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Abstract: This paper investigates the effects of the heterogeneous distribution
of the Haversian Porosity (HP) and Tissue Mineral Density (TMD) on the elas-
tic coefficients of bone in the human femoral neck. A bone specimen from the
inferior femoral neck was obtained from a patient undergoing standard hemiarthro-
plasty. The specimen was imaged using 3-D synchrotron micro-computed tomog-
raphy (voxel size of 10.13 µm), leading to the determination of the anatomical
distributions of HP and TMD. These experimental data were used to estimate the
elastic coefficients of the bone using a three-step homogenization model based on
continuum micromechanics: (i) At the tissue scale (characteristic length of several
hundred micrometers), bone was modeled as cylindrical pores (Haversian canals)
in a solid matrix called ultrastructure; (ii) At the scale of several micrometers, ultra-
structure was modeled as collagen fibers embedded in a mineral foam; (iii) Even-
tually, at the scale of several hundred nanometers, mineral foam was modeled as
a mixture of mineral and water. Effective elastic coefficients of the bone were
computed accounting for the heterogeneous distributions of HP and TMD deter-
mined experimentally. The variations of HP, TMD and elastic coefficients were
investigated along the axis of the femoral neck and at different distances from the
periosteal surface of the sample. TMD was found to decrease from the distal to the
proximal part of the femoral neck axis whereas no specific trend was found for the
HP. Axial variations of the elastic coefficients were shown to be mainly related to
the axial variations of TMD and HP in the dense and porous tissue, respectively.
Therefore, this study underlines the importance of considering the actual spatial
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variations of TMD and HP to obtain accurate estimates of bone effective elastic
properties.

Keywords: Biomechanics, bone, femoral neck, haversian porosity, tissue mineral
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1 Introduction

Bone is a complex material coupling stiffness, strength and lightweight. These
amazing mechanical properties are mainly due to the hierarchical structure of bone
spanning several length scales, from the organ to the atomic scale. Bone structure
is different according to the animal species, age, gender, health state and anatom-
ical site. Bone is continuously remodeled by bone cells to adapt its structure to
the prevailing mechanical and biochemical environment. Abnormal remodeling
is often related to bone diseases such as osteoporosis. For osteoporotic patients,
bone mass is lost with a substantial weakening of the bone mechanical properties
and increased risk of fracture. In the femoral neck, osteoporotic bone structure is
characterized by progressive thinning of the outer cortical shell and loss of trabec-
ular mass [Mayhew, Thomas, Clement, Loveridge, Beck, Bonfield, Burgoyne, and
Reeve (2005)]. Hip fracture risk depends on the quality of both cortical and trabec-
ular bone tissues which both contribute to bone stiffness and toughness [Manske,
Liu-Ambrose, Cooper, Kontulainen, Guy, Forster, and McKay (2008)]. Cortical
bone in the femoral neck region supports most of the stresses associated with nor-
mal gait [Lotz, Cheal, and Hayes (1995)]. Therefore, effective mechanical proper-
ties of the cortical bone are an important determinant of the hip fracture risk. The
amount of bone tissue given by bone mineral density (BMD) at the hip as measured
with Dual X-ray absorptiometry has long been considered as a surrogate marker of
bone strength. However, BMD remains unable to estimate bone quality, which is
intrinsically a mechanical property depending on bone composition and microar-
chitecture. Haversian porosity (HP) and tissue mineral density (TMD) have been
shown to be among the most relevant determinants of bone quality [Burr (2004)].
HP and TMD describe different aspects of bone microstructure. HP refers to the
volume fraction of Havers’ and Volkmann’s canals (typical diameter of several tens
of micrometers) in the bone tissue. TMD measures the degree of mineralization
of the bone tissue [Boivin and Meunier (2002); Bouxsein, Boyd, Christiansen,
Guldberg, Jepsen, and Müller (2010)]. Spatial variations of HP and TMD in the
femoral hip region induce heterogeneity of cortical bone at the organ scale [Ben-
samoun, Ho Ba Tho, Luu, Gherbezza, and de Belleval (2004); Bensamoun, Gher-
bezza, de Belleval, and Ho Ba Tho (2004); Yamato, Matsukawa, Otani, Yamazaki,
and Nagano (2006); Sasso, Haiat, Yamato, Naili, and Matsukawa (2007, 2008)].
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Accurate measures of the spatial variations of HP and TMD can be obtained us-
ing synchrotron radiation microtomography [Bousson, Peyrin, Bergot, Hausard,
Sautet, and Laredo (2004)]. Recently, detailed experimental data on the spatial
variations of HP and TMD in the inferior femoral neck were reported by our group
[Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo, and Haiat (2010); Sansalone,
Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat (2012)]. In the cross-section of
the femoral neck, HP was shown to increase from the periosteum inwards as the
dense cortical shell of the femoral neck is progressively replaced by a loose trabec-
ular tissue. TMD was shown to be higher in the periosteal region and to sharply
decrease in the inner trabecular region. In the axial direction, TMD decreases from
the distal to the proximal part, whereas HP does not show any significant trend.

Spatial variations of bone microstructural properties (such as HP and TMD) make
bone a heterogeneous and anisotropic medium at the organ scale. This heterogene-
ity strongly affects the mechanical response of bone as it was widely documented
by studies on the ultrasonic wave propagation [Haiat, Naili, Grimal, Talmant, De-
sceliers, and Soize (2009); Naili, Vu, Grimal, Talmant, Desceliers, Soize, and Haiat
(2010); Haiat, Naili, Vu, Desceliers, and Soize (2011)] and nanoindentation [Yao,
Dao, Carnelli, Tai, and Ortiz (2011)]. The complex mechanical behavior of bone
can be explained only considering the hierarchical organization of bone at many
spatial scales [Rho, Kuhn-Spearing, and Zioupos (1998)]. In this respect, the rel-
evance of modeling approaches capable to account for the specific composition
and organization of bone constituents at each scale is apparent [Aoubiza, Crolet,
and Meunier (1996); Hellmich, Ulm, and Dormieux (2004); Fritsch and Hellmich
(2007); Predoi-Racila and Crolet (2008); Yoon and Cowin (2008b,a); Ghanbaria
and Naghdabadi (2009)]. In the line of these papers, the spatial variations of the
bone effective elastic coefficients in the cortical neck were studied accounting for
the heterogeneous distributions of HP and TMD. Experimental data presented in
[Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo, and Haiat (2010); Sansalone,
Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat (2012)]—obtained at the scale
of several micrometers—were used to estimate the effective elastic coefficients of
bone at the scale of the organ using multiscale models based on either asymptotic
homogenization [Parnell, Vu, Grimal, and Naili (2012)] or continuum microme-
chanics [Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo, and Haiat (2010);
Sansalone, Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat (2012)]. In particu-
lar, these latter papers proposed a three-step homogenization model accounting for
the specific microstructure and composition of the bone tissue. In those studies, the
effects of the variations of the HP and TMD in the cross section of the femoral neck,
as well as the variations of the TMD only along the axis of the femoral neck, were
considered. While acknowledging the axial variations of the HP, no relevant de-
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pendency of the HP on the axial location was observed. Therefore, effective elastic
coefficients of bone were computed assuming HP to be constant in the axial direc-
tion. The aim of this paper is to extend and complete those results by investigating
in detail the effects of the combined actual axial variations of HP and TMD on the
effective elastic coefficients of bone at the organ scale and to assess the effects of
the above assumptions (constant values of either HP or TMD along the femoral
axis) on the estimated elastic coefficients of bone.

This paper is organized as follows. After this introduction, in Sec. 2 we outline the
experimental procedure and the data treatment leading to the the spatial variations
of HP and TMD. Then, in Sec. 3 we describe the homogenization model used
to estimate the elastic coefficients of bone. In Sec. 4 we show and discuss the
experimental and numerical results focusing on the effects of the axial variation of
HP and TMD on the effective elastic coefficients of bone. Eventually, in Sec. 5
we discuss our results and draw the conclusions of this study opening the way to
further research.

2 Materials and methods

In this section we outline the experimental procedure used to acquire the spatial
distribution of HP and TMD in a bone sample and the data treatment strategy.
More details can be found in [Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo,
and Haiat (2010); Sansalone, Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat
(2012)].

2.1 Sample preparation

One specimen of human femoral cortical bone from a 79 years old patient was
collected during standard hemiarthroplasty for intracapsular hip fracture treatment.
The study protocol was approved by our institutional review board. This same
specimen was part of the control group used in two earlier studies focusing on bone
microstructure [Bousson, Peyrin, Bergot, Hausard, Sautet, and Laredo (2004); Wu,
Bergot, Jolivet, Zhou, Laredo, and Bousson (2009)]. The specimen was obtained
from the inferior femoral neck because this site is the region of the neck where
the cortex is the thickest, due to compression stresses which are mainly transmit-
ted through the inferior neck during ambulation [Werner, Iversen, and Therkildsen
(1988)], and therefore provides enough material for an accurate assessment of min-
eral content. Moreover, in this region of the femoral neck, there is a smooth transi-
tion between cortical and trabecular tissue. The bone specimen was fixed in ethanol
and embedded in a polyester resin. A parallelepiped sample (7×7×12 mm3) was
obtained by two cuts orthogonal to the axis of the bone specimen. The cuts were
made (i) at the base of the neck and at a right angle to the neck and (ii) at the base of
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the head, parallel to the first one, to obtain an approximately 6 mm long segment of
femoral neck. The edges of the sample were aligned with a cartesian frame whose
z axis and (x,y) plane identify the axis and the cross-section of the femoral neck,
respectively.

2.2 Synchrotron Radiation Microtomography (SR-µCT)

The parallelepiped sample was imaged using the X-ray microtomography setup de-
veloped at the European Synchrotron Radiation Facility (ESRF, Grenoble, France)
on the ID19 (topography and high-resolution diffraction) beamline [Salome, Peyrin,
Cloetens, Odet, Laval-Jeantet, Baruchel, and Spanne (1999)]. After passing through
a monochromator, the X-ray beam energy was tuned to 25 keV. A total of 900 radio-
graphic projections were acquired. Then, the 3-D image was reconstructed using a
customized Filtered Back Projection algorithm developed at ESRF. The reconstruc-
tion was performed in a volume of interest of 660×660×523 isotropic voxels (size
10.13 µm). Grayscale levels of the reconstructed image correspond to the linear
attenuation of the X-ray through the sample at 25 keV. A typical 2-D cross-section
image obtained by SR-µCT is shown in Fig. 1.

Figure 1: Typical cross-section of the bone sample. Red lines separate the 12
relevant regions of interest (RoIs).

2.3 Image analysis

All the 2-D cross-section images were analyzed to obtain the spatial mapping of the
HP and TMD in the bone sample according to the scheme in Fig. 2. We recall here
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the main points and refer to [Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo,
and Haiat (2010); Sansalone, Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat
(2012)] for more details.

The 523 2-D images of cross-sections in the (x,y) plane were labeled from the dis-
tal (cross-section ]1, z = 0 mm) to the proximal (cross-section ]523, z = 5.3 mm)
part of the femoral neck. Each 2-D image was analyzed using a threshold method
to detect the positions of the periosteum and endosteum and to identify the vox-
els belonging to either the pores or the bone matrix. Stacking the 523 2-D im-
ages (Fig. 2(a)), the voxel-wise 3-D volume of the bone sample was reconstructed
(Fig. 2(b)). This volume was subdivided in Nr = 12 radial regions of interest (RoIs)
and Nz = 10 slices, see Fig. 2. Roughly speaking, RoIs are 50-pixel thick coaxial
cylindrical shells obtained by virtual concentric cuts of the bone sample (corre-
sponding to a RoI thickness of Lr = 506.5 µm). Slices collect 50 consecutive
cross-sections (corresponding to a slice thickness of Lz = 506.5 µm). RoIs were
labeled by the discrete radial coordinate ρ , starting from the periosteal region which
corresponds to ρ = 1 (Fig. 1). Slices were labeled by the discrete axial coordinate
ζ , starting from the distal part of the sample which corresponds to ζ = 1. The
intersection between a RoI and a slice is a ring segment referred to as Volume of
Interest (VoI). A VoI is identified by its discrete coordinates (ρ,ζ ).

Figure 2: Schematic representation of the sample: (a) stack of 2-D images, (b) 3-D
voxel representation (grayscale refer to the TMD level, see text for more details),
(c) volume of interest Ω(ρ,ζ ), (d) radial region of interest Ω(ρ, :), (e) axial slice
Ω(:,ζ ), and (f) whole sample Ω(:, :).

Spatial mappings of HP and TMD were computed according to the schemes shown
in Fig. 2, namely in VoIs Ω(ρ,ζ ) (Fig. 2(c)), radial RoIs Ω(ρ, :) =

⋃
ζ Ω(ρ,ζ )

(Fig. 2(d)), axial slices Ω(:,ζ ) =
⋃

ρ Ω(ρ,ζ ) (Fig. 2(e)), and whole volume Ω(:, :)
=
⋃

ρ,ζ Ω(ρ,ζ ) (Fig. 2(f)). In this study, we are only concerned with steps (a)-(d)
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of Fig. 2. More precisely, spatial distributions of HP and TMD were computed in
VoIs and RoIs only. In each VoI, the HP and TMD were computed by averaging
the relevant voxel-wise values taken from the 2-D images. In each VoI, HP was
computed as the ratio between the number of voxels belonging to pores and the
total number of voxels. In each VoI, TMD was computed by averaging the voxel-
wise distribution of TMD, this latter being computed based on the grayscale levels
of the image. VoI-wise distribution of HP and TMD were then axially averaged to
obtain the average value in each RoI. (Henceforth, axial averages are denoted by
< ∗>z.)

2.4 Statistical analysis

One-way analysis of variance (ANOVA) tests were performed using the MatLab
software (The MathWorks Inc, Natick, MA, USA) to evaluate whether HP and
TMD had a significant dependence on the axial position.

2.5 Volume fractions of bone constituents

For each VoI, the composition of the bone solid matrix was determined. Also,
average compositions in the radial RoIs were determined by using the same aver-
aging procedure as for HP and TMD. At the tissue level, HP provides the volume
fraction of the pores. Then, volume fraction of the bone matrix is 1−HP. Bone
matrix is mainly made of collagen, mineral and water. (Other bone constituents
such as non-collagenous proteins or vasculature are disregarded in our analysis.)
Volume fractions of these elementary constituents are denoted fcol, fHA, and fw,
respectively (with fcol + fHA + fw = 1), and were computed as in [Sansalone, Naili,
Bousson, Bergot, Peyrin, Laredo, and Haiat (2010); Sansalone, Bousson, Naili,
Bergot, Peyrin, Laredo, and Haiat (2012)] based on the TMD value previously de-
termined for each VoI. In particular, fHA is estimated as fHA = TMD/ρHA, where
ρHA is the mass density of the mineral. Then, fcol and fw are estimated through the
empirical relation [Raum, Cleveland, Peyrin, and Laugier (2006)]:

fcol

fw
= 0.36+0.084e6.7 fHA . (1)

2.6 Elastic properties of bone constituents

Following [Hellmich, Barthelemy, and Dormieux (2004)], collagen was assumed
transversely isotropic and mineral and water were assumed isotropic. Relevant
elastic coefficients, taken from [Hellmich, Barthelemy, and Dormieux (2004)], are
resumed in Tab. 1. In what follows, the x, y and z axes of the sample are associated
with the subscripts 1, 2 and 3 identifying the components of the elasticity tensor.
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Table 1: Elastic coefficients of bone constituents [GPa], taken from [Hellmich,
Barthelemy, and Dormieux (2004)].

Collagen (transversely isotropic)
ccol,1111 11.7 Coefficients of
ccol,3333 17.9 the elastic tensor
ccol,1122 5.1
ccol,1133 7.1
ccol,1313 3.3
Mineral (isotropic)
KHA 82.6 Bulk modulus
µHA 44.9 Shear modulus
Water (isotropic)
Kw 2.3 Bulk modulus
µw 0.0 Shear modulus

3 Model

The spatial distribution of the HP and of the volume fractions of the bone con-
stituents were used as input data in a multiscale model based on continuum mi-
cromechanics theory. This approach was initially proposed by Hellmich and cowork-
ers [Hellmich, Ulm, and Dormieux (2004); Hellmich, Barthelemy, and Dormieux
(2004)] and further extended by [Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo,
and Haiat (2010)] to estimate the effective elastic coefficients of bone at the organ
scale.

3.1 Continuum micromechanics

Continuum micromechanics provides estimates of the effective elasticity tensor for
materials with microstructure of matrix-inclusion type. We recall here the main in-
gredients of the theory and refer to [Suquet (1997); Nemat-Nasser and Hori (1999);
Zaoui (2002)] for further details. Continuum micromechanics steps from the so-
lution of the elastic problem of an isolated inclusion embedded in an infinitely
extended matrix provided by Eshelby in the fifties [Eshelby (1957)]. Eshelby’s
solution describes the elastic fields (strain, stress) engendered by one ellipsoidal
inclusion in an infinite isotropic elastic matrix under homogeneous strain/stress
boundary conditions at infinity. Eshelby’s solution was further extended to inclu-
sions of different shapes [Suvorov and Dvorak (2002)], including cylinders and
penny-shaped cracks [Laws (1985)], and to anisotropic matrices [Laws (1977)].
Moreover, Eshelby’s solution for an isolated inclusion served as basis to account



www.manaraa.com

Axial Variations of Porosity and Elasticity in Femoral Neck 395

for several inclusions and for multiphase media. Let Chom be the homogenized
elasticity tensor describing the effective elastic properties of a material with mi-
crostructure. In continuum micromechanics theory, Chom reads:

C
hom = ∑

r
fr cr :Ar , (2)

where fr is the volume fraction of phase r (∑r fr = 1) and cr and Ar are the elas-
ticity and localization tensors of phase r, respectively. It can be shown that the
expression of Ar reads [Hellmich, Barthelemy, and Dormieux (2004)]:

Ar =
(
I+P0

r :
(
cr −C0))−1

:
(

∑
s

fs
(
I+P0

s :
(
cs−C0))−1

)−1

, (3)

where I is the 4th order symmetric identity tensor (Ii jhk = 1
2(δihδ jk + δikδ jh), δ

being the Kronecker operator), C0 is the elasticity tensor of the “effective matrix”
(hereafter referred to by superscript “0”) where the phases are embedded, and P0

r
is the Hill tensor of phase/inclusion r embedded in the effective matrix. The ex-
pression of the Hill tensor P0

r depends on the shape of the inclusions representing
the phase r and on the elastic tensor of the surrounding effective matrix. Explicit
expressions of the Hill tensor have been developed in some special cases [Suvorov
and Dvorak (2002)] but, in general, it has to be computed numerically. The choice
of the value of C0 leads to different estimates of Chom. Among others, two esti-
mates are relevant to our context. The Mori-Tanaka (MC) estimate is well suited to
describe the elasticity tensor of a material made of uniformly dispersed inclusions
in a homogeneous matrix. In this case, the effective matrix is an actual, well iden-
tified phase and therefore C0 = cmatrix. The Self-Consistent (SC) estimate is well
suited for disordered multi-phase media for which no “matrix” phase can be identi-
fied, but the material is rather constituted of interpenetrating discontinuous phases
[Suquet (1997)]. In this case, the homogenized properties of the effective medium
are estimated based on the idea of placing each inhomogeneity in the homogeneous
effective medium. Therefore, the matrix is assumed to be the homogenized mate-
rial itself and C0 =Chom. Hereafter, Chom

MT and Chom
SC will refer to the MT and SC

estimates of Chom, respectively.

3.2 Application to bone tissue

At the organ scale, bone is a heterogenous and anisotropic multiscale material. Het-
erogeneity depends on the spatial variations of bone physical properties (e.g., TMD
and HP). Anisotropy depends on the hierarchical organization of bone microstruc-
ture. Between the scale of the organ and the scale of its individual constituents,
bone shows many levels of structural organization. Following [Sansalone, Naili,
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Bousson, Bergot, Peyrin, Laredo, and Haiat (2010); Sansalone, Bousson, Naili,
Bergot, Peyrin, Laredo, and Haiat (2012)], we adopt a simplified representation of
bone, considering three scales of representation below the organ scale: the cortical
tissue, the ultrastructure and the mineral foam (Fig. 3). At each scale, the type of
elastic behavior of the homogenized material results from the elastic behavior and
morphology of the constituent phases.

Figure 3: Three-step homogenization model and characteristic length scales.

3.2.1 Mineral foam

At the scale of few hundred nanometers, highly disordered hydroxyapatite crystals
interpenetrated by water-filled spaces form a mineral foam. The disordered struc-
ture observable at this scale [Lees, Prostak, Ingle, and Kjoller (1994)] motivates
the use of a Self-Consistent scheme to compute the homogenized properties of
the mineral foam [Hellmich, Barthelemy, and Dormieux (2004)]. Lacking precise
morphological information, both mineral and pores were considered as spherical
particles. Both mineral and water phases were considered as isotropic materials.
The corresponding mixture is isotropic. The homogenized elasticity tensor of the
mineral foam C f oam was computed iteratively solving Eq. (2) and Eq. (3) after set-
ting Chom = C0 = C f oam and specifying the expressions of the Hill tensor of the
mineral and water as for spherical inclusions in an isotropic matrix.

3.2.2 Ultrastructure

At the scale of several microns, collagen molecules are embedded in the mineral
foam. The elongated form of collagen molecules and the contiguity of the mineral
phase motivates the use of a Mori-Tanaka scheme to compute the homogenized
properties of the ultrastructure [Hellmich, Barthelemy, and Dormieux (2004)]. Ac-
cording to this scheme, the matrix phase is the (isotropic) mineral foam previously
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described and the collagen is modeled as cylindrical inclusions. Collagen was con-
sidered as a transversely isotropic material. The mixture obtained is transversely
isotropic. The homogenized elasticity tensor of the ultrastructure Cultra was com-
puted through Eq. (2) and Eq. (3) after setting Chom = Cultra, C0 = C f oam and
specifying the expression of the Hill tensor of the collagen as for cylindrical inclu-
sions in an isotropic matrix.

3.2.3 Cortical tissue

At the scale of several hundred microns, cortical bone tissue is a porous medium
made of a solid matrix (the ultrastructure) crossed by the Haversian canals. (We
neglect any other geometrical feature related to the osteonal structure.) The pseudo-
cylindrical shape of the Haversian canals motivates the use of a Mori-Tanaka scheme
to compute the homogenized properties of the cortical tissue [Sansalone, Naili,
Bousson, Bergot, Peyrin, Laredo, and Haiat (2010)]. According to this scheme, the
matrix phase is the (transversely isotropic) ultrastructure previously described and
the Haversian canals are modeled as water filled cylindrical inclusions. The mix-
ture obtained is transversely isotropic. The homogenized elasticity tensor of the
tissue Ccort was computed through Eq. (2) and Eq. (3) after setting Chom =Ccort ,
C0 =Cultra and specifying the expression of the Hill tensor of the Haversian canals
as for cylindrical inclusions in a transversely isotropic matrix.

3.2.4 Volume fractions

The model requires the knowledge of the volume fractions of the bone constituents
at each scale. VoI-averaged values of the HP and TMD were used to obtain the
average volume fractions in each VoI. The HP is the volume fraction of the pores
and 1−HP is the volume fraction of the bone matrix (ultrastructure) in the tissue.
The TMD value is used to compute the composition of the bone matrix ( fcol, fHA,
and fw) as explained in Sec. 2.5. The value of fcol is the volume fraction of the
collagen inclusions and fHA + fw is the volume of the matrix (mineral foam) in
the ultrastructure. Eventually, the volume fractions of the mineral and water in the
mineral foam are given by fHA/( fHA + fw) and fw/( fHA + fw), respectively.

4 Results

4.1 Axial variations of HP and TMD

Fig. 4 shows the axial variations of the HP and TMD for 4 relevant RoIs of the
bone sample, namely close to the periosteum (RoI ]1), in the cortical region (RoI
]5), in the transition region (RoI ]9) and in the trabecular region (RoI ]12), see
Fig. 1. Thick and thin lines refer to different samplings of the HP and TMD in
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the axial directions, respectively. Each point of the thin lines corresponds to a 2-
D image obtained by SR-µCT (∆z = 10.13 µm). Each point of the thick lines
refers to the values in one VoI, i.e. to the mean over 50 consecutive cross sections
(∆z = 506.5 µm). Error bars on the thick lines depict the corresponding standard
deviation. Thick lines provide a reasonable approximation of the fine grain distri-
bution depicted by the thin lines. This justifies to study the spatial variations of the
biomechanical properties in the bone sample based on the VoI-wise values.

Figure 4: Axial variations of the HP (on the left) and TMD (on the right) at different
distances from the periosteum. R1 corresponds to the periosteal RoI and R12 to the
endosteal RoI. Thin and thick lines correspond to the 2-D images (∆z = 10.13 µm)
and to the VoIs (∆z = 506.5 µm), respectively.

The HP does not show any significant trend in the axial direction. This result was
confirmed by ANOVA which did not reveal any significant effect of the axial posi-
tion (p = 1, F = 0) on the HP.

The TMD does show a significant trend in the axial direction, as confirmed by
ANOVA which revealed a significant effect of the axial position (p < 10−5, F =
149). TMD was found to decrease from the distal to the proximal part. The axial
profiles of TMD are quite regular in all the RoIs but in the endosteal one (RoI ]12),
where fluctuations of high amplitude were observed.

The global axial mean and standard divation (computed considering 500 cross sec-
tions) of the HP and TMD in the selected four regions of interest are resumed in
Tab. 2. From Fig. 4 it is apparent that the dispersion of both HP and TMD is small
in the cortical regions, then increases in the transition and endosteal regions. The
dispersion of both the HP and TMD is always higher in the endosteal region (RoI
]12) than in the periosteal region (RoI ]1). Indeed, the ratio between the global ax-
ial dispersions of the HP and TMD in the endosteal and periosteal regions is higher
than 10 and smaller than 2, respectively.
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Table 2: Global axial means (standard deviations) of the HP and TMD.

RoI ] 1 5 9 12
HP 0.0428 0.0856 0.4545 0.8830
[−] (0.0061) (0.0176) (0.1141) (0.0753)
TMD 1.0225 1.0032 1.0028 0.9714
[g/cm3] (0.0149) (0.0214) (0.0254) (0.0298)

4.2 Axial variations of the effective elastic coefficients of bone

The axial variations of HP and TMD affect the effective elastic properties of the
bone at the organ scale. In order to elucidate this point, the elastic coefficientCcort

3333
of the effective elasticity tensor of bone is plotted in Fig. 5. This coefficient was
chosen since it features the stiffness of bone sample along its axis, which corre-
sponds to the main loading direction [Lotz, Cheal, and Hayes (1995)]. Similar re-
sults were obtained for the other coefficients of the effective elasticity tensor (data
not shown).

Plots in Fig. 5 corresponds to the 4 relevant RoIs identified in the previous section,
namely close to the periosteum (RoI ]1), in the cortical region (RoI ]5), in the tran-
sition region (RoI ]9) and in the trabecular region (RoI ]12). In each plot, different
scenarios of axial variations of HP and TMD were considered to investigate the
relative effects of these parameters on the elastic coefficients of bone. Black lines
correspond to the actual axial values of HP and TMD in the z direction and have
to be taken as reference. Red lines with empty markers correspond to the actual
axial values of TMD and to a constant value of HP equal to its axial average (the
mean values of the HP are reported in the first line of Tab. 2). Blue lines with
solid markers correspond to the actual axial values of HP and to a constant value
of TMD equal to its axial average (the mean values of the TMD are reported in the
second line of Tab. 2). Therefore, red and blue lines allow identifying the effects
of considering approximate values (axial averages) of HP and TMD, respectively.
It can be noticed that the behaviors in the four regions are different. In the pe-
riosteal region (RoI ]1) the red line (average HP) is almost superposed to the black
line (reference), whereas the blue line (average TMD) is completely different. This
means that close to the periosteum the axial variations of the HP do not really mat-
ter while the axial variations of TMD strongly affect the effective elasticity of bone.
A similar behavior is also apparent in the cortical RoI ]5. By contrast, an opposite
behavior is apparent close to the endosteum. In the porous bone (RoI ]12), the blue
line is quite close to the black line whereas the red line is not. That means that con-
sidering an average value of TMD does not lead to significant errors in estimating
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Figure 5: Axial variations of the effective elastic coefficient Ccort
3333 (denoted C33 in

the plots) at different distances from the periosteum. Each plot refers to a different
RoI identified by its radial coordinate R. Black lines: actual axial values of HP and
TMD (reference). Red lines with empty markers: actual axial values of TMD and
average axial value of HP. Blue lines with solid markers: actual axial values of HP
and average axial value of TMD.

the effective elasticity of bone, while axial variations of HP should be taken into
account. Eventually, in the transition zone (RoI ]9) an intermediate behavior can be
observed and the elasticity of bone is determined by the combined axial variations
of both HP and TMD.

5 Discussion

Both porosity and mineralization of bone tissue, as well as bone microarchitec-
ture, are known to affect bone mechanical properties [Burr (2004); Dong and Guo
(2004); van der Linden, Birkenhager-Frenkel, Verhaar, and Weinans (2001)]. Nev-
ertheless, the effects of the anatomical variations of bone microstructural features
on the bone elastic properties remain poorly documented. To the best of our knowl-
edge, this paper constitutes the first attempt to estimate the effects of the axial vari-
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ations of the Haversian Porosity (HP) and Tissue Mineral Density (TMD) on the
bone elastic properties in the femoral neck. The salient findings of this study are
the following:

• HP does vary along the axis of the femoral neck;

• HP values do not show any global trend along the axis of the femoral neck;

• HP axial variations strongly affect the bone effective elastic coefficients in
porous bone;

• TMD axial variations strongly affect the bone effective elastic coefficients in
dense bone;

• axial variations of both HP and TMD should be considered to provide accu-
rate estimates of the bone effective elastic properties.

The strategy followed in this paper was twofold. First, we performed a detailed
analysis of the spatial variations of the HP and TMD in the inferior femoral neck
based on high-resolution 3-D images obtained by Synchrotron Radiation Micro-
tomography (SR-µCT). Then, we investigated the effects of these variations on
the effective elastic properties of bone using a multiscale homogenization model
based on continuum micromechanics. This approach was first used in [Sansalone,
Naili, Bousson, Bergot, Peyrin, Laredo, and Haiat (2010)] and further developed
in [Sansalone, Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat (2012)]. In these
studies, the focus was set on the radial variations of the HP and TMD and on the
axial variation of the TMD only within the femoral neck. One-way analysis of
variance (ANOVA) having shown no relevant dependency of HP on the axial loca-
tion, HP was taken constant and equal to its axial average in each RoI. Under this
assumption, it was shown that the axial variation of the TMD affects the axial vari-
ations of the elastic coefficients of bone. While acknowledging the axial variations
of the HP, the effects of these variations on the effective elastic properties of bone
were not investigated.

The main goal of this paper was to fill this gap and to make a further step in un-
derstanding the relationships between bone elasticity and anatomical variations of
bone microstructure accounting for the actual variations of both the HP and TMD
along the femoral axis. To this aim, the actual radial-axial mapping of the HP
and TMD was first determined in the bone sample (Sec. 4.1). Then, the effec-
tive elastic coefficients of the bone were estimated based on these data (Sec. 4.2).
The axial position was found to significantly affect the TMD but not the HP. TMD
was found to decrease from the distal to the proximal part of the sample in all the
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RoIs (Fig. 4(B)). HP was found to significantly vary along the axis of the sample
(Fig. 4(A)). However, the axial profile of the HP did not show any global trend but
rather random variations. These variations may affect the actual elastic properties
of bone and induce errors when considering a constant value of HP as it was done
in previous studies [Sansalone, Naili, Bousson, Bergot, Peyrin, Laredo, and Haiat
(2010); Sansalone, Bousson, Naili, Bergot, Peyrin, Laredo, and Haiat (2012)]. In
order to elucidate this point, we considered different axial distributions of HP and
TMD which were considered either variable (actual distributions as obtained by
the analysis of the SR-µCT images) or constant (axial averages in each RoI) in the
axial direction. (In the radial direction the RoI-wise actual distribution was always
considered.) We compared the bone effective elastic coefficients obtained in each
scenario to highlight the effects of considering axially-constant values of these pa-
rameters. Our results show that the errors introduced by considering axial averages
of either HP or TMD are relevant and the actual axial variations of both parameters
should be taken into account to provide accurate estimates of bone effective elastic
properties. The axial variations of the bone effective elastic coefficients are domi-
nated by either TMD or HP in the periosteal and endosteal regions, respectively. In
particular, axial variations of TMD are more relevant in the cortical, dense tissue
(Fig. 5.(A,B)) whereas axial variations of HP are more relevant in the trabecular,
porous tissue (Fig. 5.(D)). Moreover, both of them are relevant in the transition
zone between cortical and trabecular tissue (Fig. 5.(C)).

It is interesting to relate these conclusions to the values of the dispersions of the
HP and TMD reported in Tab. 2. Indeed, the errors induced by considering average
values of either HP and TMD in estimating the elastic coefficients of bone are not
evenly correlated to the dispersions of the HP and TMD values. On the one side,
the ratio between the standard deviation and the mean of the HP is quite small in
each RoI (several percents to a few ten percents). The error induced by considering
the average value of HP instead of its actual values throughout the axial direction
on the estimated elastic coefficients of bone remains limited as long as the volume
fraction of the HP is small (periosteal and cortical regions). The error increases
as the volume fraction of the HP increases and becomes important for HP values
higher than a few ten percents. On the other side, the ratio between the standard
deviation and the mean of the TMD is quite high in each RoI (few percents). The
error induced by considering the average value of TMD instead of its actual highly
dispersed values throughout the axial direction on the estimated elastic coefficients
of bone remains limited as long as the volume fraction of the bone matrix (1−HP)
is small (endosteal region). The error increases rapidly as the volume fraction of the
bone matrix increases (transition and cortical regions) highlighting the importance
of the TMD in determining the elastic properties of bone.
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Model predictions were compared with available experimental data. The first two
steps of the micromechanical model have been validated against independent ex-
perimental sets [Hellmich and Ulm (2002); Hellmich, Barthelemy, and Dormieux
(2004); Fritsch and Hellmich (2007)], which lets us expect a reliable prediction
of anisotropic and inhomogeneous elastic properties obtained from SR-µCT data.
For validation of the model at the organ scale (third step of the model), we refer
to [Guo (2001)] who provides an extensive review of experimental data on both
cortical and trabecular bone. Model predictions in the cortical regions compare
well with published experimental work on cortical bone (see, e.g., [Dong and Guo
(2004)]). Experimental validation of model predictions in the trabecular regions is
not straightforward. Indeed, the elastic properties of the trabecular bone strongly
depend on its microstructural organization. This organization is disregarded in this
study and therefore direct comparison of our results with trabecular bone data is
more difficult. Moreover, it should be kept in mind that direct comparison of the
elastic properties predicted by the model with experimental data is only meaningful
with respect to bone samples having the same microstructural organization, biome-
chanical properties (namely, HP and TMD) and geometrical size (around 500 mi-
crometers).

This multi-faceted behavior corresponds to the different types of bone tissue which
can be found in the femoral neck. In this study, cortical bone was defined as having
HP lower than 15% [Dong and Guo (2004)] and is located at a distance lower than
3.5 mm from the periosteum for the sample considered herein. Trabecular bone
was defined as having HP higher than 75% [Haiat, Padilla, Peyrin, and Laugier
(2007)] and was located at a distance higher than 4.8 mm from the periosteum.
The intermediate region corresponded to the transition zone. The definition of these
three zones allowed identifying zone-specific relationships between microstructural
features (HP and TMD) and effective elastic properties of bone.

This study provided new insights on the determinants of bone effective elastic-
ity. However, some assumptions were made in obtaining these results which need
further investigation. First, we were concerned with only the inferior part of the
femoral neck. This part of the femoral neck supports most of the loads during
normal walking [Voo, Armand, and Kleinberger (2004)]. However, aiming at es-
tablishing the global risk of fracture, the whole femoral neck should be considered
[Manske, Liu-Ambrose, Cooper, Kontulainen, Guy, Forster, and McKay (2008)].
Actually, bone fractures often initiate in the thinner superior cortex, especially in
case of sideways falls [de Bakker, Manske, Ebacher, Oxland, Cripton, and Guy
(2009)]. Moreover, the axial length of the sample considered in this analysis is rel-
atively small. Analysis of longer samples might improve this study. For instance,
random axial variations of the HP were observed in this sample. However, global
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trends may appear analyzing longer samples. Furthermore, this study considered
only one sample and therefore it does not allow to estimate the effects of aging or
health conditions which are well known to affect bone mechanical properties [May-
hew, Thomas, Clement, Loveridge, Beck, Bonfield, Burgoyne, and Reeve (2005);
Poole, Mayhew, Rose, Brown, Bearcroft, Loveridge, and Reeve (2010)].

Second, we assumed a simplistic representation of the hierarchical structure of
bone. In this study, we only considered three scales (mineral foam, ultrastructure
and tissue) below the organ scale. However, bone structure is much more complex
and several additional levels exist which are not taken into account in this study. In
particular, we neglected many issues related to the osteonal structure, such as the
presence of lamellae with different collagen orientation, Volkmann’s canals and in-
terstitial tissue. Moreover, we adopted the same geometrical model for the pores in
the cortical and trabecular tissue. Indeed, Haversian canals running in the cortical
tissue are well represented by axial cylinders. However, resorption cavities of the
trabecular tissue have quite irregular shape and are hardly approximated by axial
cylinders. All these issues may affect the conclusions of this study, namely with re-
spect to the trabecular tissue, and have to be taken into account to provide accurate
estimates of bone elasticity. There exist at the least two directions to improve the
model proposed in this study. On the one side, guidelines to improve the multi-scale
description of bone can be obtained from other models taking into account some
or several levels of the bone hierarchical structure [Fritsch and Hellmich (2007);
Yoon and Cowin (2008b,a); Sansalone, Lemaire, and Naili (2009); Ghanbaria and
Naghdabadi (2009)]. On the other side, a more detailed analysis of the 3-D rep-
resentation of bone obtained by SR-µCT will provide accurate information on the
morphology and organization of bone porosity and other microstructural features.

Another issue concerns the spatial heterogeneity of HP and TMD which were as-
sumed to be homogeneous in each VoI. For sake of simplicity and being concerned
with a small part of the femoral neck, we assumed that bone properties are homo-
geneous in the hoop direction. However, the reliability of this assumption needs
further investigation. Moreover, TMD raises a similar issue also in the axial and
radial directions. As it is apparent from Fig. 1 and Fig. 4(B), TMD is heteroge-
neous at the tissue scale in both the radial and axial directions. The effects of this
heterogeneity were disregarded in this study and TMD was considered homoge-
neous within each VoI. This assumption was introduced to comply with the theory
underlying the continuum micromechanics model which requires having a homo-
geneous matrix embedding the inclusions (in here, the cylindrical pores). Further
work is required to overcome this limitation and to include the effect of TMD het-
erogeneity on the homogenized properties of bone. However, homogeneity of the
TMD within the VoI seems not to be a major limitation of the approach. Indeed,
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TMD is very heterogeneous at the scale of tens of micrometers, but it seems not to
change dramatically in time and space at the millimeter scale. Several arguments
supporting this idea can be found in [Hellmich, Kober, and Erdmann (2008); Ma-
landrino, Fritsch, Lahayne, Kropik, Redl, Noailly, Lacroix, and Hellmich (2012)]
and references therein.
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