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Abstract

:

We propose an experimental technique for the estimation of quality parameters of post-mortem human bone samples with signs of osteoporosis. Since we were interested in characterizing bone microstructure by evaluating porosity, trabecular thickness, and space, we obtained reference values of those parameters for some of our samples through micro-computerized tomography (micro-CT). Nevertheless, as such technology is not widely available, here we used a 2D imaging approximation of those quality parameters. We based our estimation on simple digital microscopy and calibrated to ensure a percentage of similarity higher than 95% in comparison to those values achieved through micro-CT. Additionally, we subjected our samples to mechanical testing to obtain a complete characterization of our samples and to provide a preliminary assessment of the possible relationship between clinical tests of bone mineral density (BMD) and bone quality parameters. Our results show that BMD may have very low specificity in the assessment of the authentic microstructure of bone, then a broader analysis of quality parameters is required to enhance the reliability of future osteoporosis diagnosis technologies.
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1. Introduction


Bones are living structures with high stiffness, but capable of transmitting compression, bending, and torsion loads. Additionally, they achieve all this with minimum weight and high efficiency [1]. At the macroscopic level, there are two forms of bone tissue: compact (cortical) and spongy (trabecular). Cortical bone is a dense solid material formed by microscopic canals, and it accounts for 80% of the skeleton. The remaining 20% corresponds to the trabecular bone, which has a complex microstructure comprised of a group of rods (trabeculae) forming a disorganized mesh. The principal characteristic of the trabecular bone is its porosity, which depends on pore size. Bone strength depends on its quantity and quality [2,3,4].



Bone quantity refers to factors such as bone mineral density (BMD) and porosity, while bone quality (specifically in the trabecular bone) is related to material composition and material properties, including microstructure and geometry, assessed in terms of trabecular space, mechanical properties such as fracture resistance, Young’s modulus, and trabecular thickness [5,6]. All these properties make trabecular bone a potential mechanical element designed to absorb energy from impacts transmitted through the joints.



The biomechanical competence of trabecular bone is dependent not only on the absolute amount of bone, but also on the trabecular microarchitecture [6]. See, for example, the Y-shaped structure that forms in the trabecular architecture of the dens in cases of odontoid process fractures [7]. This structure is the result of extensive stresses submitted at the first and second cervical vertebra, and its study provides new insights into biomechanical responses of C2 under physiological loading and traumatic conditions.



Here, we are interested in osteoporosis, which directly affects bone strength and increases the risk of fracture [8]. For its evaluation, BMD quantification is performed in elderly patients through bone densitometry tests, with the use of dual-energy X-ray absorptiometry (DXA) [9,10]. Specifically, this device measures the quantity of mineralization in different areas of the skeleton, but it is most often applied to lumbar spine and proximal femur (total femur and femoral neck), as these are the gold-standard zones accepted by the International Society of Clinical Densitometry. High BMD does not confirm low-risk fracture, as it does not consider the quality of bone, yet the evaluation of BMD through DXA has proved clinically useful in assessing osteoporotic tendencies [11]. Nevertheless, DXA does not confer fully accurate approximations towards fracture risk assessment [12,13,14,15], as DXA measures are insensitive to mechanical relevant alterations in bone quality [16].



An important consideration is that a relatively small reduction in BMD can result in a dramatic increase in the risk of fracture due to the non-linear relationship between bone density and strength [17]. Yet, only 60% of the variation in bone strength can be predicted by means of BMD assessment [18]. Although the assessment of BMD through the DXA technique gives general information about total bone mass, it does not provide information about the structural conditions of the trabecular bone. Hence, adding such structural information (bone geometry, cortical thickness, porosity, as well as trabecular bone morphology) to the osteoporosis diagnosis is key to increase reliability.



In addition to osteoporosis diagnosis, the study of bone quality has a broader clinical relevance, as congenital and hereditary factors also have an impact in trabecular conformations. For example, in [19], significant variations in structural composition of trabeculae were found among patients with adolescent idiopathic scoliosis (AIS) and age-matched congenital scoliosis (CS). Other studies interested in trabecular conformation are related to the treatment of congenital and acquired craniofacial deformities [20], congenital hypogonadotropic hypogonadism (CHH), Kallmann syndrome (KS) [21], and telomere dysfunction [22].



Although we orient our study to the analysis of trabecular regions, it is important to mention that several publications have extensively analyzed the cortical zones. For example, in [23], they used static pictures taken on transverse modality and found increased porosity with age, leading to cortical thinning. Other studies worth mentioning that studied the increase in the size of cortical pores with age and the associations of structural characteristics in cortical bone with fracture are [24,25,26].



Therefore, our study aims to contribute to the knowledge of bone quality parameters in bone with osteoporosis. Three-dimensional micro-imaging techniques accurately obtain such parameters. However, limited access to such technology makes it difficult for this analysis to become a widespread effort. Hence, there are no consistent databases of bone quality parameters for bone modeling or clinical studies. For this reason, our approach to the problem of bone quality assessment is through a 2D imaging approximation capable of attaining results comparable to those obtained with scarcely available and expensive technologies. Following on previous studies, our work here proposes a preliminary comparative analysis between parameters of quality and quantity of trabecular bone to get greater insight on their relation to those of bone resistance.




2. Materials and Methods


The Bone and Tissue Bank of the Autonomous University of Nuevo Leon (UANL) hospital provided thirteen samples corresponding to sections of femoral necks from seven cadavers. Each specimen was classified according to age as follows:



	
One bone sample from a 25 years old male donor, used as a reference for non-osteoporotic bone;



	
Three bone samples from 45, 52, and 68 years-old female donors used for test of osteoporotic condition;



	
Three bone samples from 50, 57, and 64 years-old male donors, also used for the examination of osteoporosis.






A freeze-drying process was induced to the samples to preserve the bone. Figure 1 shows two of the specimens donated, where the top figures belong to the 25 years-old male, while the bottom ones correspond to the 68 years-old female.



2.1. Machining Process


The machining process to be explained next, as well as the rest of the analysis process, was performed on an availability basis, meaning that not all samples were available at the same time nor in the same order as listed in the beginning of Section 2.



The samples underwent a machining process to obtain from them bone cubes. We prepared a gypsum and water mixture in a container and emptied it into an aluminum mold. While the compound was still fresh, a femoral neck section, placed directing the longitudinal orientation of the primary tensile trabeculae, was introduced into it. Then, the mixture with the bone inside was left to dry. Once the mixture dried, the bone was cut in the form of a cube, using the mold as a support and a computer numerically controlled (CNC) machine. The cubic shape of the samples was set to 10 mm per side. Note that, in some cases, we were able to obtain up to two bone cubes from a single femoral head, as its shape accommodated the required cuts to achieve it. A representation of the machining process and examples of the bone cubes obtained can be seen in Figure 2.




2.2. Bone Densitometry


Each of the bone cubes was analyzed by bone densitometry to know their level of mineralization and confirm osteoporosis in the donor. Densitometry tests were carried out through DXA, using equipment provided by the Osteoporosis Center of the UANL hospital. As a result, the obtained BMD values (g·cm−2) and T-score numbers determined the diagnosis of the patient. T-scores compare the BMD of patients (BMD   P  ) with the average BMD (BMD    AVG   ) of the corresponding population, i.e.,    T - score  = (  BMD P  −  BMD AVG  ) /  SD   , where SD is the standard deviation. Classification is performed within one of the three diagnoses, depending on the T-scores: normal, osteopenia, or osteoporosis [15,27].




2.3. Assessment of Bone Micro-Architecture


The trabecular bone micro-architecture was assessed with imaging techniques, in particular the porosity, trabecular thickness (denoted as Tb.Th), and trabecular space (denoted as Tb.Sp). In our case, X-ray micro-computerized tomography (micro-CT) was the gold standard for those measurements. Due to the scarce availability of such equipment, we used an alternative 2D imaging approximation for the analysis of porosity, calibrated to provide minimum error when comparing measurements of different porous materials through both the gold standard and our 2D estimation.



2.3.1. Micro-CT Analysis and 3D Estimation of Porosity


Under those conditions, our gold-standard measurements were performed with a benchtop micro-CT built at the Physics Institute (IF) of the National Autonomous University of Mexico (UNAM), as well as with the use of a patented CT equipment (twinned orthogonal adjustable tomography -TORATOM-, EP 2835631):




	
The device at IF-UNAM [28] is an Oxford Instruments Apogee XTG5011 tungsten anode X-ray tube with a nominal focal spot size of 35 µm, coupled to a Rad-icon Shad-o-Box 2048 flat panel detector (Teledyne DALSA Incorporated, Waterloo, ON, Canada). The collection of the projection image data were at 50 kVp, 1 mA with an integration time of 500 ms per frame and 360   ∘   orbit in 1   ∘   steps.



	
TORATOM has a specific geometry movable to attain magnifications between 1.2 and 150 and comprises of two X-ray tube-detectors with accelerating voltage between 20 and 240 kV, maximum power of 260 W, and minimum spot size between 0.8 and 5 µm. TORATOM included as well one Dexela 1512CL X-ray detector (XWT-160-TCHR, X-ray WorX, Garbsen, Germany), with a sensitive area of 145.4 × 114.9 mm, and resolution of 1944 × 1536 mm pixels and pixel size of 74.8 µm; and a flat panel detector XRD 1622 AP 14 (Perkin Elmer, Waltham, MA, USA) with an active area of 409.6 × 409.6 mm, resolution of 2048 × 2048 pixels and pixel size of 200 µm.








Four of our testing bone cubes were analyzed through micro-CT with the device at IF-UNAM. Additionally, we were able to use TORATOM to study samples of various materials: trabecular bone sample [29], alkaline activated composite, concrete glass, and sandstone. The purpose of using these materials, together with the bone cubes, was to have enough reference values to compare against to calibrate our proposed 2D imaging approximation of porosity. Next, we describe both the micro-CT 3D analysis and the 2D imaging approximation for the assessment of porosity.



Micro-CT images allowed us to create virtual 3D models of our bone cubes with a high resolution. For proper filtering and thresholding of the images, we used the software packages Fiji [30] and ImageJ2 [31]. Furthermore, the software toolbox Pore3D [32] was used to filter and segment the images, as well as for appropriate selection and quantification of pores, attaining images of ten consecutive longitudinal and equally spaced slices of each sample from those models. Figure 3 shows examples of those images for one of our cubic bone sample and the sample of trabecular bone. For each of the samples, an isolation and quantification procedure of pores followed the corresponding micro-CT and their reconstructions.




2.3.2. 2D Imaging Estimation of Bone Structure


For the estimation of the porosity of our bone cubes, we used a 2D imaging technique based on a digital microscope. Hence, the six faces of the bone cubes were dyed in black to create contrast at its surface between trabeculae and pores. Next, the AF4515ZTL Dino-Lite microscope (https://www.dino-lite.com/, accessed 12 Jun 2021) helped to obtain photographs of each face. Each image was binarized to get areas of pores (white pixels in the binary image), the bone area (black pixels), and the total image area. Porosity is given in percentage, an it is calculated as the ratio of the pore area and the total area. Figure 4 shows an example of such a process. For the case of trabecular thickness and trabecular space, we calculated them based on the local thickness method [33], in which the thickness at a given point on the structure is defined as the maximum diameter of a circle drawn within the structure.




2.3.3. Comparing Porosity Values


From all images obtained through the processes explained in the Section 2.3.1 and Section 2.3.2, a porosity value is calculated as the ratio of black pixels to the total number of pixels in the image. In the case of the 2D imaging technique, a single estimated porosity value is obtained by averaging the porosity obtained from the 2D images of the six faces of a bone cube. Next, the bias (absolute difference in percentage) between the calculated porosity of each image obtained through the 3D technique and the estimated porosity is calculated for each bone cube. Given that the 3D imaging technique provides images of at least ten longitudinal slices, mean and standard deviation of the bias can be obtained for each bone cube.





2.4. Mechanical Testing


The AG-X SHIMADZU universal testing machine, located at the Center for Research in Advanced Materials (CIMAV), Monterrey’s Unit, was used for the compression testing in the total number of specimens. Stress–strain diagrams helped to acquire the following mechanical properties, after carrying out the tests under a speed of 1 mm/min:




	
Ultimate stress (  σ  max   ), which is the maximum stress attained in the stress–strain diagram;



	
Yield stress (  σ y  ), which is the amount of stress required towards the permanent deformation;



	
Young’s modulus (E), which is the relationship between stress (force per unit area) and strain (proportional deformation) within the linear region in the uniaxial deformation.








The trabecular bone sections were positioned in the machine to direct the longitudinal orientation of the human femoral neck to its primary tensile trabeculae [34].





3. Results


3.1. Porosity Assessment through Micro-CT


Table 1 details the main characteristics of each bone cube obtained from our samples (donor, gender, age, and name of the sample cube), as well as the value of porosity obtained through micro-CT when available. Note that for donors 3, 4, and 5, we had both the left and right femur heads. In most cases, we were able to obtain two bone cubes out of a single femur head through the machining process described in Section 2.1. Furthermore, note that we analyzed four bone cubes through micro-CT, as those were the only available at the time we had reserved the micro-CT machine for our study. Hence, we were able to survey the porosity of three of the seven available bone donors through our gold-reference, as well as other reference materials: trabecular bone (shown in Figure 3), alkaline composite, concrete glass, and sandstone.




3.2. Comparison of Estimated Porosity against Gold-References


Applying the comparison process described in Section 3.2, we were able to assess the bias of our estimates and determine the overall best biased estimate of porosity that provides the lowest error when compared against gold-references. Hence, we found that the best biased estimate of porosity was one standard deviation below the maximum bias. Based on that, the error between the gold-references and such best approximation was always between 0.42% and 4.32% for our bone samples and the trabecular bone sample from [29]. For sandstone, concrete glass, and alkaline activated composite, the bias was 1.66%, 14.63%, and 24.77%, respectively. Note that, for the most porous materials, our estimations were always below 5% error and bias values were never farther than 1.5 standard deviations away from the mean value.




3.3. Percentage of Porosity in 2D


The percentage of porosity obtained from our 2D imaging estimation for all our samples is shown in Figure 5. There, we did not see a significant difference in porosity among Donor 1 and 2, although there was a difference of 5 years between them. Hence, the absence of difference could be attributable to gender, as the female population is known to be more vulnerable to osteoporosis. Furthermore, the porosity of samples of Donor 3 were within the range of 61% to 68% and there was a difference of two years in comparison to Donor 2. Again, the slightly increased value might be gender-related. Finally, even though the age of the male donor of samples Donor 4 was considerably higher than the age of the previous donor, it seemed to be no porosity difference between both of them. The same observation applies to the porosity of Donor 5, whose values did not increase significantly regardless of the age difference.




3.4. Bone Densitometry


We obtained BMD and T-score values through DXA, as shown in Figure 6. There, organized by age in the horizontal axes, the values obtained for all donor samples are observed in the same order as in Table 1. Note that T-score in Donors 1 to 6 shows values equal or under −6.9, which indicates their classification into the osteoporosis group. Furthermore, note that BMD values of the Donors 1 to 5 are within 0.13 and 0.29 g·cm−2, while some inter-individual variations were observed in the sample cubes from the same donors and even from the same femoral neck.




3.5. Trabecular Thickness and Space


The results for trabecular thickness and space for our samples are summarized in Figure 7. The trabecular thickness for the Donors 1, 3, 4 and 6 showed similar values for each of their corresponding samples. However, for Donor 5, those values corresponding to its left femoral neck (first and second bars), seemed to have different values in comparison to the one corresponding to the right femoral head (third bar). Concerning trabecular space, the control values were significantly smaller than the rest of the samples, as expected. On the other hand, little differences existed in donors between 45 and 64 years old, as they remained with values of Tb.Sp, within a range of 0.8 to 1.7 mm.




3.6. Compression Tests


The sixteen bone cubes were subjected to compression tests to obtain their stress–strain characterization. Table 2 shows a summary of that in terms of our parameters of interest: ultimate stress (  σ  max   ), yield stress (  σ y  ), and Young’s modulus (E). Hence, we noticed that our results followed what was expected for normal bone (large values in all our parameters for control samples) as well as for most of our osteoporotic specimens (average values decreasing with age). Yet, some inter-individual variations were found, especially in E. In particular, Donor 1 had an average value of E lower than the following older donor, which again can be credited to gender. On the other hand, Donor 4 had mean   σ  max   ,   σ y  , and E values lower than expected for their age. Yet, this might be a result of mechanical tests for Donor 4 being outliers.





4. Discussion


Even though the estimation of quality parameters of our human bone samples was based on a 2D imaging technique, the calibration through the gold-reference measurements in both bone an a sample of porous material (such as sandstone) allowed to achieve a low bias in the estimation (below 5%). We believe this is important, as the cost-benefit of these studies has to be pondered between having accurate porosity values through equipment with limited access, against estimated values obtained through low-cost technology that can be calibrated to minimize error, then allowing a more all-inclusive characterization of bone samples.



Given its low bias, our approximations of porosity values using 2D images are valid estimators and can be used for further analyzing our bone samples (as well as other porous materials), the reason for which we decided to put our results in terms of those estimated values and proceeded with a comparison between quality and quantity parameters of our samples. However, a similar approximation for less porous materials is not possible due to the known non-linear relationship between specific surface and porosity. In [35], such behavior is represented as a parabolic curve that comprises the range from very compact to least dense material, showing a maximum in medium porosity levels. In our case, due to osteoporosis, all samples belong to the right-tail of such curve (least dense and more porous bone) in which the behavior can be well approximated as a linear function that models a rapid decay of the specific surface of the bone as porosity increases. More details on this can be found in [36].



Our work adds up to previous studies regarding the comparison among bone-specific surface (BS/TV) against the bone volume fraction (BV/TV). For example, [35] initially proposed a “dome-shaped” curve behavior within a fifth-order polynomial. Later, other studies improved the approximation on the relationship among those variables, for example, by analyzing 3D images of cortical femurs with synchrotron radiation [37], or through the development of a computational model of bone remodeling that integrates bone cell interactions based on bone porosity and stiffness [38]. Another example is the work of [39], where bone remodeling equations are proposed for the evaluation of the existing risks of osteoporosis fractures by taking into consideration the microstructure and magnitude of a specific surface. In that context, our work highlights the effectiveness of a comparison between two-dimensional and three-dimensional modalities in bone tissue. We show that it is possible to analyze two-dimensional images in trabecular sections through a binarization process and with comparable results as those obtained through technologies such as X-ray computed microtomography. More details on our preliminary findings are discussed next.



4.1. Bone Densitometry


Control samples (male, 25 years old) had the highest BMD values, unlike the specimens of Donor 6 (female, 68 years old), which were surprisingly low. The T-score for the control sample was found in the osteopenia classification, although its age was 25 years old. Nevertheless, it was not as low as the rest of the donors. Therefore, it is safe to say that all donors, except the one used as a control, show clear signs of osteoporosis.



It must be noted that, in clinical analyses, trabecular bone is not solely evaluated, but also an area of the skeleton that contains additional cortical bone. Cortical tissue is denser, so the sum of the mineralization of the cortical bone, plus that of the trabecular tissue, increases the T-score values up to those usually obtained in the clinic. Hence, as DXA does not differentiate between a compact (cortical) and cancelous (trabecular) tissue, BMD and T-scores appear to be underestimated in our results. Therefore, our results provide the true BMD of trabecular tissue, and this is an important assessment, as this tissue is the most affected part of bone by osteoporosis.




4.2. Trabecular Thickness and Space


In general, our results showed an average tendency to confirm the expected due to the osteoporotic condition of our samples: age affects Tb.Th and Tb.Sp, making the former lower and the latter higher. Although presenting inter-individual variations, these can be overcome with a larger donor sample to obtain a characterization capable of providing reliable information about osteoporosis based on age and gender.




4.3. Comparing Clinical Versus Trabecular BMD


Here we provide additional clinical data to confer a sense of how our obtained BMD values compare against those in clinical practice. Three intervals of BMD values are used for diagnosis purposes: normal within a BMD interval of 0.97 to 1.28 g·cm−2, osteopenia with a BMD interval of 0.70 to 0.85 g·cm−2, and osteoporosis when BMD was lower than 0.65 g·cm−2.



Under those conditions, Figure 8 shows two horizontal graphs that compare the BMD obtained from clinical trials on whole bones from different patients (top graph) and BMD values obtained at the trabecular level from our samples (bottom graph). Scales show the corresponding ranges of values between lower and higher results in each modality to facilitate comparisons. For clinical values, a range of ages and genders were chosen as a sample of typical osteopenic and osteoporotic patients. As can be noted, BMD at the trabecular level seems to have very low specificity, as most of our osteoporotic cases are clustered together, far away in the scale from our control case.




4.4. Comparison of Quality and Mechanical Tests


Figure 9 compares all our results on the cube samples: BMD, porosity, Tb.Th, Tb.Sp,   σ  max   ,   σ y  , and E. In Figure 10, we show the quality parameters compared against age and gender. Again, all scales are spanned by their corresponding lower and higher values to facilitate comparisons. Moreover, the values for these parameters fall within the range of published human values (see, e.g., [40,41,42]).



From our results, we can note that BMD for the 57-year-old male donor (Donor 4 shown in orange) got one of the highest values for our osteoporotic donors, but its porosity was also the second-highest, only placed after our oldest donor. On the other hand, the porosity of the 50-year-old male donor (Donor 2 displayed in navy-blue), whose BMD was one of the lowest, does not show a dramatically high porosity. These results seem counter-intuitive and suggest that BMD could not be considered as the sole criteria for defining the bone strength. In that sense, studying bone quality in more extensive detail could prove complementary in bone assessment for clinical applications.



Even when our results put our control sample in the osteopenia group, we have to remember that clinical diagnosis criteria consider total bone, which contains not only trabecular bone, but also the denser and more compact cortical bone. Based on this, our BMD values were expected to be lower; hence, we consider our control donor to be healthy.



The stiffness is related to the bone mineralization or the BMD value. This relationship can be examined more deeply by comparing BMD and E. In that sense, E showed a higher dispersion over the minimum–maximum range. This behavior in E allows for better discrimination of our sample cubes based on mineralization. Such an enhanced capacity of discrimination could be an important asset in the development of future diagnosis techniques.



Our inter-individual variations show the need for performing a larger number of experiments to generate consistent statistics of the quality parameters before these can be used in other areas such as mathematical modeling or future clinical diagnosis. Nevertheless, the results obtained up to this point show promising potential, especially when compared to other studies such as [40], in which the trabecular thickness and space remained fairly constant despite the strength of the bone, hence leading to the conclusion that trabecular data were poor indicators of bone quality. Here, we show that Tb.Th and Tb.Sp are inversely correlated (as expected) while the first one is directly correlated to   σ  max    and E. Therefore, we show that trabecular data may be used as indicators of bone quality, especially when signs of osteoporosis are present.





5. Conclusions


Our proposed 2D imaging estimation of quality parameters proved to be reliable, low-cost, and it provided further insight regarding the current assessment of osteoporosis. Our proposed methodology significantly reduced the dependence on expensive equipment. However, it did not add a significant error in the evaluation of porous materials. Hence, it allowed us to analyze relationships between bone quality parameters and their mechanical properties. Together, our results on bone densitometry, microarchitecture, and mechanical tests gave us a closer look into the vast relationships of all their parameters with osteoporosis. Finally, despite not being part of our original aim, our results also provide the true BMD of trabecular tissue, which is an important piece of information in the assessment of osteoporosis.



Future work will include further testing as new donations of bone are available, as well as a more detailed assessment of the bone mechanical properties, including microdamage distribution [43].
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Figure 1. Proximal (left) and distal (right) cross-sections of femur neck. Top row correspond to 25 years-old male donor, while bottom are from 68 years-old female. 
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Figure 2. Representation of the machining process (left) and examples of the bone cubes (right). Note that only those bone cubes with 10 mm per side were used in this study, but smaller cubes were set aside for future studies. 
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Figure 3. Micro-CT images of bone samples: (left) longitudinal slices of one of our bone cubes (male donor of 57 years-old), and (right) trabecular bone sample from Doktor et al. [29]. 
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Figure 4. 2D imaging approximation for porosity assessment: (left) binary image of a face of one bone cube sample, (center) Tb.Th color map which contains circles that were found in the area that represents bone, and (right) Tb.Sp color map showing circles that represent pores. 
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Figure 5. Porosity of each sample. 
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Figure 6. BMD and T-score values for each neck femur sample cube. 
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Figure 7. Summary of results for Tb.Th (top) and Tb.Sp (bottom). 
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Figure 8. Comparison of the distribution of BMD values (g·cm2): (top) clinical BMD for different patients whose gender (F or M, for female or male, respectively) and age is indicated above the corresponding value; (bottom) average trabecular BMD of our samples. 
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Figure 9. Comparison of all the measurements made on our cube samples. Color coding is the same as in Figure 8. Note that scales in porosity and Tb.Sp go in opposite direction with respect to others (decreasing from left to right) for comparison purposes. 
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Figure 10. Comparison of quality parameters against age and gender. All graphs show raw data from female donors in red dots and those from male donors in blue. Dashed lines correspond to the linear regression of the corresponding data. Significant differences among genders were found in the case of trabecular space (t-test,   p = 0.0017  ). 
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Table 1. Specifications of sample cubes, as well as porosity values obtained through micro-CT (n/a indicates those samples that were not assessed with this technique).
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	Donor
	Gender
	Age (Years)
	Sample Cube(s)
	Porosity (%)





	Control
	Male
	25
	# 1

# 2
	n/a

n/a



	1
	Female
	45
	# 1

# 2
	n/a

n/a



	2
	Male
	50
	# 1
	n/a



	3
	Female
	52
	# 1 (left)

# 2 (left)

# 1 (right)

# 2 (right)
	71.6

n/a

n/a

n/a



	4
	Male
	57
	# 1 (left)

# 1 (right)
	64.4

75.8



	5
	Male
	64
	# 1 (left)

# 2 (left)

#1 (right)
	70.1

n/a

n/a



	6
	Female
	68
	# 1

# 2
	n/a

n/a
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Table 2. Results of mechanical tests for each sample cube.
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Sample

	
   σ max    (MPa)

	
   σ y    (MPa)

	
E (MPa)






	
M25

	
66.6

	
57.9

	
2994.9




	
66

	
48.1

	
2918.5




	
F45

	
34.7

	
24.2

	
1764.3




	
34.1

	
26.5

	
557.1




	
M50

	
30

	
21.6

	
1391.4




	
F52

	
29.8

	
23.3

	
1052.2




	
22.7

	
21.4

	
282.7




	
21.3

	
16.5

	
865.1




	
30.2

	
27.1

	
1444




	
M57

	
11.2

	
9.6

	
174.4




	
20.1

	
15.6

	
541




	
M64

	
23.5

	
20.1

	
460.7




	
22.9

	
19.5

	
762.7




	
39.3

	
27.4

	
1429.6




	
F68

	
1.8

	
1.4

	
127.6




	
1.8

	
1.4

	
56

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Femur neck

Aluminum mold






media/file18.png
o——0—GC0e® | : : : : :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

BMD (g/cm2)

O I —0—0—00-@ : : : 7Y

90 80 70 60 50 40 30

Porosity (%)

O O O— QO—— : : : : : o

0.7 08 09 1 1.1 1.2 1.3 1.4 1.5

O
Q1
-
@)

Trabecular thickness (mm)

o—@0e—O I —@

O : : : : : : :

28 26 24 22 2 1.8 16 14 1.2 1 0.8 0.6
Trabecular space (mm)

O— : —O— O0—00—0 : : : : : @

5 10 15 20 25 30 35 40 45 50 55 60 65
Omax (MPQ)

o—0— 20— 0 —0— : : : : : ®

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

E (MPa)





media/file3.jpg





media/file22.png
E (MPa)

3500

3000 -

2500

2000

1 500 -

L0000

500

--- —47.67 Age +3354, 12 = 0.472
—58.86 Age +4321, 2 = 0.801

. !
N
N
Y
b2

~L P

& &

"
Ty
“ “
'- 5
5
o
.,
E"
[ "
LN Py .
N Y
N 5
® 9 . 3
~ @
N,
\\l\'
®
.y
¢ 3
| | | I | | | | I

20

30

Age (years)





media/file20.jpg
E (MPa)

2000 -

1500 |-

1000

500

--- —47.67 Age +3354,r2 = 0.472
-~ - —58.86 Age +4321, 2 = 0.801

20

80





media/file19.jpg
Porosity (%)

Trabecular space (mm)

100 oy
w0 16
= cxil
z
i £ 1o
@ g i
% ]
Zos
“
- Joo
i o
0016 Age 115,72 ~ 0529
10 02
108 Age 25,2 = 053 0216 Age +201, 7 = 0757
Bw W w W w o wm % % W W @ %
Age ) Age ear)
" w0
0088 Age 297, - 025 Tt Age 100,77 0585
35 |- 00157 Age 202, = 0484 @ 109 Age 190,72 = 0787
2 s
25 . Zw
H
2 H
g%
15, <
F
t
i 0
Sowm W % @ W w % % # %
Age (years) Age (years)






media/file7.jpg





media/file10.png
Porosity (%)

100

90

80

70

60

50

40

30

20

I8 Osteoporosis 1 Control

57.8

214 222

M25 F45

M50

F52

Mb57

Mé64

F68






media/file14.png
Trabecular thickness (mm)

Trabecular space (mm)

1.8

1.6

1.4

1.2

0.8

0.6

0.4

3.5

2.5

1.5

0.5

B Osteoporosis 10 Control

1.35

0.82 g

M25 F45 M50 F52 M57 Me4 F68

3.18

8 Osteoporosis 10 Control

2.87

1.42

1.1

1.031.05

0.52(0.49

M25 F45 F52 Mb57 Meé4 F68





media/file11.jpg





media/file6.png
H10029 H10045 H10051

TrabBone(087 TrabBonel51

0104
A7
1]r‘

4' . r
Yy (s
g ..

TrabBone351






media/file15.jpg
w0 gk

072
I

s

06 07
e 07 07

066
o6

o

064
0B 05 0w

062

o

™

06
[

056 058
on 03

2
ey

051
g
o1

o1

o w10

052





nav.xhtml


  applsci-11-05479


  
    		
      applsci-11-05479
    


  




  





media/file16.png
¢ed O

AR,

VA Q)

gvd O

7IN O

Sd O

094 O

o
- Dy
S

0.7

0.64 0.66 0.68

0.62

0.56 0.58

0.54

\O

Lo
S

[OTU0 D

(Y16
LEIN
o

09N

894

0.75

0.65

0.55

0.45

0.35

P ©

0.8

0.7

0.6

0.5

0.4

0.3

0.25

0.2

0.15

0.1





media/file2.png





media/file5.jpg
TrabBone030  TrabBone087  TrabBonel51






media/file1.jpg





media/file12.png
BMD (g/cm?)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

T.= 23

0.87

0.3 B Osteoporosis 0 Control

020 \ Ty = —8.03 \ i
\ Ty = —8.65‘ | Ts = —8.24|
024

M25 F45 M50 F52 Mb57 Mé64 F68





media/file9.jpg
Orteoporosis

2 ™57 M4

M50

M25

100,

B

B

g =
(%) Asosog

B

B





media/file0.png





media/file8.png





media/file17.jpg
—Ce 2
01 02 03 04 05 06 07 08
BMD (g/cm?)
o o oome .
90 80 70 60 50 40 30
Porosity (%)
@ @ @ o °
05 06 07 08 09 1 11 12 13 14 15
Trabecular thickness (mm)
@ 0008 °
28 26 24 22 2 18 16 14 12 08 06
Trabecular space (mm)
[ o o—oe—e .
5 10 15 20 25 30 35 40 45 50 55 60 65
o (MPa)
[

o co—e—@
250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
E (MPa)





media/file21.png
Porosity (%)

Trabecular space (mm)

100
90 |- 3 i
80 |- b
70 | . B
i - |
u P R A :
60 [ ./,’ » Pk |
50 B //// ® |
4:0 | ///// |
30 il
20( ® |
10| --- 15Age —13,1* = 0948 ||
i ---1.08 Age —2.5, 7% = 0.833
O | | | ! ] |
20 30 40 50 60 70 80
Age (years)
4 \ \ | |
[ |---0.085 Age —2.97, 1> = 0.825 |
3.57--- 0.0157 Age +0.2, 12 = 0.484 b
| . N
5l B
i 2 |
25| 2 b
2| .
- ///. N
1.5 j P /,: |
y l
o ' Teo._-""
1 5" . |
05 & l
0 ‘ ‘ ‘ ‘ ‘
20 30 40 50 60 70 80

Age (years)

Trabecular thickness (mm)

cmax (MPa)

1.8

- o ]
16| -
14f |

|- . \\ ]
12} |

1 .

- \\\ . -
0.8 d |

- \\\\. ° \\\ o ]
0.6 | '\.\ "o i
0.4 >3 -
0.2 ] --- —0.016 Age +1.5,12 =0.929 | |

I --- —0.0216 Age +2.01, 12 = 0.797 | |
| | | ! | ! I
20 30 40 50 60 70 80
Age (years)
70 \ | \ |

: -~ —1.44 Age +100, > = 0.945 | |
60 [~ --- —1.09 Age +90, r? = 0.747 |-
50 - :
40 o -

| .\ \\\ ]
30| hee .

| \\\ \\\ . |
20 - ' \\\. |
10} ¢ .
O I | | l ! \. l
20 30 40 50 60 70 80
Age (years)





