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Abstract: Human cortical bone fracture processes depend on the internal porosity network down to
the lacunar length scale. Recent results show that at the collagen scale, the maturation of collagen
cross-links may have a negative influence on bone mechanical behavior. While the effect of
pentosidine on human cortical bone toughness has been studied, the influence of mature and immature
enzymatic cross-links has only been studied in relation to strength and work of fracture. Moreover,
these relationships have not been studied on different paired anatomical locations. Thus, the aim of the
current study was to assess the relationships between both enzymatic and non-enzymatic collagen
cross-links and human cortical bone toughness, on four human paired anatomical locations. Single
Edge Notched Bending toughness tests were performed for two loading conditions: a quasi-static
standard condition, and a condition representative of a fall. These tests were done with 32 paired
femoral diaphyses, femoral necks and radial diaphyses (18 women, age 81 + 12 y.0.; 14 men, age 79 £
8 y.0.). Collagen enzymatic and non-enzymatic crosslinks were measured on the same bones.
Maturation of collagen was defined as the ratio between immature and mature cross-links (CX). The
results show that there was a significant correlation between collagen cross-link maturation and bone
toughness when gathering femoral and radial diaphyses, but not when considering each anatomical
location individually. These results show that the influence of collagen enzymatic and non-enzymatic

cross-links is minor when considering human cortical bone crack propagation mechanisms.
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1. Introduction

Bone fragility still remains difficult to understand as it is associated with several architectural,
microstructural and even compositional parameters [1]. Among these, collagen fibers are of great
importance in human cortical bone mechanical integrity [2-8]. Collagen represents more than 80 % of
the organic matter within bone tissue [7]. This organic material provides some ductility to bone
whereas the mineral phase provides rigidity [4,7]. Changes in collagen with age are assumed to be

involved in the decrease of bone mechanical properties with aging [9-11].

One of the most important mechanisms of collagen evolution is the formation of cross-links between
collagen fibrils [12]. Two different cross-linking processes can be outlined. The first process is a
stabilization of collagen fibers that is regulated by lysyl oxidase, which converts the amino groups of
lysine and hydroxylysine to form allysine and hydroxyallysine. These molecules can then condensate
with some residues of lysine or hydroxylysine to form immature derived divalent ketoimine cross-
links. By undergoing another reaction with lysine or hydroxylysine molecules, there is the formation
of pyridinoline (PYD) and deoxypyridinoline (DPD) trivalent mature cross-links [4,7,12,13]. Their
relative amounts can be expressed as the ratio between immature and mature cross-links, and are
called the CX ratio in the current study (CX = [DHLNL + HLNL] / [PYD + DPD] [9].

A second mechanism involves a non-enzymatic reaction with glucose. This so-called glycation
reaction is at the origin of the presence of Advanced Glycation End-products (AGEs) within bone
tissue [4,12]. These non-enzymatic cross-links are thought to be involved in the decline of cortical
mechanical properties with age [11,14]. Pentosidine (PEN), which is the most investigated AGE, can

be accurately quantified in bone tissue using HPLC by natural fluorescence [4,7,15].

While there are some studies investigating the relationships between collagen crosslinking and cortical
bone mechanical properties [4,7,9,11,14,16], there is little information on the relative difference
between different anatomical locations [4]. In a previous study, our group showed that there was
significant difference in bone fracture toughness of weight- and non-weight-bearing bones [17].
However, the compositional difference between a weight-bearing bone such as the femur, or a non-

weight bearing bone, such as the radius, is not well known.

The influence of the CX ratio and PEN on cortical bone mechanical properties has been studied [9,18—
20]. PEN is associated with increased fragility of bone tissue in the elderly on weight-bearing bones
such as the tibial or femoral shaft [21,22]. However, the effect of the CX ratio remains little studied. A
recent study found that the CX ratio was associated with a decrease in post yield properties when
comparing fibula extracted from children (10.14 £ 4.56 y.0.) and adult donors (79.00 £ 15.39 y.0.) [9].
To the authors’ knowledge, there is no data on the influence of bone anatomical locations on these

enzymatic and non-enzymatic cross-links and their effect on bone mechanical properties, specifically
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when comparing weight-bearing and non-weight-bearing bones. Moreover, the effect of the CX ratio
on cortical bone behavior is not well known for a high-risk population with bone diseases and

traumatisms.

The reason for this study is the lack of knowledge on bone fracture behaviour when considering paired
weight-bearing and non-weight-bearing bones. While the influence of PEN on bone mechanical
response is well known for weight-bearing bones, there is no data regarding the effect of the CX ratio
for an adult population at risk regarding bone diseases.

Thus, the aim of this study is to quantify both enzymatic and non-enzymatic collagen cross-links on
paired weight- and non-weight-bearing bones (femoral diaphysis (medial and lateral regions), femoral
neck and radial diaphysis) in relation to toughness parameters for human cortical bone considering an

adult population.

2. Materials and Methods

2.1. Bone samples

This study sampled from thirty-two human cadaver donors (18 women, age 81 + 12 y.o.; 14 men, age
79 £ 8 y.0.). No additional information concerning eventual disease or medication history was
available, except for hepatitis and Human Imunodeficiency Virus status. Whole femurs and radii were
collected from these fresh cadaveric subjects (French Ministry of Education and Research,
authorization n°DC-2015-2357). Extracted bones were kept hydrated in saline soaked gauze and then
stored at -20 °C until sample preparation. Because of the non-availability of some of these bones, the
final database was comprised of 2 x 29 femoral diaphysis (both from medial and lateral regions to
directly evaluate the influence of anatomical region in the same location), 29 femoral inferior neck,
which is the region where cortical thickness is suitable for sample preparation; and 31 radial anterior
diaphysis specimens from the mid-diaphysis, which corresponds to the investigated region in a
previous study aimed at investigating bone properties using guided waves that was performed on the

same population [23].

2.2. Biomechanical measurements

The biomechanical experiments protocol used here are the same as in a previous study [17]. A

summary of the methodology is summarized below.
2.2.1. Sample preparation

From each bone, from 20 to 25 mm long rectangular notched samples, with a width W = 2.08 +
0.06 mm and a thickness B = 1.01 + 0.02 mm, were prepared so that their long side is parallel to the

long axis of the diaphysis. The notch was machined in the transverse direction of the bone. As such, a
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crack will initiate and propagate perpendicularly to the osteons. In order to directly investigate the
effect of strain rate, two samples were retrieved as closely as possible, so that we can assume that they
are composed of the same material. The first was loaded under a quasi-static strain rate and the other at
a representative fall rate. Thus, a total of 236 samples were prepared for this study. The samples were
stored at -20°C after preparation, then de-frosted the night before the mechanical tests and kept at
21°C in a physiological solution for 6 h before testing for rehydration.

2.2.2. Biomechanical experiment

Toughness experiments were performed using a three-point bending set up. For the quasi-static
loading, which is the standard case, a strain rate of 10 s™ was applied [24-26]. The fall-like loading
condition was defined based on values found in the literature. Thus, the samples were loaded at a
strain rate of nearly 10" s™ [27] to emulate fall conditions. A load-displacement curve was recorded
for each mechanical test and was used to obtain different parameters using the methods presented

below.
2.2.3. Fracture toughness measurement

The non-linear J-integral introduced by Rice was measured to consider both elastic and plastic
properties of human cortical bone [28]. The elastic strain energy release rate (Jy in KN.mm™) and the
plastic strain energy release rate (J, in kKN.mm™) were calculated from toughness experiments. The

formulae to calculate these mechanical parameters can be found in [17].

As cross-links may influence cortical bone capacity to undergo plastic deformation before breaking,
we decided to divide the non-linear part of the load-displacement curve into two different areas
associated to two different non-linear deformation mechanisms [9]. We assume that the non-linear part
of the load displacement curve can be divided into two different fracture mechanisms that represent
the development of a process zone and the actual propagation of a crack through the microstructure.
Based on the shape of the curves obtained during the toughness experiment on human cortical bone,
we choose to associate a strain energy parameter, Jprocess (kN.mm'l), to the area between the yield load
and the maximum load that would correspond to the development of a process zone due to
rearrangement of the internal organization of cortical bone [29-31]. The second parameter, Jpwop
(kN.mm™), is associated with the final part of the curve, from the maximum load until the complete
failure, and would correspond to the actual formation of a main crack that would propagate through
the cortical bone microstructure until failure. These two parameters can be assessed as follows (Figure
1):

_ nAprocess

Jprocess - B(W—a) (1)



_ NAprop
prop ~ B(W-a) (2)

where 1 is a geometrical factor equal to 1.9 for Single Edge Notched Bending (SENB) specimen, B, W

J

and a are the dimensions of the sample [32]. Apocess and Agp are the areas under the load —
displacement curve corresponding to b and ¢ in Figure 1, respectively. We thus have the relationship
between the different parameters:

JpI = Jprocess + Jprop
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Figure 1 Typical load-displacement curve obtained with human cortical bone toughness
experiments. On the left is the ASTM E-1820 suggestion of division [32]; on the right is the
current study choice of division (2 column fitting figure).

2.3. Biochemical measurements

2.3.1. Sample preparation

The SENB samples used for biomechanical experiments were not used for biochemical measurements
in order to keep them intact for further analysis using other modalities. In that way, cortical bone
overages from the previously enounced sample preparation were kept frozen at -20 °C for the
biochemical measurements. This means that these measurements were done on a tissue closely
surrounding the previously used region during the biomechanical experiments. The samples were cut
into small pieces, powered in liquid nitrogen-cooled freezer mil (Spex Centriprep, Metuchen, USA),
and demineralized with daily changing of 0.5 M EDTA in 0.05 M in Tris buffer, pH 7.4 for 96 h at 4
°C. The demineralized powder was then extensively washed with deionized water. The samples were
then suspended in phosphate buffered saline (0.15 M sodium chloride, 0.1 M sodium phosphate buffer,

pH 7.4) and reduced in NaBH, at room temperature for 2 h using a reagent/sample ratio of 1:30 (w/w).
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The reduced bone residues were washed, freeze-dried and hydrolyzed in 6 M hydrochloric acid at 110
°C for 20 h. These hydrolysates were used for the measurement of cortical bone cross-links and for the
assessment of collagen and hydroxyproline. The availability of matter, the final database for
biochemical measurements is composed of 2 x 29 femoral diaphysis (medial and lateral), 25 femoral
necks and 30 radial diaphysis specimens.

2.3.2. Cross-links measurements

PYD and DPD mature cross-links and DHLNL and HLNL immature cross-links stabilized by NaBH4
reduction were extracted from the hydrolysates using a solid phase extraction column (Bond Elut
Cellulose, Agilent Technologies, Santa Clara, CA, USA) to remove interfering molecules. The
DHLNL, HLNL, PYD and DPD cross-links were then investigated using an Alliance 2695 separation
HPLC system equipped with a Waters Micromass® ZQ™ Single Quadrupole Mass Spectrometer, a
2647 Multi A fluorescence detector and Empower2 chromatography data software (Waters Corp.
Milford, MA, USA). The species were separated on a C18 Atlantis® T3, 3um, 4.6x100mm reversed-
phase column protected by an Atlantis® T3, 3um, 4.6x20mm guard cartridge (Waters Corp. Milford,
MA, USA), maintained at 25 °C, and using a gradient between an aqueous phase composed of 0.12 %
of heptafluorobutyric acid in 18 ohms pure water and an acetonitrile organic phase at a flow rate of
Iml/min. Detection of the different molecules was performed by electrospray ionization mass
spectrometry in a positive ion mode [33]. PYD and DPD calibrators were purchased from Quidel
Corp. (San Diego, CA, USA). A PEN calibrator was kindly provided by Dr. M. Takahashi
(Hamamatsu University School of Medicine, Shizuoka, Japan). DHLNL and HLNL standards were
purified from foetal bovine cortical bone by HPLC and calibrated using the ninhydrin reference

method and leucine equivalence [34].

The ratio CX = [DHLNL + HLNL] / [PYD + DPD] was used to express the state of cross-links

maturation, which assessed collagen matrix maturation [9].

PEN quantification was performed investigating its natural fluorescence at an emission of 385 nm for
PEN and at an excitation of 334 nm [35].

The weight proportion of bone collagen in the sample was analyzed by measuring hydroxyproline
using a HPLC assay (Bio-Rad, Munich, Germany) [33,35-39] (Figure 2).

Results are given in mmol by mol of collagen (mmol / mol collagen). The amount of collagen was

measured by accurately weighing and hydrolysed by HCI 6 M [34].
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Figure 2 On the left is a typical chromatogram of DHLNL, HLNL, PYD and DPD of human

cortical bone assessed with a mass spectrometry system. On the right is typical chromatogram

of PYD, DPD and PEN of human cortical bone assessed with fluorescence system (2-column

fitting figure).

2.4. Statistical tests

The normality of the distribution was assessed using Shapiro-Wilk’s test. As normality was not

obtained for all the parameters, results were analyzed using the Mann-Whitney test, and a non-

parametric Wilcoxon test was applied for paired samples. Spearman’s correlation tests determined the

effect of age on biochemical parameters. These statistical tests were done using R® (The R foundation

for Statistical Computing, Austria) and Statview® (SAS Institute Inc., Campus Drive, Cary, NC

27513). As several statistical tests were applied, only results with a p-value < 0.01 were considered as

significant to take into account the multiple statistical tests and to strengthen the conclusions.



2.5. Results

2.6. Biomechanical experiments

Mean values *+ Standard deviation (SD) for the four toughness parameters are presented in Figure 3

and in the Table 1 available in the supplementary materials section.
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2.6.1. Linear elastic strain energy release rate

Comparing quasi-static and fall conditions, a significant difference was observed only on the femoral
lateral diaphysis and femoral neck: the elastic strain energy release rate increases when the rate is
higher. The elastic strain energy release rate (Jel) increases about 27 % for the lateral region of the
diaphysis, and 43 % for the femoral neck (see the supplementary materials).

Under a quasi-static loading rate, radius and the femoral lateral diaphysis present a significant higher
elastic strain energy release rate than the femoral neck, with a maximum difference between the

femoral neck and the radius (- 45%).
Under a fall loading rate, no difference was observed between anatomical locations (Figure 3).
2.6.2. Non-linear elastic strain energy release rate

Under fall-like conditions, there is a strain energy release rate (J,) decrease for all sites. When
distinguishing a process (Jprocess) @nd a propagation (Jyrop) area on the load-displacement curve, we can
observe a significant decrease of Jy, for the four locations, from -199 % for the femoral neck to -345
% for the radius; whereas there is no significant difference from the loading condition on Jprocess-

Under both under quasi-static and fall-like loading conditions, the overall non-linear deformation,
represented by J,, appears to be higher than the elastic contribution Je (Figure 4). When defining
different regimes within the plastic contribution, under a quasi-static condition, the propagation energy
release rate, Jyrop, IS higher than the elastic, Je, and the process, Jprocess, contribution. Meanwhile, under

fall-like loading conditions, Jyrocess aNd Jprop are comparable (Figure 4).

To summarize, the elastic contribution (Jg) is significantly smaller than the plastic contribution (J, =
Jprocess T Jprop) 1N the global mechanical response of cortical bone (Figure 4). For some cases (femoral
lateral diaphyses and femoral neck) there is a significant increase of the elastic strain energy release
rate (Je)) with an increase of strain rate, and the main evolution is due to the significant decrease of Jy
for all the anatomical locations. Within this plastic contribution (J,) the main contributor is the

propagation phase (Jprop) (Figure 4).

When comparing anatomical locations, the radius has a better capacity to resist crack propagation in
the non-linear regime, considering both J, and the distinct Jprocess and Jprop. These differences are not

more significant under a fall-like loading condition.
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Figure 4 Relative contributions of the different mechanical parameters under quasi-static and
fall-like loading conditions for weight-bearing and non-weight-bearing (2-column fitting figure).

2.7. Biochemical measurements

The mean values (x SD) of enzymatic immature cross-links, enzymatic mature cross-links, CX ratio,

Pen and collagen are reported in the Table 2 of the supplementary materials section.

Figure 5 shows the mean values obtained for the CX ratio and PEN measurements on the four
anatomical locations. Significant differences were observed depending on the anatomical location. In
particular, the CX ratio and PEN are significantly higher in the femoral neck than in femoral and radial
diaphyses. The maximum relative difference is noted with the femoral medial diaphysis of about 44 %
for the CX ratio and 52 % for PEN (p-value < 0.001). Radius also presents a significant higher CX
ratio than femoral diaphysis with a higher difference of about 38 % with the medial region (p-value <
0.0001) and a higher PEN content than in the medial region of the femoral diaphysis of 20 %. There is

no difference between femoral lateral and medial diaphysis for CX ratio and PEN.

10



CX = [DHLNL + HLNL] / [PYD + DPD] PEN
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Figure 5 Bar charts mean values for CX ratio and PEN measurements for the four anatomical
locations. (Significant differences are indicated *** p-value < 0.001; ** p-value < 0.01) (2-column

fitting figure)
2.8. Relationships between age, mechanical and biochemical properties

For the four anatomical locations, PEN measurements were significantly positively correlated to the
age of the donor whereas the CX ratio is negatively correlated to age only for the radius. Results from

the correlation tests between age and PEN and CX ratio are given in Table 1.

Table 1 Spearman’s coefficient between age and both CX ratio and PEN (" p-value <0.01, ~ p-

value < 0.001, ns: non-significant). (1-column fitting table)

Anatomical location n CX PEN
Femoral lateral diaphysis 29 ns 0.51"
Femoral medial diaphysis 29 ns 0.55"
Femoral neck 25 ns 0.53"
Radial diaphysis 30 -0.64" 0.67

No significant correlation was observed between the CX ratio and biomechanical parameters. A weak
relation was found between the CX and Jyocess Under a quasi-static loading condition on the medial

femoral diaphysis and radius. This indicates a significant trend (Table 2).
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Table 2 Spearman’s coefficient between Jprocess and CX ratio for the four anatomical locations

and the quasi-static and fall loading conditions (all non-significant: p > 0.01; ~ Border line: p <
0.05). (1-column fitting table)

Anatomical location n Jprocess — CX ratio
_ : Quasi-static 0.25
Femoral lateral diaphysis 29
Fall -0.13
Quasi-static 0.53"
Femoral medial diaphysis 29
Fall 0.06
Quasi-static 0.04
Femoral neck 25
Fall 0.15
Quasi-static 0.52"
Radial diaphysis 30
Fall -0.08

There was no significant correlation between Jyo, and CX for the quasi-static condition on all the
investigated anatomical locations. A marginal weak relation was observed for the lateral region of the
femoral diaphysis under a fall-like loading condition (Table 3). No trend was observed here.

Table 3 Spearman’s coefficient between Jprop and CX ratio for the four anatomical locations

and the quasi-static and fall loading conditions (all non-significant: p > 0.01; * Border line: p <
0.05). (1-column fitting table)

Anatomical location n Jprop — CX ratio
: : Quasi-static -0.12
Femoral lateral diaphysis 29 .
Fall 0.49
Quasi-static 0.28
Femoral medial diaphysis 29
Fall 0.07
Quasi-static 0.26
Femoral neck 25
Fall -0.11
o : Quasi-static 0.28
Radial diaphysis 30
Fall 0.36

There was a significant correlation between the CX ratio and Jyrcess When we investigated the gathered
population of femoral and radial diaphyses. In a similar manner, this correlation was significant for
Jorop (Figure 6). Regarding the large differences found concerning the biochemical results between the
femoral neck and the other locations, this location was not considered in these correlation tests. These

correlations were not significant if we included the femoral neck.
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Figure 6. Jprocess (Ieft) and Jyrop (right) under quasi-static loading condition in function of CX.

Femoral and radial diaphyses are gathered in a same population for the correlation. Spearman
coefficient and p-value are given (2- column fitting figure).

Figure 7 shows Jgrocess and Joop measured under fall-like loading condition in function of the CX ratio
for the gathering population of femoral and radial diaphyses. We can observe here that if there is no

correlation between Jpocess and CX, then we found a significant relation between Jyo, and the ratio.
This correlation is nevertheless weaker than under a quasi-static condition.
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Figure 7. Jprocess (Ieft) and Jprop (right) under fall-like loading condition in function of CX.

Femoral and radial diaphyses are gathered in a same population for the correlation. Spearman
coefficient and p-value are given when significant (2-column fitting figure).

No relation was found when considering PEN even by gathering the anatomical locations.
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3. Discussion

This study investigated the potential relationships between fracture behavior, both under quasi-static
and fall-like loading conditions, and collagen maturation of human cortical bone considering four
paired anatomical locations extracted from a population of 32 donors (18 women, age 81 + 12 y.0.; 14
men, age 79 + 8 y.0.).

e Biomechanical measurement

The results show that under a quasi-static loading condition, non-linear mechanisms are mainly due to
a propagation mechanism. Under a fall-like loading rate, Jycess and Jpop have the same order of
magnitude, reflecting an equivalent contribution to the non-linear crack propagation mechanisms. The
effect of strain rate on the propagation mechanism, Jpp, iS the same as previously observed for other
parameters [17]: there is a lower value at higher a rate (Figure 3). For the process zone development
mechanism, there is no influence from strain rate. The propagation contribution is the most affected by
the increase of rate.

Dealing with differences in the biomechanical parameters between the four anatomical locations, the
results are the same for Jyocess and Juop @S Jp. Under a quasi-static condition, the radius presents a
greater capacity to undergo non-linear mechanisms, both for the process zone development and for the
propagation mechanisms. Under a fall-like condition, the femoral lateral diaphysis, femoral neck and
radius present the same non-linear capacity to resist crack propagation (Figure 3).

These results show that the radius, which is a non-weight bearing bone, is more able to resist crack
propagation in a quasi-static loading condition when considering the non-linear mechanisms. In a
previous study, the authors compared the toughness of the radius and the tibia [17]. The results
obtained were the same: the radius has a better capacity to resist crack propagation. The results found
in the current study may also be due to the different analyzed regions used between the femur (medial
and lateral) and the radius (anterior) as we know that these different regions are not subjected to the
same mechanical environment [40]. In a previous study, Li et al. found significant differences between
different regions of the same diaphysis [41]. Their results showed that the toughness measured on the
medial part was significantly higher than the toughness measured on the anterior part (24 %). In the
current study, the toughness measured on the medial part (femoral diaphysis, weight-bearing bone)
was significantly lower (50 %) than that measured on the anterior part (radius, non-weight-bearing
bone). This suggests a real influence from the weight- or non-weight-bearing nature of the investigated

bones.
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e Biochemical measurement

The measured biochemical parameters in this study are in the range of results found in the literature
[4,9,15,36,37,42]. While a significant correlation was found between CX and age only for the radius,
PEN for each anatomical site correlated with age. This result is in accordance with the fact that PEN is
a better biomarker for the ageing of the donor [7,43,44]. The increase in PEN content is associated
with the accumulation of glucose and ribose within an organism due to some cell dysfunction due to
ageing, whereas immature and mature cross-links concentration is assumed as constant in the elderly
[4,37,45-47]. The values obtained on the femoral neck appear to be slightly different from the
literature [15,42]. PEN content measured in the current study (19.83 £ 7.5 mmol / mol collagen) is
higher than in [15] (7.82 = 3.45 mmol / mol collagen) or in [42] (~ 10 mmol / mol collagen) measured
on the cortical bone of the femoral neck. As a major part of cortical bone on the femoral neck was
used to prepare samples for biomechanical experiments in the current study, the remaining part of the
cortical bone was thin. Femoral neck is mainly composed of trabecular bone, despite all the
experimental precautions it might be possible that this remaining part of the bone contained some
region of the trabeculae. It has been shown in the past that the PEN content of trabecular bone is
higher than in cortical bone [4,42]. Our group also found a significant difference in mature parameters
(PYD + DPD) in cortical bone versus trabecular bone [48].

In the present study, we showed that enzymatic cross-link composition and PEN accumulation are
highly dependent on the considered anatomical locations. Large significant differences were found
between femoral diaphysis, femoral neck and radial diaphysis. The difference found between the
lateral and medial part of the femur was relatively small, 8 %, suggesting that cross-link content is not

dependent on the region of the femoral diaphysis (Figure 5).

The differences seen between the anatomical locations might be explained by different remodeling
mechanisms. The amount of immature and mature cross-links are directly linked to the bone tissue
turnover rate [7,13]. These differences can be due to the specific function of each bone in the skeleton,
and in particular, whether it is a weight-bearing or a non-weight-bearing bone. As hypothesized in a
previous study, physiological mechanical loading may stimulate collagen stabilization through the
differentiation of immature cross-links to mature cross-links [4]. This is in accordance with results
found in the current study: femoral diaphysis and femoral neck present a lower CX ratio, meaning that

they are more mature than the radial diaphysis.
o Relationships between biomechanical and biochemical measurement

The relationships between biomechanical and biochemical properties found in the literature show that

the maturation of collagen has an influence on cortical bone ability to undergo non-linear deformation
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[9]. In this previous study, the donors were from 5 to 99 years old and were separated into two groups
(7 children of 10 y.o. in average, 3 adults of 79 y.0., in average). In the current study, performed on an
adult population (50 — 95 y.0.), the decrease of CX ratio is not correlated to a decrease of Jy;, Jprocess OF
Jorop Under both a quasi-static and fall-like loading condition, when considering individual locations.
By gathering femoral and radial diaphyses, we found that there was a significant correlation between
CX ratio and Jprocess and Jprop, thus suggesting that by investigating a larger population of donors, we
may find significant correlations between collagen maturation and human cortical fracture behavior
under a quasi-static loading condition. However, the correlation coefficients remain small (p = 0.60
and p = 0.52 for Jprocess aNd Jorop respectively). Considering a fall-like loading condition, a significant
correlation was only found with J, With a smaller coefficient than under quasi-static condition (p =
0.33).

The results found in the current study suggest that enzymatic cross-links have a minor influence on
cortical bone toughness considering a population older than 50 y.o.. A similar result has already been
stated using numerical simulation of mineral collagen fibrils [49]. In that study, they found that in the
presence of enzymatic cross-links, deformation can occur through a sliding between collagen
molecules, allowing a low load transfer between collagen and mineral platelets. These results also
show that if a minor relation can be found under quasi-static loading, then this disappears under a
strain rate representative of a fall. In their study, Zimmerman et al. found that at a higher loading rate,
the slope of the fibril strain vs. tissue strain was higher [24]. Under a fall-like condition, the hypothesis

of the stretching of the collagen fibrils is favored over interfibrillar sliding mechanisms.

Considering the effect of PEN on cortical bone mechanical behavior, the current study suggests that
between 50 and 95 y.o., PEN is not correlated to any bone toughness variation. Findings in the
literature state that an increase in PEN content is related to a decrease in bone mechanical properties
[11,16,19,50]. In most of these studies, the effect of PEN was assessed by comparing a control
population to a ribolysated one. A study by Nyman et al. evaluated the influence of PEN on a
population from 49 to 90 y.o. and has shown a significant negative influence of PEN on bone fracture
toughness (Pearson’s coefficient = - 0.602) [50]. However, another recent study performed on a
population from 21 to 98 y.o. found results similar to the current ones, stating that PEN is only weakly
correlated with both bone initiation fracture toughness and J-integral fracture toughness (Spearman’s
coefficient = - 0.34 and - 0.32, respectively) [10]. Nyman et al. performed mechanical tensile testing
on “dog bone” type specimens, whereas Granke et al. performed toughness testing on notched samples
as in the current study. Standard tensile testing may be more sensitive to PEN than standard toughness
experiments. A previous study performed on human femoral bone (from 19 to 89 y.0.) obtained a
significant correlation between PEN and bone mechanical properties, including toughness measured

following a standard method for toughness measurement [51]. Results showed that the correlation
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coefficient was higher between PEN and the work of fracture, which is obtained with tensile testing,

than between PEN and elastic fracture toughness.

This study has some limitations. The limitations of biomechanical experiments, are discussed in [17].
The new parameters quantified in the current study do not modify these limitations.

Regarding biochemical measurements, the main limitation is that samples were taken from donors,
and were then stored at —20 °C until process them. Some studies have shown that the action of
freezing may not affect the measured concentration with an HPLC system [52]. Considering that all
the 236 samples tested in this study followed the same storage and preparation protocol, we can
assume that a comparative analysis can be performed and that there is no inter-group bias.

Another limitation is that our studied population can be considered old (79 £ 11 y.0.). It is well known
that bone chemical composition changes with age. This point is important to consider when
interpreting our results; studies on samples with a wider age distribution may lead to different results.
Nonetheless, the samples used in the current study are representative of the patient demographic with
the most bone fractures [53], and as such provides insight into factors that contribute to cortical bone

toughness in this age group.

Finally, femoral neck has been shown to have slightly different properties than femoral or radial
diaphysis. This can also be seen as a limitation in the current study. Samples prepared from the
femoral neck may not be truly cortical samples, but more like a mix between cortical and trabecular.
Nonetheless, femoral neck is one of the anatomical locations that is at greater risk for fracture in the
elderly [54]. The region investigated in the current study is the most compact area on the femoral neck
[55]. It is thus representative of reality. The femoral neck is a complex bone compared to other

locations.

This study on human cortical bone found no correlation between collagen cross-link maturation and
bone toughness for an adult population. Further work should be done to investigate the influence of
other compositional parameters, such as osteopontin, on this particular sliding mechanism. Future
investigations may be performed to evaluate the influence of some structural parameters on human
cortical bone fracture behavior as it is know that some structural features, such as the osteons, play a

major role in crack propagation mechanisms in human bone [59].

4. Conclusion

To the best of our knowledge, this is the first study dealing with the measurement of enzymatic and
non-enzymatic cross-link content on almost 30 paired femoral diaphyses, femoral neck and radial
diaphyses. It is also the first study comparing human cortical bone toughness and enzymatic cross-link

content. In the current study, we showed that collagen maturation was dependent on anatomical
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location, and more specifically for weight- or non-weight-bearing bones. We also found that the
relationship between collagen cross-link maturation and cortical bone toughness is not significant. A
weak correlation was obtained between the CX ratio and cortical bone capacity to develop a process
zone, implying the need of a better understanding of the different mechanisms involved in this
particular mechanical regime. This process zone development is assumed to be associated with the

emergence of micro-damage within the tissue.
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