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INTRODUCTION 

The mechanical properties of trabecular bone play a crucial 

role in overall bone stability. Mechanical competence at the 

tissue level (represented by a single trabecula) is particularly 

difficult to assess because of the small dimensions of the 

samples and their non-uniform geometry.  

Experimental tests in the literature have been performed to 

measure the elastic modulus of a single trabecula under 

bending, tension, buckling, and compression, using ultrasound 

or nanoindentation testing to assess local material properties. 

These studies gave a large range of results for the elastic tissue 

modulus, varying from 1 to 23 GPa [1]. For tensile or bending 

tests, displacement is generally measured by the testing 

machine as the clamp-to-clamp distance, making the small 

deformation within the end-fixation of the trabecula a critical 

aspect in further mechanical calculations.  

For the purpose of the study, we hypothesized that a 

considerable improvement could be accomplished by directly 

measuring the strain field optically on the bone surface. The 

method uses a laser beam to detect the fluorescence signal 

from microspheres, which are attached to the trabecular 

surface prior to testing. The specific aims of the studies were 

to first have a method to apply florescent markers to single 

trabecula, second to devise a computational approach for 

automated strain analysis incorporating images from time-

lapsed fluorescent microscopy, and third to check the accuracy 

and precision of the method. This method, combined with the 

system developed in-house for testing single trabeculae under 

tension and bending, is a promising tool for investigating the 

influence of external and internal factors (such as location, 

morphology, disease) on bone tissue mechanics. 

 

 

METHODS 

Bovine femurs were used as the source of trabecular bone. 

Bone marrow was washed out, the trabecular network was cut 

into small slices from which a single trabecula was aligned, 

embedded at both sides in small PMMA 

(Polymethylmethacrylate) blocks, and subsequently isolated 

by means of a scalpel. The sample can then be tested under 

tension and bending with the system developed in-house [2]. 

Briefly, the mechanical test was performed on a support stage 

where a force sensor was anchored. The stage was fixed on the 

confocal laser scanner microscope CLSM, such that 

deformation occurred in the optical plane (the plane 

perpendicular to the optical axis of the microscope). For the 

tensile test the force was applied through a thread, which was 

attached to one of the PMMA blocks. The trabecula was 

eventually tested in a classic three point bending test after 

being cut at its extremities by means of a scalpel. The 

geometry of a single trabecula was acquired using microCT 

(12 µm voxel size) and converted to an FE mesh with 

hexahedral elements. Deformation data were used as input for 

FE analysis and back-calculation of the elastic modulus. 

Fluorescent microspheres (Fluoresbrite® Yellow Green (YG), 

Polysciences, Inc., Warrington, PA, USA) with a 3 µm 

diameter were used for displacement tracking. To increase the 

concentration of the microspheres, small drops of solution 

were spilled on a glass surface and left to dry. This step was 

repeated 4-5 times. Afterwards, by means of a small stick, the 

microspheres were transferred from the glass onto the surface 

of the trabecula, obtaining a random distribution of at least 10-

15 microspheres along the long axis of the bone.  

The pattern of microspheres attached on the surface of the 

single trabecula was acquired with the CLSM. A laser 

wavelength of 458 nm was used to excite the microspheres, in 

combination with a 20x (0.4 NA) or a 10x (0.3 NA) objective. 

As microspheres are placed randomly on the trabecular 

surface, they lay at different positions along the optical axis 

(z-axis) of the microscope. A z-stack instead of a single image 

was therefore acquired, in order to collect the signal from each 

microsphere. The parameters to be set for acquisition were the 

pixel size, the scan speed, the power output and the gain of the 

photomultiplier. These parameters have been optimized 

previously to increase accuracy and precision. Collected 

images were analyzed to calculate the surface strain of the 

sample. For this reason, images were imported into ImageJ 

and evaluated using the 3D-object-counter [3] plug-in, which 

localizes the three-dimensional position of objects within a z-

stack. The 3D position of each microsphere was used as input 

for an automatic code written in Visual Basic, which gave the 

displacements and deformations of the trabecula. The 

procedure calculated lengths between all microsphere 

combinations, while lengths smaller than a given value (set to 

100 μm) were excluded from the subsequent analysis in order 

to reduce the calculation errors.  Displacement and 

deformation components along the loading axis and the non-

loaded axis were calculated based on a reference image.  

Finally, accuracy and precision of the acquisition system were 

evaluated by repeated measurement of a microspheres pattern 

on a single trabecula, on a field of view of 214 µm times 520 

µm in the optical plane, and 76 µm along the optical axis. Five 

acquisitions were performed in static condition for five 

different force steps (0N-1N-2N-3N-4N). For each force step, 

displacements and deformations were computed for the five 

acquired images and accuracy and precision were quantified, 



respectively, as the average and the root mean square 

deviation from zero (expected value).  

 

 

RESULTS AND DISCUSSION 

Acquisition time varied between 1 and 10 minutes, depending 

on pixel size and scanner velocity. A single z-stack consisted 

of 30-90 images, as a length of approximately 80-100 μm has 

to be scanned in this direction. Evaluation with ImageJ and the 

written code to compute deformations/displacements required 

less than 1 minute for each z-stack. 

 

 

Figure 1:  Example of a single trabecula with the fluorescent 

microspheres (6 μm) laid on the surface (magnification 20x). 

 

Both the 20x and the 10x objective shared the same optimal 

settings, which have been found by improving accuracy and 

precision. The power output of the laser was set to 12% (about 

3 mW); the pixel size was set to 0.64 μm in the optical plane 

and 2 μm along the optical axis (z-direction); scan velocity 

was set to maximum (3.84 µs/pixel) . Acquisition time was in 

this way limited to 2 minutes, while there is a wait of 6 

minutes between two consecutive scans. The results obtained 

with respect to accuracy and precision using these settings are 

reported in Table 1. 

Looking at accuracy, we found decreasing power output to 

cause a decrease in fluorescent signal and a worse signal-to-

noise ratio, while an increase in power output caused a 

reduced accuracy probably due to a bleaching effect. 

Pixel size and scan velocity determine the acquisition time. 

The ratio between acquisition time and waiting time (time 

span between one scan and the next) has a strong effect. We 

found that a waiting time of about 3 times the acquisition time 

increased precision markedly. It has also been shown that a 

longer acquisition time (above 4 minutes) causes a progressive 

degradation in precision of up to 0.15 μm. Increasing pixel 

size allows for better resolution and theoretically an improved 

precision. On the other side, it increases acquisition time 

considerably. Therefore the use of 0.32 μm pixel size and 1 

μm stack size or 0.64 μm pixel size and 2 μm stack size gives 

similar results for the precision. There were some other factors 

which slightly influenced detection and therefore should be 

mentioned. Saturation of the microspheres in the acquired 

image was found to be an important factor, as saturated 

microspheres could be detected only with a lower precision. 

The threshold level used in ImageJ object detection was 

important as well, as it distinguished which pixel would be 

used in the localization calculation; nevertheless this was not 

critical when the threshold level was between 90-130 on the 

gray scale with a maximal image value of 255.  

 

 

CONCLUSIONS 
The presented method allows the tracking of the tissue level 

displacements of a single trabecula and the calculation of 

localized surface strains with a high level of accuracy of  0.05 

μm and 0.01-0.03%, respectively. This newly developed and 

validated optical acquisition method avoids the use of clamp-

to-clamp measurement of strain and the relative uncertainty in 

local strain calculation. 

 

 

REFERENCES 

1. Lucchinetti, E., et al. Journal of Materials Science, 

35(24): 6057-6064, 2000 

2. Carretta, R., et al. Abstracts at 17th Congress of the 

European Society of Biomechanics (ESB), Edinburgh, 

UK, 454, 2010. 

3. Bolte, S. and F.P. Cordelieres,  Journal of Microscopy-

Oxford. 224: 213-232, 2006. 

 

 

Table 1: Deformation and displacement Accuracy (Mean) and Precision (RMSD, Root Mean Square Deviation). 

 

Step 
Mean Deformation    

[%] 

RMSD Deformation  

[%] 

Mean Displacement 

[μm] 

RMSD Displacement 

[μm] 

0N 0.010 0.013 0.019 0.024 

1N -0.015 0.016 -0.031 0.036 

2N 0.010 0.016 0.019 0.026 

3N 0.024 0.025 0.045 0.049 

4N 0.005 0.010 0.005 0.016 


