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Changein porosity isthe major deter minant of the variation of

cortical bone elasticity at the millimeter scalein aged women

Abstract

At the mesoscale (i.e. over a few millimeters), cortical bzarebe described as two-phase
composite material consisting of pores and a dense mineralizatk.méhe cortical
porosity is known to influence the mesoscopic elasticity. Our obgeetas to determine
whether the variations of porosity are sufficient to predict Waeiations of bone
mesoscopic anisotropic elasticity or if change in bone matestieity is an important
factor to consider. We measured 21 cortical bone specimens prepanedhe mid-
diaphysis of 10 women donors (aged from 66 to 98 years). A 50-MHz sceaaongtic
microscope (SAM) was used to evaluate the bone matrix elggteftected in impedance
values) and porosity. Porosity evaluation with SAM was validaigainst Synchrotron
Radiation uCT measurements. A standard contact ultrasonic metasdapplied to
determine the mesoscopic elastic coefficients. Only matrpedance in the direction of
the bone axis correlated to mesoscale elasticity (adjugted[®16 - 0.25], p<0.05). The
mesoscopic elasticity was found to be highly correlated to thaopiorosity (adj-R =
[0.72 - 0.84], p<10). Multivariate analysis including both matrix impedance and porosity
did not provide a better statistical model of mesoscopic elgstiaitiations. Our results
indicate that, for the elderly population, the elastic propertiéseomineralized matrix do
not undergo large variations among different samples, as refiadtee low coefficients of
variation of matrix impedance (less than 6%). This work suggestschange in the
intracortical porosity accounts for most of the variations of megis@lasticity, at least
when the analyzed porosity range is large (3-27% in this stutlg)trénd in the variation
of mesoscale elasticity with porosity is consistent with theedictions of a
micromechanical model consisting of an anisotropic matrix pervaded by cgéihgares.
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Introduction

Bones of different individuals not only have different sizes and shapéslso different
material properties. These characteristics entirely deterthie elastic response of a bone
to a given mechanical loading. The elastic properties of abthiene tissue, which has a
hierarchical organization, must be described in a multiscaleefvank: the structure and
mechanical properties at one hierarchical level determine tpeepies of the subsequent
one. Themesoscalalesignates the intermediate scale between the microscalellda
structures) and the macroscale (organ level). More preciselghdmacteristic size of a
mesoscopic volume will be larger than 1.5 mm [1] and smaller thathitiess of the
cortical shell. The mesoscale elastic properties aresififiterest because they depend on
tissue properties at all small-scale hierarchical levels and tveyahdirect influence on the
macroscopic mechanical response of bones. The observed intra-indidpaad inter-
individual [3,4] variations of mesoscale elasticity are footpriritthe remodeling process
and the structure-function adaptation mechanisms of bone. This calla fdear
understanding of the variables that govern bone mesoscopic elasticity variation

At the mesoscale, bone can be described as a two-phase compositi@l:neatdense
mineralized matrix and a soft phase, hereinafter referred vasasilar porosity [5], which
consists of Haversian canals and resorption cavities containing #lnaisoft tissues. The
porosity has been established to be an important determinant of thenbsogcopic elastic
properties [6,7,8]. On the other hand, one would expect that variatiohe afiteralized
matrix properties strongly affect the mesoscopic elastioggause the matrix occupies
about 85% of the cortical bone volume. However, the actual influence ok ipadperties

variations on mesoscale elasticity is still a matter ofatkelin the literature. Changes in
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matrix mineralization have been shown to be correlated withmigoscopic mechanical
properties variations when the data were combined from eighteeesf@cibut not when
only human data were considered [10]. Rho et al. [7] found that thex neddsticity
(probed with nanoindentation) was significantly correlated to the m@siasaxial Young’s
modulus. Since both vascular porosity and matrix properties determine mesastalgyel
it is not possible to draw general conclusions unless both porositypatnict properties are
measured on the same samples. To our knowledge, only Rho et al. [Tipateeisto what
extent the changes in porosity and matrix elasticity contribmtéhe variations of the
mesoscopic elasticity. They found a significant correlation of baitiables with the
mesoscopic elasticity variations. Unfortunately, the elastpgaties and the porosity were
assessed on different specimens and along the bone axis direcgfoidoman cortical
bone possesses anisotropic elastic properties which are often apgieakiby transversely
isotropic or orthotropic properties both at the microscale [11] and c@ed8,12]. The
preferential orientation of the pores and the mineralized fikails such that the
relationships between matrix properties, porosity and mesosdtasticily may be
significantly different in the axial, radial and tangential directions of bone.

The objective of this work was to assess the relative contributfovescular porosity and
mineralized matrix elasticity to the mesoscopic elastiei@yiations in mature human
cortical bone. To this purpose, experiments were designed followiagdquirements,
which constitute the originality of the work. First, the bone mattasticity (reflected in
acoustical impedance values) and porosity, as well as the mesostagticity, were
measured on the same samples. Second, elasticity measurententsthe micro and the

mesoscale were performed in three orthogonal directions. FirfalyexXperimental results
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were compared with the predictions of a micromechanical model tstiguethe
assumption that cortical bone can be modeled as a homogeneous tradgsisatsapic

matrix pervaded by cylindrical pores.

Material and methods

Bone sample preparation

Fresh bone specimens were prepared from a collection of ten left femursatd tadavers
(mean donor age 81 years, range 66-98 years). Femurs were remowednaluiti-organ
collection and stored at —20°C. Ethical approval for the collection opleamvas granted
by the Human Ethics Committee of the Centre du don des Corps &tniversity Paris
Descartes (Paris, France). The tissue donors or their legatligns provided informed
written consent to give their tissue for investigation, in accotd lggal clauses stated in
the French Code of Public Health. A cross-section of thickness ap@ateky 7 mm was
cut in the mid-diaphysis of each femur. In order to maximize the@hity of bone
properties, parallelepiped-shaped samples were harvested fromerdiffanatomical
guadrants (lateral, medial, posterior) of each cross-section. Nplesamas extracted in
areas where the cortical thickness was less than 4 mm.léthi® a set of twenty-one
samples (nominally 5 x 5 x 7 nijn three samples from two of the femurs, two samples
from seven other femurs and one sample from the remaining fernersdmples faces
were oriented according to the radial (axis 1), circumfere(dias 2), and axial (axis 3)
directions defined by the anatomic shape of the femoral diapf2}si¥he samples were
defatted for 12 hours in a chemical bath of diethylether and mettiafhl The parallelism

of the opposite faces was controlled with a 50 pum admitted erner.sik faces of each
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sample were polished with a hard synthetic cloth using 3 um polgtirys diamond

abrasive particles followed by a 0.05 pm aluminum oxide suspensidadiMipreme and

Masterprep, Buehl&GmbH, Diisseldorf, Germany). After preparation, the samples were

stored in gauze soaked in saline solution at 4°C for no more than 48 joor to

measurements.

Assessment of mesoscale elasticity

Mesoscale elasticity was determined using a well-estedalismethod based on the
measurements of ultrasonic bulk wave velocities and sample appaass density. The
method, which has been extensively described elsewhere [2,12], is the only enéeitiogl
which provides measurements of the shear and longitudinal elastic t@®per the
different directions of a same bone material volume. In contrasthaneal methods
(traction, torsion, three-point bending, etc.) usually require to prepeesample for the
measurement of each property. Given the ultrasonic bulk wave vedocigied apparent
densityp, the diagonal terms;®f the mesoscopic elastic tensor are calculated from:

C, =pv; (i=123

C,. = PNZ, = PV,

— 2 2
Css = PVi3 = PV

— 2 = o2
Ces = PV, = PV,

(1)

where Gi, C2, and Gz are the so called longitudinal elastic coefficients whigragent
the stiffness in a traction-compression mode, ang G, Ces are the shear coefficients.
Velocity vj denotes the velocity of a bulk wave propagating in diredtiafith particles

motion in theg-direction. For longitudinal waves=j, and for shear waves#|j. Samples
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were measured undrained in ambient conditions. The apparent masg dieeath sample
was assessed by dividing its mass by its volume; geonealiibensions were measured
with a digital caliper (accuracy: + 0.02 mm) and mass witlbaratory scale (accuracy: +
0.1 mg). The ultrasonic (US) wave velocities were evaluatedy usipulse transmission
method with a pair of frequency matched transducers in contdtttivdtsample surface.
Longitudinal waves and shear waves were measured using 2.25 MHA andz
transducers (respectively, VI05RM and V152RM, Panametrics, InchaaltMA). Since
the longitudinal and shear wave velocities in bone are signifycditterent (~ 3700 m/s
and 1700 m/s, respectively), the use of different frequenciethése two propagation
modes allowed obtaining a similar wavelength, of the order of 1.7 mntetithe resulting
wavelength, which defines the probing scale, guaranteed toveethie bone mesoscopic
elasticity (i.e. at a scale much larger than the vasqdags). The received signal was
acquired using an oscilloscope (TDS 2012, Tektronix Inc., Beaverton, a®®R)post-
processed with a custom MatLab program (The Mathworks Inc., N&idk, The time
delay, At, for wave transmission through the specimen was obtained adiffiience
between the arrival time of the US pulse with the sample edsard the arrival time of a
reference signal (transducers in contact for the longitudinaésya&Plexiglas plate inserted
between the transducers for the shear waves). Each longitudiffadienewas calculated
after averaging the velocities measured in ten successoqgsdions with intermediate
repositioning; each shear coefficient was obtained after avegrafen two shear wave
velocities from which it could be calculated (equation (1)).

The accuracy of the elastic coefficients evaluation wasrdeted from measurements on a

homogeneous calibrated pure polycrystalline (99.95%) copper plate (Gowd8ARL,
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Lille, France) and was found to be 2.1% and 0.9% for the longitudinal and edhstic
coefficients, respectively. Measurement errors were asseyseepeating longitudinal and
shear waves velocity measurements on two human bone specimense foorfsecutive
days with intermediate repositioning. The reproducibility was 3&% 4.7% for the
mesoscopic longitudinal and shear elastic coefficients, respgctihally, our
measurements were verified to be bulk wave velocities and notavar welocities [3]. For
this, longitudinal wave velocities were measured in eight adifeomposite bone samples
(Sawbones, Pacific Research Laboratory Inc, Vashon WA) of diorend0 x 20 x mm?
(thickness x cross-sectional dimension), the lateral dimemsi@rying from 2 to 10 mm.
The same velocity was measured for all the Sawbone samples{290ih/s). The value
corresponds to the tabulated bulk velocity for this material (2890 Wiig¥, the velocities
measured in this study, even for the smallest samples, wevedpto be bulk wave

velocities and equation (1) can be applied to derive the elastic coefficients.

50-MHz Scanning Acoustic Microscopy

A custom scanning acoustic microscope (SAM), operating wipherically focused 50-
MHz transducer (V605, Valpey Fisher, Hopkinton, USA), was used to prolectustic
impedance normal to the samples surfaces according to the measuneracedure
extensively detailed in previous studies [13,14]. The acoustic impedZhcehich is
modeled as the square root of the product of the local mass density andcekféittient in
the beam direction, has been shown to be a surrogate measuremenbohdahmatrix
elasticity at the microscale [15]. This is also reflectgdHe good agreement between the

impedance and the Young's modulus of bone matrix as obtained fromaithed SAM
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and nanoindentation measurements in bone [16,17] (although some discrepana@es appe
presumably due to the assumptions made on the Poisson ratio). Calimzeednce maps
were obtained with a lateral resolution of 30 um for all sief$acf each sample. Ti®e

maps were segmented allowing the separation of vascular poapsitypone matrix as
previously reported [18].

The acoustic impedance of the matrix was determined from gmeesged maps for each
face of the twenty-one samples. Note that the small pores (‘dalkis canal, osteocyte

lacunae) could not be resolved so that they contributed to the probed bulk matrix properties.
Matrix impedance in the probing direction, denoédzl,Z,B), was defined as the average
of the impedance values of the matrix pixels in tmpposite faces of normal (=1,2,3).

The reproducibility of the assessment of obtained after imaging the face of the same
bone four times on different days, was found td l#é&%.

The 2D cross-sectional porosity was calculated fitbin segmented-maps in the 1-2
plane, i.e. perpendicular to the bone axis (Figa%)the ratio of the pores area to the total
bone surface. Porosity is usually assumed to vaty slightly across sample thickness.
This assumption is reasonably met with the typsaahple thickness of 7 mm, given that
(1) the Haversian canals are roughly aligned withlione axis and (2) the osteon length is
4 mm on average in human femoral mid-diaphysis.[H&wever in our experience, large
resorption cavities visible on a cross-sectionalase can introduce a significant bias in the
estimation of volumetric porosity from surface pgitp. To overcome this limitation, we
estimated the volumetric porosity of each sampén@tedPor) as the average value of the

cross-sectional porosities assessed on the twosdpgdaces in the 1-2 planes.
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Synchrotron Radiation Microtomography (SR-pCT)

To comfort our assumption th&or is a good surrogate for the volumetric porosity, a
subset of specimens was imaged using 3D SR-uCTuGR-measurements were
performed on the imaging beamline ID19 at the ESR#ropean Synchrotron Radiation
Facility, Grenoble, France). The beam energy wagduto 27 keV by using a (Silll)
double crystal monochromator. A full set of 2D ragtiaphic images was recorded using a
CDD detector (FReLoN camera; ESRF Detector groypydating the sample in 1999
steps within a 360° range of rotation in about 3butes. We selected a pixel size of 5.4um
on the detector providing a 3D reconstructed imagkime with a measured spatial
resolution of about 10 um. Due to time limitaticristhe ESRF facilities, only ten of the
twenty-one samples were imaged. After the 3D tomyolgic reconstruction and the
conversion of the linear attenuation coefficients degree of mineralization values
expressed in g/chrof hydroxyapatite (HA) crystals [20], the 3D-paitgsvas derived from

the segmented SRuUCT images, following a fixed tiolebsset to 0.7 g HA/cfn

Micromechanical model

Micromechanical models are useful as a means ainget©row changes of the bone
microscale properties affect its mesoscopic bemavibe modeled behavior depends in
particular on hypothesized organizational patteansl elastic symmetry of the model
material phases. In this work, a model of cortisahe mesoscopic elasticity based on
asymptotic homogenization (AH) was used (sourceecadailable online [21]). This

micromechanical method was chosen for its stabigtsen at high porosities. The theory

10
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was described in details in the case of matrixragnt in Parnell and Grimal [22]. The
model hypothesizes that cortical bone can be regasbk a homogeneous transversely
isotropic (TI) matrix pervaded by cylindrical poreshich are periodically distributed
within the matrix material, specifically on a heragl lattice (Fig. 1). Here, the plane
normal to the pores (1-2 plane) is the plane dfagy for the matrix. The representation
leads to transversely isotropic elasticity at thesascale (isotropy in the 1-2 plane), which

is a reasonable approximation in human femoral dgrhysis [2,12]. Given an elastic

tensorc™ describing the matrix elasticity, an elastic tansb describing the elasticity of
the material within the pores, and the volume foactof pores, a homogenized elastic
tensor C at the mesoscale is calculated. The elastic tesfstie bone matrix was identical
for all samples. Its coefficients were determingchbnimizing the L2-norm of the relative

error between the experimental (C) and homogen{@)l mesoscopic elasticity values

over the twenty-one samples. HencB is the tensor which minimizes the objective

function defined as:

HO(Cm):\/zz(Cii;k_Cii;kC(C ,C ’Pork)] )

k=1 i=1
wherePorg refers to the estimate of porosity of sampkessessed from impedance maps,
and C;,, and C;,, to its experimental and homogenized elastic cciefits. Since the
samples were kept moist during the measuremergsntterial in pores (undrained) was
assumed to behave like bulk water, that is, bulklmhes and Poisson ratio were set to 2.3

GPa [23] and 0.4999 (quasi-incompressible), respgt from which the terms o€’ can

be calculated.

11
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Statistics

The distribution normality and variance equalityreveonfirmed using Shapiro-Wilk and
Bartlett’s tests respectively. One-way analysisaiance (ANOVA) followed by post-hoc
comparisons using Tukey’'s HSD test were perfornte@valuate the differences in the
different directions for the longitudinal and shedastic coefficients and for the mean
acoustic impedance. Note that the influence ohtitomical quadrant on the elasticity was
not investigated due to the small number of samfpesterior (n=2), lateral (n=9), and
medial (n=10)). Adjusted R(adj-R?) from single linear and stepwise multiple regressi

analyses were used to characterize the relativiilbotions of the vascular porositi?dr)

and bone matrix mean impedance in the differeraatcdal'mns(2i ) to the mesoscopic elastic

coefficients (G). After the determination of the optimal matrixopertiesc™ in the AH
model (equation 2), the agreement between the iexpetal and homogenized elastic
coefficients as obtained from the AH model was dedufrom the linear regression
parameters (adjRand root mean square error (RMSE)). All statisticzsults were
considered significant for p-values less than OStatistics were made using the MatLaB
Statistics Toolbox (The Mathworks Inc., Natick, MASA) and JMP (SAS Institute Inc.,

Cary, NC).
Results

We evaluated the anisotropic elastic propertiesthef samples at two scales. At the

mesoscale, ANOVA showed that the samples exhilatsttong elastic anisotropy which

12
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was reflected in the longitudinal elastic coeffiti® (F = 98, p<18) as well as in the shear
elastic coefficients (F = 26, p<®D Precisely, we observed (Tukey HSD}:G Ci1 (not

different from Gz) and Ge < Cas (not different from Gs). At the microscale, the bone
matrix also exhibited anisotropy (F = 96, p<®L0which was reflected in a significant

higher impedance value along the bone axis comptrdtie two transverse directions
21 and 22, which did not significantly differ. The averagalwes of the mesoscopic elastic
coefficients and the bone matrix mean impedancewaremarized in Table 1. The p-values
of the Tukey tests are given in Figure 2.

The comparison, for a subset of ten samples, oBihporosity obtained from the SR-uCT
to the estimated porosity valu@dr) allowed to validate the assessment of volumetric
porosity from the segmented impedance maps. PhgcBar and the 3D-porosity were not
significantly different (paired t-test, p = 0.48)cawere highly correlated as shown by the
linear regression results (adjR 0.98, RMSE = 0.94%, slope not significantly eitnt
from 1) (Fig. 3).Por was found to be (mean + sd) 13.5 + 6.8 %, coveaingde range of
values [3-27%)].

A weak but significant correlation was found betwed G, except G, and 23(bone axis
direction) (adj-R<0.25, p=[0.01-0.04]) (Table 2). No significant dation was found
between the € and the matrix impedance in the radial and cirarsritial directions
(Z,and Z,). The mesoscopic elastic coefficients were weltalated to the porosity (adj-
R2 = [0.72 - 0.84], p<1®). The use of a stepwise regression analysis showed

improvement of the correlation when adding the boma&trix impedance ii) to the

porosity to explain the mesoscopic elasticity vi#oizgs between samples.

13
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The transversely isotropic elastic tensor of thetrima(c™) which allowed the best

agreement (in the sense of equation 2) betweenureghand modeled mesoscopic elastic
properties was found to bell= c), = 26.8 GPa,cy; = 35.1 GPa,c;,= c; = 7.3 GPa,
Ces =5.8 GPac;= ¢ = 15.3 GPa, and thus,= ¢ - 2c;; = 15.2 GPa.

The experimental mesoscopic elastic coefficientsetated well with the effective elastic
coefficients as computed from the AH model (adj=R[0.78-0.82], p<10) (Fig. 4). The
precision of the model prediction was evaluatednigans of the RMSE absolute and

relative values: G =1.0 GPa (5.2 %), £=1.2 GPa (6 %), &= 1.7 GPa (5.6 %), 4= 0.3

GPa (5.5 %), &= 0.4 GPa (8.5 %), &= 0.3 GPa (7.6 %).

Discussion

To our knowledge, the current work is the firstpimvide, for the same set of samples,
measurements of the anisotropic elastic propeatiézo scales together with an evaluation
of the cortical porosity. A set of human femoraittmal bone data, obtained on twenty-one
samples from ten donors, was used to investigaterdhative contributions of both the

matrix elasticity and the porosity to the bone nsespic elasticity.

The experimental data corroborated well with presistudies, be it in respect of the
mesoscopic elastic coefficients [2,3,12], the maaoustic impedance of the bone matrix
[14,17], or the range of the intracortical poro$i¢,25,26].

Impedance measurements suggested that the avdaatie properties of the mineralized

matrix did not undergo large variations in the e@liéint samples (with coefficients of

variation of the ﬁi all inferior to 6%). The limited variations of bemmatrix elasticity

14
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reflected inZ might explain the lack of correlation between ithean acoustic impedance of
the matrix and the mesoscopic elastic coefficieAtditerature review reveals that such
modest variations of the bone matrix propertiesehasen observed in a number of studies.
Cross-sectional reports have shown that the megmree®f mineralization of bone does not
exhibit large variations between individuals, ineiegently of age [10,27,28] and gender
[27]. A few studies have measured the matrix eddagton several individuals at the same
cortical bone site (femoral diaphysis and neck [28inoral diaphysis [7], radius [14]).
Similarly, they all reported small changes in theam value of the matrix elasticity
(average of several measurements points on a surfeat least 1 mm) with coefficients of
variation ranging between 3 and 10 %. Hence, agghdbe bone matrix elasticity is known
to display strong local heterogeneities (in patéicietween the osteonal and interstitial
tissues), its mean value over a few millimeters ai@s relatively constant in healthy
individuals. However, a selection of bone specimens population with known bone
pathologies could result in a wider variation oftrixamaterial properties and lead to
different conclusions.

Our results demonstrate that, for an elderly pdprathe change in porosity is the major
determinant of the variations of the anisotropasgt coefficients at the mesoscale, at least
in the femoral mid-diaphysis. To our knowledge, yomwine study has experimentally
examined the impact of porosity variations on tlastecity of human femoral cortical bone
in several directions [8]. While they also foundteong dependence of the Young’s moduli
and shear moduli on porosityqR [0.66 — 0.72]), they observed no significantretation
between the elastic properties in the transversethn and the porosity, in contrast to our

findings.

15
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The fact that all the mesoscopic elastic coeffitsdmve a dependency on the porosity is
supported by the theoretical results obtained ws#veral models using different
homogenization approaches [1,30,31,32,33,34]. Wenpene the outcome of a
homogenization model to experimental data for kneatues of porosities associated to a
number of bone material volumes. As far as we kramy two previous studies confronted
experimental results with the predictions of a mmsechanical model. However, the elastic
constants were not assessed on the same speciHnf the shear constants were
lacking [35]. In our study, because six elasticficients have been measured for each
sample, a large data set is available for the cosgpa We found that modeling cortical
bone as a two-phase composite with a transverselsopic matrix pervaded by cylindrical
pores provided a good estimate of the elasticitiatians at the mesoscale, as shown by the
strong correlations (relative RMSE = [5.2 — 8.5 %tween the experimental results and
the prediction of the micromechanical model. Ndtewever, that the homogenized
elasticity C is not strictly independent of the mesoscale expmntal data C because the
matrix elasticity of the modglc™ Yvas determined such that the agreement betweenl C a
C' is optimum (equation 2).

It is noteworthy that the model was particularlyicéént considering its ability to fit all
experimental mesoscopic elastic coefficients witklatively good accuracy using a unique
elastic tensor for the matrix and the pores ancrapse-dependent porosity. This was
despite the many idealizations of the model, inigalar the elastic properties of the matrix
and the modeling of the pores. Universal, homogeaseelastic properties were assigned to

the bone matrix. The choice of a unique matrix sagported by the small change in the

16
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average elastic properties of the matrix, as tedtiby the matrix impedance data. We
verified that the optimized set of Tl elastic prdjms assigned to the bone mat(ig” )

were physically acceptable. In fact, once convertged engineering moduli (E= 16.5
GPa, E = 24.0 GPa, &= 5.8 GPa, 6= 7.3 GPa), the matrix elastic properties weranébu

consistent with the nanoindentation values in huregnoral bone available in literature
[36,37,38]. Moreover, the matrix elastic coeffidiefc™ ) used in our model compared well
with those derived from the experimental acoustipedance mean values using the
conversion relationship between Z anfl [15]. Precisely, the elastic coefficients of the

matrix as derived from the; 4=1,2,3) (¢}""= 28.7 + 3.1 GPag,,”*= 28.5 + 2.3 GPa and

m

Cyy °= 40.7 £ 3.3 GPa) were in agreement with the @astefficients assigned in the

model (] =c;,= 26.8 GPa,c;; = 35.1 GPa). The vascular porosity was idealized a

infinite cylinders of circular cross-section alighalong the bone long axis. Hence, the
pores were modeled as continuous even though andisaous representation might seem
more realistic. However, we have found that, fqress ratios (length of the pore / diameter
of the pore) larger than 5, modeling the poresndimiie cylinders yields a very good

approximation (less than 1% error) of discontinupages with typical aspect ratio of the
Haversian canal [39]. Although this representatias been commonly used for modeling
cortical bone [30,31,35], it does not take intocact the variability of pores shapes, size,
and distribution. Considering the gradient of pdsofom the endosteal to the periosteal
region [14,24] or the change in the pores size3Zlomay improve the predictions of the

bone effective elastic properties.
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The remaining part of experimentally determinedtetéy C which is not explained by the
model is due to experimental uncertainties and mnasiumptions. The latter comprise the
assumptions regarding the pores as mentioned aowvé¢he fact that some variability of
the matrix properties exists between different dasp

A first limitation of the study arises from the iesation of the sample porosity as the
average value of the cross-sectional porositiessassl on the two opposite transverse
faces. However, the validation of the porosity aasibn with 2D SAM on ten samples
against the vascular porosity as obtained from BRGT data confirmed th&or is a good
proxy for the vascular porosity. A second limitatim the study is the fact that all donors
were elderly female donors (with a mean age supéoidB0 years). Although the bone
matrix elasticity has been shown to be independiemh age and gender [40], aging
strongly affects the range of porosity and couldnge the relative contributions of the
matrix elasticity and the porosity to the mesoscaasticity in younger individuals. Thus
the conclusions of this study hold true only for aged population, which is most
commonly affected by osteoporosis and bone frggifitnally, in spite of a limited sample
size (n = 21 from 10 subjects), the range of vatumeered by the porosity (from 3 to 27%)
was wide enough to provide conclusive results.

In summary, the findings of this paper demonsttht#, in aged women, the changes in
porosity prevail over those of matrix elasticity thive the variations of the bone
mesoscopic elasticity. The impact of the porosiiytloe elasticity is all the more important
considering the increased intracortical porositaa®nsequence of aging [10,26,41,42,43]
and disease, e.g. hyperparathyroidism, osteopof#4]s In particular, Zebaze et al. [43]

showed that 84% of the bone loss occurs after geea 65 of which 68% would be
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cortical bone manifested as an increase of corpombsity. Moreover, the increase of
cortical porosity, pointed out as the dominant daaiccurring in elderly individuals, is

known to reduce bone strength [45]. A simple meatsmodel was proposed to interpret
the experimental data: the dependence on poroditghear and longitudinal elastic
properties in the radial, circumferential, and axiigections of bone is correctly described
when idealizing bone as a two-phase material witmeversal’ (same for all bone samples)

transversely isotropic matrix pervaded by cylindrigores.
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Figures captions

Figurel (a) 3D reconstruction of a cortical bone voluinoen SR-uCT data. The samples
faces are oriented according to the radial (1guenferential (2), and axial (3) axes defined
by the anatomic shape of the femoral diaphysis.ldegalization of cortical bone as a
homogeneous anisotropic matrix pervaded by infirgidindrical pores, which are

periodically distributed within the matrix materiapecifically on a hexagonal lattice.

Figure 2  Experimental results: (a) mesoscopic elastidfiobents (b) mean acoustic
impedance of the bone matrix. On each box the alenmtark is the median, the edges are
the 29" and 7%' percentiles, the whiskers extend indicate theeexér values. Thp-values

from the post hoc multiple comparison Tukey’'s H&Bt$ are also given.

Figure 3  Validation of the assessment of volumetric piyofrom the segmented
impedance maps on a subset of ten samples: thmagsti value of the ‘volumetric’

porosity Por) is plotted against the 3D-porosity obtained fiSR-uCT.

Figure 4 (a) Longitudinal and (b) shear mesoscopic eastefficients versus porosity:
results from experimenta (0, A) and asymptotic homogenization model solid andediot
lines). Note that all the homogenized elastic coeffits computed from the AH model are

obtained using a unique set of elastic constamtth&®bone matrix.
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Tables captions

Tablel Experimental data (mean + std [range])

Table 2 Multivariate analysis regression (adjustetiadRd RMSE): relative contributions
of the vascular porosityPpr) and the matrix impedancefi() to the mesoscopic elastic

coefficients (G).
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Tablel

M esoscopic elastic coefficients [GPa]

Cll C22 C33 C:44 C55 CGG
19.3+2.2 19.8+2.2 29.2+3.2 58+0.8 56+0.8 42+0.6
[15.6— 23.2] [15.0- 22.8] [23.3-34.5] [4.3-7.1] [3.8-6.8] [2.8-5.2]
M ean acoustic impedance of the bone matrix [M Rayl]
21 ZAz 23
7.4+04 7.3+0.3 8.7+0.4
[6.4-8.2] [6.7—7.9] [8.1-9.6]
Vascular porosity [%]
13.5+6.8

[2.9- 26.9]




Table2

Adjusted R
RMSE [GPa] Cu Co Ca Cus Ces Ces
Z, n.s. n.s. n.s. n.s. n.s. n.s.
22 n.s. n.s. n.s. n.s. n.s. n.s.
A 0.21" s 0.26" 0.22" 0.26 0.16"
3 1.96 > 2.75 0.68 0.71 0.59
0.79" 0.76" 0.74” 0.84" 0.72" 0.78"
Por 1.01 1.09 1.64 0.31 0.44 0.30
A oA oa 0.79" 0.76" 0.74” 0.84" 0.72" 0.78"
Por,Z,,Z,,Z, 1.01 1.09 1.64 0.31 0.44 0.30

n.s.: not significant (p > 0.05)p < 0.05;"p < 10°



