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Abstract

The strong dependence between cortical bone elasticity at the millimetre-scale (mesoscale)
and cortical porosity has been evidenced by previous studies. However, bone is an anisotropic
composite material made by mineral, proteins and water assembled in a hierarchical struc-
ture. Whether the variations of structural and compositional properties of bone affect the
different elastic coefficients at the mesoscale is not clear. Aiming to understand the rela-
tionships between bone elastic properties and compositions and microstructure, we applied
state-of-the-art experimental modalities to assess these aspects of bone characteristics. All
elastic coefficients (stiffness tensorof the transverse isotropic bone material), structure of the
vascular pore network; collagen and mineral properties were measured in 52 specimens from
the femoral diaphysis of 26 elderly donors. Statistical analyses and micromechanical model-
ing showed that vascular pore volume fraction and the degree of mineralization of bone are
the most important determinants of cortical bone anisotropic mesoscopic elasticity. Though
significant correlations were observed between collagen properties and elasticity, their ef-
fects in bone mesoscopic elasticity were minor in our data. This work also provides a unique
setrof data exhibiting a range of variations of compositional and microstructural cortical
bone properties in the elderly and gives strong experimental evidence and basis for further
development of biomechanical models for human cortical bone.

Keywords: Cortical bone, Elasticity, Microstructure, Composition, Resonant ultrasound
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1. Introduction

Human cortical bone is a porous composite material consisting of a soft organic ma-
trix hardened by a mineral phase, composed of about 70% mineral (hydroxyapatite), 22%
proteins (type I collagen) and 8% water by weight [1], assembled in a hierarchical struc-
ture that extends over several organization levels [2, 3]. At the nanoscale, the fibrils mainly
constituted by collagen and hydroxyapatite are arranged in fibers. Mineralized fibers are or-
ganized to form bone lamellae whose typical thickness is about several micrometers. Across
lamellar sublayers, the orientation of the fibers may vary and presents a twisted plywood
structure [4]. At the microscale, the osteon, a cylindrical structure composed of several
concentric lamellae around a Haversian canal (20 — 100 pm in diameter); constitutes the
basic structural unit at this level. The cortical porosity includes the Haversian canals which
are inter-connected by Volkmann’s canals (several tens pym in diameter), osteocyte lacunae
and canaliculi (a few pm to less than 1 pm in diameter) and resorption cavities. The pores
mainly contain fluids and soft tissues, such as blood vessels, nerves and cells [5].

Bone undergoes a permanent biological remodeling process regulated by mechanosensi-
tive osteocytes, which allows it to adapt to the mechanical load it sustains [6]. Osteocytes
respond to the local strain, which, for a given load, is determined by bone stiffness. Hence
investigating bone stiffness in detail should improve the understanding of bone functional
adaptation mechanisms. The role of cortical bone as a determinant of bone strength and
the role of cortical structural indices as a quantifiable marker of bone loss and bone fragility
has been recognized recently [7]¢ In the femoral neck, cortical bone plays a predominant
role compared to trabecular bone in respect to bone strength [8]. Even in the vertebral
body, 45-75% of the axial load applied in compression is carried by the cortex [9]. Many
case-control and cross-sectional studies have demonstrated that impaired cortical bone at
the radius or tibia is associated with prevalent fractures of the wrist, hip or spine, even
after'adjustment for areal bone mineral density [10-13]. A few prospective studies recently
indicated that deficit in cortical density and structure was predictive of incident fracture
[14, 15]. All these results highlight the growing recognition of the role of cortical bone for
the mechanical competence and of its deterioration as an important fracture risk. Cortical
bone stiffness at the mesoscale (millimeter-scale) is of special interest as it has a direct
impact on the mechanical behavior of bone at the macroscale level [6, 16] at which cortical
bone acts, in concert with the overall gross shape of a bone, to resist functional loads [17].
The mesoscopic level is also appropriate to investigate the regional variations of the elastic
properties within a bone [18], which is necessary to refine finite element models to predict
patterns of stress and strain of major skeletal sites of osteoporotic fractures.

Bone mesoscopic stiffness depends on both the porous microstructure and the tissue



elastic properties at all the smaller lengthscales. Tissue elastic properties are determined
by the composition and the structural organization of the tissue components. The inquiry
of the role of composition and microstructure in the variation of bone stiffness dates back
to the 70’s [19, 20] when the importance of porosity and mineral content was identified.

Although vascular porosity has been found to be an important determinant of bone
mesocale stiffness [19, 21, 22], the role of the three-dimensional (3-D) microstruture of the
pore network in cortical bone stiffness is barely studied. Microstructural features; such
as pore size, pore number, pore diameter, pore connectivity are footprints of the bone
remodelling process [23] and may also have an effect on bone stiffness. A recent study has
demonstrated that changes in pore network microstructure occurring during growth and
aging may impact fibula cortical bone stiffness [24].

An important property of bone matrix is its mineral content which has been evaluated
in various ways, including chemically dissolved [25] and burning up the organics in high
temperature [26], and inferred by X-ray based methods [27, 28]. Depending on the evaluation
methods different names have been used to describe the mineral content, such as calcium
content, ash density, bone mineral density and degree of mineralization of bone (DMB).
The Young’s modulus of bone was found to be correlated with the calcium content [25] and
the variability of the Young’s modulus between children and adults’ cortical bone can be
largely explained by the ash density [26]. The recent advent of high resolution X-ray-based
imaging modalities (e.g., microradiography, microcomputed tomography) allows accurate
measurement of DMB and itsspatial distribution. There is a lack, however, of studies to
correlate the volumetric values with bone elasticity. Other compositional properties such
as crystallinity which reflects the size and perfection of crystals, maturity of mineral and
collagen, as well as collagen crosslinks are also a vital part of bone composition and are also
associated with bone stiffness [29, 30], especially in diseases, such as osteogenesis imperfecta
[31] or drug treated bone, e.g., by bisphosphonates [32, 33].

Although several studies investigating bone stiffness (i.e., elasticity) determinants have
involved many microstructural and compositional (mineralization, crystallinity and colla-
gen) features, bone was seldom considered as an anisotropic material and the relative con-
tribution of these characteristics to bone anisotropic stiffness were not quantified. In this
work, we carry out a thorough investigation of the determinants of cortical bone mesoscale
anisotropic stiffness by applying state-of-the-art experimental modalities to assess the prop-
erties of the collagen and mineral, and the structure of the vascular pore network. To
measure the anisotropic elastic properties, we use resonant ultrasound spectroscopy (RUS)
which became recently available to measure bone and is, as far as we know, the most precise

method to measure all elastic constants on small specimens. To measure the characteristics



of the vascular pores and mineral content, we use synchrotron radiation micro-computed
tomography (SR-uCT) which is the reference technique for these purposes. To measure the
amount of collagen and cross-links, we use a standard biochemistry method. To measure
the properties of the mineral, we use a conventional Fourier transform infrared microspec-
troscopy technique (FTIRM). Combining all these techniques, the study provides a unique
set of data exhibiting a range of variations of compositional and microstructural cortical
bone properties. In addition to a thorough statistical analysis of the datasets, we interpret
and summarize the observed trends of variations of elasticity resorting to a model based on

micromechanics theory.

2. Materials and methods

2.1. Specimens

Bone specimens were harvested from the left femur of 29 human cadavers. The femurs
were provided by the Départment Universitaire d’Anatomie Rockefeller (French body do-
nation to science program, declaration number:  DC-2015-2357; Laboratory of Anatomy,
Faculty of Medicine Lyon Est, University of Lyon, France) through the French program
on voluntary corpse donation to science.” Among the donors, 16 were females and 13 were
males (50 — 95 years old, 77.8 & 11.4, mean£SD). The fresh material was frozen and stored
at —20°C. The samples were slowly thawed and then, for each femur, approximately a 40
mm-thick cross section was cut perpendicular to the bone axis from the mid-diaphysis. The
cross section was separated to four sections corresponding to four quadrants (lateral, medial,
anterior and posterior). In each of the lateral and medial anatomical quadrants, 3 rectan-
gular parallelepiped shaped specimens (set #1, #2 and #3) were prepared along the axial
direction for different testing purposes (Fig. 1). The elastic properties, the microstructural
characteristics of the pore network and the degree of mineralization were obtained from
set #1. Specimens #2 were prepared for mechanical testing aiming at estimating tough-
ness. The results of mechanical testing have been reported in a separate publication [34].
The residues around the set #2 after cutting for #2 were used to assess collagen proper-
ties. Assessment of mineral properties was achieved using set #3. The nominal specimen
size of set #1, #2 and #3 was 3x4x5 mm?, 3x4x25 mm?> and 3x4x0.5 mm? in radial
(axis 1), circumferential (axis 2) and axial direction (axis 3), respectively, defined by the
anatomic shape of the femoral diaphysis. All specimens were kept hydrated during sample

preparation.
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Figure 1: Sample preparation procedure and the representations of the experimental modalities including
RUS, SR-uCT, biochemistry and FTIRM. (a) A cross-section of femoral bone at the mid-diaphysis was
extracted. (b) Three rectangular parallelepiped shaped specimens (set #1, #2 and #3) were prepared along
the axial direction at both the lateral and medial quadrants. (c) RUS measurements for bone stiffness. (d)
Pore network obtained treating bone phase as background. (e) Bone residues around #2 after cutting for #2
went to biochemistry experiments to quantify the collagen and cross-links. (f) A FTIRM spectra containing

compositional information of the bone specimen.

2.2. Bone stiffness measurements

The stiffness constants of bone specimens (set #1) were identified using RUS following
the procedure previously described in Bernard et al. [35]. In RUS, the stiffness constants
are estimated by solving an inverse problem which consists of the comparison of measured
resonant frequencies to model-predicted frequencies (equation A.1). Briefly, the experiment
consisted of the following steps: (1) A bone specimen was placed on two opposite corners
between two ultrasonic shearwave transducers (V154RM, Panametrics, Waltham, MA), one
for emission and one for reception, to achieve a free boundary condition for vibration. (2)
The frequency response of the vibration of the specimen in the 100 - 600 kHz frequency band-
width was amplified by a broadband charge amplifier (HQA-15 M-10 T, Femto Messtechnik
GmbH, Berlin, Germany) and then recorded by a vector network analyzer (Bode 100, Omi-
cron Electronics GmbH, Klaus, Austria), from which the 20 to 30 first resonant frequencies
were extracted. (3) Assuming a transversely isotropic symmetry [36, 37] (plane 1-2 is the
plane of isotropy), the stiffness constants C;; (Voigt notation: ij = 11;33;13;44;66), were
automatically calculated by optimizing the misfit function between the experimental and

model predicted resonant frequencies (inverse problem), which was formulated in a Bayesian



framework [38]. The prior information of the distribution of the stiffness constants required
for the Bayesian analysis was taken from a previous study [22].

In the elastic tensor, C7; and C33 which correspond to pure longitudinal waves are de-
noted as longitudinal stiffness constants; Cy4 and Cgg which correspond to pure shear waves
are denoted as shear stiffness constants; C12 and C13 are the off-diagonal stiffness constants
corresponding to the mixed-mode waves [39]. For transverse isotropy, the following relations
hold, C11 = Cyo, Cyy = Cs5, C13 = Cy3 and C1o = C11 — 2Cgs. For transversely isotropic
symmetry, the engineering moduli such as Young’s moduli and Poisson’s ratios can be con-
verted by the stiffness tensor [5]. The mass density of each specimen, which is needed in
stiffness determination with RUS, was derived from the average values of four mass (Sarto-
rius CPA224s, precision: 0.1 mg) and dimensions measurements (Mitutoyo Coolant Proof
Caliper 500-606, precision: 0.01 mm). The experimental errors caused by an irregularity of
the specimen geometry and by uncertainties of the extracted resonant frequencies, following
this protocol, typically cause an error of approximately 1.7% for the shear stiffness constants

and approximately 3.1% for the compression and off-diagonal stiffness constants [40].

2.3. Bone microstructure

After RUS measurements, bone specimens in set #1 were defatted for 12 hours in a
chemical bath of diethylether and methanol (1:1) and rinsed in distilled water before SR-
#CT scanning in order to comply with the local regulation by the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). This defatting protocol does not alter the
anisotropic stiffness of human cortical bone measured by RUS as has been verified in a
previous work [41]. <#3-D imaging acquisitions were performed on the beamline ID19 at
ESRF using a SR-uCT setup based on a 3-D parallel beam geometry acquisition [42, 43].
We used a pink beam energy at 26 keV allowing fast image acquisition (0.2 s per projection)
and a total acquisition time less than 10 min per scan. A full set of 2D radiographic images
was recorded using a CDD detector (Gadox scintillator, optic lenses, 2048 x 2048 Frelon
Camera) by rotating the specimen in 1999 steps within a 360° range of rotation. The
detector system was fixed to get a pixel size of 6.5 um in the recorded images in which a
region of interest of 1400x 940 pixels was selected to fit the specimen. For each specimen, the
SR-uCT 3-D volumes were reconstructed using a 3-D version of the Filtered Back Projection
algorithm implemented at ESRF in the PyHST code [44].

In the reconstructed volume of each specimen, a volume of interest (VOI, sized approx-
imately 2.8 x 3.9 x 4.8 mm?) was selected manually for morphometric analysis. Following
[24], the VOIs were binarized by simple thresholding treating the void volumes as a solid
and the bone phase as a background (Fig. 2). Then, the morphometric parameters listed in

Table 1 were calculated using the software CTAn (V 1.16.1, Skyscan NV, Kontich, Belgium).



Table 1: Microstructure variables assessed by CTAn and their definitions.

Variable Unit Definition

Microstructure group
) % pore volume fraction

PoS/PoV  mm~! pore surface to pore volume ratio

PoN mm~!  pore number per millimeter
PoDm pm average diameter of the pores
PoSp pm average separation between pores
PoPf mm~!  pore pattern factor, lower PoPf

indicates higher concavity, i.e.,
better-connected pore network
ConnD mm~2  connectivity density, a measure of
the degree to which a pore is
multiply connected
SMI a.u. structure model index, the relative
prevalence of rods and plates in a

3D pore network
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Figure 2: (a) One transverse gray-levels cross-section of cortical bone scanned by SR-uCT showing the

distribution of pores and mineral. (b) 3-D rendering of the pore network after binarization of the volume.

2.41 Degree of mineralization of bone

A pink beam was used in the first SR-puCT experiments on the beamline ID 19 which did
not provide satisfying values of degree of mineralization of bone (DMB). Hence, SR-uCT
experiments were launched for a second time on the same specimens (set #1) on the beamline
ID 17 at ESRF using a monochromatic beam. The beam energy was accurately tuned to
26.5 keV by using a Laue-Laue monochromator. The detector was a PCO edge CMOS
camera coupled to a YAG scintillator. The pixel size was set to 6.03 pm and counting time
was 0.4 s per projection. A total set of 4000 projections was acquired under 360° yielding to
a total scan time of 30 min per sample. The 3-D volume were reconstructed using PyHST

as previously described.



The gray levels of the images (Fig. 2), corresponding to the X-Ray linear absorption
coefficients of bone, were used to estimate the 3D distribution of mineral content within
a bone specimen as described in [45]. As the linear attenuation of collagen and water are
very close [46, 47], we have considered only a two-material decomposition basis, made of
hydroxyapatite and water. In addition, since we used a monochromatic synchrotron CT
acquisition, the energy of the incoming X-ray beam is perfectly known. Then this allows
the estimation of the mineral concentration (g/cm?), namely DMB, from the measured
linear attenuation coefficient as described in [45]. The DMB was averaged on the whole 3-D

bone phase after taking care of partial volume effects.

2.5. Biochemical measurements

The spared materials from the preparation of specimens #2 were cut into small pieces,
powdered, demineralized, extensively washed and hydrolyzed. The amount of enzymatic
cross-links (DHLNL, HLNL, PYD and DPD), non-enzymatic cross-link pentosidine (PEN)
(Table 2) and collagen were quantified using the hydrolysates. Detailed process of the
biochemical experiments has been reported in Gauthier et al. [48]. The measurement error
of the cross-links was evaluated previously 4n bovine bone which was between 5.2-10.7%
[49, 50]. The variables from biochemical:measurements are summarized in Table 2 grouped

as collagen variables.

2.6. Fourier transform infrared microspectroscopy

FTIRM analysis is done on 2 um thin sections. To do so, after dissection of bone, samples
(set #3) were fixed in 70% ethanol for two weeks, dehydrated for 48h in 100% ethanol, sub-
stituted for 48h in methylcyclohexane and then embedded in methylmethacrylate (MMA).
The sections of 2 um thickness were obtained with a microtome Polycut E (Reichert-Jung,
Leica, Germany) and stored between two slides at room temperature. The raw spectra were

! resolution and averaged by 40 scans per scanned region in transmission

collected at 1 cm™
mode with a Perkin—Elmer GXII Auto-image Microscope (Norwalk, CT, USA) equipped
with a wide band detector (mercury-cadmium-telluride) (7800-400 cm~1). The instrument
used a Cassegrain objective of numerical aperture 0.6. The system has a spatial resolution
of 10 pm at typical midinfrared wavelengths. Contribution from air was subtracted from
original spectrum. The preprocessing (MMA removal, baseline correction) and the analysis
by peak fitting were executed using the LYOS Spectrum Analysis software [51].

From the spectrum, the following variables (Table 2) were retrieved: mineral to matrix
ratio (MinOrga) which represents the ratio of the mineral phase over the organic phase (col-

lagenic and non-collagenic proteins), mineral maturity (MinMat) which reflects the transfor-

mation of non apatitic phosphates of the hydrated layer into apatitic phosphates contained



in the crystal core, carbonation (Carbon) which represents the quantity of carbonates in-
corporated into the bone mineral at a labile site and substituted in the apatite lattice due
either to POy or OH, crystallinity index (CryInd) which corresponds to both crystalline
domain size and how well the ions of the crystal are ordered in the unit cells and collagen
maturity (CollMat). The reproducibility of each FTIRM variable was calculated on hu-
man cortical bone section, with a region of interest 100 pm x 100 pm (spatial resolution),
at 2 cm~! spectral resolution. It was calculated as the standard deviation over mean of
10 measurements and was, for MinOrga (0.4%), MinMat (0.8%), Carbon (0.3%), CryInd
(0.7%) and CollMat (5.6%). More details of the definition of these variables can be found
in Table 2. The former four variables were grouped in the mineral variable group and the

last one CollMat was grouped in the collagen variable group.

Table 2: Compositional variables assessed by FTIRM, SR-uCT and biochemistry experiments and their

definitions.

Variable Unit Definition Modality

Mineral group

DMB g/cm? Degree of mineralization of bone SR-uCT

MinOrga  no unit Mineral to matrix ratio, the ratio of the FTIRM
r1v3POy4 area (910 — 1184 cm~1) over the
Amide T area (1592 — 1730 cm™—1)

MinMat no unit Mineral maturity, the ratio of the ap- FTIRM
atitic (~1030 cm~! peak) over non apatitic

(~1110 cm ™! peak)

Carbon no unit Carbonation, the ratio of the v2COj3 area FTIRM
(862 — 894 cm™1) over the v1v3POy area
Crylnd cm Crystallinity index, the inverse of the full FTIRM

width FTIRM at half maximum of the
~604 cm—1 peak

Collagen group

1

CollMat no unit Collagen maturity, ~1660 cm~* peak over FTIRM

~1690 cm~1 peak

DHLNL mmol/mol Didhydroxylysinonorleucine, immature en- Biochemistry
collagen zymatic cross-links

HLNL mmol/mol Hydroxylysinonorleucine, immature enzy- Biochemistry
collagen matic cross-links

PYD mmol/mol Pyridinoline, mature enzymatic cross-links Biochemistry
collagen

DPD mmol/mol Deoxypyridinoline, mature enzymatic Biochemistry
collagen cross-links

PEN mmol/mol Pentosidine, non-enzymatic cross-links Biochemistry
collagen

Coll % Collagen percentage by weight Biochemistry




2.7. Statistics

After calculating the descriptive statistics, a statistical analysis was conducted to ex-
hibit empirical relationships between elasticity, on the one hand, and the variables in the
microstructural, mineral and collagen groups, on the other hand. The mean value, stan-
dard deviation (SD) and coefficient of variation (CV), expressed as the ratio SD/Mean are
reported for each variable. Normality of the distribution of the variables was evaluated us-
ing the Shapiro-Wilk test. One-way analysis of variance (ANOVA) and Wilcoxon test (for
the variables failing the normality test) were performed to evaluate the differences of the
data sets from lateral and medial anatomical quadrants. As some variables-were not nor-
mally distributed, we used Spearman rank coefficients in the correlation analyses between
stiffness constants and each of the microstructural and compositional variables. Those vari-
ables significantly correlated with at least one stiffness constant were kept for a series of
stepwise multiple linear regression analyses. For each stiffness constant, stepwise analyses
were firstly carried out in each group of variables (microstructure, mineral and collagen).
Then, the most significant variables of each group were retained to find the optimal multi-
ple linear regression model. For those variables for which we observed a difference between
lateral and medial quadrants, the multiple linear regression analyses were carried out on
lateral and medial datasets separately. If these variables were not retained as explanatory
variables in the regression model, analyses were run again pooling the lateral and medial
datasets. The relative contribution of the variables were quantified by adjusted-R? (Adj-R?)
and root-mean-square-error (RMSE). To highlight the relative importance of the explana-
tory variables in the models, all the explanatory variables were normalized between —1 and
1. Data were considered statistically significant for p < 0.05. Statistical analyses were made

using the Matlab 2017a Statistics Toolbox (Mathworks Inc., Natick, MA, USA).

2.8. Micromechanics modeling

The results of the statistical analysis presented in Sec. 3 suggest that the variability of
all the stiffness constants can be explained by a small number of determinants, namely, the
porosity (¢) and mineral content (DMB). This in turn suggests that the organization of the
bone material follows a certain pattern, which we attempt to model following Grimal et al.
[16]. We assume (1) that the vascular pore network can be modeled as a series of infinite
cylindrical pores periodically distributed in bone matrix on a hexagonal lattice associated
to porosity ¢ (Fig. 1 (h)); and (2) that the different elastic coefficients (stiffness tensor) of
the bone matrix depend linearly on DMB (e.g., the amount of mineral scales the matrix
elastic properties). The empirical relationships relating each elastic coefficient to DMB can

be obtained straightforwardly taking ¢ = 0 in equations 1- 5 (Table 5).
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Specifically, the modeled effective stiffness constants ijyl are calculated using asymptotic
homogenization [52, 53] (an implementation is available here [54]). The inputs of the model
are ¢, the stiffness of the material filling the pores (water of bulk modulus = 2.2 GPa and a
null shear modulus), and the stiffness tensor of the matrix obtained as a function of DMB
as explained above.

The quality of the model is evaluated by comparing C;. Jyl to stiffness experimental data

using linear regression and Bland-Altman plot.

3. Results

The specimens of one subject with a porosity higher than 30% was not included in the
analysis. Two other subjects, for which part of the experiments failed due to damage to the
specimens, were also excluded, which finally led to 26 subjects for each set (#1, #2 and

#3) of specimens.

3.1. Descriptive statistics

The results of the elastic, microstructural and compositional (mineral and collagen)
variables are summarized by the mean value and SD for the lateral and medial specimens,
respectively, in Table 3. The microstructural variables (CV from 7.1% to 58.0%) and collagen
(CV from 3.9% to 36.4%) showed a greater range of relative variability compared to the
stiffness constants (CV from 6.4% to 14.2%) and mineral variables (CV from 1.4% to 5.6%).
Significant differences were found between lateral and medial quadrants (Table 3) for two
microstructure variables (ConnD, SMI) and the variables measured by FTIRM (MinOrga,
MinMat, Carbon, CryInd and CollMat).

3.2. Univariate correlation analysis

Spearman rank correlation coefficients (R) between C;; and the other variables are sum-
marized in Table 4. For the variables displaying a significant difference between the lateral
and'medial quadrants, i.e., ConnD, SMI, MinOrga, MinMat, Carbon, CryInd and CollMat,
R was calculated for lateral and medial group separately. Overall, the strongest correlations
were found for the microstrucural variables and DMB. Among the microstructure variables,
¢, PoN, and PoDm were negatively correlated with all the C;; (R from -0.64 to -0.89).
Positive correlations were found between PoS/PoV, PoSp, PoPf and all the C;; (R from
0.50 to 0.86). ConnD from lateral quadrant significantly correlated with some C;; (R from
-0.41 to -0.55). Among the mineral variables, DMB was significantly correlated with all the
Ci; (R from 0.77 to 0.81). MinOrga from lateral quadrant was significantly correlated with
all the C;; (R from 0.42 to 0.51). Moderate but significant correlation was found between
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Table 3: A summary of the results (Mean(SD)) of stiffness constants, microstructure and compositional
variables from the lateral (L) and medial (M) specimens. * Variables showing significant difference between

lateral and medial specimen data and the corresponding p-values are also given below.

Stiffness constants

C11 (GPa) Cs3 (GPa) C13 (GPa) Caq (GPa) Ces (GPa)
L 19.6(2.0) 20.0(2.3) 11.9(0.9) 5.8(0.6) 4.3(0.6)
M 20.1(1.8) 28.9(1.8) 12.1(0.9) 5.9(0.6) 4.5(0.6)
Microstructure variables
¢ (%) PoS/PoV (mm™1) PoN (mm~1) PoDm (pm) PoSp (pm)
L 7.4(4.3) 59.2(17.1) 0.78(0.25) 90(31) 323(35)
7.6(3.9) 61.8(19.7) 0.83(0.20) 89(34) 318(27)
PoPf (mm~1) ConnD* (mm™3) SMI* (a.u.) p (g/cm3)
p< 17 p=0.01
L 31.34(8.26) 10.3(5.0) 3.2(0.3) 1.90(0.06)
M 30.36(9.35) 24.8(5.8) 3.1(0.2) 1.90(0.06)

Mineral variables

DMB (g/cm?)

MinOrga* (n.u.)

MinMat* (n.u.)

Carbon™ (n.u.)

CryInd* (cm)

p=0.01 p<1™4 p<1-6 p<174
L 1.01(0.02) 5.26(0.30) 1.84(0.10) 0.0071(0.0003)  0.0384(0.0011)
M 1.02(0.02) 5.55(0.26) 1.72(0.07) 0.0066(0.0002)  0.0396(0.0006)
Collagen variables
CollMat* DHLNL HLNL PYD DPD
(n.u.) (mmol/mol (mmol/mol (mmol/mol (mmol/mol
p = 0.005 collagen) collagen) collagen) collagen)
L 4.54(0.37) 577.7(210.2) 265.1(78.6) 352.6(53.5) 98.3(17.5)
4.33(0.29) 557.9(183.5) 255.7(69.0) 353.5(34.3) 108.0(18.0)
PEN Coll
(mmol/mol (%)
collagen)
L 10.3(2.9) 13.6(0.8)
M 9.5(2.6) 13.4(0.5)

MinOrga and Carbon from medial quadrant and Ci3 (R = 0.47) and Cyuy (R = —0.45), re-
spectively. Among the collagen variables, DHLNL and HLNL were significantly correlated
with all the C;; (R from -0.33 to -0.48), The variables that were not significantly correlated
with any of the Cjj, i.e. SMI, MinMat, Crylnd, CollMat, PYD, DPD, PEN and Coll were
removed in the following regression analyses in Section 3.3. Additional information about

the relationships between the variables within each group (C;;, microstructure, mineral and
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collagen) and among the groups can be found in Appendix B.

Table 4: Spearman correlation coefficient R between C;; and microstructural, mineral and collagen variables.
The variables with bold font were kept for the following analysis. Data from lateral and medial quadrants
were analyzed separately for the variables who show significant differences between the two quadrants
(additional labels 'L’ and "M’ are added in the table). Results are not differentiated using labels 'L’ and
"M’ when no significant relationship was found both in the lateral and medial data. 'p < 0.05, 2p < 0.001,
3p < 0.0001, n.s. not significant.

C11 C33 Ci3 Cyq Cee
-0.873  -0.80° -0.763 -0.893 -0.843
PoS/PoV 0.83% 0.75% 0743 0.863 0.813
PoN -0.743  -0.64% -0.663 -0.713 -0.693
PoDm -0.773  -0.73%  -0.673 -0.83% -0.773
PoSp 0.54%  0.52%  0.502  0.54%  0.52°
PoPf 0.813 0.723 0.723 0823  0.783
ConnD L -041' -055' ns -0.51! n.s
M ns n.s. n.s n.s n.s
SMI n.s. n.s. n.s. n.s. n.s.
DMB 0.79% 0.773 ' 0.78% 0.813 0.773
MinOrga L 047" 043! 051" 042! 045!
M ns n.s 0.471 n.s n.s
MinMat n.s. n.s. n.s. n.s. n.s.
Carbon L n.s. n.s. n.s. n.s. n.s.
M  n.s. n.s n.s -0.451 n.s
CryInd n.s. n.s. n.s. n.s. n.s.
CollMat n.s. n.s. n.s. n.s. n.s.
DHLNL -0.45%  -0.44%> -0.482 -0.44' -0.40!
HLNL -0.411  -0.41'  -0.41' -0.40' -0.33!
PYD n.s. n.s. n.s. n.s. n.s.
DPD n.s. n.s. n.s. n.s. n.s.
PEN n.s. n.s. n.s. n.s. n.s.
Coll n.s. n.s. n.s. n.s. n.s.

8.8. Multivariate regression model

In the multivariate regression models, bone stiffness constants C;; are the dependent
variables and the microstructure, mineral and collagen variables are the independent vari-
ables. None of the variables showing a significant difference between lateral and medial data
and kept for multivariate regression analyses, i.e., ConnD, MinOrga and Carbon (Table 4),
were retained after analyses. Therefore, the following results (Table 5) were obtained using
the pooled data from lateral and medial quadrants.

Overall, ¢ and DMB were the most significant factors contributing to the variability of
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the Cj;. In the multiple regression models using microstructure variables, ¢ explained most
of the variability of the C;; (Adj-R? from 58.8% to 84.4%), see Table 5. Among the mineral
variables, DMB was the most significant factor explaining the variability of the C;; (Adj-R?
from 54.6% to 65.9%). As for the collagen variables, the only significant variable was DHLNL
which only accounted for a minor part of the variability of the C;; (Adj-R? from 9.9% to
21.8%). Aside from ¢, DMB and DHLNL, PoPf in multiple regression model combining
the microstructural variables was the only contributing variables to C33. The regression
coefficients of the variables in the linear model tell that the relative contribution of ¢ was
greater than that of the other explanatory variables. In addition, PoPf and ¢ being strongly
correlated (R = 0.96, see Appendix B), ¢ was the only microstructural variable used in the
subsequent multiple linear regression analyses. Pooling together the explanatory variables
from each group, ¢, DMB and DHLNL, only two variables ¢ and DMB were retained as the
best combination in the regression models which explained 76.1 to 90.9% of the variability
of the C;; (Table 5). The relative and combined contribution of ¢ and DMB to C;; are

illustrated in Figure 3.

3.4. Comparison between micromechanics model and experimental data

All the modeled stiffness constants ijyl were highly correlated to their experimental
counterpart Cj; (75.1% < R?* < 91.5%). The RMSFE (0.18 < RMSE < 0.85) and R?
(75.1% < R? < 91.5%) between Cicjyl and C;; present similar range as the results of the
two-variable (¢ and DMB) linear regression model (0.18 < RMSE < 0.84 and 76.4% <
R2 < 90.9%) shown in Table 5. A bias of about 1.3 GPa was found between C;; and C¥'

eyl

and between C13 and C3

syt Csvt and C6Y (d < 0.2 GPa) are negligible.

by the Bland-Altman’s plots (not shown), whereas the bias on

4. Discussion

In this work, the relative contributions of the microstructure and composition to the
mesoscale anisotropic elastic properties of human cortical bone in the elderly are investi-
gated. To our knowledge, our study is the first one to provide data covering the complete
anisotropic elastic tensor, the microstructure of cortical vascular porosity, mineral and col-
lagen characteristics. One strength of the study is that all the physical quantities were
obtained from the same specimens in each donor, or from immediately adjacent samples,
which limits the confounding effect of material heterogeneity around the bone circumference
and along the diaphysis. The anisotropic elastic properties have been measured by RUS,

a technique newly introduced to measure bone elastic properties. The properties of the
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Table 5: Multiple linear regression models of bone stiffness C;;. In the two-variable models, only ¢ and

DMB are included. Note that the explanatory variables with an overbar symbol have been normalized.

3p < 0.0001.
Stiffness  Explanatory variables  Linear model AdpR? - RMSE
(%) (GPa)

C11 microstructure 18.14 — 4.06 X q@ 78.93 0.87
mineral 19.38 + 3.63 x DMB 59.83 1.20
collagen 19.48 — 1.34 x DHLNL 13.01 1.77
¢ + DMB 18.36 — 3.03 x ¢ + 1.66 x DMB (1)  86.43 0.70

C33 microstructure 26.23 — 5.97 X ¢ — 1.52 x PoPf 82.08 0.87
mineral 28.50 + 3.61 x DMB 50.03 1.45
collagen 28.57 — 1.47xDHLNL 13.21 1.91
¢ + DMB 27.27 — 3.67 x ¢ +1.22 x DMB (2) 83.23 0.84

Ci3 microstructure 11.31 — 1.67 X ¢ 58.83 0.58
mineral 11.78 + 1.81 x DMB 65.93 0.53
collagen 11.79 — 0.80 x DHLNL 21.81 0.80
¢ + DMB 11.47 —0.92 x ¢ +1.21. x DMB (3)  76.43 0.44

Cuy microstructure 5.28 —1.33 x ¢ 84.43 0.24
mineral 5.69 + 1.16 x DMB 60.63 0.38
collagen 5.7340.43 x DHLNL 13.3! 0.56
¢ + DMB 5.35 = 1.02 x ¢ +0.49 x DMB (4)  90.93 0.18

Ces microstructure 3.86 — 1.29 x ¢ 76.18 0.30
mineral 4.2541.16 x DMB 58.83 0.39
collagen 4.30 — 0.39 x DHLNL 9.91 0.58
¢ + DMB 3.93 — 0.95 x ¢ + 0.55 x DMB (5) 83.73 0.25

vascular pore network and mineral content have been assessed using SR-uCT, a reference
method forthese purposes [55].

The data was obtained on cadaveric bones from elderly donors without documentation
on the existence of bone pathologies. It follows that the dataset of this study provides
reference nominal values and ranges of variations for this population, which information is
critical to interpret data from donors with pathologies.

Recently, RUS was successfully developed to characterize the anisotropic stiffness of hu-
man cortical bone [35, 38] and to investigate the elasticity-density relationship of human
tibial cortical bone specimens [56]. Based on its good accuracy and ease of use, RUS is
emerging as the technique of choice for investigating the stiffness of small-sized bone speci-
mens. Because the full set of the elastic tensor can be identified using RUS, the engineering
moduli which are often used in evaluating bone mechanical properties such as stress and

strain, can also be derived.
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Figure 3: 3D bar graphs representing the C;; as a function of ¢ and DMB. Linear regressions are plotted in
the background for each variable with the coefficients of determination (R?) and the Adj-R? values of the

model using @ and DMB as the explanatory variables are depicted as well.

The experimental errors using RUS are well documented [40, 57] and are typically low
(approximately 1.7% for the shear stiffness constants and approximately 3.1% for the lon-
gitudinal and off-diagonal stiffness constants) compared to other techniques available for
'small’ specimens (a few mm?). Furthermore, the measurement is quick (a few minutes per
specimen) so that the technique can be used routinely.

Comparing the data from lateral and medial quadrants, no significant difference was
observed in stiffness, DMB, collagen variables and most of the microstructural variables.
Though a significant difference was observed for the mineral variables measured by FTIRM
between the two sites, this difference was not found in DMB and was not appreciated by

the stiffness as there was no significant difference for stiffness either.
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Figure 4: Linear regression between the Cj; and C°¥*

Wi - Solid line is the regression model and dash line is

y = z line.

Linear relationships were assumed between bone properties in the statistical analyses.
Previous. work showed that power functions may be more appropriate to account for mi-
cromechanics relations between porosity and elasticity for porous material in a wide range
of porosity values (0-100%) [58]. However, the range of cortical porosity values is limited in
this work (less than 22%) and a linear relationship can be considered in this limited region
for statistical analyses, as observed in our data as well as in others’ [21]. Linear correla-
tions chosen for this work provide models with R? (for the best model) typically higher
than 0.8 and RM SE between 0.18 and 0.84 GPa which indicates that the linear models are
appropriate.

Among the variables in the mineral group, significant correlations with C;; were observed
only for DMB, MinOrga and Carbon. We found that DMB exhibits a limited range of
variations between individuals in the adults, which is consistent with literature data [27, 59).

Despite this small range of variation, we could observe, for the first time, that the volumetric
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DMB measured by SR-pCT on human femur correlates with all the mesoscopic stiffness
constants. This is consistent with the studies directly relating bone elastic properties with
ash density [25, 26]. Although previous studies showed that MinOrga, CollMat and CyrstInd
measured by FTIRM may explain part of the variability of the micromechanical properties
of bone tissue [32, 60], such an effect was not observed for bone mesoscopic elastic properties
in our data. The influence of porosity is so predominant in determining mesoscopic stiffness
of our sample set that a correlation between other variables and mesoscopic stiffness can be
difficult to observe, especially if they are not measured exactly in the same place, as it is
the case for stiffness and mineral properties.

For the collagen variables, we did not find correlation between mature enzymatic cross-
links PYD, DPD, non-enzymatic PEN, collagen amount (Coll) and any of the C;; which is
consistent with previous observations [27, 61]. However, we observed significant correlations
between immature enzymatic cross-links DHLNL, HLNL and all the C;; (R between —0.33
and —0.48, Table 4) which has not been observed before. One may also observe that, while
both DHLNL and HLNL are correlated with the C;, none of these variables was retained
in the best multiple regression model. DHLNL and HLNL are highly correlated together
(R = 0.94, Table B.7) and with DMB (R = 0.55; Table B.7), hence they may be replaced by
the more predominant explanatory variable DMB. Indeed, after the adjustment for DMB,
DHLNL and HLNL do not correlated with any of the ;. Another interesting observation
is that we found a significant correlation between ¢ and DMB (R = —0.59, Table B.6) which
was not observed before.

The microstructure variables explain a major part of the variability of C;; (Table 4). Note
that the variability in microstructure are more important than the variability in mineral
properties in the elderly. Regarding this point, to the best of our knowledge, the only study
that compares to ours is that of Bala et al. [24] investigating the influence of the pore
network architecture on the human cortical bone elasticity measured at the fibula. Overall,
our results are consistent with those reported in Bala’s study, despite some differences in
the absolute value of the measured variables and correlations, which can be explained by
differences in skeletal site and measurement methods.

An important finding of the study is that, among all the variables investigated which
reflect the microstructure and chemical composition of bone, only two (¢ and DMB) in-
dependently contribute to the variability of the stiffness constants (Table 5). ¢ and DMB
alone explain 59.6 — 84.7% and 51.0 — 66.5% of the variability of C;;, respectively (Fig. 3).

Once the most important determinants of bone stiffness are determined, one should be
able to design a simplified model based on these determinants to predict bone stiffness.

One approach for heterogeneous media like bone is through homogenization. Several ho-
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mogenization scheme exists, such as Mori-Tanaka [62], asymptotic homogenization [52, 53]
and fast fourier transform based homogenization [63]. In this work we modeled the vasular
pore network as a series of infinite cylindrical pores periodically distributed in bone matrix
and chose an asymptotic homogenization method. Although bone microstructure as that
shown in Figure 1(a) is not strictly a periodic arrangement of Haversian canals, it has been
shown that the asymptotic homogenization and a random homogenization approach such
as Mori-Tanaka homogenization yield almost identical results for cortical bone [53]. In the
model, bone matrix elasticity should be known beforehand to calculate the effective stiffness
constants Cf]yl. Considering that the C;; are well predicted by a multilinear models with ¢
and DMB as explanatory variables, estimates of the matrix stiffness constants C77 can be
obtained by extrapolation to null porosity of equations 1- 5.

Modeling the vascular porosity as a network of cylindrical pores is a commonly used
model, e.g., by Grimal et al. [16], Fritsch and Hellmich [64]; Deuerling et al. [65]. Granke
et al. [22] found that this model can be used to reproduce the variation of elastic coefficients
with porosity assuming fixed values of the matrix elastic coefficients for a collection of
specimens. Deuerling et al. [65] used a similar model to account for the combined variations
of porosity and average orientation of the mineral crystals. In the present study, for the
first time as far as we know, the elastic properties of matrix were scaled on the mineral
content. This approach is consistent with several studies showing that the matrix elasticity
probed with nanoindentation [66] or acoustic microscopy [67] is correlated to the mineral
content. The predicted ijyl were found to be in good agreement with the measured values
C;; demonstrating the ability of the two-parameter micromechanical model to account for
the variations of bone anisotropic stiffness. Nevertheless, one needs to notice that one
important microstructure feature of cortical bone, Volkman’s canals which are oriented
roughly perpendicular to the osteons, is not accounted for in the cylindrical model. This
may explain some difference observed between C’ff’l and Cj;. This point was also discussed
in [68].

With the complete set of the anisotropic elastic tensor, engineering moduli (Young’s
moduli and Poisson’s ratios) can be converted. Following the same statistical analyses
strategy, cortical porosity and DMB were found as the most important determinants of
engineering moduli as well. As all the data used in the manuscript including the engineering
moduli are provided in the supplementary material. The analysis for engineering moduli is
not detailed in the manuscript.

Several limitations in this work should be pointed out. Investigating the relationships
between several bone characteristics would ideally require that these characteristics are mea-

sured on the same specimens. For technical reasons, not all variables could be measured
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exactly in the same location. The Cj; , microstructural variables and DMB were measured
on the same specimens (set #1), whereas the other mineral and collagen variables were
measured on different set of specimens (set #2 and #3). For example, the distance between
the samples #1 for the measurement of stiffness and microstructure and the samples #3
for the measurement of the mineral was of the order of 25 mm. In the mid-diaphysis of
human femoral bone, such a distance between two measurement points can induce about
8% differences in cortical bone elasticity [37, 69]. The homogeneity of other bone character-
istics along the axis is however unknown. Such inhomogeneity of bone properties along the
axis is expected to weaken the observable correlations between variables measured at dif-
ferent locations. Note that the variables selected in the optimal multiple regression models
(porosity, DMB) and the stiffness constants were all measured on the'same set of specimens
(#1).

Bone mesoscopic stiffness is potentially influenced by other compositional and organi-
zational features than those reported here. These include microporosity [70], size of the
mineral crystals [71], collagen fibrils orientation [72, 73] and other matrix constituents such
as water content which has been reported to affect microscopic stiffness [74]. Microporosity,
is constituted by osteocytes lacunae and canaliculi, whose size is small to an extent that is
below the spatial resolution of SR-uCT and hence it precludes an accurate quantification
with this imaging modality. However, because microporosity accounts for a minor part
of total cortical porosity, i.e., less than 1% for lacunar porosity [75], and about 1% for
canaliculi porosity [76], we hypothesized that its influence on stiffness could be neglected
in first approximation. The size of the mineral crystals and collagen fibril orientation were
not available at the time of this study. Our results showing that a combination of ¢ and
DMB explains‘most of the variance of the stiffness coefficient (Adj-R? from 76% to 91%)
suggests that the contribution of these latter two variables to stiffness is likely to be of weak
importance, at least in the samples studied here.

The bone specimens were collected on a single skeletal site and the pathological status
of the donors is unknown. Other studies have shown that bone diseases or drug treatment
could alter the compositional properties [32, 33] and herein may lead to different results.
In children’s cortical bone, different bone characteristics were observed compared to adults’
cortical bone [24, 77]. Therefore, the findings in this work should be limited to the femoral
mid-diaphysis of an aged group of donors. In addition, in this study, we did not analyze the
influence of age, sexual dimorphism of male/female bone and post-menopausal bone loss in
females because this study was not designed for these purposes.

Another limitation is that the effect of the orientation of the mineralized collagen fiber

was not investigated. Previous studies have shown that the elastic modulations of bone
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lamellae are mainly determined by the fibril arrangement [72, 73] rather than compositional
variations. It may be worth investigating if the variations in fibril arrangement exist also
among individuals and if this variations incorporating bone microstructure would affect bone
elasticity at the mesoscale.

It is worthwhile to mention some perspectives given that a comprehensive list of bone
properties has been measured: (i) as the stiffness properties measured by RUS are related
to both the microscale elastic properties and the pore network, a perspective is to infer
thesample specific matrix properties from the RUS data and porous network images [78];
(ii) as the post-yield and failure properties were also assessed by toughness experiments
[48] on specimen #2, relationships between elastic properties obtained in'the current study
toughness properties, and compression strength will be analyzed in a further work; (iii)
regarding prediction models of failure properties for clinical applications incorporating the
data provided in this work, difficulties still remain in the ¢n wvivo assessment of many bone

properties, such as collagen or mineral properties.

5. Conclusion

This study reveals that cortical vascular porosity and DMB are the most important
determinants of cortical bone anisotropic mesoscopic stiffness and that the relative con-
tribution of porosity is higher than that of DMB. This conclusion may apply only to the
population studied in this work. Detailed knowledge of bone microstructure features, such
as pore number and pore diameter may not be necessary to predict mesoscopic bone stiff-
ness in the elderly. ‘The presented data can help to form a better understanding of the
relationships between bone stiffness on one hand and microstructure and composition on
the other hand and help to develop biomechanical models for bone. Also, this work presents
reference values for the range of variation of a number of bone characteristics at the femoral

mid-diaphysis in the elderly.
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Appendix A. Additional information on RUS

For a solid free vibrating elastic body with given elasticity and rectangular parallelepiped
geometry, the resonant frequencies f¢* can be calculated by solving the equations of motion
using Rayleigh-Ritz method [79]. The stiffness constants can be determined by minimizing
the distance between measured resonant frequencies f*? and calculated resonant frequencies

(inverse problem):
2

POy =3 (‘Z(C)> (A1)

k=1 k
where k is the index of the resonant frequencies and n is the number of resonant frequencies
used in the inverse problem. RUS experiments were performed and the inverse problem was
solved following [35, 38, 80] as detailed in Section 2.2. For orthotropic elastic symmetry or
higher symmetry, the engineering moduli such as Young’s moduli and Poisson’s ratios which
are more often evaluated in a mechanical testing experiment can be converted knowing all

the stiffness constants [5].

Appendix B. Correlations between the bone characteristics

The focus of this work was placed on the relationships between bone stiffness and mi-
crostruactural, compositional properties. We also observed interesting correlations within
and among each group of the variables. Spearman correlation coefficients between the vari-
ables in each group as well as between the groups are listed bellow, from Tables B.6 to B.9.
Note that for the variables whose data from lateral site are significantly different from the
data from medial site, the correlations were calculated using the datasets from lateral or

medial only.
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Table B.6: Spearman correlation coefficient R between microstructure variables and between microstructure,

mineral and collagen variables. 1p < 0.05, 2p < 0.001, p < 0.0001, n.s. not significant.

¢ PoS/PoV ~ PoN  PoDm PoSp PoPf ConnD  SMI

PoS/PoV  -0.95% - - - - - - -

PoN 0.80% -0.673 - - - - - -
PoDm 0.90% -0.953 0.502 - - - - -
PoSp -0.472 n.s. -0.60%  -0.28! - - - -
PoPf -0.963 0.953 -0.81%  -0.85%  0.29! - - -
ConnD L 051! -0.40! 0.65! ns.  -0.631  -0.48! - -
ConnD M n.s. n.s. n.s. n.s. -0.51t  -0.48! - -
SMI L n.s. n.s. -0.441 n.s. n.s. n.s. n.s. -
SMI M n.s. n.s. -0.451 n.s. n.s. n.s. n.s. -
DMB -0.593 0.553 -0.51%  -0.53%3  0.54%  0.533 n.s. n.s.
MinOrga L n.s. n.s. -0.531 n.s. 0.571 n.s. n.s. n.s.
MinOrga M n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
MinMat L n.s. n.s. n.s. n.s. n.s. n.s. -0.481 n.s.
MinMat M n.s. n.s. n.s. n.s 0.40! n.s. -0.40" n.s.
Carbon L n.s. n.s. n.s. n.s: n.s. n.s. n.s. n.s.
Carbon M n.s. n.s. n.s. n.s. -0.491 n.s. n.s. n.s.
Crylnd L n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Crylnd M n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
CollMat L n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
CollMat M n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
DHLNL n.s. n.s. 0.441 n.s. -0.573 n.s. n.s. n.s.
HLNL n.s. n.s. 0.441 n.s. -0.462 n.s. n.s. n.s.
PYD n.S. n.s. n.s. n.s. -0.321 n.s. n.s. n.s.
DPD n.s. n.s. n.s. n.s. n.s. n.s. n.s. -0.341
PEN n.s. n.s. -0.271 n.s. n.s. n.s. n.s. n.s.
Coll -0.28! n.s. n.s. n.s. n.s. 0.281 n.s. n.s.

23



0.0001, n.s. not significant.

Table B.7: Spearman correlation coefficient R between collagen variables. 1p < 0.05, 2p < 0.001, 3p <

DHLNL HLNL PYD DPD PEN Coll
HLNL 0.943 - - - - -
PYD 0.53% 0.37* - - - -
DPD n.s n.s. 0.543 - - -
PEN -0.523  -0.56%  n.s n.s - -
Coll n.s n.s. n.s n.s n.s -
DMB -0.55%  -0.56%  n.s ns. 034!  ns
MinOrga L -0.521 -0.48! n.s n.s 0.40'  ns
MinOrga M -0.54! -0.551  ns n.s 0.60'  ns
MinMat L n.s n.s n.s n.s n.s n.s

MinMat M n.s n.s n.s n.s n.s 0.391
Carbon L n.s n.s n.s n.s n.s n.s
Carbon M n.s n.s n.s n.s n.s n.s
Crylnd L n.s n.s n.s n.s n.s n.s
Crylnd M n.s n.s n.s n.s n.s n.s
CollMat L n.s n.s n.s n.s n.s n.s
CollMat M n.s n.s n.s n.s n.s n.s

Table B.8: Spearman correlation coefficient R between mineral variables and between mineral and collagen

variables. 1p < 0.05, 2p < 0.001, 3p <0.0001, n.s. not significant.

DMB = MinOrgan MinMat Carbon Crylnd CollMat
MinOrga L ~0.51! - - - - -
MinOrga M 0.662 - - - - -
MinMat L n.s n.s. - - - -
MinMat M n.s n.s. - - - -
Carbon L n.s -0.441 n.s - - -
Carbon M n.s n.s n.s - - -
Crylnd L n.s n.s 0.622 -0.591 -
Crylnd M n.s n.s n.s -0.531 - -
CollMat L n.s n.s 0.42! n.s n.s -
CollMat M n.s n.s n.s n.s n.s -

Table B.9: Spearman correlation coefficient R between C;;. 3p < 0.0001.

C11 Css Cis Cas  Ces
Csz 0.793 - - - -
Ci3 0913 0.763 - - -
Cyqqa 0943 0903 0.873 - -
Ces 0973  0.74% 0.89° 0.933 -
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Statement of significance

This study reports the relationships between microstructure, composition and the
mesoscale anisotropic elastic properties of human femoral cortical bone in elderly. For
the first time, we provide data covering the complete anisotropic elastic tensor, the
microstructure of cortical vascular porosity, mineral and collagen characteristics
obtained from the same or adjacent samples in each donor. The results revealed that
cortical vascular porosity and degree of mineralization of bone are the most important
determinants of bone anisotropic stiffness at the mesoscale. The presented data gives
strong experimental evidence and basis for further development of biomechanical
models for human cortical bone.



