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Abstract 

Osteoporosis or ‘porous bones’ is the major cause of bone fracture in elderly post-menopausal 

women. As such, predicting fracture occurrence can significantly reduce the associated morbidity 

and reduce health-care expenditures. Examining local micro-structure of trabecular bone is 

becoming increasingly important for investigating bone fracture behaviour. 

The aim of the current work is to test the hypothesis that differences in local geometrical properties 

of trabecular bone such as orientation and thickness could predict the location of fracture 

initialization. For this, a symmetry-based method is used for assessing the effect of trabeculae 

structure on local micro-fracture. To quantitatively analyse the fracture behaviour, sequential 2D 

images of the cross section of a hamster femur surface undergone a multistage loading until fracture 

occurrence were captured. Geometrical properties of individual trabecular element such as 

orientation, length, and thickness are calculated via symmetry axis transfer.  The principal direction 

of the specimen was taken along the cranial–caudal direction. Trabecular elements were divided 

into different groups with respect to their orientation. Surface orientation analysis was carried out 

and the results from different regions were compared to describe the possible architectural factors 

affecting the local micro-damages.  
 

Introduction 

Osteoporosis is a bone disease which increases the risk of bone fracture especially in elderly 

women. The diagnosis of osteoporosis is currently based on estimating areal Bone Mineral Density 

using dual-energy x-ray absorptiometry [1]. Common osteoporotic fracture sites such as vertebral 

bodies, hip and distal radius contain relatively large amount of trabecular bone. However, unlike the 

fractures of radius and hip, collapsed vertebrae can still resist normal loading conditions [2]. The 

site-specific differences in osteoporotic fractures are likely due to the differences in loading pattern 

as well as the properties of bone [3]. A key role for trabecular microarchitecture was suggested by 

the classic definition of osteoporosis adopted in 1993 [4]. Qin et al [5,6] presented a multifield 

theory for analysing bone remodelling and porosity. According to the definition and theory, bone 

strength depends not only on the quantity of bone tissue and density but also on the quality, which 

is characterized by the bone architecture, mineralization, turnover, and micro-fracture accumulation. 

Conventional measures of bone microarchitecture do not provide local calculations of individual 

trabeculae, hence cannot provide specific information regarding the fracture of each trabecula [7-

11]. Furthermore, previous geometrical measurements of trabecular microarchitecture do not 

account for the variations in local thickness of individual trabeculae. More powerful bone 

microarchitecture evaluation would be expected to improve the prediction of the fracture risk and 

evaluation of bone microarchitecture treatments. 

The aim of this study was to develop a technique to measure 2D geometrical properties of 

individual trabeculae considering thickness profiles and study the possible factors affecting the 

fracture process of trabecular bone.  

 

Materials and Methods 
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To easily obtain the specimen with least probability of introducing defects, a cylinder shape for the 

specimen was chosen. A miniature hand drill removed core trabecular tissue by inserting through 

the medullary canal. Bone marrow was gently sucked out of trabecular tissue. Bone cylinder was 

washed, grinded and polished to reveal the cross-section and reduce the surface roughness of the 

specimen. After preparation, the specimen was undergone a 5 stage progressive compression 

loading in the direction of the cylinder height, until fracture occurrence was captured. 

A home-made microCT facility was used to capture 2D images of the cross section of the specimen 

at each stage of loading. It was shown by previous studies that 2D topological parameters of 

trabecular bone are highly correlated with yield stress of the femoral cores [10]. For segmenting, the 

images were inverted to grey scale so that the bone appears bright on a dark background. Interactive 

thresholding was done to remove the marrow from the images. Images were binary inverted to 

decompose the lattice of trabecular bone into its individual structural elements (see Figure 1). 

 

        

 
Boundary points of the individual struts alongside Symmetry Axis Transform/Delaunay 

Triangulation (AST/DT) were used to represent the bone image. Topological analysis was used to 

transform a collection of individual trabecular plates and rods into the image segments. 

Characteristic point of the triangles was used to represent the symmetrical axis of each trabecula 

[12]. Each skeletal segment was characterized by local length l, thickness w and orientation θ (l: the 

length of the straight-line connecting the characteristic point of two adjacent segments; w: the 

projection of the internal edge of the triangles onto the direction perpendicular to the local 

trabecular skeleton; θ: angular tilt, with respect to the horizontal coordinate axis). An iterative 

function was used to remove the artifacts generated during the thresholding process of the image, by 

measuring length to thickness ratio of each skeletal segment. A total number of 69 struts were 

identified in the trabecular structure. Orientation and thickness of each strut were calculated as the 

mean value of surface weighted l and w. To find the cranial–caudal direction, the cumulative 

surface of the struts laying within a cone of ±10 degrees for different θs was calculated. The failure 

of individual trabeculae was quantified by using the local measurement at different stages of 

loading. To study the deformation of the struts located in different sites of the structure, an image 

was divided into regions perpendicularly to the direction of loading (Figure 1). Total strain for 

different sub-region sizes was measured and optimum sub-region width was found to be 5 times 

greater than average trabecular thickness. Trabecular bone volume (BV/TV) for different sites was 

obtained by counting the number of pixels representing the bone and marrow phases, respectively. 

Surface fraction and number of trabeculae oriented along cranial–caudal direction for different sub-

regions were calculated. This fraction was used as an approximate trabecular anisotropy index due 

to the low surface fraction oriented in transverse direction. This index differs from that used by 

other derived from measurements of mean intercept length of test lines projected at differing 

orientations onto the trabecular structure [8]. 

Figure 1 Trabecular structure obtained from microCT and binary representation before loading (left) and after 

fracture occurrence (right) 
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Figure 2 Surface fraction orientation before loading 

(continuous line) and after fracture occurrence 

(dashed line) within a cone of ±5 degrees 

Table 1 Average value and standard deviation of the 

Gaussian distribution and surface fraction orientated 

along the principal direction at different stages of loading 

Results and discussion 

Statistical measurements of trabecular structure before loading showed that 49% of the total surface 

oriented along the principal direction (103 degrees) within a cone of ±10 degrees while only 4% of 

total trabecular surface laid along transverse direction (21 degrees) within a cone of ±5 degrees 

(Figure 2). Smaller cone size for transverse direction was used to observe the distribution in a bell-

shaped curve. Surface orientation histogram showed a similar skewed distribution as obtained by 

previous studies [9]. It was observed that the longitudinal trabeculae were greater in number (41% 

of struts) and were thinner (average thickness of 11.74 pixels) than trabeculae in transverse 

direction (6% of struts with average thickness of 15.66 pixels). For different stages of loading, 

orientation histogram was modelled with the best fitting Gaussian distribution (Table 1). Presence 

of the preferential biomechanical direction in most long bones justifies the hypothesis of using the 

normal model for fitting orientation histograms. As can be seen in Table 1, trabecular bone 

dynamically adjusts and re-aligns itself along loading direction which shows the same results as 

previous studies [9] and conveys Wolff’s law [13]. Decrease in standard deviation of Gaussian 

distribution and increase in trabecular surface fraction along the principal direction also indicate 

reduction of scattering in trabeculae orientation distribution during fracture process. 

  

Loading 

stage 

Standard 

deviation 

Principal 

direction ± 10 

Surface 

fraction 

0 25.2 94.5 34 

1 24.2 96.5 36 

2 25.3 97.1 34 

3 23.7 97.9 37 

4 23.4 95.4 37 

5 23.2 91.3 38 

AST/DT technique also provides the way to compute profiles of a strut. Comparing the orientation 

profiles of each strut at different stages of loading indicated that significantly more longitudinal 

trabeculae failed than oblique or transverse struts in both number and surface fraction. For 

individual trabeculae, the biggest deformation occurred in regions with the lowest thickness and 

highest rate of change in the orientation profile (Figure 3). 

 

 

 
BV/TV measurement for different sites demonstrated that the least rigid segment of the specimen 

where the most deformation occurred had the minimum value for BV/TV.  It was also observed that 

for the sites with low BV/TV, surface fraction orientated along principal direction was lower than 

the regions with higher BV/TV (Table 2). These results suggest that BV/TV and trabecular 

orientation may be independently predictive of the mechanical properties in determining the 

location of fracture occurrence which is consistent with the results from previous studies [11]. 
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Figure 3 Orientation (left) and thickness (right) distribution for a longitudinal trabecula (shown in grey colour in 

Figure 1) before (continuous line) and after (dashed line) fracture occurrence 
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Region No Surface based BV/TV % Principal direction oriented surface % Strain 

1 0.155 87 0.016393 

2 0.144 62 0.016393 

3 0.126 75 0.04918 

4 0.083 46 0.606557 

5 0.135 43 0.016393 

6 0.094 48 0.065574 

7 0.179 66 0.016393 

  

Conclusion 

A new technique was developed to quantify individual trabecular thickness and orientation based on 

the local surface profile. The concept of surface weighted orientation and thickness according to our 

method provides more precise measurements of individual trabeculae properties compared to 

previous methods. It was seen that our results not only were in good agreement with previous 

studies, but also showed that sites with the minimum bone volume fraction and longitudinal 

trabecular surface fraction through the bone governed the mechanical behaviour of the entire 

specimen. These results also suggest that strength and stiffness of femoral trabecular bone can be 

predicted using a unified relationship between these two parameters. The results of this study can be 

improved by further extending the measurement of trabecular structure properties in 3-Dimensions. 
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