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Abstract 1 

This study aims to describe the geometrical features of single trabeculae and their 2 

network to explain cancellous stiffness as a representative mechanical function from a 3 

strength of materials perspective. Compression tests were performed on cancellous bone 4 

specimens dissected from a bovine femur as 5-mm cubes to measure cancellous 5 

stiffness. The microarchitecture was determined by microfocus X-ray computed 6 

tomography, and conventional morphological indicators were analyzed. The length, 7 

orientation, and bifurcation characteristics of each trabecula were analyzed by 8 

skeletonizing and linearizing the cancellous bone volume. Multiple regression analyses 9 

revealed a significant contribution made to cancellous stiffness by the compressive 10 

shape factor of the stiffness of single trabeculae, the trabecular orientation, and the 11 

bifurcation count, which evaluated the mean number of connected trabeculae at 12 

bifurcation points. Bifurcation count made the most significant contribution to 13 

cancellous stiffness. The combination of these geometrical indicators expressed the 14 

cancellous stiffness (R2 = 0.85), which indicated as high accuracy as that explained by 15 

bone volume fraction, in specific bones that were not affected by bone disease or aging. 16 
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The present study demonstrated mechanically important geometrical features of the 17 

microarchitecture and indicated their complex contributions to cancellous stiffness 18 

underlying the contribution of bone volume fraction.  19 
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1. Introduction 20 

Osteoporotic fractures often occur in areas such as the proximal femur, 21 

vertebrae, and distal forearm, which predominantly consist of cancellous bone. To 22 

understand the decline in the mechanical function of bone, which may underlie 23 

osteoporotic fractures, clarifying the determination mechanism of the mechanical 24 

properties of cancellous bone is essential. As Ulrich et al. and Greenwood et al. have 25 

pointed out, the mechanical properties of cancellous bone have been evaluated using 26 

three-dimensional microarchitecture and its combinations [1,2]. Conventional 27 

morphological indicators of cancellous bone microarchitecture have been proposed and 28 

widely used [3], and it is well known that bone volume fraction is highly correlated with 29 

cancellous bone stiffness [4]. In general, from a strength of materials perspective, 30 

cancellous stiffness, i.e., the macroscopic apparent elastic modulus as an indicator of 31 

mechanical function, is theoretically determined by the stiffness of single trabeculae, 32 

depending on trabecular shape and material properties; trabecular orientation; and the 33 

three-dimensional connections between single trabeculae. However, these components 34 

have not been sufficiently evaluated directly using the conventional indicators. Various 35 
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combinations of the structural features are possible, even at the same volume fraction. 36 

Therefore, further investigation of the mechanically important structural features and 37 

their combined contributions underlying the correlation of the bone volume fraction are 38 

needed to elucidate the determination mechanism of the mechanical functions of 39 

cancellous bone and to understand the significant control targets for the increase of the 40 

mechanical functions. 41 

In addition to conventional indicators, some features of trabecular 42 

morphology and network structure have been reported. Local bone morphometry 43 

methods by decomposition of single trabeculae into rods and plates have been proposed 44 

[5,6], and a few studies have evaluated trabecular length [7-10]. The relationships of 45 

local bone morphometry to cancellous stiffness and ultimate stress have been noted 46 

[7,8,10]. However, to clarify the contributions of single trabeculae to cancellous 47 

stiffness, shape factors composed of its length and cross-sectional dimensions that 48 

determine the stiffness of a single trabecula may be essential, even though their 49 

components have been partially evaluated. Furthermore, Reznikov et al. skeletonized 50 

cancellous bone and investigated intertrabecular angles at bifurcation points [11]. 51 
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However, the mechanical contributions of the bifurcation characteristics to cancellous 52 

stiffness have not been elucidated. To understand the determination mechanism of the 53 

mechanical properties of cancellous bone, the combinations of such geometrical 54 

features need to be investigated. Therefore, this study evaluated the geometrical features 55 

of single trabeculae and their network based on the skeletonized network to demonstrate 56 

mechanically important features of the microarchitecture. 57 

The influence of the mechanical properties of a single trabecula to the 58 

analysis of the contributions of the microarchitecture also needs to be considered. Some 59 

studies have performed micromechanical tests on single trabeculae with technical 60 

challenges [12,13]. Tensile [14-22] and three-point bending tests [15,16,23-26] have 61 

been performed. The authors have also previously demonstrated a microcantilever-62 

bending test of the measurements of the elastic properties of a single trabecula [27]. 63 

However, no studies have experimentally elucidated the site-specific differences in the 64 

mechanical properties of a single trabecula by the micromechanical tests and their 65 

contributions to the distribution of cancellous stiffness. The present study confirmed the 66 

lower impact of the differences in the elastic modulus of a single trabecula on the 67 
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distribution of cancellous stiffness in the analysis of the contributions of the geometrical 68 

features. 69 

Therefore, the present study hypothesizes that cancellous stiffness is 70 

determined by the combination of the stiffness, orientation, and bifurcation 71 

characteristics of single trabeculae and aims to describe geometrical features of the 72 

microarchitecture from a strength of materials perspective to explain cancellous 73 

stiffness and to clarify the dominant elements. 74 

 75 

2. Materials and Methods 76 

2.1 Specimen preparation 77 

The present study used 22–25 month old female bovines raised as livestock 78 

and obtained from local agricultural cooperatives. Cubic cancellous bone specimens 79 

were dissected from the right femur of a bovine (Bovine A), which was stored at -80 

30°C. Twelve and eleven specimens were isolated from the metaphysis and neck 81 

regions defined as shown in Fig. 1a, respectively. The specimens were collected in 5 × 5 82 

× 5 mm3 cubes using a low-speed diamond wheel saw (Model 650, South Bay 83 
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Technology, USA) while sprinkling water on the collection site. The bone marrow was 84 

not removed. The three axes of the cubic specimens were aligned to the lateromedial, 85 

anteroposterior, and proximodistal directions of the femur (Fig. 1b). The 86 

microarchitecture of the specimens was determined using a microfocus X-ray computed 87 

tomography (CT) scanner (inspeXio SMX-90CT, Shimadzu Corporation, Japan) at a 88 

voxel size of 0.015 mm/voxel. Each specimen was stored at -30°C and completely 89 

thawed to 4°C before mechanical tests. 90 

 91 

2.2 Compression tests 92 

Uniaxial compression tests of the specimens were performed in the femoral 93 

axis in ambient air at room temperature using a material testing machine (Model 3365, 94 

Instron, USA). Cancellous stiffness (Ec) was obtained as the apparent elastic modulus of 95 

the specimens. The specimens were loaded to a displacement of 0.1 mm at a speed of 96 

0.1 mm/min after a preloading of 20 N and a preconditioning cycle of loading and 97 

unloading performed at the same displacement and speed as those of the intended test. 98 

The Ec was calculated from the load–displacement relationship between 50% and 80% 99 
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of the maximum load in the intended test. 100 

 101 

2.3 Microarchitecture analysis 102 

The specimen regions in the micro-CT images were extracted using ImageJ 103 

software (National Institutes of Health, USA), and the bone volume was obtained by 104 

binarizing the images using the optimal thresholding method [28,29] of the BoneJ plug-105 

in [30] (Fig. 2a). Among the conventional morphological indicators of the 106 

microarchitecture reviewed by Bouxsein et al. [3], the following were analyzed using 107 

BoneJ functions: bone volume fraction (BV/TV), connectivity density (Conn.D), 108 

structure model index (SMI), degree of anisotropy (DA), trabecular thickness (Tb.Th), 109 

and trabecular separation (Tb.Sp). 110 

Geometrical indicators of the microarchitecture, such as the number, length, 111 

and orientation of single trabeculae, the number of bifurcation points, and bifurcation 112 

characteristics in the specimens, were evaluated by skeletonizing (Fig. 2b) and 113 

linearizing the bone volume (Fig. 2c). By skeletonizing the thresholded images on 114 

BoneJ [31,32], branches and junctions of skeletonized cancellous bone were obtained. 115 
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However, many short branches were included due to the nonuniform shape of the bone 116 

volume, and their lengths did not represent the trabecular length of the network. 117 

Therefore, these artifacts were removed using a customized program on MATLAB 118 

(MathWorks, USA). First, dots and branches without connections to any branches were 119 

removed. Second, short needle-like branches were removed, and bent branches were 120 

replaced with a straight skeleton (Fig. 3a). Both ends of the straight skeletons were 121 

defined as bifurcation points. In the case of overlapping straight skeletons, one was 122 

retained and the others were removed (Fig. 3b). Straight skeletons without connections 123 

to other branches were also removed. Still, many short branches that connected to the 124 

junctions connecting three or more branches remained (Fig. 3c). Therefore, these short 125 

branches were removed, and the branches connected at both ends of the removed short 126 

branches were reconnected at the midpoint of the removed branches, which resulted in a 127 

new bifurcation point. This was performed sequentially starting from the shortest 128 

branch. However, the short branches that were part of a generated triangle were 129 

preserved to maintain the network structure (Fig. 3d). If the short branches of triangles 130 

were removed, the triangle turns to overlapping straight skeletons, and the network 131 
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structure partially disappears. However, if the short branches of other polygons are 132 

processed, the impact on the network structure is negligible. The threshold of the branch 133 

length was set to 150 μm. 134 

The number of straight skeletons with a length of 150 μm or more per 1 mm3 135 

in each specimen was calculated as nt, and the mean length was calculated as 𝑙.̅ The 136 

compressive and cantilever-bending stiffness of a circular cylinder are represented as 137 

!"!

#$
𝐸 and %!"

"

&#$#
𝐸 respectively, with a diameter of t, a length of 𝑙, and an elastic 138 

modulus of E. To evaluate the compressive and bending shape factors of the stiffness of 139 

single trabeculae within each specimen, Tb.Th' 𝑙 ̅⁄  and Tb.Th# 𝑙%̅⁄  were designated as 140 

CSF and BSF, respectively. Furthermore, the orientation angle θ of each straight 141 

skeleton with respect to the femoral axis was analyzed, and the mean angle was 142 

calculated as 𝜃̅. 143 

The number of bifurcation points per 1 mm3 was calculated as nb, including 144 

the number of edges of straight skeletons. The number of connecting straight skeletons 145 

at a bifurcation point was defined as the bifurcation count b, and the mean bifurcation 146 

count of each specimen was calculated as 𝑏'. The angle between two straight skeletons 147 
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at a bifurcation point was defined as the bifurcation angle 𝜙, and the mean angle 𝜙' of 148 

each specimen was calculated. The mean angles at the bifurcation counts in each 149 

specimen were also calculated. 150 

The results of the processing steps of the customized program were verified 151 

via the manual analysis of five regions of the trabecular network containing 50 152 

connected branches extracted from the specimens. 153 

 154 

2.4 Elastic modulus measurements of a single trabecula 155 

Single trabecula specimens were also dissected from the right femur of 156 

another bovine (Bovine B), which was stored at -30°C and did not differ significantly 157 

in length with that of Bovine A. Ten single trabeculae were selected in the metaphysis, 158 

which have been previously measured [27], and nine single trabeculae were selected in 159 

the neck region. A rod-like single trabecula was isolated while ensuring that one 160 

extremity remained connected to the other trabeculae, using the wheel saw while 161 

sprinkling water on the sampling site (Fig. 1c). The orientation angle θ of the isolated 162 

trabecula was visualized by micro-CT scanning at 0.092 mm/voxel. The remaining 163 
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attached cancellous bone portion was shaped into a small rectangle (Fig. 1d). After air-164 

drying, the specimen was placed vertically into a holder and fixed using epoxy resin 165 

(Fig. 1e). The shape of the single trabecula was obtained by scanning at 0.009 166 

mm/voxel. The specimens were stored in sealed cases at room temperature. 167 

Elastic moduli of the single trabecula specimens were measured by 168 

microcantilever-bending tests in the air at room temperature using a customized testing 169 

device (Fig. 4). The position adjacent to the free end of the specimen was horizontally 170 

subjected to the load F by displacing a loading plate using a uniaxial stage. Specimen 171 

images were captured by microscopy in a vertical position to measure the deflection d 172 

of the contact position. The cantilever length L was the distance between the contact 173 

position and the fixed end. The specimens were approximated to a circular cylinder and 174 

the diameter D was calculated from the average cross-sectional area. The tissue was 175 

assumed to be an orthotropic material with a principal axis that corresponded to the 176 

longitudinal axis. Based on the Euler–Bernoulli beam theory, the deflection of the 177 

contact position is described in Eq. (1) [33]: 178 

𝑑 = &#(#

%!)"*$
𝐹      (1), 179 
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where Et is the elastic modulus in the longitudinal axis. The Et was calculated from the 180 

mean gradient F/d of three force–deflection relationships. Two specimens in the neck 181 

region with L ≤ 2.22 D were excluded from the results. 182 

 183 

2.5 Statistical analyses 184 

Simple correlation analyses were performed with respect to Ec for the 185 

microarchitecture indicators, and Pearson’s correlation coefficients r were analyzed. 186 

The correlations of trabecular orientation were evaluated using the cosine of the mean 187 

angle, cos 𝜃̅. Furthermore, multiple linear regression analyses were performed with 188 

respect to Ec for the combinations of the indicators that were statistically correlated with 189 

Ec, excluding the indicators that were mutually correlated because of multicollinearity. 190 

Adjusted coefficients of determination R2 were analyzed for the combinations with 191 

statistically significant standardized partial regression coefficients β. The significance 192 

level was set to 0.05. 193 

 194 

2.6 Verification of the effect of the experimental moist conditions 195 
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The cancellous bone specimens were not air dried; however, they were 196 

exposed to air during short-term CT imaging and mechanical testing in this study. For 197 

verification, 14 cubic specimens were further extracted from the proximal femur of 198 

another bovine (Bovine C). Two compression tests using the same protocol were 199 

performed in air using seven specimens, and Ec was compared between the two tests. 200 

Using the remaining seven specimens, a compression test was performed in air, 201 

followed by another test that was performed in saline at room temperature after 202 

immersion in saline solution for 24 h. Ec was also compared between the two 203 

conditions. 204 

The effect of the moist conditions of single trabecula specimens on the order 205 

of magnitude of the elastic modulus was also verified. An additional six single 206 

trabeculae were extracted from the proximal femurs of two bovines (Bovines C and D), 207 

and Et was measured under air-drying conditions. Then, the specimens were immersed 208 

in saline solution for 24 h and were examined again inside a small water bath containing 209 

saline solution at room temperature. 210 

 211 



 

 16 

3. Results 212 

The Ec were 332.9 ± 88.3 MPa in the metaphysis and 523.7 ± 55.9 MPa in the 213 

neck region, respectively, and differed significantly (Table 1). Among the 214 

morphological indicators, BV/TV, Conn.D, SMI, and Tb.Sp differed significantly 215 

between the two regions. All geometrical indicators also varied significantly, except 𝜃̅. 216 

As shown in Table 2, the mean bifurcation angle at each bifurcation count did not differ 217 

significantly between the two regions.  218 
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Table 1. Means and standard deviations of cancellous stiffness Ec and morphological 219 

and geometrical indicators of the cancellous bone specimens 220 

   Metaphysis 

(n = 12)  

Neck 

(n = 11)  Statistical 

difference 

r-value 

with 𝐸%   Unit Mean S.D.  Mean S.D.  

Cancellous 

stiffness 

𝐸% MPa 332.9 88.3  523.7 55.9  P < 0.01 - 

Morphological 

indicators 

BV/TV  0.195 0.026  0.299 0.036  P < 0.01 0.93 ** 

Conn.D /mm3 3.52 0.46  6.85 3.25  P < 0.01 0.36  

SMI  1.67 0.24  1.05 0.26  P < 0.01 -0.95 ** 

DA  0.68 0.09  0.66 0.11  n.s. 0.33  

Tb.Th mm 0.203 0.008  0.214 0.034  n.s. 0.47 * 

Tb.Sp mm 0.851 0.077  0.611 0.053  P < 0.01 -0.89 ** 

Geometrical 

indicators 

𝑛& /mm3 8.30 0.93  15.62 5.98  P < 0.01 0.45 * 

𝑙 ̅ mm 0.481 0.012  0.425 0.048  P < 0.01 -0.35  

CSF mm 0.086 0.007  0.109 0.025  P < 0.05 0.68 ** 

BSF mm 0.016 0.003  0.028 0.011  P < 0.01 0.72 ** 

𝜃̅ degree 53.5 1.2  53.2 1.6  n.s.   

cos 𝜃̅  0.595 0.017  0.598 0.022  n.s. 0.50 * 

𝑛' /mm3 5.29 0.55  9.43 3.16  P < 0.01 0.48 * 

𝑏*  3.34 0.03  3.47 0.09  P < 0.01 0.53 ** 

𝜙* degree 109.8 0.5  108.1 0.7  P < 0.01 -0.80 ** 

BV/TV, bone volume fraction; Conn.D, connectivity density; SMI, structure model 221 

index; DA, degree of anisotropy; Tb.Th, trabecular thickness; Tb.Sp, trabecular 222 

separation; nt, number of straight skeletons per 1 mm3 in each specimen; 𝑙,̅ mean 223 
trabecular length; CSF, compressive shape factor of the stiffness of single trabeculae; 224 

BSF, bending shape factor of the stiffness of single trabeculae; 𝜃̅, mean orientation 225 

angle; nb, number of bifurcation points per 1 mm3; 𝑏', mean of bifurcation count; 𝜙', 226 
mean bifurcation angle; n.s., no significant difference. The r-values indicate Pearson’s 227 

correlation coefficients between 𝐸+ and the indicators. *P < 0.05; **P < 0.01.  228 
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Table 2. Means and standard deviations of bifurcation angles at triple, quadruple, 229 

quintuple, and sextuple bifurcation points 230 

  𝜙, degree  

Statistical difference 

in two regions 

  Metaphysis  Neck  All 

   Mean S.D.  Mean S.D.  Mean S.D. 

𝑏 3 113.9 0.4  113.7 0.5  113.8 0.5  n.s. 

4 106.4 0.8  105.8 0.9  106.1 0.9  n.s. 

5 102.3 1.7  101.9 0.6  102.1 1.3  n.s. 

6 98.4 3.9  99.2 1.6  98.8 3.0  n.s. 

b, bifurcation count; 𝜙, bifurcation angle; n.s., no significant difference. 231 

 232 

The BV/TV, Tb.Th, nt, CSF, BSF, cos 𝜃̅, nb, and 𝑏' were positively correlated 233 

with Ec, whereas SMI, Tb.Sp, and 𝜙' were negatively correlated (Table 1 and Fig. 5). 234 

All morphological indicators except DA showed statistical correlations with BV/TV. 235 

Furthermore, significant correlations were found within the combinations of nt, 𝑙,̅ nb, 𝑏', 236 

and 𝜙'; 𝑙 ̅ and cos 𝜃̅; and CSF, BSF, and 𝜙'. Multiple regression analyses showed 237 

significant β-values with high R2 values in the combinations of geometrical indicators 238 

(Table 3): CSF, cos 𝜃̅, and 𝑏' (R2 = 0.85); CSF, cos 𝜃̅, and nb (R2 = 0.85); BSF, cos 𝜃̅, 239 

and 𝑏' (R2 = 0.84); BSF, cos 𝜃̅, and nb (R2 = 0.84); nt, CSF, and cos 𝜃̅ (R2 = 0.84); nt, 240 

BSF, and cos 𝜃̅ (R2 = 0.83); and cos 𝜃̅ and 𝜙' (R2 = 0.83). The R2 between Ec and 241 

BV/TV was 0.86. The multiple regression equation of CSF, cos 𝜃̅, and 𝑏' is expressed 242 
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by Eq. (2): 243 

𝐸+ = 0.365	𝐶𝑆𝐹 + 0.560 cos 𝜃̅ + 0.641	𝑏'   (2), 244 

where all variables were standardized, and r-value of 𝑏' was the highest among 𝑏', nt, 245 

and nb. The coefficient of each variable in the equation was β. The β-values of the 246 

bifurcation indicators were the largest in each combination of geometrical indicators 247 

(Table 3). As shown in Fig. 6, no significant difference was found in the two 248 

correlations between the standardized measured values of Ec and standardized estimated 249 

values obtained using the regression equation of BV/TV or Eq. (2). 250 

 251 

Table 3. Standardized partial regression coefficients β of each indicator and adjusted 252 

coefficients of determination R2 in multiple linear regression analyses 253 

Combinations of 

geometrical indicators 

 

β  R2 

CSF cos 𝜃̅ 𝑏*  0.365 0.560 0.641  0.85 

CSF cos 𝜃̅ nb  0.455 0.524 0.620  0.85 

BSF cos 𝜃̅ 𝑏*  0.366 0.578 0.588  0.84 

BSF cos 𝜃̅ nb  0.447 0.549 0.555  0.84 

nt CSF cos 𝜃̅  0.614 0.471 0.531  0.84 

nt BSF cos 𝜃̅  0.546 0.464 0.554  0.83 

cos 𝜃̅ 𝜙*   0.459 -0.776   0.83 

 254 

The Et were 9.1 ± 5.4 GPa in the metaphysis [27] and 11.5 ± 4.6 GPa in the 255 
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neck region, respectively, and did not differ significantly (Table 4). The examined 256 

specimen orientation and size are shown in Table 4. 257 

 258 

Table 4. Means and standard deviations of orientation, size, and elastic modulus of the 259 

single trabecula specimens in the metaphysis, neck, and all regions. 260 

   Metaphysis (n = 10) [27]  Neck (n = 7)  All (n = 17) 

  Unit Mean S.D.  Mean S.D.  Mean S.D. 

Specimen 

orientation and 

size 

𝜃 degree 49 24  38 23  45 24 

𝐷 mm 0.254 0.099  0.147 0.024  0.210 0.093 

𝐿 mm 1.12 0.17  0.39 0.05  0.82 0.39 

Elastic 

modulus 

𝐸& GPa 9.1 5.4  11.5 4.6  10.1 5.1 

𝑅(  0.96 0.02  0.99 0.00  0.98 0.02 

θ, orientation angle; D, approximate diameter; L, cantilever length; Et, elastic modulus; 261 

R2, coefficient of determination in force–deflection relationships. 262 

 263 

In the verification performed using cancellous bone specimens, no significant 264 

difference was detected in the Ec between the two tests performed in air. Furthermore, 265 

no significant difference was detected between the two experimental environments. In 266 

the verification performed using single trabecula specimens, the Et values were 8.7 ± 267 

2.2 and 5.2 ± 2.2 GPa under the air-dried and rehydrated conditions, respectively, and 268 

varied significantly (P < 0.01). However, a positive correlation between the conditions 269 

was observed (r = 0.84, P < 0.05). 270 
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 271 

4. Discussion 272 

This study hypothesized that cancellous stiffness is determined by the 273 

combination of the stiffness, orientation, and bifurcation characteristics of single 274 

trabeculae. The present findings revealed the contribution made to cancellous stiffness 275 

by the compressive shape factor of the stiffness of single trabeculae, the trabecular 276 

orientation, and the bifurcation count. Notably, bifurcation count made the most 277 

significant contribution to cancellous stiffness in the multiple regression analysis. 278 

Furthermore, the combination of these geometrical indicators expressed the cancellous 279 

stiffness with an accuracy that was as high as that of the bone volume fraction. 280 

In the compression tests of the cancellous bone specimens, the stress-strain 281 

curves did not show a macroscopic yield point and the calculation regions of cancellous 282 

stiffness exhibited high linearity (R2 > 0.99). The maximum deformation applied in the 283 

present study was also set within the elastic region, according to a previous study [4]. 284 

Furthermore, the absence of significant difference in cancellous stiffness between the 285 

two tests performed in air suggests a steady compression testing. Brear et al. pointed out 286 
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that the temperature in a moist environment did not significantly affect the cancellous 287 

stiffness [34]. Therefore, the findings of an absence of significant differences between 288 

the two tests performed in air and between the two experimental moist conditions, 289 

respectively, suggest that the experimental procedures in the present study had little 290 

impact on the results. 291 

The average Et was 10.1 ± 5.1 GPa, which was within the range of 4.4–17.1 292 

GPa range reported in previous micromechanical tests of dry bovine trabeculae 293 

involving different measurement methods and collection sites [15,17,22]. In the 294 

microcantilever-bending tests, the effect of shear forces on the deflection was neglected 295 

in the calculations; however, it could be a source of error, especially in shorter 296 

trabecular lengths in comparison with the cross-section. In cantilever bending of a 297 

cylinder made of an isotropic material with an elastic modulus of E and a Poisson’s ratio 298 

of ν, the deflection ds due to shear forces is expressed by Eq. (3) using the Cowper’s 299 

shear coefficient in Timoshenko’s beam theory [35]: 300 

𝑑, =
#(./&0)2(
%!)!*

      (3). 301 

In the present study, the specimens in which the deflection of shear forces exceeded 302 
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10% of the total deflection assuming Eq. (3) and ν of 0.3, i.e., L ≤ 2.22D, were excluded 303 

from the results, and the included average effect was 4.8%. 304 

Furthermore, the measurements of a single trabecula under wet conditions are 305 

not well-studied; this study also examined air-dried specimens. The trend of the elastic 306 

modulus of a single trabecula under the air-dried and rehydrated conditions 307 

corresponded to the trend in the literature [17]. However, the observed positive 308 

correlation between the conditions indicates a lesser impact on the order of magnitude. 309 

This finding suggests that air-drying has little impact on the comparison between the 310 

metaphyseal and neck regions. However, studies under a moist environment may be 311 

necessary to clarify the effects of aging or disease. 312 

Multiple regression analyses showed that the combinations of shape factors, 313 

orientation, and bifurcation characteristics could explain the Ec. The nt and nb were 314 

correlated with 𝑙,̅ 𝑏', and 𝜙' and might be indirectly determined. This suggests that the 315 

microarchitecture represented by these features determines the Ec in the resulting 316 

volume fraction, which makes sense from the perspective of the strength of materials. 317 

First, although the Ec at the neck region was significantly higher than that at 318 
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the metaphysis, no significant difference in Et was observed. This finding suggests that 319 

although variations in Et exist, they do not directly contribute to the distribution of Ec 320 

within these regions. Conversely, CSF and BSF were positively correlated with Ec in the 321 

simple correlation analyses, which was higher than Tb.Th alone. Therefore, the 322 

indicators represent the shape effects that govern the stiffness of single trabeculae, 323 

which was hypothesized to partially determine Ec. However, the superiority of the shape 324 

factors to material properties may reflect the nature of the investigations, which were 325 

performed within a specific bone without bone disease or aging. Furthermore, the 326 

differences in correlation coefficients between CSF and BSF were minor, which may 327 

reflect to dispersion of the trabecular orientation in each specimen. 328 

Second, the significant correlation detected between trabecular orientation and 329 

Ec and Eq. (2) demonstrated that trabecular orientation is a mechanically important 330 

feature of the microarchitecture. This factor has a potential to explain the anisotropy of 331 

the mechanical functions of cancellous bone, which cannot be explained using BV/TV. 332 

However, DA showed no correlation with Ec, which may reflect the differences between 333 

the testing direction and the strongest orientation. The dispersion of trabecular 334 
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orientation may be useful in evaluating the mechanical anisotropy. 335 

Third, the bifurcation angle corresponded to the bifurcation count with no 336 

significant difference between the two regions. The mean angle at each bifurcation 337 

count was close to the measurements reported by Reznikov et al. [11]. As they pointed 338 

out, this finding suggests that the single trabeculae tend to diverge isotropically 339 

according to the bifurcation count. Furthermore, 𝑏' showed a positive correlation with 340 

Ec. Prot et al. found correlations between the numbers of triple and quadruple 341 

bifurcation points and mechanical properties [36]. These suggest that bifurcation count 342 

increases the stiffness around a bifurcation point, perhaps isotropically, and that the 343 

number of points with a large bifurcation count increases the Ec. Furthermore, β-values 344 

in the regression equation especially indicate the relatively significant influence of the 345 

bifurcation characteristics, which is also a new experimental finding. This leads to the 346 

conclusions that the effect of the stiffness of the bifurcation points on cancellous 347 

stiffness, which is indirectly evaluated by 𝑏', is another important structural feature to 348 

consider in addition to the stiffness and orientation of single trabeculae. 349 

Therefore, the combinations of these geometrical indicators express the 350 
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cancellous stiffness, which supports our hypothesis and demonstrates the mechanically 351 

important structural features and their complex contributions underlying the correlation 352 

between the bone volume fraction and cancellous stiffness. However, the adjusted 353 

coefficients of determination are still comparable to that of the volume fraction, which 354 

might reflect the nature of the present investigation, which used specific bones that were 355 

not affected by bone disease or aging in the study. 356 

The linearized process was performed after the skeletonization, which was 357 

partly similar to the method used by Reznikov et al. in removing short branches [11]. 358 

This is suitable in indicating the geometrical features of networks composed of rod- and 359 

plate-like trabeculae. However, in the present study, the shape factors were calculated 360 

using Tb.Th, and the influence of the widths of plate-like trabeculae was not considered. 361 

Classifying trabeculae into rods or plates may be useful in determining local 362 

morphological effects. Furthermore, analyzing the individual thicknesses of trabecula, 363 

as Zhao et al. did [9], may improve the prediction accuracy. 364 

This study has several limitations. First, a significant correlation was observed 365 

between Ec and SMI, suggesting the necessity of investigating the differences in shape 366 
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factors and elastic moduli between rod- and plate-like trabeculae. Second, the study did 367 

not investigate the anisotropy of Ec. Third, in the microcantilever-bending tests, the 368 

deflection was applied in a stepwise manner, although the intervals and the number of 369 

steps were set to ensure the detection accuracy according to the specimen size. In fact, a 370 

sufficiently high linearity was observed. Furthermore, the elastic moduli of the rod-like 371 

trabecula specimens were calculated using the formula for a cylinder, which might be a 372 

source of error. However, no significant difference was observed between the values 373 

obtained in this study and those from previously published microtensile tests, and these 374 

variations were also the same [22]. Fourth, the region of interest on which the present 375 

measurements were based was a 5-mm cube, and the values obtained might vary 376 

depending on the size of the region of interest. Lastly, the cancellous bone and single 377 

trabecula specimens were collected from two individuals. Although the animal age and 378 

collection sites were the same, the small sample size is a major limitation, and further 379 

investigation involving a larger sample size is needed. Furthermore, the effects of aging 380 

and disease should also be evaluated in further studies. 381 

 382 
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5. Conclusions 383 

The present study revealed contributions of the compressive trabecular shape 384 

factor and the trabecular orientation and a significant contribution of the bifurcation 385 

count to cancellous stiffness, with their combined contributions exhibiting an accuracy 386 

as high as that of the bone volume fraction in specific bones with no effects of bone 387 

disease or aging. The study identified geometrical features of the microarchitecture that 388 

were mechanically important for the cancellous stiffness and indicated their complex 389 

contributions underlying bone volume fraction. The findings present experimental 390 

insights that could advance the understanding of the mechanism underlying the 391 

mechanical function of cancellous bone and provide significant control targets to 392 

enhance mechanical functions. 393 
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Highlights 

 

l Elucidates geometrical features of microarchitecture in cancellous bone mechanics 

l Compression testing for 5-mm cubes of bovine femoral cancellous bone 

l Combinations of geometrical features accurately expressed cancellous stiffness 

l Significant contribution of bifurcation characteristics to cancellous stiffness 

l Contributions of trabecular shape and orientation to cancellous stiffness 





 1 

Figure and table legends 1 

Figure 1. (a) Cancellous bone and single trabecula specimens were collected from the 2 

shaded regions at the proximal metaphysis and neck of right bovine femurs (Bovines A 3 

and B) did not vary significantly in femoral length. (b) Cubic cancellous bone 4 

specimens 5 × 5 × 5 mm3 in size were isolated from Bovine A cut out at the regions 5 

vertical to the proximodistal direction of the femur, defined as the femoral axis. The 6 

three axes of the cube were aligned to the lateromedial, anteroposterior, and 7 

proximodistal directions. (c) Rod-like single trabeculae were isolated from cancellous 8 

bone in Bovine B with a portion remaining connected to the other trabeculae. (d) The 9 

attached portion of cancellous bone was shaped into a small rectangle. (e) The 10 

specimens were placed vertically into a holder and fixed by embedding the cancellous 11 

bone portion in epoxy resin. 12 

 13 

Figure 2. Schematic diagram of the analysis of cancellous bone microarchitecture. (a) 14 

The cubic specimen volume was extracted from micro-CT images and was binarized 15 

using ImageJ and BoneJ plug-in to obtain the bone volume. (b) The bone volume was 16 



 2 

skeletonized (left), and its branches and junctions were obtained by BoneJ plug-in 17 

(right). (c) Subsequently, a network of straight skeletons was obtained by linearizing the 18 

skeletonized cancellous bone with artifacts removed using a customized program. 19 

 20 

Figure 3. Linearization process of the skeletonized cancellous bone. (a) After removing 21 

dots and branches without connections to other branches, short needle-like branches 22 

were removed, and bent branches were converted to a straight skeleton. Both ends of 23 

the straight skeletons were defined as bifurcation points. (b) In overlapping straight 24 

skeletons, one was retained and the others were removed. (c) After removing straight 25 

skeletons without connections to other branches, short branches that connected to the 26 

junctions connecting three or more branches were removed sequentially, starting from 27 

the shortest branch. The branches connected at both ends of the removed short branches 28 

were reconnected at the midpoint of the removed branches, which resulted in a new 29 

bifurcation point. (d) However, the short branches that were part of a generated triangle 30 

were retained to maintain the network structure. 31 

 32 



 3 

Figure 4. Schematic of a micro-cantilever bending setup. A testing device is customized 33 

with a load cell, a uniaxial automatic stage, and a microscope. A loading plate with a 34 

taper bore is connected to the load cell. The edge of the bore is contacted to the position 35 

adjacent to the free end of a single trabecula specimen. The plate and load cell can be 36 

horizontally displaced by the stage as an actuator. Images of the specimen in a vertical 37 

position is captured using the microscope for the deflection measurements. 38 

 39 

Figure 5. Correlations between Ec and each indicator: (a) BV/TV, (b) CSF, (c) BSF, (d) 40 

cos 𝜃̅, (e) 𝑏', and (f) 𝜙'. Solid lines indicate regression lines of these relationships. 41 

 42 

Figure 6. Correlations between the standardized measured and estimated values of Ec 43 

using the regression equations with BV/TV or a combination of CSF, cos 𝜃̅, and 𝑏'. 44 

Black circles and a dashed line indicate the BV/TV values and the regression line. White 45 

circles and a solid line indicate the values for the combinations and the regression line. 46 
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