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ABSTRACT

Previous studies show that in vivo assessment of fracture risk can be achieved by identifying the
relationships between microarchitecture description from clinical imaging and mechanical properties.
This study demonstrates that results obtained at low strain rates can be extrapolated to loadings with an
order of magnitude similar to trauma such as car crashes. Cancellous bovine bone specimens were
compressed under dynamic loadings (with and without confinement) and the mechanical response
properties were identified, such as Young's modulus, ultimate stress, ultimate strain, and ultimate strain
energy. Specimens were previously scanned with pQCT, and architectural and structural microstructure
properties were identified, such as parameters of geometry, topology, connectivity and anisotropy. The
usefulness of micro-architecture description studied was in agreement with statistics laws. Finally, the
differences between dynamic confined and non-confined tests were assessed by the bone marrow
influence and the cancellous bone response to different boundary conditions. Results indicate that
architectural parameters, such as the bone volume fraction (BV/TV), are as strong determinants of
mechanical response parameters as ultimate stress at high strain rates (p-value < 0.001). This study
reveals that cancellous bone response at high strain rates, under different boundary conditions, can be
predicted from the architectural parameters, and that these relations with mechanical properties can be

used to make fracture risk prediction at a determined magnitude.

1. Introduction

Cancellous bone has a porous structure that protects the marrow
contained in the cortical bone layer. A better understanding of bone
fracture is necessary to improve the musculoskeletal modeling of the
human body intended to aid in the design of protective features. The
mechanical properties of cancellous bone, over a large range of strain
rates, have been studied to better simulate and understand injuries
sustained such as during a car crash (Chaary et al., 2007). Researchers
have made great progress in characterizing the compressive behavior
on cases of quasi-static loading (Guedes et al., 2006), and recently
accounting for the influence of bone marrow (Halgrin et al., 2012;
Charlebois et al., 2008). The few experimental studies entailing
mechanical characterization at high strain rates have proved that
the mechanical behavior is strain rate dependent (Linde et al., 1991).
Furthermore, as cancellous bone is highly heterogeneous with a
variation depending, among others, on age (Follet et al, 2011),
anatomic localization (Morgan and Keaveny, 2001), and geometry
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(Linde et al., 1992), studies have recently demonstrated that the
characterization of cancellous bone architecture was a good predictor
of low strain rate mechanical response (Zhou et al., 2014). Given the
daily life loadings, it would be interesting to characterize the
dynamic response of cancellous bone in regards to its architectural
description. However, there is a lack of this in the literature.

The aim of this study is to quantify the links between architec-
tural descriptors of cancellous bone and macroscopic mechanical
behavior under high strain rate compression loading for two bound-
ary conditions.

2. Materials and Methods

2.1. Samples

Twenty-four distal segments of 3 years old bovine femoral bones were used for
this study (72 h post-mortem) and frozen at —20 °C ( Linde and Serensen, 1993).
Experiments were conducted within the animal welfare regulations and guidelines
for the country. A diamond slitting wheel was used to isolate two cylinders of
cancellous bone from each frozen bone in the sagittal plane (diameter 41 mm and
thickness 14 mm). Specimens were then preserved in vacuum-sealed plastic bags;
they were slowly thawed for 12 h at +5 °C before being exposed to room
temperature (approximately +24 °C) prior to mechanical testing (Mitton et al., 1997).
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3. Results

The peripheral quantitative tomodensitometry technique (pQCT) was used to
identify the microstructure properties of each frozen cylinder (XtremeCT, Scanco
Medical, cubic voxel size: 42 um ( < 80 um (Van Rietbergen et al., 1995), X-ray tube
potential (peak): 60 kVp, Integration time: 1680 ms per slice (Bouxsein et al., 2010)
with a low dose of radiation (Genant et al., 1996). According to the literature (Follet
et al., 2005; Syahrom 2011; Yeni et al., 2011, Garrison et al., 2011; Nazarian et al.,
2011), 14 architectural parameters of cancellous bones were selected and computed
using Bone] (Doube et al., 2010) from the DICOM files. Parameters were divided into
four groups: architectural descriptors of geometry, topology, connectivity and
anisotropy. Parameters, units, and groups are presented in Table 1.

2.3. Experimental technique and mechanical properties

Experiments were performed as described in a previous study (Laporte et al.,
2009). Twenty-four specimens underwent dynamic loading using a Split Hopkin-
son nylon Pressure Bar system (Liu et al., 2014) (SHPB, Fig. 1). A SHPB system
operates under the following principles: a striker first impacts the free end of the
input bar; this impact generates a compressive wave, known as the incident wave,
which propagates through the input bar. When it reaches the input bar-specimen
interface, part of the wave is reflected back along the input bar as a tensile wave,
referred to as the reflected wave. The remaining part of the wave is transmitted,
through the specimen to the output bar and is known as the transmitted wave. The
relative magnitudes of the waves, registered through gages, relate to the material
properties of the specimen at high strain rate. The data analysis for the SHPB tests
was conducted using the DAVID software (Gary, 2005).

Samples were divided for two tests series with different applied boundary
conditions: typical compression tests without confinement for 12 specimens (D, ca
1000s~ ") and confined dynamic tests for the 12 remaining specimens (CD, ca
1500 s~ !). For the latter, bone was placed in an aluminum confined cell (Fig. 2,
inner diameter: 41 mm, i.e., the bars diameter, to only test the bone). Dimensions
were chosen to limit the radial expansion of the structure and the flow of bone
marrow. Then a compromise has been made in order to keep the specimen free of
internal stresses and directly in contact with the cell, in order to be close to in-vivo
boundary condition with cortical bone.

The mechanical properties were identified by an automatic process: ultimate
stress and strain were determined at the maximum value of stress history (see
Fig. 3 left) while the apparent Young's modulus was calculated based on the
gradient of the stress versus. strain graph for the middle one third of the strain
range between zero and ultimate strain (see Fig. 3 right). Initial strain was set as the
left-shifting of the stress-strain curve based on the linear extrapolation to zero
stress (Boruah et al., 2013).

2.4. Data analysis

Kruskal-Wallis test was used to determine if there is a difference between the
2 groups of micro-architectural parameters. Mann-Whitney statistical test (non-
parametric hypothesis test) was performed for mechanical parameters to appraise the
influence of boundary conditions. After validating the previous studies, the Spearman
statistical test (non-parametric one-way analysis of variance by ranks) was used to
highlight correlations between architectural and mechanical parameters. A p-value of
0.05 was chosen as the upper threshold of significance. All statistical tests were
performed using XLSTAT.

Table 1
Summary of architectural parameters.

3.1. Microstructure and mechanical properties

To perform the analysis study, the variability of experimental
and architectural data had been investigated. An illustration is
presented in Fig. 4. This representation allows exploring the
dataset mean (illustrated with a cross), the median (straight line),
the 1st quartile and the 3rd quartile (ends of the box), the highest
and lowest values (ends of the whiskers) and outliers if any
(individual points). Medians, interquartile ranges, extremes values,
mean values and standard deviations of all microstructure para-
meters for the loaded specimens are given in Table 2. Values for
each specimen are tabulated in Supplementary information.
Architectural parameters were consistent between the two sets
of testing groups (minimum p-value for Kruskal-Wallis test: 0.44).

Architectural values have been found relevant to the literature
dedicated to bovine samples (Syahrom, 2011; Halgrin, 2009; Garrison
et al, 2011).

The two different groups can be compared as the maximum p-
value is 0.006 for the Mann-Whitney test.

Descriptive statistics of mechanical parameters for the 24 com-
pressed specimens are provided in Table 2. Supplementary inform-
ation provides the actual test data for all the loaded specimens. Data
published for bovine cancellous bone loaded to high strain rates
(Higgins, 2008; Halgrin, 2009) set the same magnitude of individual
variation.

As no work had been reported regarding confined dynamic loa-
ding, no comparison can be made; however, the confinements lead
to a temperature elevation and added to the marrow influence. It
appears that both apparent Young's modulus and ultimate stress
increase in regard to non-confined testing (Halgrin, 2009).

3.2. Links between mechanical and microstructural parameters

As mentioned above, it is well known that mechanical resp-
onse is linked to architecture. A bone presenting a higher bone
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Fig. 1. Split Hopkinson Pressure Bar system used for high strain rate compressive
testing.

Family Parameter Description Unit

Geometry and morphology BS Bone surface mm?
BV Bone volume mm?>
BV/TV Bone volume/total volume %
Tb.Th Mean thickness of trabeculae mm
Tb.Sp Trabecular separation mm
Conn.D Connectivity density or number of trabeculae per unit volume /mm?

Topology FD Fractal dimension
SMI Structure model index

Connectivity Nd.Nd Average branch length /mm?>
N.Nd Number of junctions /mm?>
NJnv Number of junction voxel, i.e. number of voxels labeled as being in a junction with more than 2 neighbors /mm?
N.Slv Number of slab voxel, i.e. number of voxels labeled as being in a junction with 2 neighbors /mm?>
N.Tp Number of triple point, i.e. number of junctions with 3 branches /mm?>
N.Qp Number of quadruple point, i.e. number of junctions 4 branches /mm?

Anisotropy DA Degree of anisotropy
MIL Mean intercept length mm




Fig. 2. Confined cell and its setup on the Split Hopkinson Pressure Bar system.
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Fig. 3. Mechanical response parameters in the stress-strain curve.
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Fig. 4. Bone volume fraction BV/TV and ultimate stress repartition: box and whiskers plot.

volume fraction will have more materials to answer the mechan-
ical loading and will then present a higher ultimate stress. All
trend lines between mechanical properties evolution and archi-
tectural parameters had been checked, and an overview of the
data repartition is presented in Fig. 5.

Similar trends were observed for both dynamics loadings.
There is a persistent correlation between E,, and the three MIL
parameters at different strain rates.

Results of Spearman's correlation tests are reported in Table 3.
Mechanical properties identified under dynamic loading can be
predicted by microstructural parameters except by N.Jn, (number
of junction voxel) and DA (degree of anisotropy). Persistent corr-
elations were observed for both boundary conditions, such as
Young's modulus versus the 3 different MIL, BV/TV and Tb.Sp.
£, presents no correlations for dynamic loading such as ¢, for the
confined dynamic loading.

4. Discussion
4.1. Links between mechanical and microstructural parameters

As several studies had been reported in the case of quasi-static
non-confined loading, it appears relevant to check the correlation
consistency with the strain rate. In Table 4, an overview of the
pertinent published data is compared to the non-confined dyn-
amic study presented in this article.

Similar correlations with geometry (BV/TV, Tb.Th, Tb.Sp) and
anisotropy parameters (the three MIL) were identified with regard
to E;pp for both strain rate loadings. The absence of correlation
with DA was also found in previous work (Mittra et al., 2005; Teo
et al., 2006) such as the Conn.D. The two references highlighted in
Table 4 permit confirmation that e, is unrelated to architectural
parameters.



Table 2

Microstructure and mechanical response parameters. D: dynamic loading, CD: confined dynamic loading. Acronym description is provided in Table 1.

Architectural parameters

BV/TV Tb.Th Tb.Sp ConnD FD SMI NdNd NJjnv N.Slv

Acronym

cD CD CcD cD CcD cD cD cD

D cD

Boundary Cond

8.92
16.76
11.88
13.74
14.74
13.10

10.26
20.21

4.85
20.55

7.24
16.49

1.74
3.95
237

2.30
4.31
2.81
2.90
3.45
311

0.56

1.53
5.77
3.72
4.61

3.45
5.67
3.76
417
4.60
4.28
0.67

2.67
2.75
2.73
2.73
2.74
2.72
0.02

2.69
2.75
271
2.72
2.74
2.72
0.02

0.80
3.52

1.40
347
214
2.28
2.64
241
0.55

0.17
0.52
0.27

0.16
0.45
0.25
0.28
0.34
0.29
0.07

0.23
0.38
0.27

0.23
0.34
030
0.31
0.33
0.31
0.03

0.10
0.49

0.12
0.37
0.23
0.31
0.32
0.28
0.07

Minimum
Maximum

12.85
14.01

718
11.21
16.11

8.72
11.61
12.73
11.04

1.74
2.30
2.94
2.27

0.20
0.26
0.32
0.27
0.12

1st Quartile
Median

3.00

3.48

2.88

0.74
Mechanical parameters

0.30
0.37
0.33
0.11

0.30
0.36
0.31
0.05

15.09
14.14

5.24
434
1.22

3rd Quartile
Mean

11.58
5.34

2.60

243

2.78

0.86

Standard Dev

Architectural parameters

Ou

£u

N.Qp DA MIL1 MIL2 MIL3 Eapp

NTp

Acronym

cD CcD cD CD cD cD CcD cD

cD

Boundary Cond

18.0

6.6
16.5

5.1

6.9

11.2

220
420

90
160

0.26
0.80
0.31
0.35
0.43
0.42
0.18

0.30
0.63
0.31
0.33
0.39
0.37
0.09

0.30
0.63
0.31
0.33

0.36
0.95
0.43
0.46
0.58
0.54
0.20

0.42

0.43
0.80
0.49
0.51
0.53
0.53
0.10

0.35
0.63
0.45
0.53
0.61
0.51
0.10

0.45
0.65
0.52
0.54
0.57
0.54
0.06

0.38
0.94
0.53
0.66
0.78
0.65
0.18

0.50
0.98
0.63
0.65
0.79
0.71
0.13

113
218

1.32
2.53
1.70
1.76
1.96
1.82
0.30

Minimum
Maximum

219

10.8

1.00
0.48
0.51
0.62
0.59
0.19

9.3 19.9

5.9
6.5
7.2
6.9

8.2
8.3
9.7

308

130

1.49
1.78
1.91

1st Quartile
Median

21.2

123

310
370
329

140

214

14.3

150
135

0.39
0.37

3rd Quartile
Mean

20.6

11.8

8.8

1.69
0.34

57 13 1.6 34 13

22

0.09

Standard dev.
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Fig. 5. Regressions for correlated parameters MIL1, MIL2 and MIL3 and E,pp:
power law.

The correlations highlighted are correct in the studied range of
values and can be carefully extrapolated to bigger intervals. Fig. 6
illustrates the difference of variation range with Perilli et al. (2007).
Power trend lines appear to be really similar but the amplitude effect
is noticeable. Due to this combination with the strain rate effect bet-
ween this dynamic study and the quasi-static reference (Perilli et al.,
2007), this effect was not quantified.

The reference studies reveal a connection between Th.Th and
the ultimate stress and between SMI and the apparent Young's
modulus that the present study did not confirm. The small amp-
litude of architectural parameters distribution (Tb.Th varying from
0.23 to 0.34) can explain the lack of correlation. Furthermore, the
p-value associated with the correlation between Tb.Th and the ult-
imate stress of the dynamic study (Halgrin, 2009) is weak: p-value
of 0.04. The amplitude of the architectural parameters distribution
is specimen dependent. Then the absence of correlation between
Conn.D and &, needs to be carefully considered and is only trust-
worthy in the studied range.

Architectural parameters outliers were considered for the
correlation study as, in most part, they did not interfere with it.
If it is true that outliers drive correlation, the difference between
the Spearman p-values with outlier and without outliers is low.
For Tb.Sp correlation with E,,, under confined dynamic loading, p-
value is 0.028 with the outlier point and 0.025 without. Low p-
value differences were observed for dynamic loading with N.SI,
DA, MIL1 and MII2 and for confined dynamic loading with FD,
MIL1 and MIL3 and did not affect the correlation assessment. In
fact, individually, architectural parameters can present outlier. It
usually appears that the mechanical parameter outlier is obtained
from the same sample and does not affect the correlation.

Only two correlations were affected by removing the outliers
(illustrated in Table 3). Conn.D correlation was changed: p-value
increased to 0.058 for its correlation with ultimate stress under
confined dynamic loading. This correlation disappearance with a
p-value close to the upper threshold of significance, correlation
evidence is highly linked to the choice of this level. The second
change was observed for MIL3 and E,,, (p-value up to 0.095
without outliers). In this special case, both outliers were not linked
and leads to a data loss of 17%. Such a decrease in the amount of
values may affect the consistency of the statistical analysis.

A set of architectural parameters can lead to different macro-
scopic arrangements of trabeculae. This can result in a mechanical
difference. An investigation on that variability added to a study of
architectural parameters sensitivity may significantly inform on
the prediction of cancellous bone response to compression load-
ing, and explain that quasi-static references and dynamic ones
present disagreement for o, such as the Th.Sp and the degree of
anisotropy.



Table 3
Spearman's tests results considering outliers.

BV/TV Tb.Th Tb.Sp Conn.D FD SMI Nd.Nd N.Nd NJnv N.Slv N.Tp N.Qp DA MIL1 MIL2 MIL3
Espp  Dynamic * % % % * * % % o % *(AO)
Confined D. * * * * * * *
ey Dynamic
Confined D. * * o * %* %* *
o_u Dynamlc ek ek *(Ao) sesfeske el sk sesfeske sfesiesic ek sfesiesic sesiesic sesleske
Confined D.

For significant correlation. Acronym description is provided in Table 1. AO: correlation affected when removing the outliers. i.e. * p <0.05, ** p <0.01, *** p < 0.001.

Table 4

Comparison with literature (Follet et al., 2011; Mittra et al., 2005; Teo et al., 2006; Halgrin, 2009).

Eipp oy ey

Quasi-static (QS) Dynamic Quasi-static (QS) Dynamic Qs Dynamic
Reference Follet et al. Mittra et al.  Teo et al. Halgrin Study Follet et al.  Mittra et al.  Teo et al. Halgrin Study Teo et al. Halgrin Study

(2011) (2005) (2006) (2009) (2011) (2005) (2006) (2009) (2006) (2009)
BV/TV ¥ ¥ * * * * ¥ ¥ * ¥ NC ¥ NC
Tb.Th * * * * * * * * * NC NC * NC
Tb.Sp * * * * * * * * NC * NC NC NC
Conn.D NC NC * * NC
D * * * * ¥ * NC NC
SMI * * * NC * * * * NC NC NC
DA NC NC NC NC * * NC NC NC NC NC
MIL1 * ¥ * * * * * NC
MIL2 * * * * * * NC NC
MIL3 * * * * * * NC NC

*For significant correlation. NC: no correlation. Not colored box=correlation not studied.
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Fig. 6. Regressions for correlated parameters BV/TV and ultimate stress and the
law of Perilli et al. 2007.

Correlations observed for dynamic compression loading were
mainly found to be relevant in comparison with Halgrin's Ph.D.
work (Halgrin, 2009) except the correlation between ¢, and both
BV/TV, Tb.Th, that does not appear in the present study. Differ-
ences observed can be explained by the provenance (femur versus
rib), the geometry of the specimen (cylinder versus square)
especially under dynamic loading (Dong et al., 2004), and the fact
that ¢, determination is operator dependent.

4.2. Comparison between dynamic and confined dynamic loading

It is well known that bone marrow influences the cancellous
bone response at low strain rate (Linde and Hvid, 1989). Our
comments on the comparison between the two different strain
rates highlight the potential of predicting cancellous bone
response. The authors regret not having any published study to
compare their correlation under dynamic confinement to lower

strain rate confined ones. A comparison can however be made
between the two boundary conditions at high strain rate.

Different strain rates were used for dynamic and confined
dynamic loadings (1000s~' and 1500s~' respectively) as data
from non-confined tests at 1500 s~! were not sufficiently well-
conditioned to analyze, while confined tests at 1000 s~ ! did not
crush the bone. Hence, a compromise was made to develop a
comparison with the hypothesis in same range.

Under confined dynamic loading, no significant correlation was
found with 6. ¢, presented correlations with regard to architec-
tural parameters that standard dynamic ones did not highlight. To
explain this result, an additional study of the correlation with
mechanical response of confined cancellous bone under low strain
rate loadings could provide understanding of this correlation.

Architecture appears to be a good predictor of confined
dynamic &, and, under non-confined loading, a good predictor of
oy completed with W,,. There is more information for confined
dynamic loading which is more realistic in terms of the boundary
condition made by the cortical bone around the cancellous bone,
containing the bone marrow even if this experiment is an
idealization of the interaction between the two bone materials.
As the cell is stiffer than cancellous bone, a slight difference might
be observed; it would be interesting to overcome the difficulty of
realizing experiments in real confinement of cancellous bone in a
cortical bone layer as made at low strain rate.

This study confirmed that confined dynamic loading can then
be predicted for the case of elasticity up to fracture of trabeculae.
By studying the plateau stress characteristic of a porous medium
(Evans et al, 1998), the study may be extended up to the
densification of broken trabeculae.

In conclusion, the compression tests were performed using two
different boundary conditions (confined and non-confined). This work
presents a new approach to cancellous bone mechanical prediction
under dynamic loading via architectural parameters description.
The relative usefulness of architectural parameters (geometry and



morphology, topology, connectivity, and anisotropy) has been high-
lighted with regard to the prediction of elasticity up to fracture. As per-
sistent links have been made between the different loadings, our data
suggest that a realistic model (i.e., confined bone) based on the ima-
ging acquisition method (i.e., architectural description) can be built for
the prediction of daily risks (ie., quasi-static loading) or rupture
mechanism in the case of a known magnitude trauma (i.e., dynamic
loading for car crash accidents).
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