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Abstract

The aim of this study was to determine the contribution of 2D and 3D microarchitectural characteristics in the assessment of the
mechanical strength of os calcis cancellous bone. A sample of cancellous bone was removed in a medio-lateral direction from the posterior
body of calcaneus, taken at autopsy in 17 subjects aged 61-91 years. The sample was first used for the assessment of morphological
parameters from 2D morphometry and 3D synchrotron microtomography (uCT) (spatial resolution = 10 um). The 2D morphometry was
obtained from three slices extracted from the 3D pCT images. Very good concordance was shown between 3D pCT slices and the
corresponding physical histologic slices. In 2D, the standard histomorphometric parameters, fractal dimension, mean intercept length, and
connectivity were computed. In 3D, histomorphometric parameters were computed using both the 3D mean intercept length method and
model-independent techniques. The 3D fractal dimension and the 3D connectivity, assessed by Euler density, were also evaluated. The cubic
samples were subjected to elastic compressive tests in three orthogonal directions (X, Y, Z) close to the main natural trabecular network
directions. A test was performed until collapse of trabecular network in the main direction (Z). The mechanical properties were significantly
correlated to most morphological parameters resulting from 2D and 3D analysis. In 2D, the correlation between the mechanical strength and
bone volume/tissue volume was not significantly improved by adding structural parameters or connectivity parameter (nodes number/tissue
volume). In 3D, one architectural parameter (the trabecular thickness, Tb.Th) permitted to improve the estimation of the compressive strength
from the bone volume/tissue volume alone. However, this improvement was minor since the correlation with the BV/TV alone was high (r =
0.96). In conclusion, which is in agreement with the statistic’s rules, we found, in this study, that the determination of the os calcis bone
compressive strength using the 3D bone volume fraction cannot be improved by adding 3D architectural parameters.
© 2004 Elsevier Inc. All rights reserved.
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constitutive material, high failure risk for patients with
osteoporosis appears clear [5,6]. In vivo, cancellous bone
density is characterized by measurements of bone mineral
density (BMD) using absorptiometric techniques, which do
not see microarchitectural organization of bone. The
relationships between density and mechanical properties of
cancellous bone are well established but are not sufficient to
estimate accurately the risk of fracture [7]. The additional
role of trabecular micro-architecture in the mechanical
properties has already been shown [8,9]. To quantify
micro-architecture, histomorphometry is a reference 2D
technique [1,10]. More recently, non-invasive techniques
such as micro computed tomography (LCT) [11] or micro
magnetic resonance imaging (UMRI) [12] have been
proposed.

Histomorphometric parameters such as bone volume/
tissue volume (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular separation (Tb.Sp)
have been standardized [13] and are conventional
descriptors of trabecular bone architecture. Others parame-
ters have been proposed to quantify 2D anisotropy [10,14],
2D connectivity [15,16], and 2D irregularity [17,18].
Several studies already showed significant relationships
between mechanical properties, histomorphometric param-
eters [19,20], and 2D fractal dimension [19]. Despite these
significant relationships, it has not been proven that the best
estimation of cancellous bone mechanical properties from
density measurements is provided by adding 2D structural
parameters. Furthermore, the limitation of 2D images to
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estimate the 3D architecture of trabecular networks has been
shown in several works [21-25].

Different techniques are now available for computing
standard or direct 3D parameters of bone samples from
different anatomical human or animal sites [26,27]. Param-
eters quantifying 3D connectivity [24,28], 3D anisotropy
[29], and 3D irregularity [17,30] can be extracted from 3D
images. These methods have been used to characterize
cancellous bone from different sites [31-34]. Even if 3D
images may now be provided from different techniques and
modalities, it is worthwhile noting that spatial resolution
strongly affects the accuracy of architectural parameters
[35,36]. 3D images of bone samples with a spatial resolution
higher than 10 um and high signal to noise ratio may easily
be achieved using synchrotron radiation (SR) uCT [37,38].

The purpose of this work was to determine the respective
contribution of conventional 2D structural and 3D architec-
tural parameters in the estimation of compressive properties
of human os calcis cancellous bone. 2D structural param-
eters were derived from morphometry, and 3D architectural
parameters were extracted from very high-resolution 3D SR
UCT. The statistical analysis should allow assessment of
which parameters are likely to explain the variance of
mechanical properties. Calcaneus cancellous bone has been
chosen because, in vivo, this bone is an accessible site
which easily allows DXA (Dual X-Ray Absorptiometry)
and US (Ultrasound) measurements. Additionally, the
calcaneus is used clinically as a good predictor of risk for
hip and vertebrae fracture [16,39,40].
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Morphological analysis
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X until failure
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Fig. 1. Scheme of the trabecular structure in intern arch of foot by Kajandji [64] (a). Longitudinal cut and main trabecular network by Putz [65]. (b) Testing
protocol showing the location of the cubic sample and the orientation for 3D imaging and (c) mechanical tests.
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Material and methods
Material and protocol

Os calcis were excised at autopsy from 17 subjects (8
females, 9 males) aged [61-91] years (mean 78 % 9 years).

Conventional radiographs (X-rays) were taken in the
medio-lateral direction in order to exclude fractures and
neoplastic lesions and to identify the superior network of the
trabecular bone in the posterior body of the calcaneus
(locate by an arrow in Fig. 1b) [41]. A cylindrical trabecular
bone core (14.5 mm diameter) was drilled in the posterior
body of the calcaneus along the medio-lateral axis (Y axis)
(Fig. 1). Two contiguous cubic samples (9 mm/side, called
“medial” and “lateral”) oriented along the superior trabecular
network (main trabecular direction, direction in which
trabeculae are mainly oriented and called Z axis) were cut
out of this core, using a low speed diamond water saw
(Buehler, Iosmet®). In this study, only the medial cubic
samples were used to perform all tests. The lateral cubic
samples were embedded and one was used for the 2D
morphometric analysis presented here; the remainder were
used in other study. First, the frozen samples were imaged
using 3D SR pCT imaging to obtain 3D and 2D
morphometric parameters (Fig. 1c¢). Then, the same samples
were dedicated to compressive tests. Between machining
and mechanical testing, the samples were kept frozen, and
before mechanical testing, they were placed in a 50% saline-
ethanol solution for 3 days at 4°C for defrosting and at
ambient temperature for 2—4 h [42].

3D synchrotron radiation nCT imaging

3D high-resolution tomographic images were acquired
from SR puCT at the ESRF (Grenoble, France). SR pCT
provides 3D images at very high spatial resolution with a
high signal to noise ratio within a limited acquisition time
[38]. Image acquisition was performed using a monochro-
matic X-ray beam fixed to 25 KeV. For each sample, 900

a)

radiographic images (1024 X 1024), under different angles
of view, were recorded. The spatial resolution in the
recorded images was set to 10 pum, which has been
previously shown to provide an accurate rendering of bone
architecture while maintaining a significant field of view
(10 x 10 x 10 mm?) [36,43]. The 3D images were then
obtained by applying an exact tomographic reconstruction
algorithm, based on filtered-backprojection. The voxel size
in the reconstructed images was 10 X 10 X 10 pm. A
centered 3D Region of Interest (ROI) made of (660)°
voxels (6.6° mm®) was selected in each sample for
performance of the 3D architectural analysis.

3D morphometric analysis

The first step of image analysis was the segmentation of
bone from background. Since the spatial resolution in the
images was high (10 pm), partial volume effects were
negligible. In addition, due to the high contrast and low
noise level, the 3D images were easily segmented using
simple thresholding. This assessment was confirmed by the
observation of the histograms of the images, which clearly
exhibited two classes, corresponding, respectively, to bone
and to background. The same threshold, maximizing the
interclass variance, was chosen for all samples.

After segmentation, 3D architectural parameters were
computed from the 3D binary images. Parameters similar to
those used in histomorphometry were computed using a 3D
version of the mean intercept length (MIL) method [25,44].
For random directions in 3D space, the number of intercepts
of a set of parallel test lines with the bone structure were
computed and normalized by the total length of test lines.
Then, the parameters were derived from the MIL based on
the hypothesis of a parallel plate model [1]. The following
parameters were used. Partial bone volume (BV/TV in %)
represents the percentage of tissue occupied by bone.
Parfitts’ formulae [1,13] were used to calculate trabecular
thickness (Tb.Th in mm), trabecular number (Tb.N in
mm~ "), and trabecular separation (Tb.Sp in mm) from

Fig. 2. Comparison between (a) a histological slice cut from the sample and (b) the corresponding slice extracted from a 3D SR pCT image (voxel size = 10 um).
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BV/TV and bone surface (BS). In addition, direct param-
eters were also evaluated. The direct trabecular thickness
(Tb.Th*) was computed using the model-independent
method described by Hildebrand [27]. The Euler-Poincaré
Number was computed from the 3D digital images
according to the method described by Odgaard and
Gundersen [28]. After normalization to the bone volume,
the Euler density (in mm ) was obtained. For a connected
bone trabecular structure without closed cavities, the Euler
Number characterizes 3D connectivity: as connectivity
increases, the Euler density decreases. The 3D-fractal
dimension was computed according to the generalization
of the box counting method described in 2D by Weinstein et
al. [17,30]. The fractal dimension is defined as the slope of
the linear part of the curve log(N(¢)) versus log(e), where
N(e) is the number of boxes including bone interface and &
is the box edge size. Applying this method to 3D digital
images yields a 3D-fractal dimension ranging between 2
and 3. In our study, the 3D fractal dimension was computed
from 40 pm spatial resolution images. Architectural
anisotropy was also measured. The MIL distribution was
interpolated by an ellipsoid giving the three main architec-
tural directions and the associated MIL values: MIL, >
MIL, > MIL;. Taking into account the method of sample
cutting, the directions 1, 2, and 3 were, respectively, close
to the main directions of the superior trabecular network (Z
axis), of the inferior trabecular network (X axis), and of the
medio-lateral direction (Y axis).

2D morphometric analysis

One of the lateral samples was embedded in methyl-
methacrylate, imaged using 3D pCT as previously described
and a 7-um-thick histological section was cut. Fig. 2
displays the resulting histological slice (b) and the corre-
sponding slice extracted from the 3D puCT image (a)
showing very good concordance between the two techni-
ques. Thus, we used such tomographic slices for computing
2D morphometric parameters. For this purpose, three
parallel slices 150-um apart along the superior trabecular
network (Z, Y plane) were extracted from the 3D images.
Measurements were performed with an automatic image
analyser using Morpho Expert® and Bone® software
(Explora Nova®, France). In 2D, we used the parameter
B.A1/T.Ar representing the bone area compared to the tissue
area. For strut analysis, we used a method derived from the
technique described by Garrahan et al. [45], all the steps of
skeletonization and detection of nodes, termini and asso-
ciated struts were automatic with interactive correction if
necessary. The following parameters were determined: total
strut length (TSL) expressed by tissue volume (TV), number
of nodes expressed by TV (N.Nd/TV), length of node to
node expressed as a percentage of total strut length (Nd to
Nd.Le/TSL), and the ratio of number of nodes by number of
termini (N.Nd/N.Tm). The 2D fractal dimension was also
computed using the box counting method [17].

Compressive tests

Unconstrained compressive testing was performed on an
universal screw-driven machine (Schenck RSA 250). The
compressive load was measured by a 5000 N load cell
(TME®, F 501 TC) and the displacement was measured
directly on the sample, using a specific displacement
transducer developed at the LaMCoS (Laboratoire de
Mé¢canique des Contacts et des Solides, INSA, Lyon,
France) [20,46]. Samples equipped with the specific
displacement transducer were placed in a saline solution at
37°C (Fig. 3).

All tests were performed at a displacement speed of 0.5
mm/min and preceded by 10 cycles of preloading. Preload-
ing and non-destructive compression were limited to 0.6%
of strain and performed successively in three orthogonal
directions: the inferior network direction (X axis), the
medio-lateral direction (Y axis), and the superior network
direction (Z axis), determinated by radiographs. The
Young’s moduli Ey, Ey, and E; were computed from the
linear parts of the force-displacement curves and consider-
ing the apparent sections of the cubic sample. After that, a
destructive test was carried out in the Z direction. The
Young’s modulus £ and the maximum compressive stress
0 max Were evaluated from the force-displacement curve, also
considering the apparent section of the sample. £ and E,,
although measured during two different tests, give the same
information.

Statistics

Descriptive statistics were summarized by mean value,
standard deviation, median and range. Data or their
logarithmic transformations (logEy, logE,, logE, logEy/
Ey, logEx/Ey) were normally distributed. Differences
between 2D and 3D parameters were assessed by a paired

a)
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L/ TME, F501TC
A Compression

cylinder

Local displacement

Saline solution transducer

bath (37°C) ™~
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7 ////7‘7//7\79(/

Holder

Lateral arch
with strain gages
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Block removable

Fig. 3. Description of the equipment used for compressive tests. (a) Plan.
(b) Local displacement transducer.
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t test. Multiple correlations were performed using stepwise
analysis for the selection of variables. The relationships
between normally distributed parameters were evaluated by
Pearson correlation coefficients. The degree of significance
was assessed according to Bonferroni’s procedure (P <
0.01 indicates a significant correlation). Unistat® software
was used to perform statistical analysis.

Results
Compressive properties

Mechanical elastic properties in the three main directions
X, Y, Z and the maximum compressive stress in the direction
of the superior trabecular network are shown in Table 1. The
elastic properties show a mechanical anisotropy correspond-
ing to the anatomical anisotropy of the trabecular network in
the posterior tuberosity of the calcaneus. The superior
trabecular network shows the highest Young’s modulus (£,)
and the medio-lateral direction, the lowest (Ey). In the
direction of the superior trabecular network, the Young’s
modulus obtained during the elastic test (£;) and the value
obtained from the destructive test (E) were significantly
correlated (» = 0.99, P < 0.0001). The Young’s modulus in
the superior trabecular network (£) was also significantly
correlated with the maximum compressive stress (0 max) (7 =
0.90, P < 0.0001).

3D and 2D morphometric measurement

A 3D digital image showing the main trabecular
orientations and an extracted 2D slice are shown in Fig. 4.

Descriptive statistics concerning the morphological
parameters obtained from 2D slices and from 3D digital
images are summarized in Table 2. The 2D fractal
dimensions ranged as expected between 1 and 2, with a
mean (£SD) equal to 1.45 (£0.13). The 3D fractal

Table 1
Mechanical properties of human calcanei (mean age 78 + 9 years, n = 16,
range [61-91 years])

Parameters Cubic sample

n Mean SD Median Range
Biomechanics
Ey (MPa) 16 84 72 67 3-258
Ey (MPa) 16 57 70 27 2-225
E; (MPa) 16 318 330 221 11-1144
EZ/Ex 16 3.6 1.8 3.5 0.65-8.0
EZIEy 16 7.5 7.3 5.1 1.38-32.0
Ey/Ey 16 2.3 1.7 1.9 0.6-7.7
E (MPa) 16 297 303 218 6-1088
0 max (MPa) 15 3.22 2.53 3.24 0.27-8.16

SD: standard deviation.

Ey, Ey, Ez: Young modulus along the X, ¥, Z axis after non-destructive test.
E: Young modulus along the Z axis after destructive test, 7, maximum
compressive stress.

Y : Medio-Lateral
edio-Latera X : Inferior

Z : Superior network

6.6 * 6.6 * 6.6 mm?®

b) Y : Medio-Lateral

Z : Superior
network

6.6 * 6.6 mm?

Fig. 4. Tllustration of bone micro-architecture in one cubic sample (Male,
69 years, BV/TV = 12.8%) (a) 3D display of the 3D SR pCT image (voxel
size = 10 pm) and (b) First histology-like slice.

dimensions ranged between 2 and 3, with a mean equal
to 2.60 (£0.19). The mean Euler density was —4.42
(+1.80)/mm’ and all values were negative. As also shown
in Table 2, the 3D parameters were significantly correlated
to the similar 2D parameters except Euler density vs. N.Nd/
TV, NdN/Tm.N and Nd to Nd.Le/TSL. However, all
differences between similar 2D and 3D parameters were
significant except for BV/TV (Table 2). The two dimen-
sional parameters (B.Ar/T.Ar, Tb.Th, Tb.N, Tb.Sp, N.Nd/
TV, Nd.N/Tm.N, Nd.to.Nd.Le/TSL) were significantly
correlated to each other (0.49 < || < 0.96, 0.0000 < P <
0.02). Three-dimensional parameters (BV/TV, Tb.Th,
Tb.Th*, Tb.N, Tb.Sp) were also significantly correlated to
each other (0.71 < |r| < 0.96, 0.0000 < P < 0.0002) except
Euler density, which is only significantly correlated to
Tb.N.



Table 2
2D and 3D morphological characteristics of human calcanei (mean age 79 + 7 years, n = 17, range [61-91 years])

Morphometry (2D) from 3D SR puCT 3D analysis Comparison 2D vs. 3D
n=17 Mean SD Median Range n=17 Mean SD Median Range Paired 7 test Correlations
Structural parameters Architectural parameters
B.At/T.Ar (%) 11.3 4.6 10.6 3.14-18.97 BV/TV (%) 11.06 4.4 10.75 3.7-18.8 ns r =0.86, P < 0.0001
Tb.Th (um) 114 25.6 118 61-165 Tb.Th (um) 77 14.6 78 48-102 P <0.0001 r=0.83, P < 0.0001

Tb.Th* (um) 138 23 138 85-179 P <0.0001 r=0.87, P <0.0001
Tb.Sp (um) 1010 360 884 610-1881 Tb.Sp (um) 717 248 654 423-1311 P <0.0001 r =0.87, P <0.0001
Tb.N (/mm) 0.96 0.26 0.98 0.51-1.33 Tb.N (/mm) 1.36 0.36 1.34 0.74-1.92 P <0.0001 r=0.81, P <0.0001
Irregularity Irregularity
Fractal dimension 1.45 0.13 1.46 1.2-1.61 Fractal dimension® 2.6 0.19 2.62 2.27-2.88 - r=0.87, P <0.0001
Connectivity parameters Connectivity parameters
N.NA/TV (/mm?) 0.60 0.32 0.49 0.13-1.20 Euler density (/mm?®) —4.42 1.80 —4.14 —8.32/-2.1 - ns®
Nd to Nd.Le/TSL (%) 18.75 10.25 17.80 1.73-38 - ns®
N.Nd/N.Tm 0.28 0.15 0.25 0.04-0.63 - ns*

Anisotropy

MIL; 7 0.213 0.05 0.22 0.11-0.29

MIL(x, 0.15 0.03 0.15 0.10-0.20

MIL; yy 0.13 0.0 0.14 0.08-0.18

MILzyMIL5x, 1.4 0.12 1.45 1.16-1.58

MIL; zyMIL3 yy 1.63 0.15 1.64 1.41-1.83

MIL, xyMIL3 vy 1.17 0.12 1.12 1.01-1.54

SD: standard deviation, B.Ar: bone area, T.Ar: tissue area, BV: bone volume, TV: tissue volume, Tb.Th: trabecular thickness, Tb.Th*: direct trabecular thickness, Tb.Sp: trabecular separation, Tb.N: trabecular
number, N.Nd: Node number, Nd to Nd.Le/TSL: node to node length/total strut length, N.Nd/N.Tm: node number/terminus number, MIL: mean intercept length. Comparison between Euler density.

# Computed from 40 pum spatial resolution images.

° N.Nd/TV.

¢ Nd to Nd.Le/TSL.

¢ N.Nd/N.Tm.

[SE—0FE (S00T) 9§ auog / IV 12 12104 "H
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Table 3

Pearson correlation coefficients () between the compressive properties and 2D and 3D morphological parameters

Morphometry SR uCT 3D analysis (10 pm)

n=16 Ex Log Ey Log E, Log E 0 max n=16 Eyx Log Ey Log E, Log E 0 max

Structural parameters Architectural parameters

B.Ar/T.Ar 0.87% 0.77° 0.76° 0.72° 0.84° BV/TV 0.83* 0.91° 0.89° 0.87° 0.96°

Tb.Th 0.71° 0.71° 0.59¢ 0.56° 0.64° Tb.Th 0.74° 0.91° 0.79* 0.78° 0.80°
Tb.Th* 0.78° 0.86° 0.75° 0.74° 0.78°

Tb.Sp —0.71° —0.71¢ —0.69¢ —0.66° —0.79° Tb.Sp —0.72° —0.85° —0.85° —0.82° —0.87°

Tb.N 0.74° 0.66° 0.71° 0.67° 0.84° Tb.N 0.73° 0.80° 0.84° 0.82° 0.94°

Connectivity parameters Connectivity parameters

N.Nd/TV (/mm?) 0.72° 0.53¢ 0.55¢ 0.48¢ 0.70° Euler density —0.13¢ —0.05° —0.27° —0.23¢ —0.36°

Nd to Nd.Le/TSL (%) 0.78° 0.56¢ 0.54¢ 0.48¢ 0.68°

N.Nd/N.Tm 0.77° 0.57° 0.59° 0.54¢ 0.70°

Irregularity Irregularity

Fractal dimension 0.78° 0.75° 0.71° 0.68° 0.86" Fractal dimension* 0.71° 0.81° 0.87° 0.85° 0.93"

Ey, Ey, Ez: Young modulus along the X, Y, Z axis after non-destructive test, £: Young modulus along the Z axis after destructive test, 7, maximum compressive stress. B.Ar: bone area, T.Ar: tissue area, BV:
bone volume, TV: tissue volume, Tb.Th: trabecular thickness, TbTh*: direct trabecular thickness, Tb.Sp: trabecular separation Tb.N: trabecular number, N.Nd: Node number, Nd to Nd.Le/TSL: node to node
length/total strut length, N.Nd/N.Tm: node number/terminus number, MIL: mean intercept length.

* P <0.0001.

® P <0.001.

¢ P<0.01,0.01<.
4 P <0.05.

not significant.
n=15.

—

Computed from 40 pm spatial resolution images.

9Ire

[SE—0FE (S00T) 9§ auog / v 12 12104 "H



H. Follet et al. / Bone 36 (2005) 340-351 347

Relationship between compressive properties and
morphometric measurements

The Pearson correlation coefficients between mechanical
parameters and morphological parameters assessed in 2D
and 3D are given in the Table 3. £ and o0, were
significantly correlated to all 2D and 3D parameters
excepted for Euler density (Figs. 5a, b, c).

In 2D, 52% of the variance of the Young’s modulus (E)
and 71% of the variance of the maximum compressive stress

9_
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r=0.86, p < 0.0001
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Fig. 5. Correlations between maximum compressive strength and (a) 2D
fractal dimension, (b) 3 D fractal dimension and (c) Euler density.
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Fig. 6. Correlations between (a) Young’s modulus and B.Ar/T.Ar-BV/TV
and (b) maximum compressive stress and B.Ar/T.Ar-BV/TV.

(0 max) Were explained by the B.Ar/T.Ar (Fig. 6a). The main
2D determinants of the maximum compressive stress (0 max)
were either the B.At/T.Ar or the 2D fractal dimension.
However, these two 2D parameters are highly correlated.
After adjustment for B.Ar/T.Ar, correlations between
mechanical properties and 2D morphological parameters
were no longer significant. Concerning the Young’s modulus
(E), the B.Ar/T.Ar was the main explanatory variable.

In 3D, 76% of the variance of the Young’s modulus (£)
and 92% of the variance of the maximum compressive stress
(0 max) Were explained by the BV/TV (Fig. 6b). As shown in
Table 4, correlations between the Young moduli Ey, Ey and
E; and the corresponding MIL were significant. No
significant correlation was found between the MIL ratio
and the mechanical anisotropy. In 3D, ¢,.x Was mainly
explained by BV/TV and Tb.Th (0 .x = AABV/TV): = 0.96,
P <0.0001; 0 pmax = BV/TV, Tb.Th): » =0.98, P <0.0001).
After adjusting for BV/TV, only the correlation between o .«
and trabecular thickness remained significant (» = —0.65, P <
0.006 for Tb.Th). However, it should be noticed that BV/TV
and Tb.Th were highly correlated together and that its
introduction in the regression analysis was questionable.

Discussion

This study has demonstrated that when considering 3D
parameters, mechanical properties of human cancellous os
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Table 4
Pearson correlation coefficients () between the mechanical and architectural anisotropy parameters
n=16 SR pCT 3D analysis (10 um)

E, Ex Ey EZ/Ex E;IEy ExIEy O max
MIL, 7, 0.80° 0.78°
MIL, 0.77° 0.83°
MIL;( y, 0.90* 0.79°
MIL; (z/MILyy, —0.0¢ 0.184
MIL, z/MILs y, -0.22¢ 0.45¢
MIL,(y/MIL3 v, —0.15¢ 0.37¢

Ey, Ey, Ez: Young modulus along the X, Y, Z axis after non-destructive test.

O max: Maximum compressive stress, MIL: mean intercept length.
P <0.0001.

b P <0.0l1.

¢ P <0.001.

4 not significant.

* pn=15.

calcis were explained only by BV/TV. According to
Keaveny and Yeh [47], the available evidence suggests
there is only a subtle sex effect on age-related changes in
mean trabecular thickness, and for vertebral bone, Tb.Th is
highly and linearly correlated with bone volume fraction. In
our study, Tb.Th also improved significantly the prediction
of compressive strength although it is highly correlated with
BV/TV. TbTh could represent quality in material, which
may contribute to strength of bone. Thereby, the parameter
Tb.Th could not be added in a multiple regression analysis
due to the highly correlation between it and BV/TV. The
prediction of mechanical properties was not significantly
improved by adding other 3D microarchitecture parameters
(Tb.Th*, Tb.N, Tb.Sp), connectivity, and anisotropy. When
limited to 2D dimensions, B.Ar/T.Ar and 2D Fractal
dimension explain the mechanical properties, even if these
parameters are highly correlated.

The compression protocol used in this study and
previously published [20], allowed the mechanical charac-
terization of the cancellous bone in environmental con-
ditions (saline solution at 37°C), close to the in vivo
conditions. However, since cubic samples had a limited size
and were not confined, the real in vivo conditions were not
exactly reproduced. The experimental protocol could
introduce end artifacts that inherently lead to an under
prediction of the in vivo trabecular stiffness [48].
Previously, Goulet et al. [49] had studied the relationship
between the structural and orthogonal compressive proper-
ties of trabecular bone. This emphasizes the great variability
of the mechanical properties of cancellous bone related to
both microarchitecture and direction of the main trabecular
network relatively to the loading direction. But, significant
correlations have been obtained between the Young’s
modulus and the compressive strength in the direction of
the superior trabecular network: results obtained by Mitton
et al. [50] in the same direction and Langton et al. [51] in the
medio-lateral direction. The mechanical anisotropy,
expressed by E; > Ex > Ey, corresponds to the trabecular

network anisotropy of this anatomical site [52]. The superior
network (Z), which is greatly loaded in vivo is the stiffest
direction and the medio-lateral direction (Y) which is not
loaded in vivo is the weakest.

The 2D morphometry is usually considered as the
standard method to quantify cancellous bone architecture.
In 2D, Chappard et al. [53] compared eight histomorpho-
metric methods known to characterize the architecture of
trabecular bone (154 male osteoporotic patients, transiliac
bone biopsies). They studied relationships between the
various architectural parameters. In particular, they found a
linear correlation between bone volume and several
histomorphometric parameters (Tb.Th, Tb.N). This was
easily explained by the calculation of Tb Th and TbN,
which were derived from Bone area and perimeter [1].

Instead of histological embedded slices, we used slices
extracted from the 3D pCT images, after showing that they
provided the same information. The agreement between the
two techniques has already been reported in several other
works [20,54-57]. Our methodology allowed all measure-
ments (2D and 3D micro-architecture, mechanical tests) on
the same sample. The 2D analysis technique employed was
that typical used in histomorphometry. However, it uses a
plate model assumption, which is not true for all bones.
The architectural parameters computed from the 3D images
are in good agreement with the values reported in
Hildebrand et al. [32] on the same site using 3D X-ray
uCT at a spatial resolution of 28 um, with mean BV/TV of
12% instead of 11.1% found in our study, and mean
number of trabeculae of 1.027/mm (Tb.N* = 1.46/mm)
and of 1.36/mm, respectively. It is interesting to note that
the trabecular thickness (Tb.Th) appears underestimated in
both studies when computed from the 3D MIL method (95
pum and 77 pm in our study), but that the mean direct
trabecular thickness (Tb.Th*) and the mean value of the
trabecular thickness evaluated these authors are very
comparable (138 and 129 pum, respectively). Our values
for 3D fractal dimensions (2.6 £ 0.19) are higher than those
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recently published by Uchiyama et al. [58] (2.21 + 0.05) for
vertebrae cancellous bone, showing a less irregular network
in the calcaneus than in the vertebra. Our values of Euler
density are close to those already published for different
human sites [59,60].

The mechanical properties of the cancellous bone are
significantly correlated with most of the morphological
parameters. These results are akin to those in the literature
for different human sites, using different architectural
analyses and different mechanical characterization methods
[5,18,20,31,60]. Yet, the Pearson coefficients obtained for
the correlations between the mechanical properties and the
2D or 3D structural parameters are close. The nonsignificant
correlations between the MIL ratios and mechanical
anisotropy (Table 4) can be explained by the tested
directions which were slightly different from the natural
directions (located by X-rays).

Our study demonstrated that the integration of the 2D
micro-architectural parameters did not improve the
correlation between the compressive strength and the 2D
bone volume fraction. It could mean that the direction of
trabecular network and its connectivity estimated from 2D
slices do not bring additional information to the estimation
of the compressive strength. The introduction of 3D
architectural parameters, in addition to the BV/TV, did
not significantly improve the prediction of the compressive
strength. This is also valid for Tb.Th due to the fact that
BV/TV and Tb.Th were highly correlated together. Even if
significant correlations between architectural and mechan-
ical properties are published in the literature, the fact that
3D standard parameters, 3D connectivity or 3D fractal
dimension, can improve the assessment of the compressive
strength by the bone volume fraction has not been well
demonstrated. Kabel et al. [60] concluded that the
integration of the connectivity density in the multiple
correlation, marginally improves the correlation between
the mechanical stiffness and the bone volume fraction,
whereas Ulrich et al. [61] concluded there was a real
improvement. In other respects, the fabric tensor built from
MIL parameters has largely been used with the bone
volume fraction to estimate the eclastic properties of
cancellous bone [34,62].

We acknowledge that this study presents some
limitations. There is little variability in the type of structures
because of the narrow range of ages and without any
pathology which could lead to particular structure called
‘critical” by Ulrich et al. [61]. This can explain the
difficulties encountered in determining the contribution of
each characteristics of the trabecular network-volume
fraction, orientation, connectivity, in the mechanical
strength. However, the range of our data was wide.
Moreover, only bone volume and architectural parameters
are considered to explain the mechanical properties. The
intrinsic properties of bone tissue such as the mean degree
of mineralization were not taken into account, but are
actually being studied by another research team [63].

To our knowledge, our study is the first permitting the
comparison of relationships between 2D or 3D morpho-
logical parameters and mechanical properties. Significant
correlations were found between morphological parameters
evaluated in 2D or 3D, and the mechanical properties of the
os calcis. The addition of 2D parameters, reflecting
connectivity and anisotropy of the network to B.Ar/T.Ar
did not improve the estimation of compressive strength. In
3D, even if the introduction of the Tb.Th with the BV/TV
brought a significant improvement in the prediction of the
compressive strength, this conclusion may be moderated by
the fact that the two parameters were found highly
correlated.
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