduction in the strain magnitudes induced within the bone: A murine tibia study. Acta 
Biomater. 13, 301–310. https:// doi. org/ 10. 1016/j. actbio. 2014. 11. 021 (2015).

 39. Shefelbine, S. J. et al. Prediction of fracture callus mechanical properties using micro-CT images and voxel-based finite element 
analysis. Bone 36, 480–488. https:// doi. org/ 10. 1016/j. bone. 2004. 11. 007 (2005).

 40. Oliviero, S., Giorgi, M. & Dall’Ara, E. Validation of finite element models of the mouse tibia using digital volume correlation. J. 
Mech. Behav. Biomed. 86, 172–184. https:// doi. org/ 10. 1016/j. jmbbm. 2018. 06. 022 (2018).

 41. Zysset, P. K., Dall’ara, E., Varga, P. & Pahr, D. H. Finite element analysis for prediction of bone strength. Bonekey Rep. 2, 386. https:// 
doi. org/ 10. 1038/ bonek ey. 2013. 120 (2013).

 42. Chen, Y. et al. Micro-CT based finite element models of cancellous bone predict accurately displacement once the boundary 
condition is well replicated: A validation study. J. Mech. Behav. Biomed. 65, 644–651. https:// doi. org/ 10. 1016/j. jmbbm. 2016. 09. 
014 (2017).

 43. Wehrle, E., Paul, G. R., Betts, D. C., Kuhn, G. A. & Müller, R. 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. https:// doi. org/ 10. 1101/ 2020. 09. 15. 297861 (2019).

 44. Malhotra, A., Walle, M., Paul, G. R., Kuhn, G. A. & Müller, R. Subject-specific adaptive mechanical loading improves bone healing 
in a mouse tail vertebral defect. bioRxiv. https:// doi. org/ 10. 1038/ s41598- 021- 81132-8 (2021).

 45. Tufekci, P. et al. Early mechanical stimulation only permits timely bone healing in sheep. J. Orthop. Res. 36, 1790–1796. https:// 
doi. org/ 10. 1002/ jor. 23812 (2018).

 46. Chao, E. Y. S., Aro, H. T., Lewallen, D. G. & Kelly, P. J. The effect of rigidity on fracture-healing in external fixation. Clin. Orthop. 
Relat. R, 24–35. https:// doi. org/ 10. 1097/ 00003 086- 19890 4000- 00005 (1989).

 47. Schulte, F. A., Lambers, F. M., Mueller, T. L., Stauber, M. & Muller, R. Image interpolation allows accurate quantitative bone mor-
phometry in registered micro-computed tomography scans. Comput. Methods Biomech. Biomed. Eng. 17, 539–548. https:// doi. 
org/ 10. 1080/ 10255 842. 2012. 699526 (2014).

 48. Flaig, C. & Arbenz, P. A scalable memory efficient multigrid solver for micro-finite element analyses based on CT images. Parallel 
Comput. 37, 846–854. https:// doi. org/ 10. 1016/j. parco. 2011. 08. 001 (2011).

 49. Pistoia, W. et al. 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. https:// doi. org/ 10. 1016/ S8756- 3282(02) 00736-6 (2002).

 50. Virtanen, P. et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 17, 261–272. https:// doi. 
org/ 10. 1038/ s41592- 019- 0686-2 (2020).

Acknowledgements
The authors would like to acknowledge support from the European Union (ERC Advanced MechAGE, ERC-
2016-ADG-741883). E. Wehrle received funding from the ETH Postdoctoral Fellowship Program (MSCA-
COFUND, FEL-25_15-1).

Author contributions
The computational study was designed by G.R.P and R.M. Experimental data was provided from previous in vivo 
studies by G.R.P., E.W. and G.A.K. Data analysis was performed by G.R.P. Additional analysis code was provided 
by D.C.T. The manuscript was written by G.R.P. and reviewed by all authors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 92961-y.

Correspondence and requests for materials should be addressed to R.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1007/s00774-013-0429-x
https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1097/00003086-200104000-00030
https://doi.org/10.1002/jor.20863
https://doi.org/10.1002/jor.20230
https://doi.org/10.1002/jor.20230
https://doi.org/10.1016/j.bone.2017.12.027
https://doi.org/10.22203/eCM.v029a02
https://doi.org/10.1007/s00223-017-0275-2
https://doi.org/10.1016/j.bone.2014.05.013
https://doi.org/10.1080/10255840802078014
https://doi.org/10.1080/10255840802078014
https://doi.org/10.1016/j.actbio.2014.11.021
https://doi.org/10.1016/j.bone.2004.11.007
https://doi.org/10.1016/j.jmbbm.2018.06.022
https://doi.org/10.1038/bonekey.2013.120
https://doi.org/10.1038/bonekey.2013.120
https://doi.org/10.1016/j.jmbbm.2016.09.014
https://doi.org/10.1016/j.jmbbm.2016.09.014
https://doi.org/10.1101/2020.09.15.297861
https://doi.org/10.1038/s41598-021-81132-8
https://doi.org/10.1002/jor.23812
https://doi.org/10.1002/jor.23812
https://doi.org/10.1097/00003086-198904000-00005
https://doi.org/10.1080/10255842.2012.699526
https://doi.org/10.1080/10255842.2012.699526
https://doi.org/10.1016/j.parco.2011.08.001
https://doi.org/10.1016/S8756-3282(02)00736-6
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41598-021-92961-y
https://doi.org/10.1038/s41598-021-92961-y
www.nature.com/reprints


12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13511  | https://doi.org/10.1038/s41598-021-92961-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Real-time finite element analysis allows homogenization of tissue scale strains and reduces variance in a mouse defect healing model
	Results
	Longitudinal observation of the bone healing process. 
	Constant loading and the mechanical environment. 
	Adaptive loading and the mechanical environment. 

	Discussion
	Materials and methods
	Study design. 
	Imaging and pre-processing. 
	Finite element analysis and scaling of the mechanical environment. 
	Real time finite element adaptive loading. 
	Statistics. 

	References
	Acknowledgements


