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Abstract. The volumetric distribution of bone tissue can be analysed in 
terms of orthotropic medium. In this case, it is important to define the 
orthotropic directions. Nowadays, computed tomography methods allow 
getting such information. The method for automation such analysis is 
presented. Firstly, the threshold of binarization should be calculated. Then 
the sample should be meshed and each element should be binarized. After 
that fabric tensor, eigenvalues, eigenvectors and fractional anisotropy can 
be calculated for each element. Statistical methods were used to analyse 
the field of the obtained data. Described methods were used on a bone 
sample. It was shown that for a sample the fabric tensor is constant and 
the fractional anisotropy is close to zero. That's means that the medium in 
the sample was isotropic. 

1 Introduction 

Modern medical treatment is most often based on biomechanical modeling. This approach 
improves the quality of treatment. In this case, it is important to know the mechanical 
parameters of the tissue [1-4]. Obviously, the classical approach from composite 
mechanics can be used. But it is difficult to carry out verification experiments [5-8]. 
Therefore, computed tomography methods have become increasingly popular. It has been 
shown that the mechanical properties of bone tissue correlate with computed tomography 
data [9-12]. This means that quantitative information about the quality of bone tissue can 
be obtained at the diagnostic stage. Currently, there are various methods for assessing the 
orthotropic properties of the medium, such as representative models [13-15], 
inhomogeneous FE models [16, 17], direct FE models [18] and mixed methods [19-21]. 
Another problem of such analysis is to obtain the distribution of mechanical properties in 
the object under study. The actual task in these problems is the automation of such a 
calculation. The obtained data can be useful in various biomechanical calculations, such as 
determination of bone defects before [22-25] and after [26-28] surgery. 
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2 Materials and methods 

The volume distribution of bone tissue can be analyzed in terms of an orthotropic medium. 
In this case, it is important to define orthotropic directions. The tissue tensor is currently 
used to estimate orthotropic directions. The Average Intersection Length (MIL) method is 
used to construct the tissue tensor. The MIL in a material can be calculated as the aspect 
ratio of the distance, measured along a straight line, between two components of the 
material [19]. In this case, the fabric tensor can be calculated as the square root of the 
inverse approximation matrix. Usually the quadratic form [19,27,29] is used to 
approximate the MIL: 

𝐿𝐿𝐿𝐿−2(𝑛𝑛𝑛𝑛) = 𝑛𝑛𝑛𝑛 ⋅ 𝑀𝑀𝑀𝑀~ ⋅ 𝑛𝑛𝑛𝑛,   (1) 

where is n the unit vector in the direction of the mean intercept length measurement and 
length L(n) is the mean intercept length. To estimate the degree of anisotropy, we 
introduce fractional anisotropy, that can be calculated using the eigenvalues of the fabric 
tensor: 

𝑟𝑟𝑟𝑟 = �1
2
⋅ �(𝜆𝜆𝜆𝜆1−𝜆𝜆𝜆𝜆2)2+(𝜆𝜆𝜆𝜆2−𝜆𝜆𝜆𝜆3)2+(𝜆𝜆𝜆𝜆3−𝜆𝜆𝜆𝜆1)2

�𝜆𝜆𝜆𝜆12+𝜆𝜆𝜆𝜆22+𝜆𝜆𝜆𝜆32
⋅ 100%  (2) 

where λ1 – is the 1st eigenvalue, λ2 – is the 2nd eigenvalue, λ3 – is the 3rd eigenvalue. 
In the case of isotropy material (all eigenvalues are equal), the fractional anisotropy is 

equal to zero. 
Previous technique [29] for MIL approximation was generalized for three-dimensional 

space. The MIL data in a material can be represented as a vector: 

𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 = (𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖,𝑦𝑦𝑦𝑦𝑖𝑖𝑖𝑖 , 𝑧𝑧𝑧𝑧𝑖𝑖𝑖𝑖), i = 1,𝑛𝑛𝑛𝑛.   (3) 

In this case we can present quadratic form in general case as: 

𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥) = 𝑥𝑥𝑥𝑥 ⋅ 𝐴𝐴𝐴𝐴 ⋅ 𝑥𝑥𝑥𝑥𝑇𝑇𝑇𝑇 + 𝑥𝑥𝑥𝑥 ⋅ 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶 = 0,   (4) 

where 

𝐴𝐴𝐴𝐴 = �
𝐴𝐴𝐴𝐴11 2𝐴𝐴𝐴𝐴12 2𝐴𝐴𝐴𝐴13

2𝐴𝐴𝐴𝐴12 𝐴𝐴𝐴𝐴22 2𝐴𝐴𝐴𝐴23
2𝐴𝐴𝐴𝐴13 2𝐴𝐴𝐴𝐴23 𝐴𝐴𝐴𝐴33

� ,  B = �
𝐵𝐵𝐵𝐵1
𝐵𝐵𝐵𝐵2
𝐵𝐵𝐵𝐵3
�. 

The problem can be solved by minimization the target function: 

𝐽𝐽𝐽𝐽(𝑥𝑥𝑥𝑥) = ∑ �𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥)�2𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1 → 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑛𝑛𝑛𝑛.   (5) 

We introduce the vector of unknown parameters of the target function: 

𝜂𝜂𝜂𝜂 = (𝐴𝐴𝐴𝐴11,𝐴𝐴𝐴𝐴12,𝐴𝐴𝐴𝐴22,𝐴𝐴𝐴𝐴23,𝐴𝐴𝐴𝐴13,𝐴𝐴𝐴𝐴33,𝐵𝐵𝐵𝐵1,𝐵𝐵𝐵𝐵2,𝐵𝐵𝐵𝐵3,𝐶𝐶𝐶𝐶)𝑇𝑇𝑇𝑇 .  (6) 

In this case, the problem of minimization the target function leads to: 
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕(𝑥𝑥𝑥𝑥,𝜂𝜂𝜂𝜂)
𝜕𝜕𝜕𝜕𝜂𝜂𝜂𝜂𝑖𝑖𝑖𝑖

= 0 �𝑚𝑚𝑚𝑚 = 1,10�.   (7) 

This problem is equal to system of linear equations [29, 30]: 

𝑆𝑆𝑆𝑆 ⋅ 𝜂𝜂𝜂𝜂 = 𝑏𝑏𝑏𝑏.    (8) 
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Here constant C is just a scale factor of our approximation. According to a well-known 
inverse tensor theorem, quadratic form A is a second rank symmetric tensor. 

We used a specific algorithm to analyze the CT data. Generally, the algorithm of the 
analysis can be described as [25, 29, 31, 32]: 

1) calculating the binarization threshold; 
2) meshing the sample; 
3) binarizing of each element; 
4) constructing the MIL and its approximating, and calculating the fabric tensor for 

each element; 
5) calculating eigenvalues, eigenvectors and fractional anisotropy of fabric tensor; 
6) analyzing received fields for the object. 
Statistical methods were used to analyze the eigenvector field. To exclude fluctuations 

in the directions of eigenvectors, the most possible direction was determined. Thus, the 
most possible orthotropic directions can be determined. Then the dependence of 
orthotropic directions on spatial coordinates was investigated. To understand the behavior 
of orthotropic directions in a bone sample, the following method was used. The cylindrical 
coordinate system was constructed with the center at the center of mass of the sample. The 
center of each element was recalculated in the new coordinate system. In this case, a 
dataset U can be created: 

𝑈𝑈𝑈𝑈 = (𝑟𝑟𝑟𝑟𝑖𝑖𝑖𝑖,𝜃𝜃𝜃𝜃𝑖𝑖𝑖𝑖 ,𝜑𝜑𝜑𝜑𝑖𝑖𝑖𝑖|𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖)   (9) 

where r, θ, φ – cylindrical coordinates of ith element, val – data of interest (e.g. fractional 
anisotropy or eigenvectors). 

Singular value decomposition can be used for the correlation matrix of the dataset U. 
The singular values were normalized to their maximum value and a threshold of 10% was 
used. The discarded values will be understood as not affecting the data of interest. 

3 Results and discussion 
For numerical problem, CT data of rat's femur diaphysis was used. Micro/nanofocal X-ray 
inspection system for CT and 2D inspections of Phoenix V | tome | X S240 was used for 
scanning. The system is equipped with two X-ray tubes: microfocus with a maximum 
accelerating voltage of 240 kV power of 320 W and nanofocus with a maximum 
accelerating voltage of 180 kV power of 15 W. For primary data processing and creating a 
volume (voxel) model of the sample based on x-ray images, the datos | x reconstruction 
software was used. The sample fixed in the holder was placed on the rotating table of the 
X-ray computed tomography chamber at the optimum distance from the X-ray source. The 
survey was carried out at an accelerating voltage of 90-100 kV and current 140-150 mA, 
the dimension of a voxel is 6.747 μm. Mesh is shown on fig. 1b (totally 280 elements). 

The binarization threshold was found using the Otsu method. On fig. 2 original data 
(a), binarized (b) and MIL with approximation (c) is shown. The described method was 
used for each element of the mesh. Received data was eigenvalues, eigenvectors, and 
fractional anisotropy. In fig. 3a distribution of eigenvectors is shown, red lines are the 1st 
eigenvector, green lines are the 2nd eigenvector and blue lines are the 3rd eigenvector. In 
fig. 3b distribution of fractional anisotropy is shown. This distribution can be useful to 
discover isotropic and anisotropic zones in the object. 
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  a    b 
Fig. 1. Example of CT data (a) and it’s mesh(b). 

 
Distribution of eigenvectors and fractional anisotropy is shown in fig. 3. Using 

described statistical methods it can be shown that eigenvalues and eigenvector fields are 
constant. This fact is confirmed by values in the distribution of fractional anisotropy, 
which are in the range from 1% to 6%. It means that the medium in the sample is isotropic. 

 

   
a   b   c 

Fig. 2. Element: (a) – origin data, (b) – binarized data, (c) – MIL and it’s approximation. 
 

  
a   b 

Fig. 3. Results of calculation: (a) – distribution of eigenvectors (red – the 1st eigenvector, green – the 
2nd eigenvector, blue – the 3rd eigenvector), (b) – distribution of fractional anisotropy. 

 
In this case, average fabric tensor and its standard deviation can be reconstructed: 
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⟨𝐻𝐻𝐻𝐻~⟩ = �
0.320 1 ⋅ 10−4 −2 ⋅ 10−4
1 ⋅ 10−4 0.322 1 ⋅ 10−4
−2 ⋅ 10−4 1 ⋅ 10−4 0.320

�± �
3 2 2
2 3 2
2 2 4

� ⋅ 10−3 

4 Conclusion 
The technique of direct fabric tensor calculation according to computed tomography data is 
presented. Additionally, a method and algorithm for analyzing bone objects is considered. 
Fractional anisotropy was used to describe the degree of anisotropy. The described 
procedure was used to analyze the micro-computed tomography data of a bone sample. 
The specimen was meshed with 280 elements and the fabric tensor was reconstructed for 
each element. Eigenvectors, eigenvalues and fractional anisotropy were calculated. The 
MIL distribution was analyzed using the described method. It was shown that the fabric 
tensor is constant throughout the bone sample and the degree of anisotropy is small. 

 
The work was supported by the Russian Foundation for Basic Research and Government of Republic 
of Tatarstan within the scientific projects № 18-41-160025 and № 20-01-00535. 
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