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Abstract

:

The present work presents evaluation and experimental verification of the use of X-ray computed tomographic microscopy (micro-CT) for accurate characterization of geometry, microarchitecture, and stiffness properties of bones. These properties are crucial for designing and building optimized implants for joint and dental reconstruction applications. High-resolution micro-CT scans would provide more detailed and accurate information about the microarchitecture and density distribution across patient bones. Nevertheless, micro-CT applications on live patients require invasive procedures involving small bone biopsy specimens. Alternatively, micro-CT could be used on samples collected from selected cadavers of different age, gender, and race groups to establish a database that could be used for providing useful microarchitecture information. The micro-CT scans of investigated bone samples reveal that the trabecular bone is anisotropic and heterogeneous. The results also showed considerable degree of parametric variability and uncertainty on microarchitecture and stiffness properties of patient’s trabecular bone.
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1. Introduction


Characterization of microarchitectures, stiffness, and strength properties of human trabecular bone have become necessary for recent efforts to design and build optimized orthopedic implants with structures and texture tailored to closely mimic the anisotropic properties of patients’ bones and that can incorporate an engineered biological press-fit fixation technique [1,2,3,4,5,6,7]. Trabecular bone is considered very complex composite with significant heterogeneity of tissue material properties and microarchitectures [8,9]. This is critical for accurate design and effective fabrication of medical implants for joint reconstruction and dental restoration processes. Most Computer-aided Design and Manufacturing (CAD/CAM) models do not incorporate the heterogeneity of tissue material properties in analysis, design and optimization of medical devices. This could lead to significant inaccuracy of the developed designs which would contribute to risk of bone fracture and aseptic loosening phenomenon of the developed devices. The success of our efforts to design and build optimized orthopedic and dental implants is based on exploring the magnitude of the inter-specimen differences of mechanical properties both on the macroscale (within samples collected from same cadaver), and microscale (properties variations from point to point within same sample). Our ability to take available clinical computed tomography (CT) and micro-computed tomography (micro-CT) scans of bone to produce accurate 3D models of the patient’s anatomy is crucial to our efforts. Micro-CT is a common tool used with bone biology research and is recognized as an effective technique for revealing important details of bone microarchitecture [6,7]. Most recently, several investigations [10,11,12], have been conducted using micro-CT scans to perform analysis of subchondral trabecular bone in patients with Osteoarthritis (OA) disease. OA is a disease that results in destruction of cartilage of patient joints. The conducted investigations were planned to explore microarchitecture features in OA patients, and to investigate relationships between bone microarchitecture changes with different stages of progression of the disease.



The micro-CT derived images from reconstructed data accurately represent bone microstructural parameters for quantitative assessments [13]. Analysis of micro-CT scans would include the following useful parameters: bone volume/tissue volume (BV/TV; %), trabecular number (Tb.N; mm−1), trabecular thickness (Tb.Th; mm), and trabecular separation (Tb.Sp; mm). In addition, there are other parameters that can also be used to represent bone microarchitecture complexity, such as fractal dimension (FD), trabecular bone pattern factor (Tb.Pf; 1/mm), degree of anisotropy (DA), and connectivity density (Conn.Dn; 1/mm3) [13]. Segmentation of micro-CT scans also provides bone properties based on the gray value distribution. Clinical and micro-CT images are pixel maps of the linear X-ray attenuation coefficient of tissue that reflects the level of density [1,2]. A Hounsfield scale is applied to the linear X-ray attenuation coefficient. The Hounsfield scaled numbers are called HU value, CT number or gray value. Different tissues express different X-ray attenuation effects because of their different density and therefore have various gray values, for example, fat is about −110, muscle is around 40, and trabecular bone is in the range of 100–300. Azin Parsa et al. [14] analyzed the correlation between bone volume fraction (BV/TV) and calibrated radiographic bone density Hounsfield units (HU) in human jaws for dental implant applications. Their measurements were derived from micro-CT and multi-slice computed tomography (MSCT), respectively. This study indicates strong relation between bone volume fraction and bone density as assessed on micro-CT images. The results further indicated the high potential of micro-CT measurements to provide an accurate assessment of the bone quality at implant site [14]. Published results of investigations conducted using X-ray computed tomographic microscopy (micro-CT), indicated the potentials of using micro-CT for exploring the relationships between bone microarchitecture changes with different stages of progression of patient’s bone damage. These damages could be caused by diseases, bone resorption due to stress shielding phenomenon, and/or trauma caused by accidents. Particularly, these results reveal the possibilities of using micro-CT scans for diagnosing the nature and magnitude of damage occurred on patient bone. Unfortunately, most of these investigations did not use the full capabilities of quantitative micro-CT analysis for more detailed characterization of damage effects on microarchitectures of patient bones. The present work aims to assess and experimentally verify the use of micro-CT for accurate characterization of geometry, microarchitecture, and stiffness properties of bones to validate its use for designing and building optimized implants for joint and dental reconstruction applications.




2. Investigation Approach


The present investigation approach involves, preparing cadavers bone samples, experimental characterization of bone sample stiffness and strength properties, and micro-CT image analysis of bone samples.



2.1. Cadaver Bone Sample Preparation


One distal femoral condyle from the Musculoskeletal Transplant Foundation (MTF) was acquired for this research. The donor is a 21-year-old male (21M) without any recorded bone diseases. Trabecular bone samples (n = 4) were prepared with a band saw (Stryker Command 2 Oscillating Saw) for the cubic samples and a circular saw (Arthrex OATS Osteochondral Auto-graft Transfer System, 10 mm Dia) for the cylinder samples. Four samples have been prepared, with two cubes (15 mm × 15 mm × 15 mm, “CU 1” and “CU2”) and two cylinders (10 mm diameter, 15 mm length, “CY 1” and “CY2”). Figure 1 shows the preparation of the trabecular bone samples. For confirming the pattern of variation of stiffness and strength properties of trabecular bone, a secondary set of cadaver bone samples (n = 22) were acquired from the tibia of a 73-year-old male (73 M) donor, obtained from Science Care in Phoenix, AZ. These samples were prepared using the same methods described here. All cadaver bone specimens were preserved in sterilized containers with a 0.9% sterilized saline solution and stored under refrigeration.




2.2. Micro-CT Imaging


Micro-CT was conducted at the University of Missouri’s X-ray Microanalysis Laboratory using a Zeiss Xradia 510 Versa X-ray tomographic microscope. The cylindrical samples have a uniform penetration dimension (the cylindrical diameter) while the sample is rotating on the platform, which ensures ease of instrumental settings. Cubic samples have a variable cross sectional area during data collection, and thus resolution is therefore limited by the greatest diagonal width of the cube. While higher resolution is possible, to view the full sample in the field-of-view, the resolution of the scan is limited to the greatest width of the sample parallel to the X-ray beam direction. Table 1 reports the detailed scan parameters for the bone samples analyzed here. The maximum resolvable voxel size was 27.3 µm for the cubic samples and 18 µm for cylindrical samples, owing to the differences in maximum dimension.



Samples are placed in a plastic container, aligned along the vertical axis of the rotational stage in the scanner, and affixed to a stage mount to prevent sample movement during the duration of the scan. There is no scanning medium, with only air being around the sample. For our studied samples, 50 kV X-ray energy was adequate for appropriate X-ray transmission. A low energy X-ray filter was placed in the X-ray path to narrow the energy spectrum and reduce beam-hardening effects. A total of 1201 rotational projections were collected in each scan. Figure 2. shows the sample setup in the micro-CT scanner and Figure 3. displays the tuning of the scanning parameters.




2.3. Experimental Characterization of Mechanical Properties of Bone


Mechanical properties of both the 21 M and 73 M cadaver bone samples were tested under compression using a Texture Analyser, Texture Technologies Corp, to determine the elastic modulus and yield strength of different bone samples. An average strain rate of 0.01 s−1 was applied with a sampling rate of 50 Hz. Figure 4 shows the setup of the compression testing.





3. Results and Discussion


3.1. Mechanical Testing Results


The modulus of elasticity, yield strength, and yield strain results from cubic and cylindrical bone samples obtained on the first cadaver (21M) are summarized in Table 2. Typical stress–strain curves obtained from testing the two cylindrical bone samples are displayed in Figure 5. The displayed curves show peaks and valleys; since the trabecular bone is highly porous, when it fails, it may then subsequently show strengthening when the failed parts compress and start to touch on other trabeculae.



The results displayed in Table 2 show that the modulus of elasticity of the four tested samples varies between maximum value of 134 MPa and minimum value of 45 MPa with an average of 105 MPa and standard deviation of 42 MPa. Similar observations noticed on the measured yield strength with an average value of 4.679 MPa and standard deviation of 2.763 MPa. The results clearly show that stiffness properties, as indicated by the modulus of elasticity, are varied from sample to sample. The same pattern is echoed in yield strength results and yield strain results. These variations are indicative that trabecular bone material is heterogeneous could also have anisotropic behavior, due to a variation of properties from one location to another within the bone. Micro CT investigation results are thus useful in revealing more details about this behavior, including microarchitecture and property variation within the samples.



In order to confirm heterogeneity of trabecular bone material, Stress–strain curves were also obtained from compression testing twenty-two bone samples cut from a second cadaver for 73 years old male (73 M) who has died of cardiac arrest. The tibia was stored frozen until the preparation of the samples. The stress–strain curves obtained on all twenty-two samples are similar to those displayed in Figure 5 and reported in Table 3. All curves show peaks and valleys similar to the behavior of bone samples collected from the first cadaver of 21 years old male who has died of cardiac arrest. Each trabecular bone sample is unique, so they have different values of elastic modulus and yield strength. The reported measured elastic modulus varied from 9 MPa to 1903 MPa, with an average of 163 MPa and a standard deviation of 399 MPa. The range of reported yield strength varies from 0.3 MPa to 8.7 MPa, with an average of 2.4 MPa and a standard deviation of 2.5 MPa. These results reveal that, even for samples obtained from the same cadaver, stiffness and strength can vary significantly.




3.2. Micro-CT Scans Results and Analysis


3.2.1. Segmentation of Micro-CT Images


Micro-CT datasets were segmented to create accurate 3D models of the patient’s anatomy. The 3D models can be used for measurement, design customized medical devices, finite element analysis, optimization, and 3D printing, among numerous others. Figure 6 shows on the left, micro-CT segmented results of bone sample CU#1 and bone sample CY#1 and the representative 3D printed models using additive manufacturing techniques on the right.




3.2.2. Gray Value Analysis on Micro-CT Data


The optimal gray value thresholds were visually determined for each bone sample based on minimizing noise while maintaining trabecular interconnectivity. Figure 7 shows a high-resolution gray value analysis from micro-CT data of sample CY#1. The arrow on the micro-CT slice image of the trabecular bone (Figure 7a), corresponds to the HU profile displayed in Figure 7b. It is determined that any pixels with a gray value greater than 22,416 HU have been highlighted, and the boundary represents the actual trabecular bone structure. The micro-CT reconstructed image slices were imported into ImageJ BoneJ software [15] and the following parameters have been measured and listed in Table 4.



The trabecular thickness and spacing of specimen CY#1 and CY#2 are analyzed using 3-matic software [11] to create a color map showing the variation of thickness and spacing. The trabecular thickness, spacing, and representative histograms of CY#1 are displayed in Figure 8. The histogram shows the number of mesh triangles with assigned color for the corresponding thickness value. The same parameters are presented for CY#2 in Figure 9.



In many structural systems, there exists a considerable degree of parametric variability and uncertainty. These factors are commonly prevalent when observing events that pertain to biological systems. Probabilistic analyses take into account the variability and uncertainty of a system’s random variables in order to quantify their effects on medical devices reliability and performance. The uncertainty and variability among orthopaedic applications generate a great challenge to probabilistic analyses in which variability of biological structures vary immensely from one location to another. The variability and uncertainty of a structural system can be assessed by defining these parameters as random variables. Random variables can be represented through various types of probability distributions that represent the parameter variation within the target design system. The images presented in Figure 8 and Figure 9, representing trabecular thickness, spacing, and representative histograms for CY#1 and CY#2, respectively. The histograms show the number of mesh triangles with assigned color for the corresponding thickness and spacing values. All presented histograms fit Gaussian functions. These observations mean that the mentioned microarchitecture parameters: trabecular thickness and spacing have significant degree of parametric variability. The Gaussian distribution, also known as the Normal distribution, is a continuous distribution symmetric about its mean. The distribution can be described via mean and standard deviation as described in Equation (1).


   f x   x  =  1  σ   2 π      e  −  1 2        x − μ  σ     2    d x , − ∞ < x < ∞  



(1)




where μ is the distribution mean, σ is the standard deviation, and x is the value of variable.




3.2.3. Gray-Scale Value Based Bone Properties


Clinical CT and micro-CT images are a pixel map of the linear X-ray attenuation coefficient of scanned material that reflects the level of beam attenuation due to sample density [1,11,12,15,16]. A Hounsfield scale is applied to the linear X-ray attenuation coefficient through Equation (2), [15,16]. This allows the bone samples to display a gray value distribution, which can be used to segment the geometrical features of a patient anatomy.



After segmentation, the 3D models (surface meshes) can be re-meshed into volume meshes using tetrahedral elements, after which the tetrahedrons can be assigned with material properties using an empirical formula, Equation (3). Different sites of the bone express different coefficients within the formula. For trabecular bone of the proximal tibia, the equations are [17,18]:


  ρ = 0.916 H U + 114  



(2)






  E = 0.06  ρ  1.51    



(3)







In this equation, HU is the gray value or CT number with in Hounsfield units,  ρ  is apparent density (kg/m3) of the bone, and E is elastic modulus (MPa).



Figure 10 and Table 5 display bone properties assigned based on the gray scale values obtained from micro-CT data. The predicted modulus varied significantly from point to point within the tested sample with an average of 506.7 MPa and standard deviation of 238.06 MPa.






4. Conclusions


The present work presents evaluation and experimental verification of the use of micro-CT for accurate characterization of geometry, microarchitecture, and stiffness properties of bones. These properties are crucial for designing and building optimized implants for joint and dental reconstruction applications.



Micro-CT scans, with their much higher resolution, provide more detailed and accurate information about the microarchitecture and density distribution across patient bones. The micro-CT scans of investigated bone reveal that the trabecular bone is highly anisotropic and heterogeneous. The results also showed considerable degree of parametric variability and uncertainty on microarchitecture and stiffness properties of patient’s trabecular bone. Probabilistic analyses of micro-CT data could take into account these variabilities. They can aid in generating the required lattice structures of optimum implant designs that match closely patient bones and hence can overcome most of the issues related to aseptic loosening phenomenon and premature failure of the treated joints.



Nevertheless, micro-CT application to live patients requires invasive procedures involving small bone biopsies. Such systems require very small samples and are not designed for use with live subjects. Alternatively, micro-CT could be used on samples collected from selected cadavers of different ages (as conducted herein), genders, and race groups to form a database that could be used for providing useful microarchitecture information.
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Figure 1. Preparation of the trabecular bone samples. 
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Figure 2. Setup in Micro-CT scanner. 
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Figure 3. Tuning the Scanning Parameters. 
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Figure 4. Compression testing of the bone specimens. 
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Figure 5. Stress–strain curves for cylinder bone samples 1 and 2. 
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Figure 6. Micro-CT segmented 3D models of cubic bone sample CU#1 and Cylindrical sample CY#1 (left) and 3-D printed model using additive manufacturing technique (right). 
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Figure 7. Gray value analysis on a micro level on the Micro CT. The arrow on the micro-CT slice image of the trabecular bone (a), corresponds to the HU profile displayed in (b). 
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Figure 8. Trabecular thickness and trabecular spacing colored maps and histograms for cylindrical bone sample CY#1. 
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Figure 9. Trabecular thickness and trabecular spacing colored maps and histograms for cylindrical bone sample CY#2. 
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Figure 10. Bone Stiffness Properties (MPa) Assigned Based on the Gray Scale Values. 
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Table 1. Setting of the used Micro-CT Scanner.






Table 1. Setting of the used Micro-CT Scanner.





	
Sample Identification

	
Voxel Size (Micrometer)

	
Kv

	
W

	
Objective

	
Filter

	
Exposure (Sec)

	
Projections

	
Time per Sample (Hours)






	
CU#1

	
27.318

	
50

	
4

	

	

	
4

	

	




	
CU#2

	
27.318

	
0.4X

	
LE1

	
4

	
1201

	
2




	
CY#1

	
18.011

	

	

	
4.5

	

	




	
CY#2

	
18.011

	

	

	
4.5
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Table 2. Properties obtained on the first cadaver (21M) of cubic and cylindrical bone samples.
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	Sample Identification
	Modulus Si (MPa)
	Yield Strength

(MPa)
	Yield Strain





	CU#1
	133
	8.67 (Max)
	0.093



	CU#2
	45
	2.70 (Min)
	0.101



	CY#1
	134
	4.40
	0.056



	CY#2
	107
	2.95
	0.080



	AVERAGE
	105
	4.68
	0.082



	STANDARD DEVIATION
	42
	2.76
	0.0196
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Table 3. Compression testing results of the trabecular bone specimens of the second cadaver.
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	Bone Sample

Identification
	Elastic Modulus

(MPa)
	Yield Strength

(MPa)





	1
	9.0
	0.3



	2
	35.3
	2.0



	3
	18.8
	0.4



	4
	20.9
	0.6



	5
	41.2
	1.6



	6
	13.1
	0.4



	7
	108.2
	2.5



	8
	54.9
	2.5



	9
	102.9
	3.2



	10
	20.7
	2.0



	11
	28.1
	0.7



	12
	46.3
	0.6



	13
	47.1
	0.6



	14
	35.8
	0.6



	15
	395.0
	6.0



	16
	1903.4
	8.5



	17
	33.9
	0.6



	18
	101.6
	2.0



	19
	241.2
	8.7



	20
	82.4
	2.7



	21
	134.5
	4.4



	22
	106.8
	3.0



	AVERAGE

VALUE
	163.0
	2.4



	STANDARD

DEVIATION
	399.00
	2.5
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Table 4. Trabecular bone analysis in ImageJ BoneJ.
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	Trabecular Boone

Sample Identification
	BV/TV

(%)
	BS/TV

(MM−1)
	BS/BV

(MM−1)
	TB.TH

(MM)
	TB.TH.SD

(MM)
	TB.SP

(MM)
	TB.SP.SD

(MM)
	DA
	CONN.D

(MM−3)





	CU#1
	26.876
	3.454
	12.851
	0.154
	0.037
	0.318
	0.151
	0.552
	4.523



	CU#2
	18.929
	2.685
	14.187
	0.148
	0.041
	0.363
	0.172
	0.270
	3.161



	CY#1
	15.876
	2.270
	14.296
	0.151
	0.048
	0.382
	0.206
	0.370
	3.032



	CY#2
	22.356
	3.061
	13.680
	0.152
	0.05
	0.341
	0.181
	0.556
	2.919



	Average
	21.009
	2.867
	13.756
	0.151
	0.044
	0.351
	0.178
	0.437
	3.409



	Standard

Deviation
	4.723
	0.507
	0.658
	0.0025
	0.006
	0.028
	0.023
	0.141
	0.749







BV/TV: Bone volume fraction, ratio of the segmented bone volume to the total volume of the region of interest. BS/TV: Bone surface density, the ratio of the segmented bone surface to the total volume of the region of interest. BS/BV: Specific bone surface, the ratio of the segmented bone surface to the segmented bone volume. Tb.Th: Trabecular thickness, mean thickness of trabeculae, assessed using direct 3D methods. Tb.Sp: Trabecular separation, the mean distance between trabeculae, assessed using direct 3D methods. Tb.Th.SD: Standard deviation of trabecular thickness, the measure of the homogeneity of trabecular thickness, assessed using direct 3D methods. Tb.Sp.SD: Standard deviation of trabecular separation, the measure of the homogeneity of trabecular separation, assessed using direct 3D methods. DA: Degree of anisotropy with value of “zero” means the image is completely isotropic. DA with value of “one” means there is a very large variation on properties with orientation in the structure of the image. Conn.D: Connectivity density, a measure of the degree of connectivity of trabeculae normalized by the TV [15].













[image: Table] 





Table 5. Bone Stiffness Properties.






Table 5. Bone Stiffness Properties.





	Grayscale Measurement

Location
	Calculated Stiffness

(MPa)





	1
	156



	2
	210



	3
	270



	4
	338



	5
	412



	6
	492



	7
	578



	8
	671



	9
	770



	10
	874



	Average (MPa)
	507



	Standard Deviation (MPa)
	238
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