
 
 

THE RANGE OF CORTICAL BONE ANISOTROPIC ELASTIC COEFFICIENTS IS MAINLY DETERMINED BY 
THE POROSITY DISPARITY 

 
1Mathilde Granke, 1Quentin Grimal, 1Amena Saïed, 1Pierre Nauleau, 2,3Françoise Peyrin, 1Pascal Laugier 

1Laboratoire d’Imagerie Paramétrique; UPMC-P6; CNRS; 75006 Paris, France; email: mathilde.granke@gmail.com 
2CREATIS INSERM U1044; CNRS 5220; INSA Lyon; Université de Lyon, 69621 Villeurbanne Cedex, France 

3ESRF, 38043 Grenoble, France  
 

SUMMARY 
At the mesoscale (i.e. a few millimeters), cortical bone can be 
described as two-phase material, which consists of pores and a 
relatively hard mineralized matrix. The objective of the work 
was to assess the relative contributions of porosity and 
mineralized matrix properties to the mesoscale elasticity of 
mature human cortical bone. This work suggests that the 
cortical porosity accounts for most of the variations of 
mesoscale elasticity. The comparison of our results with the 
predictions of a micromechanical model indicates that cortical 
bone can be modeled with fixed matrix properties and a 
sample-dependent porosity fraction.  
 
INTRODUCTION 
Bone is a multiscale biocomposite whose structure and 
mechanical properties at one level determine the properties of 
the subsequent one. Despite numerous studies dedicated to the 
assessment of cortical bone mechanical properties, some 
questions remain open regarding the determinants of cortical 
bone elasticity. A clear understanding of elasticity is advisable 
for the modeling of the macroscopic (organ scale) behavior of 
bones, the investigation of structure-functional relationships 
(remodeling) and the development of new in vivo assessment 
methods of bone quality [1,2,3].  
At the mesoscale [4,5] (2-10 millimeters), cortical bone can be 
described as a two-phase composite, which consists of a 
relatively hard mineralized matrix and pores (Haversian canals 
and resorption cavities). It has been suggested that porosity is 
an important determinant of the apparent bone mechanical 
properties [6,7,8]. On the other hand, the bone matrix 
properties of mature human bone are essentially determined 
by the mineralization [9] and the orientation of the mineralized 
collagen fibers [10,11]. In the literature, the impact of the bone 
matrix properties on the bone mesoscale elasticity is a 
discussed point. The tissue mineralization has been shown to 
be either correlated with the apparent mechanical properties 
(several species combined) [12] or not [13]. Other studies 
found a significant correlation between the matrix elasticity 
and the axial Young’s modulus [7]. 
The objective of the work was to assess the relative 
contributions of porosity and mineralized matrix properties to 
the mesoscale elasticity of mature human cortical bone. 
The originality of the work is that (1) the bone matrix 
properties, the porosity, and the apparent elasticity are 
assessed on the same samples; (2) both shear and longitudinal 
elastic properties in different directions are measured. 

METHODS 
Fresh bone specimens were prepared from the mid-diaphysis 
of ten femurs of female cadavers (age = 81.3 ± 8.7 [66-98] 
years). Femurs were removed during multi-organ collection. 
Ethical approval for collection of samples was granted by the 
Human Ethics Committee of the Centre du don des Corps at 
the University Paris Descartes (Paris, France). Twenty-one 
samples (nominally 5x5x7mm3) were harvested from different 
anatomical quadrants (lateral, medial, posterior). The samples 
faces were oriented according to the radial (1), circumferential 
(2), and longitudinal (3) axes defined by the anatomic shape of 
the femoral diaphysis. The samples were defatted and stored 
in gauze soaked in saline solution at 4°C prior to mechanical 
characterization. 
 
The diagonal terms of the stiffness tensor (Cii coefficients) 
were determined from the wave velocities and sample 
apparent mass measurements [14,15]. Longitudinal elastic 
coefficients (C11, C22, and C33) and shear coefficients (C44, C55, 
and C66) were determined with 2.25MHz and 1MHz 
transducers, respectively. 
 
50MHz-Scanning Acoustic Microscopy (SAM, resolution 
30µm) was used to probe the acoustic impedance normal to 
the samples surfaces [16], which has been shown to be well 
correlated to the matrix elasticity [17,18]. Impedance maps 
were obtained for all six faces of each sample. Image 
processing allowed the separation of pores and mineralized 
matrix. Mean matrix impedance Zi in directions i (i=1,2,3) 
were calculated and the porosity p was defined as the average 
of the relative pore area in the faces in the 1-2 planes. 
 
SRµCT measurements were performed at the imaging 
beamline (ID19) of the ESRF. Ten of the twenty-one samples 
were imaged with a spatial resolution of 10µm. After the 3D 
tomographic reconstruction [19], the 3D-porosity was derived 
from the morphometric analysis of the segmented SRµCT 
images. 
 
Single and multiple linear regression analysis were performed 
to investigate the relative contributions of the cortical porosity 
p and bone matrix mean impedance (Z) on the mesoscopic 
stiffness coefficients (Cii). All statistical results were 
considered significant for p-values less than 0.05. 
 
 



RESULTS AND DISCUSSION 

Table 1: experimental data 

Apparent elastic constants [GPa] (mean ± sd) 
C11 C22 C33 C44 C55 C66 

19.3 ± 2.2 19.8 ± 2.2 29.2 ± 3.2 5.8 ± 0.8 5.6 ± 0.8 4.2 ± 0.6 

Mean impedance [MRayl] (mean ± sd) 
Z1 Z2 Z3 

7.4 ± 0.4 7.3 ± 0.3 8.7 ± 0.4 

 
The reproducibility of the apparent stiffness coefficients was 
3.2% and 4.7% for the longitudinal and shear stiffness 
coefficients respectively. Mesoscopic stiffness coefficients, 
summarized in Table 1, corroborated well with previous 
studies [14,15,20].  
 
A strong correlation was found between the porosity p as 
measured from the segmented impedance maps and the 3D-
porosity obtained from the SRµCT data (R2=0.98, slope not 
significantly different from 1). It confirmed that the sample 
porosity as obtained from the SAM measurements is a good 
proxy for the 3D porosity. The porosity was found to be 13.5 
± 6.8 %, covering a wide range of values (3 – 27%).  
 
The average relative reproducibility error of the estimated 
mean impedance was 1.4%. Mean impedance values are 
summarized in Table 1. At our resolution level, impedance 
measurements suggest that matrix elastic properties did not 
undergo large variations in different samples. However, note 
that the matrix properties might be different with a selection of 
bone specimens in a population with ages distributed over a 
broader range or with known bone pathologies. 
 
A weak correlation was found between the Cii and Z3 (bone 
axis direction) (R2 <0.25, pval=[0.01-0.05]). No correlation 
was found between the Cii and Z1 (radial), as well as the Cii  
and Z2 (circumferential). This result could be explained by the 
narrow range of impedance values for the investigated group 
of samples. 
The mesoscale elastic coefficients were highly correlated to 
the porosity (R2=[0.72-0.84], pval<10-5). A multiple linear 
regression showed no improvement of the correlation when 
adding the bone matrix properties (Z) to the porosity to 
explain the stiffness variations.  
To illustrate this result, we plotted the stiffness coefficients 
(Figure 1) versus porosity as obtained from our experiments 
and a model of cortical bone (an extension to anisotropic 
matrix of [21]). The model considers a transversely isotropic 
matrix (same for all samples) pervaded by cylindrical pores. 
 
 
CONCLUSIONS 
This work first assessed on the same samples from ten donors: 
the porosity, the bone matrix anisotropic properties and the 
mesoscopic elastic coefficients. We found that the porosity is 
the main determinant of bone elasticity at the mesoscale, and 
that, to some extent, cortical bone can be regarded as a bone 
matrix (with a fixed “universal” elasticity) pervaded by 

cylindrical pores (variable porosity). This is all the more 
important considering the increased intracortical porosity as a 
consequence of aging [22], disease, and pharmacologic 
intervention [23]. 
 

 

Figure 1: C33 versus porosity: experiment and model 
(similar agreement between model and data points is 
obtained for the other Cii) 
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