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INTRODUCTION 

Vast research efforts have been undertaken in recent decades 

to provide insight into bone fracture mechanics, which is 

relevant for various metabolic bone diseases. As part of the 

global effort to improve current methods for fracture 

prediction, this study turns to the murine model of 

osteoporosis. Using bone samples of inbred rodents 

guarantees genetically controlled phenotypes, and simplified 

bone structure.  

 

The first aim of this study was to visualize and quantify 

microdamage initiation and accumulation in bones in a 

quasi-continuous manner that is also truly three dimensional 

(3D), using digital dynamic image-guided failure assessment 

(DIGFA) combined with the high resolution computed 

tomography (CT) [1]. In the second objective, local strain 

calculations using an in-house developed and validated 

algorithm [2] were coupled with the results of the 

biomechanical imaging to quantify local strains at the sites 

of microdamage initiation and propagation, and thus to 

assess predictive capabilities of this technique.  

 

METHODS 

Femora from 16-week old mice of C3H/He (C3H) and 

C57BL/6 (B6) strains were extracted (five and six samples 

for each strain, respectively), and embedded at both ends in 

polymethyl methacrylate cement (PMMA), leaving 4 mm of 

the central femoral shaft exposed. A transverse notch was 

introduced in the mid-diaphysis to simulate an area of 

reduced strength, inducing microdamage formation. Samples 

were stored in 70% ethanol and rehydrated in phosphate 

buffered saline (PBS) for 24 hours prior to the measurement. 

 

Mechanical testing of the embedded samples was carried out 

using an automated DIGFA device at the TOMCAT 

beamline at the Swiss Light Source (SLS). All tests were 

performed in compression in steps of 0.05% apparent strain 

of the whole sample. Loading was continued until failure. 

Each compressive step was followed by a local tomographic 

scan of the area opposite the notch, at a nominal resolution 

of 740 nm and with a field of view of 0.75 x 0.75 mm2. 

 

Image post-processing followed the technique of negative 

imaging, resulting in full classification of all ultrastructural 

phases into osteocyte lacunar system, canal network, and 

microcracks [3]. Morphometric parameters were defined and 

evaluated as described elsewhere [4]. 

 

For the calculation of strain maps, deformable image 

registration, including digital volume correlation and 

Demons deformable registration, was performed [5]. 

Corresponding displacement fields were determined for the 

evaluation of the Green-Lagrange strain tensor. For best 

visualization of structure-function relationships, calculated 

strains of von Mises equivalent-effective strains were 

visualized in overlay with the respective grey-scale images 

of the ultrastructure. A comparison across deformation 

stages of each sample allowed visual assessment of the 

predictive capacity of the strain mapping approach (Figure 

1).  

 

 
 

Figure 1 Von Mises strains. 2D strain maps for the sample 

subsections, shown in overlay with gray-scale images of 

bone ultrastructure. Top row shows a sample from B6 mouse 

strain. Bottom row depicts one of the C3H bone samples. 

(A) and (C) correspond to the strain map of the undeformed 

samples, while (B) and (D) illustrate identical regions in 

bone prior to failure, at 3.0% and 4.0% apparent strain of the 

unembedded bone, respectively. Red arrows denote sites of 

increased local strains, which already after the initial load 

application indicated the location of later microcrack 

formation. Scale bars correspond to 100 µm. 



 

 
 

 

Figure 2 Biomechanical imaging. (A) Whole bone 

mechanics, where blue and red scales and plots show applied 

load and corresponding strain in the sample. Stress 

relaxation and failure are shown in green. (B) Microcrack 

growth with increase in strain follows a second order 

polynomial. (C) Bone ultrastructure visualization, where 

canal network is shown in red, microcracks in green, and 

cortical bone in light blue. The data presented in (A-C) refers 

to the same sample. (1-3) match in (A), (B), and (C) and 

refer to 3.7%, 4.4% and 5.6% strain of the unembedded 

bone, respectively. Scale bar corresponds to 100 µm. 

 

RESULTS AND DISCUSSION 

Dynamic visualization of 3D microdamage proved to be a 

powerful tool for tracking microdamage initiation and 

propagation in cortical bone all the way through complete 

mechanical failure of the sample. In addition, the step-wise 

nature of the biomechanical imaging approach allowed 

comparison between whole bone fracture mechanics and the 

accumulation of local damage on the micro scale (Figure 2). 

This approach thus provides a further improvement to the 

already existing method of hierarchical assessment of bone 

[4]. Finally, microcrack dynamics was quantified in a 

continuous manner, allowing to establish a relationship for 

the post-yield phase of bone overloading (Figure 2B). For 

each sample, regardless of the phenotype (B6 and C3H), the 

relationship between strain and microdamage buildup could 

be described with a second order polynomial (R2 ranged 

from 0.84-0.99 for both B6 and C3H strains). 

 

Calculated effective plastic strains allowed the detection of 

the regions of increased local deformations. These areas 

were linked with microdamage formation and propagation, 

seen in the images of the visualized ultrastructure (Figure 1). 

From those overlay images it becomes evident that strain 

maps are very sensitive in detecting areas of early localized 

overloading  and can thus reveal the regions of microcrack 

initiation and propagation even before they become visible 

in the tomographic images. In addition, this type of analysis 

was able to localize the areas in bone in which microcracks 

were arrested, by showing lower or equal strain values with 

no corresponding increase in microdamage over consecutive 

compression steps. These results can be extended further to 

investigate differences in bone tissue [6] and to quantify 

local damage for individual lacunae involved in 

microdamage dynamics.  

 

CONCLUSIONS  

A unique and so far unexplored combination of digital 

DIGFA and strain mapping technique is a promising tool for 

earlier and more sensitive fracture identification in 

experimental studies. Thus, using local von Mises strain 

mapping it was possible to detect local microdamage even 

before it became visible on the tomographic images.  

 

In addition, this approach can prove helpful in a continuing 

effort to assess the relationship between ultrastructural 

components and microdamage dynamics in bone. A possible 

application of the proposed method is the quantification of 

local strains on the surfaces of bone porosity elements 

directly involved in guiding or arresting microcracks. 
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