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Summary

Objetive: The properties of the materials that constitute the bone tissue are decisive in its mechanical strength but the
factors that influence it are partially unknown at present.

Material and methods: In this paper, we gauge bone hardness by means of ultra-microindentation tests with a Berkovich
tip and a 150 mN load in femurs of Sprague-Dawley rats subjected to a transverse fracture or a subtraction osteotomy.
The results are compared in different bone locations and experimental groups. The study includes the following four
experimental groups, each consisting of four rats: a) standard diaphyseal fracture; b) fracture plus osteotomy of 2 mm;
c) osteotomy treated with human parathyroid hormone, PTH (1-84); d) osteotomy treated with strontium ranelate.
Results: We found the hardness of the material was consistently greater in cortical bone than in trabecular bone. It was
also consistently higher in the upper femoral epiphyses than in the lower epiphyses (difference of 1.2 standard devia-
tions). The surgery reduced hardness in the operated femur (difference of 0.3 standard deviations, p=5.5 x10?). PTH
treatment induced a slight but consistent increase in hardness at all sites (p=1.8x10-°) while the effect of strontium ra-
nelate was inconsistent.

Conclusions: These data show that tissue micro-hardness is influenced by a variety of factors, including anatomy, type
of bone tissue, skeletal injury and drug therapy. Therefore, future studies on tissue quality should be carefully designed
with these factors in mind.

Key words: bone quality, ultra-microindentation, bone hardness.

INTRODUCTION

Fragility fractures are the relevant hallmark of osteopo-
rosist. The risk of fracture is closely related to bone
strength, which, in turn, depends on bone mass, geo-
metry and material quality?®. Bone mass and geometry
can be evaluated clinically using bone densitometry and
high resolution imaging techniques. However, the me-
chanical properties of bone tissue are more difficult to
explore. These properties determine bone quality, a con-
cept that represents the intrinsic capacity of tissue to re-
sist tension states, regardless of the amount of material
(bone density) or its spatial distribution (bone architec-
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ture). Bone quality depends on the chemical composi-
tion and organization of the bone matrix’.

In an indentation or hardness test, a sample is subjec-
ted to quasi-static loading by means of a small indenter,
recording the size of the resulting footprint; Sometimes
the curve that relates the applied load and the displace-
ment experienced by the indenter during the test is also
determined. Hardness is defined as the maximum force
applied divided by the area of the footprint that remains
in the material after the test. Hardness is the property of
the material that characterizes its resistance to perma-
nent/plastic deformation®.
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Ultra-microindentation (UMI) allows hardness tests to
be carried out on the trabecular scale, on individual trabe-
culae and bone osteons. Several pre-clinical models suggest
that the results may be a marker of skeletal resistance. The
main advantages of UMI tests are the simplicity of the tech-
nique and the ability to map microhardness in different
areas of a sample®. However, the factors that influence
bone tissue hardness results are only partially known,
which limits the possibility of carrying out comparisons
between studies. This is a relevant aspect, particularly in
view of the recent introduction of the ultra-microindenta-
tion technique in humans?®. In this sense, the objective of
this study was to explore the variability of hardness in
different skeletal locations, as well as the changes indu-
ced by various interventions in an experimental model.

MATERIAL AND METHODS

Study group. Sprague-Dawley rats (13 weeks old) had
been employed as part of a study of delayed consolida-
tion of femoral fractures, using a retrograde intramedu-
llary screw inserted through the intercondylar region of
the knee for fixation. Details have been published pre-
viously'?. Study groups (4 rats each) included: a) trans-
verse diaphyseal fracture; b) fracture plus 2 mm
diaphyseal subtraction osteotomy (SO); c) SO treated
with human parathyroid hormone, PTH (1-84) (30
mcg/kg/day subcutaneously); d) SO treated with stron-
tium ranelate (SR) (900 mg/kg/day orally). Twelve
weeks after surgery, the animals were sacrificed, both fe-
murs were removed and stored at -18°C until analyzed.

Hardness tests. The upper and lower epiphyses of the
non-operated femurs, as well as the upper epiphysis of
the operated femurs, were carefully sectioned and em-
bedded in acrylic resin. The lower epiphyses of the ope-
rated femurs could not be analyzed due to alterations
induced by screw insertion. The cross sections were po-
lished with silicon carbide paper and subsequently with
aluminum oxide with a particle size decreasing to 0.05
mm. Before the test, the samples were immersed in a
calcium phosphate buffer solution at 37°C, to mimic the
physiological conditions. Hardness was analyzed at 12-
15 points randomly selected from the cortical and tra-
becular regions, using a DUH 211 ultra microindenter
test (Shimadzu) with a diamond-made Berkovich tip.
The test parameters were as follows: loading speed,
2,665 mN/s; maximum load (P,,,), 150 mN; load main-
tenance time, 10 s; download speed, 2,665 mN/s. After
discharge, the residual footprint area (Ar) was measured
with an optical microscope and the hardness of the ma-
terial was estimated as P, /Ar.

Data analysis. The study data were distributed in groups
according to the independent variables (trabecular or cor-
tical tissue, upper or lower epiphysis, operated or non-ope-
rated femur, type of surgery and drug therapy). The UMI
data of each group were subjected to a goodness test of fit
X? to confirm that they were homogeneous and that they
followed a normal distribution. Only groups with p>0.95
were considered usable for the purposes of the present
analysis. An unpaired two-tailed t-test was used for pair-
wise comparisons and a p-value with Bonferroni correc-
tion was calculated. Next, the overall difference between
sets of samples that were similar was estimated except for
a single distinctive predictor variable to assess their in-
fluence. For this, the Hedge g was calculated, which is equi-
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valent to the difference between groups expressed in Z-
score. Random effects models were used for these calcula-
tions, implemented in the Meta-Essentials program
(www.erim.eur.nl/research-facilities/meta-essentials).

REesuLTs

Table 1 summarizes the conditions and the results ob-
tained (the mean and standard deviation of hardness)
for each of the 32 experimental groups. The last column
(‘Analyzable") indicates the result of the goodness test of
adjustment X?; it should be taken into account that only
four groups were not analyzed. The g values of the com-
parisons between groups are represented in figure 1.

As for regional variability, the hardness of the material
was consistently greater in cortical bone than in trabecu-
lar bone, with an average difference of approximately 0.6
standard deviations (p=8.0x10*, figure 1A). Similarly, the
hardness was consistently greater in the upper femoral
epiphyses than in the lower epiphyses (standard diffe-
rence 1.2 units, p=5x105, figure 1C).

The possible impact of the surgical intervention at the
regional level was explored by comparing the hardness
in the operated and non-operated femurs. As shown in
figure 1B, there was a non-significant trend for the de-
crease in hardness in the operated femur (difference of
0.3 standard deviations, p=5.5x102). The standard frac-
ture could only be compared with SO in three groups.
This last procedure tended to be associated with a lower
hardness (p=3.7x10, figure 1D).

The effect of PTH was explored in five pairs of groups.
The drug induced a slight but consistent increase in
hardness at all sites (p=1.8x107, figure 1E). However, the
effect of SR was inconsistent (p=3.0x-10, figure 1F).

Discussion

From a clinical perspective, bone mass evaluated by DXA
is the most widely used predictor of bone's ability to
withstand the repetitive burdens of daily life and other
occasional impacts. However, from a mechanical point of
view, bone architecture (the distribution of bone mass) and
quality (that is, the intrinsic material properties of tissue),
are the relevant determinants of global bone strength.

Advanced imaging techniques, such as high resolution
computerized tomography (CT) and nuclear magnetic re-
sonance imaging (MRI), can provide useful information
about bone geometry, cortical porosity and trabecular
microarchitecture. However, bone quality remains a so-
mewhat elusive concept, because biochemical and cellu-
lar determinants are incompletely known and not easy
to measure. Bone hardness (expressing resistance to plas-
tic deformation) is often used as a marker of tissue quality.
In this sense, the determination of hardness is emerging
as a technique that provides useful information in clinical
studies!. UMI tests allow us to obtain other parameters of
interest, in addition to hardness, to characterize the me-
chanical behavior of bone tissue, in particular Young's
elastic modulus of the material. However, the available evi-
dence shows that the definition of the test parameters can
play a relevant role in the results obtained. In the work of
Zhang et al.'? the values obtained for hardness and Young's
modulus in bones are compared from nanoindentation
and microindentation tests. According to these authors,
while hardness is a stable parameter against load values,
Young's module is significantly reduced by increasing the
load value. For this reason, hardness is preferable when
carrying out comparisons with other studies.
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Table 1. Experimental groups and hardness values

Group Tissue Epiphysis Intervention Operated
1 Cortical Sup. Fracture Yes
2 Cortical Sup. SO Yes
3 Cortical Sup. SO Yes
4 Cortical Sup. SO Yes
5 Cortical Sup. Fracture No
6 Cortical Sup. SO No
7 Cortical Sup. SO No
8 Cortical Sup. SO No

13 Cortical Inf. Fracture No
14 Cortical Inf. SO No
15 Cortical Inf. SO No
16 Cortical Inf. SO No
17 Trabecular Sup. Fracture Yes
18 Trabecular Sup. SO Yes
19 Trabecular Sup. SO Yes
20 Trabecular Sup. SO Yes
21 Trabecular Sup. Fracture No
22 Trabecular Sup. SO No
23 Trabecular Sup. SO No
24 Trabecular Inf. SO No
29 Trabecular Inf. Fracture No
30 Trabecular Inf. SO No
31 Trabecular Inf. SO No
32 Trabecular Inf. SO No

SD

Drug Ntests (k}:;;‘:fr‘::z) el Analyzable
No 52 64.0 12.7 No
No 48 58.2 6.4 Yes

PTH 50 62.0 8.1 Yes
SR 57 67.9 8.9 No
No 54 60.9 10.0 No
No 48 63.1 11.7 Yes

PTH 54 65.3 7.2 Yes
SR 56 58.5 9.1 Yes
No 53 52.0 6.9 Yes
No 50 49.1 6.2 Yes

PTH 49 50.4 5.4 Yes
SR 58 53.3 5.6 Yes
No 53 57.5 7.7 Yes
No 53 52.5 6.4 Yes

PTH 53 53.3 5.4 Yes
SR 57 57.3 5.9 Yes
No 51 56.3 5.0 Yes
No 54 56.0 6.6 Yes

PTH 57 57.7 6.0 Yes
SR 57 56.3 5,6 Yes
No 51 50.3 7.4 Yes
No 53 52.1 6.4 No

PTH 50 48.7 5.6 Yes
SR 55 54.3 7.1 Yes

Hean: average; SD: standard deviation; Sup: superior; Inf: inferior; SR: stroncio ranelate.

Due to practical and ethical issues, hardness is usually
determined at a single bone point. However, there is little
information about the differences in hardness evaluated
in different skeletal regions and about the influence of di-
seases and pharmacological therapies. Therefore, we take
advantage of a rat fracture study to try to provide addi-
tional information in this important field of research. Our
data clearly shows that the hardness is consistently grea-
ter in cortical bone than in trabecular bone. Similarly, it is
different through individual bones, and specifically, it is
greater in the superior femoral epiphyses than in the in-
ferior ones. On the other hand, induced fracture tends to
decrease hardness in fractured bone, while PTH increases
hardness in all regions analyzed.

Since the determinants of bone hardness have not
been fully clarified, the mechanisms underlying these
differences remain unknown. However, it is not risky to
speculate that they must be related to the matrix com-
position and, specifically, to its main organic and inor-
ganic components, namely collagen and hydroxyapatite.
In fact, the suggested determinants of the mechanical
behavior of bone tissue include: collagen orientation, co-
llagen cross-linking profile, degree of mineralization or
mineral-matrix ratio, bound water and mineral struc-
ture (including the size of the hydroxyapatite crystals)*2.
The orientation of the collagen fiber may be one of the
factors responsible for the differences observed between
the hardness of the trabecular bone and the cortical
bone. Also, different remodeling rates can play a role.

Thus, the increase in tissue age is associated with greater
microhardness, perhaps due to greater mineralization'*.
Similarly, changes in bone remodeling induced by an in-
jury can help explain the differences we find between the
operated and the non-operated femur. The mechanical
load has a known anabolic effect on the bone. Therefore,
increased load is usually associated with increased bone
mass, while discharge causes a rapid loss of bone density.
It is less known that mechanical stimulation can cause
changes in bone quality’. Although the real relevance of
such an effect is still unclear, it can also help explain the
differences we have observed between skeletal regions
and between groups undergoing various interventions.
In particular, the lower support of the intervened limb,
and consequently the submission to a lower mechanical
load, can help explain the lower hardness observed in
fractured femurs.

Intermittent administration of PTH or related mole-
cules that activate the PTH receptor, such as teriparatide
or abaloparatide, decreases the risk of fracture. The effect
of PTH on tissue hardness is controversial. Brennan et
al.*> and Amugongo et al.'® reported absence of changes
in microhardness in ovariectomized rats treated with te-
riparatide. On the other hand, MellibovsKky et al. indicated
that teriparatide improved the properties of the material
in patients with glucocorticoid-induced osteoporosis?!!.
In this study we found a small but significant effect of PTH
on tissue hardness, probably related to PTH-induced
changes in bone remodeling!” 8,
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Figure 1. Summary of the results obtained in the UMI tests. Hedge g values of the different comparisons between
groups. The average value (similar to the standardized mean difference) and the 95% confidence interval of each
comparison (circles) are shown. The global value and its confidence interval (triangles) are also included. The numbers

on the left axis identify the groups compared, as designated in table 1
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It is interesting to note that, although proteins other
than collagen represent only a small fraction of the bone
matrix, around 10%, they seem important in determining
bone hardness and strength. On the one hand, they con-
tribute to regulate mineralization. On the other, they create
bonds with collagen fibers that help absorb and dissipate
energy at the nano-structural level*®. Certainly, some
treatments may induce changes in the expression of the
genes encoding these proteins, as well as in the amount
and spatial distribution of hydroxyapatite crystals, thus
constituting another mechanism by which to influence the
mechanical properties of the bone matrix.

In summary, although tissue composition and mi-
crostructure are probably important factors of tissue resis-
tance, material properties also contribute to bone strength.

Our study shows that tissue microhardness is influenced by
a variety of factors, including anatomy, type of bone tissue,
skeletal injury and drug therapy. Therefore, future studies
on tissue quality should be carefully designed with these fac-
tors in mind.
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