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Abstract

Osteoporosis is the most common bone disease, however, only 60 % of patients with
an increased fracture risk are correctly identified. Hereby, a major limitation is that
mainly bone quantity (bone mass) is used for osteoporosis classification, whereas
bone quality (bone architecture and material properties) is usually neglected. While
bone architecture has already been shown to be deteriorated in aging and osteo-
porosis, much less is known about potential changes of the material properties of
trabecular bone tissue (individual trabeculae). Similarly, anti-resorptive drugs, used
for osteoporosis treatment, have been shown to improve the mechanical properties
of whole bones, but their effect on the material properties remains elusive. Further,
a few previous studies supposed that glycation of trabecular bone (occurring natu-
rally with aging or in diabetes) causes a decrease of tissue toughness, but the found
effects were weak. In general, previous studies on micro-mechanical experiments of
individual trabeculae were limited by testing only a small number of samples in
different, not well-defined loading scenarios mainly in air, which cannot reflect the
physiological tissue behavior. Taken together, there is a strong need to perform a
thorough mechanical characterization of individual trabeculae.
In the first part of this thesis a novel test set-up was developed to characterize
individual trabeculae in defined monotonic, cyclic, and fatigue tensile tests in a wet
environment at a high throughput rate. Further, a rheological model was applied
to gain elastic, viscous, plastic, and failure properties of individual trabeculae in
one single experiment.
In the second part, these procedures were used to determine the effects of hydration,
osteoporosis, anti-resorptive treatment, and glycation on the apparent mechanical
and material properties. A key finding of the cyclic loading experiments was that
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trabecular bone tissue cannot be modeled properly as a linear-elastic material, as
it demonstrates an elasto-visco-plastic behavior. Dehydration of individual bovine
trabeculae indicated a 2-fold increase of tensile modulus and strength, accompa-
nied with 3-fold decrease of toughness. As a consequence, previously determined
material properties in air, that considered trabecular bone tissue as linear-elastic,
are not reliable. Interestingly, apparent mechanical and material properties of
individual human trabeculae from the femoral head were not significantly affected
by osteoporosis or aging. In contrast, trabecular architecture was deteriorated in
both conditions. Therefore, there is currently no need for computer simulations,
such as Finite Element (FE) analysis, to adapt the input material properties due to
aging or osteoporosis to predict fracture risk, at least in the femoral head. In con-
trast, anti-resorptive treatment of beagle dogs with alendronate (a bisphosphonate)
resulted in a significantly larger tensile modulus and ultimate stress, associated
with a significantly larger Tissue Mineral Density (TMD). Further, anti-resorptive
treatment with raloxifene (a selective estrogen receptor modulator) caused a sig-
nificantly larger toughness. Hence, improved whole bone mechanics is partially
related to enhanced material properties, but the underlying mechanisms are distinct
between different drugs. In vitro glycation of individual bovine trabeculae indicated
an increased dynamic modulus and secant modulus. However, because of a limited
sample size (15 in total), no final conclusions could be drawn so far.
In conclusion, this thesis highlighted that trabecular bone tissue has to be modeled
as an elasto-visco-plastic material. Hereby, the results reported in this thesis
suggest that modeling of trabecular bone tissue in the human femoral head can
be performed independently from aging or osteoporosis, such as in FE analysis for
prediction of fracture risk. The improved whole bone mechanics after anti-resorptive
treatment is at least partly caused by improved material properties. The presented
findings will contribute to a better fracture risk prediction and a more profound
understanding of the influence of bone quality on whole bone mechanics.



Kurzfassung

Osteoporose ist die häufigste Knochenerkrankung, allerdings werden nur 60 % der
PatientInnen mit einem erhöhten Frakturrisiko korrekt identifiziert. Ein Hindernis
ist, dass hauptsächlich die Knochenmenge (Knochenmasse) in die Osteoporose-
klassifizierung einbezogen wird, während die Knochenqualität (Architektur und
Materialeigenschaften) nicht berücksichtigt wird. Bei Alterung und Osteoporose
kommt es zu einer Verschlechterung der Knochenarchitektur, während wenig über
deren Effekt auf die Materialeigenschaften von trabekulären Knochen (Einzeltra-
bekel) bekannt ist. Zudem wurde gezeigt, dass antiresorptive Medikamente, die
zur Osteoporosebehandlung verwendet werden, die mechanischen Eigenschaften
von ganzen Knochen verbessern, aber deren Effekt auf die Materialeigenschaften
ist unklar. Des Weiteren haben wenige frühere Studien vermuten lassen, dass Gly-
kierung von trabekulärem Gewebe (welche natürlich bei Alterung und Diabetes
vorkommt) eine Reduzierung der Gewebezähigkeit verursacht, wobei die Resultate
wenig aussagekräftig waren. Generell waren vorherige Studien über die mikrome-
chanischen Eigenschaften von Einzeltrabekeln aufgrund einer kleinen Probenanzahl
und verschiedenen, nicht genau definierten Lastfällen und Tests in Luft, die das
physiologische Verhalten nicht widerspiegeln können, limitiert. Folglich besteht ein
großer Bedarf an einer gründlichen mechanischen Charakterisierung von Einzeltra-
bekeln.
Im ersten Teil dieser Arbeit wurde ein neuartiger Testaufbau entwickelt, um Tra-
bekel in definierten monotonen, zyklischen, und Ermüdungsversuchen unter Zug,
in feuchter Umgebung und mit hoher Durchsatzrate zu testen. Weiters wurde ein
rheologisches Modell angewandt, um die elastischen, viskosen, plastischen und
Versagensmerkmale von Trabekeln in einem einzelnen Experiment zu bestimmen.
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Im zweiten Teil der Arbeit wurden diese Methoden verwendet um die Effekte
von Hydrierung, Osteoporose, antiresorptiver Behandlung und Glykierung auf die
apparenten mechanischen und Materialeigenschaften zu bestimmen. Ein zentra-
les Ergebnis der zyklischen Tests war, dass trabekuläres Knochengewebe nicht
adäquat als linear-elastisch beschrieben werden kann, sondern ein elastisch-viskoses-
plastisches Material ist. Dehydrierung von Rindertrabekeln führte zu einer 2-fachen
Erhöhung des Zugmoduls und der Festigkeit, sowie zu einer 3-fachen Abnahme
der Zähigkeit. Infolgedessen sind zuvor bestimmte Materialeigenschaften in Luft,
die trabekuläres Knochengewebe als linear-elastisch annahmen, nicht zuverlässig.
Unerwartet war, dass die mechanischen und Materialeigenschaften menschlicher
Trabekel nicht signifikant von Osteoporose oder Alterung betroffen sind. Allerdings
war die Knochenarchitektur unter beiden Bedingungen verschlechtert. Daher gibt
es momentan keinen Grund bei Computersimulationen, wie FE Analysen, eine
Anpassung der verwendeten Materialeigenschaften aufgrund von Alterung oder
Osteoporose vorzunehmen, um das Frakturrisiko im Femurkopf zu berechnen. Im
Gegensatz dazu zeigte die Behandlung von Hunden mit Alendronat eine signifikante
Erhöhung von Zugmodul und Festigkeit, verbunden mit einer signifikant erhöhten
Mineralisierungsdichte. Außerdem resultierte die Behandlung mit Raloxifen in einer
signifikant erhöhten Zähigkeit. Somit kann die verbesserte Mechanik von ganzen
Knochen teilweise auf verbesserte Materialeigenschaften zurückgeführt werden, wo-
bei hier verschiedene Mechanismen zwischen den Medikamenten verantwortlich sind.
In vitro Glykierung von Rindertrabekeln zeigte einen erhöhten dynamischen Zug-
und Sekanten-Modul. Jedoch konnten aufgrund der begrenzten Stichprobengröße
(15 Proben gesamt) noch keine endgültigen Schlussfolgerungen gezogen werden.
Zusammenfassend wurde in dieser Arbeit hervorgehoben, dass trabekulärer Knochen
als elastisch-viskoses-plastisches Material beschrieben werden muss. Die Modellie-
rung von trabekulärem Knochengewebe des humanen Femurkopfes kann unabhängig
von Alterung oder Osteoporose erfolgen, wie z.B. in FE Analysen zur Vorhersage des
Frakturrisikos. Die verbesserten mechanischen Eigenschaften von ganzen Knochen
nach antiresorptiver Behandlung sind zumindest zum Teil auf verbesserte Materia-
leigenschaften zurückzuführen. Die präsentierten Ergebnisse werden sowohl zu einer
besseren Vorhersage des Frakturrisikos, als auch zu einem tieferen Verständnis des
Einflusses der Knochenqualität auf die gesamte Knochenmechanik beitragen.
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CHAPTER 1
Introduction

“In nature there is no difference between design, engineering and fabri-
cation; the bone does it all.”
Neri Oxman

1.1 Motivation
Osteoporosis is the most common bone disease with an estimated lifetime risk of
(30 to 40) %, close to that of coronary heart disease [1]. In our aging society the
demographic shift is expected to even increase the numbers of osteoporotic fractures
further. For instance the amount of annual fractures has been projected to increase
by 68 %, the costs even by 74 %, in the United States by 2040 [2]. Currently,
osteoporosis is under-diagnosed and under-treated [3], although early intervention
is essential in preventing disease progression [4]. One major limitation is that
diagnosis is mainly based on determination of bone mass (quantity) [5,6], which
only identifies 60 % of patients needed to treat correctly [1]. Sequentially, also bone
quality parameters, such as bone structure/architecture and material/tissue proper-
ties should be considered as additional indicators in determination of an increased
fracture risk. In more detail it is essential to identify and quantify bone quality
parameters that might be affected by osteoporosis. Regions rich in trabecular bone
are predominantly effected by osteoporotic fractures, like the femoral neck and the
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vertebrae [7], and thus, especially trabecular bone quality should be investigated. At
the structural level, trabecular bone consists of a Three-dimensional (3D) network
of millimeter sized struts and plates, so called trabeculae [8]. These trabeculae are
the building blocks of trabecular bone and are referred as the tissue level, including
the material properties (see section 2.1 for further details).

So far, trabecular bone quality has been mainly investigated at the structural level
in aging and osteoporosis and indicated a deterioration of bone architecture [9]. In
contrast, changes of the material properties have been reported controversially [10].
Previous studies determined mainly the elastic properties of individual trabeculae
in several non-uniform test procedures, whereby reported values varied over one
order of magnitude [11]. Thus, a direct comparison of values obtained from different
studies is almost impossible. Possible reasons for this large deviations are difficul-
ties in handling of microscopic samples, undefined test conditions, and different
test procedures [12]. Particularly, a small sample size, accompanied with a large
biological variation [13,14], and testing at non-physiologic, dry conditions [15–17]
contribute to discrepancies in the reported material properties.

As a consequence, a defined test procedure in a wet, physiologic environment
is needed at a high throughput to determine, if clinically relevant changes of mate-
rial properties occur in osteoporosis. Further, material properties should not be
limited solely to the elastic behavior, as trabecular bone tissue has been shown
to own a pronounced post-yield phase [18], and a strain-rate dependent, viscous
behavior [19,20]. Hereby, characterization of the material behavior at physiological
loading scenarios, such as impact and fatigue, is important, in addition to mono-
tonic tests [21]. If material properties change significantly in osteoporosis, this
knowledge should be incorporated in an improved diagnosis of fracture risk. On the
other hand, if material properties remain unaffected, then prediction of fracture risk
can be performed with current computer simulations, such as FE analysis, without
the necessity to adapt the material properties between healthy and osteoporotic
patients. These simulations are able to predict patient specific strength of bones,
such as the distal radius [22] or vertebrae [23] better than imaging modalities
alone [24].
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Identified patients with a high fracture risk are conventionally treated with so-
called anti-resorptive drugs [25]. Hereby, the increase of bone mass (quantity)
after treatment was demonstrated to be mainly responsible for the decrease of the
fracture risk in the most commonly used drugs, namely Bisphosphonate (BP) [26].
However, treatment with a novel drug, raloxifene, resulted in a similar decrease
of fracture risk, but merely increased bone mass [27]. Sequentially, changes at
the material/tissue level, rather than bone quantity, are likely responsible for the
beneficial whole bone mechanics after treatment. However, the effects of especially
bisphosphonates on the material properties of individual trabeculae have only been
determined in one single study [28] (where no change was reported) and thus the
effect of anti-resorptive treatment on the material properties of trabecular bone
tissue remains unclear [29].

Recently, also diabetes in the elderly has been associated with an increased frac-
ture risk [30]. Hereby, increased levels of sugars cause the formation of so-called
AGEs, which are thought to make bone more brittle and as such, more likely to
fracture [31]. Besides diabetes, an accumulation of AGEs occurs naturally with
aging [32], in osteoporosis [33], and after bisphosphonate treatment [34]. Analysis
of the effect of increased levels of AGEs on the material properties of individual
trabeculae has only been performed in two previous studies [35,36] and the effect
was found to be only moderate. Hence, more studies are necessary to investigate if
there is a clinically relevant effect of AGEs on the material properties of trabecular
bone tissue.

Taken together, there is a strong need of a thorough characterization of the
material properties of trabecular bone tissue in aging, osteoporosis, treatment, and
glycation. A profound knowledge of the material properties will enable a better
diagnosis and determination of treatment success.
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1.2 Aims
The primary goal of this thesis was to thoroughly characterize the mechanical
behavior of individual trabeculae. As such, the first goal was to develop a reliable
test set-up that enables testing of individual trabeculae in a wet environment
at a high throughput. Second, this test set-up should be used to determine if
there are clinically relevant effects of hydration, aging, osteoporosis, glycation, or
anti-resorptive treatment on the material properties of trabecular bone tissue (see
figure 1.1).

1. Establishment of mechanical characterization procedures

a) Development of a tensile test set-up for mechanical characterization of
individual trabeculae close to a physiologic, wet environment at a high
sample throughput

b) Application of a rheological model to evaluate the material properties of
individual trabeculae (elastic modulus, viscosity, yield point, post-yield
hardening, and failure properties)

c) Development of a fatigue test for microdamage induction in individual
trabeculae

2. Investigation of clinically relevant research hypotheses:

a) Dehydration of individual trabeculae causes a transition towards a brittle
mechanical behavior

b) Deterioration of trabecular bone architecture in osteoporosis and aging
is associated with altered material properties of individual trabeculae

c) Improved whole bone mechanics after anti-resorptive treatment of osteo-
porosis is caused by improved material properties of individual trabeculae

d) Accumulation of AGEs causes a stiffening of individual trabeculae to-
gether with a reduced toughness
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Mechanical characterization 

of individual trabeculae

Tensile Fatigue
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Figure 1.1: Graphical abstract. Mechanical characterization of individual tra-
beculae was performed by a novel tensile test, in combination with a rheological
model. Hereby, cyclic loading was used to extract comprehensive material prop-
erties. Further, a fatigue damage test was developed to induce microdamage.
These methodological approaches were used to determine the effects of hydration,
glycation, osteoporosis, and anti-resorptive treatment on the apparent mechanical
and material properties. In short, hydration increased tissue toughness, but de-
creased tissue stiffness. Osteoporosis indicated no significant effect. Anti-resorptive
treatment caused an increase of stiffness for alendronate (a BP) and an increase of
toughness for raloxifene (a SERM). Glycation showed a trend of increased dynamic
stiffness.
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1.3 Structure of thesis

Chapter 2 provides on overview about the background of the current thesis. Fol-
lowing topics are outlined: The hierarchical structure of trabecular bone (section
2.1), advanced glycation end-products (AGEs) (section 2.2), microdamage (section
2.3), bone remodeling (section 2.4), osteoporosis (section 2.5), osteoporosis treat-
ment (section 2.6), and the mechanical characterization of trabecular bone tissue
(section 2.7).

Chapter 3 describes the methods developed and applied in this thesis. Sec-
tion 3.1 presents the developed tensile test set-up and the determination and
evaluation of the obtained stress-strain curves. Section 3.2 describes cyclic tensile
tests for a more comprehensive material characterization. Section 3.3 illustrates
the refined evaluation of the mechanical experiments, based on a rheological model
developed in a joint project by Andreas Reisinger. Next, section 3.4 explains
the developed fatigue test for microdamage formation and the applied staining
procedure for microdamage visualization.

Chapter 4 addresses the effects of dehydration on the material properties of
bovine individual trabeculae, with an emphasis on the damage and fracture be-
havior. Further, Chapter 5 presents the alterations of human trabecular bone
structure and tissue in osteoporosis and aging. Chapter 6 illustrates changes in
the apparent mechanical and material properties, and microdamage accumulation
in beagle dogs treated with anti-resorptive drugs. Finally, Chapter 7 shows the
effects of accumulation of AGEs on the mechanical behavior of bovine trabecular
bone tissue.

Chapter 8 syntheses the obtained results of the previous chapters regarding
the mechanical characterization of individual trabeculae and the effects of hy-
dration, aging, osteoporosis, treatment, and glycation on the material properties.
Finally, an outlook highlights the importance of the obtained results and possible
future research questions that should be addressed.
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CHAPTER 2
Background

“Somehow, we have the erroneous belief that we are all but flesh, blood,
and bones and that’s all. So we direct our values to material things”
Maya Angelou

2.1 Hierarchical structure of trabecular bone
Bone is a fascinating organ that demonstrates remarkable mechanical properties,
which are mainly attributed to the hierarchical structure of bone tissue [37]. A
profound knowledge of this hierarchy and its functions is essential to be able to
perform mechanical tests at different levels. Four major levels can be distinguished,
namely whole bone, macroscale, microscale, and nanoscale [38], as seen in figure 2.1.
Weiner and Wagner [39] and Rho et al. [40] even specified seven different hierarchical
levels, by adding the sub-micro-structure, an additional level at the nano-structure
(consisting now of two nano-levels), and the sub-nano-structure.

At the macroscale bone is composed of trabecular and cortical bone, which both
are built from lamellar bone, the most abundant type in mammals, including
humans [41]. Cortical bone is a very dense, compact material that serves mainly
as a load bearing structure, like in the middle of long bones (diaphysis) or as
a shell surrounding trabecular bone, like at the end of long bones (epiphysis),
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in flat bones (e.g. skull), and irregular bones (e.g. vertebrae) [42]. In contrast,
trabecular bone is a highly porous material, built up by tiny struts and plates,
so called trabeculae [8]. These structures are aligned along trajectories of princi-
pal stress to transmit forces between the ends of long bones and the diaphysis [43,44].

At the microscale individual trabeculae are formed by trabecular bone packets,
which are separated by cement lines [45]. These packets are formed during the
remodeling process, similar to osteons in cortical bone [42]. Thus, individual
bone packets show a different mineralization, whereby outer packets have a lower
mineralization compared to central ones (see figure 2.1-D), since remodeling occurs
on the trabecular surface [46]. As trabecular bone is subjected to a higher bone
turnover rate than cortical bone [42], metabolic diseases, like osteoporosis, affect
more regions with high trabecular bone content, such as vertebrae, hip, and distal
radius [47] (see section 2.5).

At the sub-microscale bone packets are built from individual lamellae, which
are (3 to 5) µm thick [37]. The lamellae are composed of sublayers, built of arrays
of aligned mineralized collagen fibrils (see figure 2.1-F). The orientation of these
plywood-like structures differs with respect to the collagen fibril axis and crystal
planes.
At this scale bone cells become visible, which are responsible for bone remod-
eling [48] (see section 2.4). Hereby, four different cell types are distinguished:
osteoblasts, which deposit new bone matrix; bone lining cells, essential in the
transitions of bone remodeling and the involved signaling processes; osteocytes,
responsible for mechanical load and damage sensing, and osteoclasts, which remove
bone matrix [49]. Microdamage, occurring between or inside individual lamel-
lae [50], is usually caused by repetitive loading [51] and acts as a stimulus for bone
remodeling [52]. Anti-resorptive treatments, such as bisphosphonates, decrease
bone resorption and were demonstrated to increase the amount of microdamage [53],
which in extreme cases can lead to atypical fractures [54] (see section 2.6).

At the nanoscale, fibril arrays are formed by mineralized collagen fibrils [55].
First, collagen type I molecules self-assemble in a typical staggered fashion into
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fibrils. Then, hydroxyapatite crystals fill the gap regions within the fibrils (intra-
fibrillar mineral) [56] and cover the entire fibril surface (extra-fibrillar mineral) [57]
to perform tissue mineralization. Non Collagenous Proteins (NCPs) control the size
and shape of extra-fibrillar mineral crystals, most likely facilitate the attachment
of these with the fibrils, and build the interface between adjacent mineralized
fibrils [58]. Moreover, NCPs were demonstrated to facilitate self-healing of rejoined
trabecular fracture surfaces based on ion-mediated bonds [59]. At this scale the
formation of AGEs between individual collagen molecules and other proteins occurs,
which is caused by an accumulation of sugars e.g. with increasing age [32], and in
diabetes [60] (see section 2.2). These cross-links were reported to decrease bone
toughness at the scale of individual trabeculae [36], however, correlations were
weak (r2 = 0.09) and no final conclusions could be drawn yet. Further, the origin
of microdamage is also at this scale, in particular inside the collagen fiber-matrix
and the mineral-collagen aggregate [61].

At the sub-nanoscale trabecular bone consists of vol. 27 % water, compared
to vol. 23 % in cortical bone [62, 63], besides the protein and mineral phase. As
bone is a living material, also the relative composition of its substitutes can change
with age, disease, and treatment [64]. Especially, the hydration state of bone is
essential, since dehydration has been shown to change both the structure and the
mechanical properties of trabecular bone [65]. Further, changes at the lamellar
level [16] and at the level of individual trabeculae [66] have been associated with
dehydration. Thus, reliable mechanical characterization has to be always carried
out in a physiologic, wet environment (see section 2.7).

2.2 Advanced glycation end-products (AGEs)
For a long time post-translational modification of proteins by Non-Enzymatic Gly-
cation (NEG) was thought to only occur in slow turnover tissue, such as cartilage
and tendon [60, 69]. However, during the last two decades it was demonstrated
that bone does not turn over uniformly, showing areas with slow turnover that
sequentially also become susceptible to post-translational modification by NEG [70].
Hereby, NEG causes the formation of AGEs, which were demonstrated to increase
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Figure 2.1: Hierarchical structure of trabecular bone, based on Georgiadis et
al. [67]. At the macroscale trabecular bone is built of a network of struts and
plates, the trabeculae. At the microscale, these individual trabeculae, composed of
trabecular bone packets, which are formed by several lamellae, can be observed.
At the nanoscale, bone is composed of mineralized collagen fibrils, non-collagenous
proteins, and water. A: Human femur cut in half. B: Trabecular network, imaged
with µComputed Tomography (CT). C: Individual rod-shaped trabecula, imaged
with phase contrast microscopy. D: Individual trabecular bone packets are shown
at different gray levels, separated by bright cement lines, imaged with quantitative
Back-scattered Electron Imaging (qBEI); modified from Fratzl et al. [45]. E:
Magnified region of polished trabecular bone surface illustrating individual lamellae
and lacunae, imaged with bright field microscopy. F Mineralized collagen fibrils,
imaged with SEM in secondary imaging mode; reprinted from Thurner et al. [59].
G: Mineralized collagen fibrils (left) and demineralized fibrils (right), imaged with
atomic force microscopy (AFM); reprinted from Kindt et al. [68]. H: Nanoscale
model of bone, indicating collagen fibrils, mineral, and NCPs; reprinted from
Thurner et al. [58].
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with age and diabetes [71], but also in osteoporosis [33]. In more detail, AGEs are
formed in the presence of sugars by condensation with free amino groups such as
lysine and arginine [31] (see figure 2.2). Hereby, specific types of AGEs, like the
formation of pentosidine, requires a sequential oxidation reaction, whereas other
types of AGEs form in non-oxidative reactions [72].

AGE crosslink

tropo-collagen molecule

OH

OH

N

N
N

N

Lys

Arg

collagen fibrils

collagen 
fiber

Figure 2.2: Formation of AGEs between collagen molecules by condensation with
free amino groups of lysine (Lys) and arginine (Arg) (modified from Gautieri et
al. [73]).

NEG of bone occurs both in collagenous and non-collagenous matrix proteins,
however, due to the abundance of type I collagen in bone, AGEs are reported
in terms of collagen [70]. AGEs are a representation of several inter-molecular
crosslinks [74], whereby only two, pentosidine and carboxymethyl-lysine (CML),
have been quantified in bone [31]. Hereby, CML concentration is 40–100 times
greater than pentosidine [75]. Although pentosidine shows a significant correlation
with total AGEs in bone, its accumulation is different between cancellous and
cortical bone (of the same apparent volume) [76]. Nevertheless, pentosidine has
been demonstrated as a reliable biomarker for bone loss in aging, showing an
exponential increase of its plasma concentration with age [32].

Besides NEG, also enzymatically-mediated collagen cross-links increase with age,
but these make the bone stiffer and stronger [77]. In contrast, there is evidence for
AGEs to make cortical bone more brittle and more likely to fracture [31,78], and
to cause a reduced toughness of individual trabeculae [36]. However, only weak
correlations (R2 = 0.09) were determined, and thus, more research is needed for
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confirmation. Further, a reduction in the degree of mineralization and an excessive
formation of pentosidine in the femoral neck were considered as potential sources of
poor bone quality in osteoporosis [79]. Osteoporosis is conventionally treated with
bisphosphonates (see section 2.6), which slows down bone remodeling and thus
might cause an accumulation of AGEs. Indeed, Tang et al. showed that one-year
treatment of dogs with risedronate or alendronate (but only at doses 5× higher as
used in clinics) resulted in a significant accumulation of AGEs in the cortical tibia,
associated with a reduction of post-yield work-to-fracture [80]. Further, artificial
glycation of cancellous bone cores resulted in a reduction of damage fraction, ac-
companied by a stiffness loss [35] and loss of toughness [36] of individual trabeculae,
also suggesting a weakening of bone at the tissue level. However, this previous data
was not conclusive, since selected trabeculae showed a non-homogeneous geometry,
associated with a large deviation, and only weakly significant differences were
reported in a few mechanical properties (ultimate strain and secant stiffness at
point of failure). Thus, only a comprehensive mechanical characterization of tra-
becular bone tissue will shed light on potential changes with accumulation of AGEs.

At the bone cellular level AGEs were shown to promote apoptosis of osteoblastic
cells and further contribute to deficient bone formation [81]. Another effect of
AGEs is the stiffening of collagen by cross-links, hindering fibrillar sliding, which
is essential for plastic deformation in bone [78]. In aged bone this effect might
cause increased microcracking at larger scales to compensate for this reduction in
toughness.

2.3 Microdamage
The term microdamage is used to describe microscopic cracks that are formed dur-
ing daily activities, such as walking, by fatigue loading of bone [50]. Three distinct
types of microdamage can be distinguished (see figure 2.3): Two different patterns
of microcracks, namely linear and cross-hatching, and diffuse damage [82,83].

Linear microcracks have a preferential orientation and are typically 50 µm [84]
to 90 µm [85] long, whereas their thickness is only a few micrometer. In cortical
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bone, linear microcracks have been shown to be preferentially formed along the
lamellar interfaces, which have been loaded in compression [86]. Linear microcracks
trigger bone remodeling [87] (see section 2.4), which essentially causes removal of
the damaged bone site and replacement with new bone.

In contrast, diffuse damage is repaired by different mechanisms that do not involve
the bone remodeling process [88, 89]. Diffuse damage is formed by sub-microscopic
cracks inside lamellae and has been shown to be dominant in tensile loaded re-
gions [90]. Morphologically, diffuse damage can be classified as damage that has no
preferential orientation in any direction [50].

Cross-hatching shows a typical pattern (see figure 2.3) and was less frequently
observed than linear microcracks, in human vertebrae [83]. Similar to linear mi-
crocracks, cross-hatching was reported to be present in compressive areas, such as
vertical trabeculae in vertebrae. However, cross-hatching seems to be only present
close to the trabecular surface, in contrast to linear microcracks.

Aging has been reported to be associated with an accumulation of microdam-
age, even exponentially after the age of 40 [61]. One possible explanation for this
accumulation might be a slow down of repair mechanism in the aging body [50],
which might even result in extreme cases in stress fractures [91], as suggested by a
mathematical model [92].

2.4 Bone remodeling
Bone is a living tissue, which is able to self-repair [94] and to adapt to mechanical
loading [95]. This feature is attributed to cells located within bone and known
as bone remodeling [48]. Hereby, the average rate of bone turnover is 3.6 % per
year in healthy adults and might be doubled in children [96]. The most important
cells involved in bone remodeling are osteocytes, osteoblasts, osteoclasts, and bone
lining cells [49] (see figure 2.4).

Osteoblasts originate from perivascular mesenchymal stem cells (MSCs) and are
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linear microcrack
cross-hatching

diffuse damage

Figure 2.3: Different types of microdamage stained with basic fuchsin. Left: linear
microcrack, middle: cross-hatching and right: diffuse damage (image modified from
Fazzalari et al. [93]).

recruited from blood vessels during bone remodeling [97]. These cells are essential in
building the basic multicellular unit (BMU, see figure 2.4-A) in the bone remodeling
compartment (BRC) in cortical and trabecular bone. Hereby, the major role of
osteoblasts is the production of bone matrix proteins and bone mineralization [98],
promoting bone formation. Mature osteoblasts are cuboidal-shaped cells and fur-
ther undergo apoptosis, or differentiate into osteocytes or bone-lining cells [99](see
figure 2.4-B).

Osteocytes are the most abundant cell type in bone, accounting for approximately
95 % of all cells [100]. These cells originate from osteoblasts, which come incorpo-
rated in the bone matrix during protein deposition [100]. Osteocytes are able to
sense mechanical loads [101] and trigger bone remodeling by adaptation of protein
expression [102].

Bone-lining cells also emerge from osteoblasts and cover the bone surface in regions
where no bone remodeling occurs (see figure 2.4-A). These cells are flat-shaped
and important in protecting the bone matrix from resorption by osteoclasts and in
formation of the BMU [49].
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2.4. Bone remodeling

Osteoclasts originate from hematopoietic stems cells and are responsible for re-
moval of the mineralized bone matrix during bone remodeling [103]. These cells
are stimulated by macrophage colony stimulating factor (M-CSF) to differentiate
into osteoclast precursors, which further fuse into multinucleated osteoclasts, by
binding of the receptor activator of NF-κB ligand (RANKL) to RANK [104] (see
figure 2.4-C). These events are triggered by osteoblasts, which are also able to
inhibit osteoclastogenesis by secretion of osteoprotegerin (OPG), which binds to
RANKL and hence, protects bone from excessive resorption [105].

Osteocytes

Micro-

crack

Osteoblasts

Osteoclasts

Perivascular 

stem cells

Marrow capillary

A BBasic multicellular unit, bone remodeling Terminal osteoblast 

differentiation

C Osteoclastogenesis

Bone marrow

Apoptotic
osteoblast

Bone-lining 

cell

Osteocyte

Bone

Bone

Mature
osteoblast

Hematopoietic 
stem cell

Osteoclast
precursor

Multinucleated
osteoclast

Bone-resorbing
osteoclast

Figure 2.4: A: Basic multicellular unit (BMU) within the bone remodeling com-
partment (BRC). The scheme illustrates the key cells involved in bone remodeling
(image modified from Khosla et al. [97]). Apoptosis of osteocytes, often caused by
fatigue microcracks, initiates recruitment of osteoclasts (pre-cursor cells), essential
in bone resorption. Moreover, perivascular stem cells are recruited from the marrow
capillary (inside the bone marrow) and differentiate into osteoblasts, which deposit
and mineralize bone matrix. Bone-lining cells and osteal macrophages cover the
endosteal surface and further border the BRC. B: Terminal differentiation of os-
teoblasts (modified from Capulli et al. [99]). C: Osteoclastogenesis (modified from
Lee et al. [104]).

Bone remodeling is performed by clusters of all these mentioned cells, arranged
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within a temporary anatomical structure, the BMU (see figure 2.4-A). The leading
front is responsible for bone resorption (rich in osteoclasts), whereas the tail region
is responsible for bone formation (rich in osteoblasts). Five sequential phases of
bone remodeling are distinguished: activation, resorption, reversal, formation, and
termination. In brief, a stimulus, such as microdamage, limb immobilization or
hormone (parathyroid hormone) release triggers the activation phase. Sequentially,
osteoblasts react on signals generated by osteocytes and recruit osteoclast precursors
to the remodeling site in the resorption phase. Multinucleated osteoclasts are formed
and start to secrete matrix metalloproteinases (MMPs) to degrade the unmineralized
organic matrix (osteoid). Further, hydrogen ions are pumped into these resorption
cavities to dissolve the mineralized matrix. In the reversal phase remaining collagen
remnants are removed by reversal cells (osteoblast-lineage cells, which also secrete
MMPs [106]) to prepare the bone surface for sequential osteoblast-mediated bone
formation. In the formation phase osteoblast progenitors are attracted to the
resorption site, differentiate and secrete molecules, such as collagen type I and
NCPs, essential in bone formation. Moreover, hydroxyapatite is incorporated
into the newly formed osteoid. The resorption phase takes approximately two
weeks [107], the reversal phase about four to five weeks [108] and the formation phase
approximately four months in duration [109]. Finally, when an equal quantity of
resorbed bone has been replaced, the remodeling cycle is stopped in the termination
phase. [103]

2.5 Osteoporosis
Osteoporosis is listed as one of ten diseases causing the largest burden of disease [1]
and affects approximately 200 million people worldwide [110]. Osteoporosis is
defined as a decrease in total bone mass, determined by measuring the areal Bone
Mineral Density (aBMD) [5]. Conventionally, this is performed with Dual Energy
X-ray Absorptiometry (DEXA) scans [6]; X-ray images are taken at two different
defined energies to discriminate bone from soft tissue. Images are taken at the
lumbar spine and/or the femoral neck, as these two sites are the most common
regions affected by osteoporotic fractures [7] (see figure 2.5). Osteoporotic frac-
tures have been further described as low trauma fractures, such as a fall from
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standing [111]. According to WHO, osteoporosis is defined as a aBMD value below
2.5 standard deviations, compared to a healthy cohort, more commonly known
as the T-score [1, 5]. If the T-score lies between −2.5 and −1.0 then the patient
suffers from osteopenia. The DEXA based determination of osteoporosis has a
sensitivity (correct identification of diseased patients) of only 60 % [1]. Sequentially,
around 40 % remain undetected and will not get adequate treatment, although
early intervention is essential in preventing progress of this disease [4]. Thus, the
WHO recommends to include more patient specific data in osteoporosis screening,
based on a questionnaire. Information about age, BMI, fracture history, cortisol
treatment, epidemiologic information, and other factors are used to calculate a
10-year fracture risk probability, the FRAX score [112]. This enabled a broader
screening for osteoporosis [113], however no significant improvement in the discrim-
inatory value of FRAX (with aBMD) in comparison to aBMD alone was found in
early post-menopausal women [114]. Thus, other factors, such as microdamage and
material composition, have been suggested to be affected by osteoporosis [61].

Microdamage has been shown to accumulate with increasing age, and has been
suggested to be related to the increased fracture risk especially in elderly women [61].
However, no conclusion has been drawn so far on the relation to osteoporotic stress
fractures. A possible explanation is that there is a superposition of microdamage ac-
cumulation, insufficient bone repair, and reduced bone mass, adding up to fragility.
Although osteoporosis is known to be caused at the cellular level, no agreement
has been reached so far on its effects on the tissue bone matrix. Conflicting results
have been reported about the TMD. A decrease of TMD has been described in
osteoporosis [116–118], while other studies determined an increase [119–121]. Also
no effect of osteoporosis on TMD at all has been mentioned [122]. However, in
that study an increased heterogeneity of TMD was observed in osteoporosis, as
also reported previously [119]. As TMD is usually correlated to tissue elastic
modulus, also controversial results have been described regarding tissue elastic
modulus [119–121]. A decrease of elastic modulus in osteoporosis was observed [119],
whereas other studies found increased values [120,121].
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Figure 2.5: Dual X-ray absorptiometry of lumbar spine (top) and the femoral neck
(bottom) with corresponding diagrams with indicated reference lines for normal
mean ± standard deviation BMD and T-score with respect to age. The actual
patient aBMD-value/T-score is shown as in the diagram. Image modified from
Li et al. [115].
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Figure 2.6: SEM image of normal (left) and osteoporotic (right) bone; image
reprinted from Chhipa et al. [123].

At the morphological level there is a consensus that the observed decrease of aBMD
in osteoporosis is caused by an increase of trabecular bone porosity (see figure 2.6).
In more detail, especially the trabecular bone morphology is altered, reflected by
a decrease of bone volume to total volume (BV/TV), trabecular number (Tb.N),
and an increase of trabecular separation (Tb.Sp).

Osteoporosis is classified into a primary and a secondary type [124]. In principle,
primary osteoporosis is a disease of the elderly, related to menopausal estrogen
loss and aging. Riggs et al. further specified the post-menopausal form as type
I osteoporosis, associated with trabecular bone loss, and the senile form as type
II, associated with trabecular and cortical bone loss in men and women [125].
Accordingly, type I osteoporosis is directly linked to a lack of endogenous estrogen,
whereas composite influences of long-term remodeling inefficiency, adequacy of
dietary calcium and vitamin D, intestinal mineral absorption, renal mineral han-
dling, and parathyroid hormone secretion are observed in type II [124]. Secondary
osteoporosis is caused from a variety of possible chronic conditions, resulting in
acceleration of bone loss. Examples are long-term glucocorticoid therapy, hyper-
parathyroidism, malignancies, gastrointestinal diseases, and renal failure [126].

No clear description of the difference between normal aging and senile osteo-
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porosis has been made so far [127]. In contrast, post-menopausal osteoporosis (type
I), the most common type, is known to be associated with an increase of osteoclast
activity and accompanied with a decrease of osteoblasts [128]. In more detail,
Damien et al. showed that the estrogen receptor is involved in the osteoblasts
adaptive response to mechanical strain [129]. Sequentially, the reduced ability of
bone remodeling after the menopause might be caused by a down-regulation of the
estrogen receptor, because of absence of estrogen. Further, it has been shown that
estrogen withdrawal is associated with osteocyte apoptosis [130]. Similarly, also
glucocorticoid excess, mechanical disuse, and aging have been linked to osteocyte
apoptosis [131–133], whereas physiological levels of mechanical stimulation facili-
tated osteocyte viability [131]. In post-menopausal women, osteoporosis can be
further divided into normal turnover (NT) and high turnover (HT), whereby HT is
less frequent, representing only 30 % of the cases [134]. Interestingly, bone mineral
content (BMC) does no differ between HT and NT, although HT osteoporosis
demonstrated an increased osteoclast number, accompanied with an increased bone
formation at a reduced duration [135].

Bone turnover can be determined by so called bone turnover markers (BTM).
These BTMs can be used in osteoporosis screening, but are not routinely used in
clinics because of their degree of variability. Recently, BTMs have been suggested
to be used before starting anti-resorptive treatment, eg. as baseline measurements
and in subsequent treatment monitoring [136]. Here, one marker of bone resorption
(CTX) and one of formation (P1NP) is recommended to standardize monitoring.

2.6 Osteoporosis treatment
Treatment of osteoporosis usually starts with non-pharmacological interventions,
such as adequate intake of calcium and vitamin D, regular exercise, measures to
prevent falls or to minimize their impact, smoking cessation, and moderation of
alcohol intake [4]. According to the “Clinician’s Guide to Prevention and Treatment
of Osteoporosis” pharmacological treatment should start in patients with hip or
vertebrae fractures, T-score ≤ −2.5, in post-menopausal women and men aged ≥
50 with osteopenia, and a 10-year hip fracture probability ≥ 3 % [137]. Recom-
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mended drugs are bisphosphonates (BPs), calcitonin, selective estrogen receptor
modulators (SERMs), estrogens, and/or hormone therapy, parathyroid hormone
fragment, and receptor activator of nuclear factor kappa-B (RANK) ligand inhibitor.

Initial pharmacological treatment of osteoporosis in post-menopausal women at
high risk for osteoporotic fractures is the oral administration of bisphosphonates,
according to the “European Society of Endocrinology” [25]. As alternative initial
treatment, Denosumab is suggested, an antibody that binds with high affinity
to RANKL and sequentially inhibits the interaction with RANK. If the risk for
osteoporotic fractures is very high, such as those with severe or multiple verte-
bral fractures, then administration of parathyroid hormone fragment is advised.
Patients, where administration of the before mentioned medications is not appro-
priate, should be treated with Selective Estrogen Receptor Modulator (SERM)s,
such as raloxifene. If none of the aforementioned medications is appropriate or
tolerated, then calcitonin should be administered. Further, treated patients should
be monitored every (1 to 3) years with DEXA scans to asses the response to
treatment. Alternatively, bone turnover markers should be monitored to identify
non-responders or non-adherence.

The overall goal of treatment of osteoporosis is fracture prevention [138]. Hereby,
the majority of drugs (BPs, estrogen, SERMs and denosumab) can be summarized
as anti-resorptive medicine [139]. They reduce the number, activity, and lifespan
of osteoclasts [140] and thus decrease bone resorption, resulting in an increase of
bone mass, which further reduces the probability of osteoporotic fractures [139].

Bisphosphonate treatment is currently the first line medication in osteoporosis [25].
For example alendronate has been shown to reduce bone remodeling and increase
aBMD significantly (by almost 22 %), after a 12 month treatment period [141]. In
a further study the aBMD increase was determined to be dose-dependent, at least
in the low dose regimen ((1 to 5) mg) [142]. Also clinically apparent vertebral
fractures were reduced by almost 50 % after alendronate treatment [143]. However,
long-term treatment was demonstrated to cause severely suppressed bone turnover
in some patients, and might result in delayed healing of non-spinal fractures [144].
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High dose treatment of dogs with BPs resulted in an accumulation of microdamage,
associated with a reduction of bone toughness [145]. This effect might be linked
to the two most severe side affects in patients, osteonecrosis of the jaw (ONJ)
and atypical femur fractures (AFF) [139]. ONJ is characterized as the “presence
of exposed bone in the maxillofacial region that did not heal within 8 wk after
identification by a health care provider” [146]. Its incidence was estimated to to
be as low as between 1 in 10.000 and < 1 in 100.000 patient-treatment years. On
the contrary, in intravenous treatment ONJ occurs in the range of 1–10 per 100
patients [146]. AFFs are stress fractures located in the sub-trochanteric region
and diaphysis of the femur. BP treatment causes an incidence of AFF of 3.2 to 50
cases per 100.000 person-treatment years [147], but increases to ∼100 per 100.000
person-treatment years in long-term treatment [147]. Hereby, a localization of
bisphosphonates in areas of developing stress fractures was recognized.

SERM treatment, such as with raloxifene, has the big advantage of estrogen-like
effects on bone, while acting as an estrogen antagonist on breast and endometrium
tissue [139]. Raloxifene treatment was demonstrated to increase aBMD by 2.7 %
in the vertebrae and to decrease vertebral fractures by (30 to 50) % in treatment
for three years, without affecting other fracture locations [148]. As raloxifene also
acts as an antagonist on breast tissue, a 72 % reduction in the risk of invasive
breast cancer has been reported [149]. However, raloxifene causes hot-flushes, an
three-fold increased incidence of thrombo-embolic disease, and an increased risk of
stroke [150]. Sequentially, raloxifene is recommended in post-menopausal women
with spinal osteoporosis and with an increased risk of breast cancer [139].

Siegmund et al. developed a non-linear model to discriminate different effects,
such as matrix constituents, microcrack characteristics, and trabecular architecture
on the fracture resistance of bone from dogs treated with anti-resorptive medica-
tion [151]. They predicted that BP treatment is associated with brittle fracture
and an accumulation of microcracks, whereas SERM treatment leads to a more
ductile fracture and a smaller increase in microcrack density. It was concluded
that bisphosphonates are more effective in low aBMD patients, but SERMs are
recommended in milder osteoporotic cases.
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2.7. Mechanical characterization of trabecular bone tissue

2.7 Mechanical characterization of trabecular
bone tissue

The previous sections outlined that bone changes at several hierarchical levels,
because of load adaptation, aging, disease, and treatment. Usually, fracture risk
is described at the whole bone scale. However, engineering materials highlighted
that a crack grown at the material level might develop into a full-scale failure.
Hence, material characterization is also essential at the tissue level in bone for
fracture prediction. Further, any level on the hierarchy might be changed because
of adaptations and hence, all levels should ideally be characterized properly. As
outlined previously, the mechanical testing of bone must be performed in a phys-
iologic, wet environment, since material properties change at several levels with
dehydration [16,65,66]. Mechanical properties of whole bones can be determined
by standard mechanical tests and thus the variability in obtained results is mainly
caused by biological variation, such as anatomic site, bone shape (of whole bones),
age, and disease [152]. At the macroscale mechanical testing becomes already more
difficult, especially because of non standardized test procedures, inaccurate strain
measurement, and end-artifacts [153]. Nevertheless, a large amount of studies
have been performed at this scale, providing a rather good understanding of the
mechanical behavior at this scale [63]; however, only under the assumption of a
linear-elastic behavior, yet. Mechanical characterization of trabecular bone at the
tissue level (individual trabeculae) is more challenging because of the microscopic
sample size, irregular geometry of trabeculae, and a difficult definition of test
procedures (for a comprehensive review see Lucchinetti et al. [12]). Sequentially,
only a few studies have been conducted at this level yet, compared to larger scales.
Further, reported values for material and mechanical properties vary tremendously
(e.g. elastic modulus varies from (1 to 15) GPa [12]). So far, most studies focused
only on determination of the putative elastic behavior of trabecular bone tissue.
Wu et al. summarized determined values for elastic modulus in a recent review [11]
and highlighted the most important approaches for mechanical characterization,
namely nanoindentation, ultrasonic testing, macro-mechanical testing, and micro-
mechanical testing [11] (see figure 2.7). These different techniques, their advantages,
limitations, and values of determined material properties (mean values of healthy
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tissue) are discussed in the following sections.
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Figure 2.7: Mechanical characterization of trabecular bone tissue, image modified
from Wu et al. [11]. Macro-mechanical testing, paired with FE analysis, is used to
back-calculate tissue elasticity. Ultrasonic testing enables determination of elasticity,
as speed of sound is dependent on tissue elastic properties. Micro-mechanical testing
determines tissue properties directly from an experiment, such as a tensile, buckling
or three point-bending test. Nanoindentation is used to measure elastic properties
at the scale of individual lamellae.

2.7.1 Macro-mechanical testing

Macro-mechanical testing can be combined with micro Finite Element analysis
(µFEA) to back-calculate an average tissue elastic modulus of trabecular bone via
an assumed constitutive material behavior, as first described by van Rietbergen
et al. [154]. In principle, trabecular bone cores are imaged with µCT to obtain
the geometric structure. These bone cubes (or bone cylinders) typically have
a side length of (5 to 8) mm and are mechanically tested in compression. The
determined apparent stiffness in the numerical simulation is compared to the one
obtained experimentally and sequentially, an averaged tissue elastic modulus can be
back-calculated. Reported tissue elastic moduli ranged from (5.6 to 20) GPa [11].
Possible causes for this variation are differences in the selection of the segmentation
threshold [155] (associated with partial volume effects [156]), the dependency on
the voxel resolution [157] (coarsening with a factor of six resulted in a reduction
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of elastic modulus by (60 to 80) % [158]), and different meshing techniques [159].
The main limitations of this technique are attributed to its two main assumptions:
bone is linear-elastic and homogeneous [11]. It is still unclear if trabecular bone
tissue (individual trabeculae) behaves linear-elastic at small strains. Further, tissue
mineralization has been shown to be heterogeneous, as trabecular bone packets on
the surface are less mineralized than the ones close to the core [45].

2.7.2 Ultrasonic testing

Ultrasonic testing can be performed on trabecular bone cores or cubes, but the
large void fractions in trabecular bone cause wave attenuations [160], resulting in a
mixture of structural and material properties. Evaluation of the actual bone tissue
elasticity is possible on thin slices (in the range of a few 100 µm) with Scanning
Acoustic Microscopy (SAM), as first described by Hasegawa et al. [161]. This a non-
destructive technique to determine the tissue elastic modulus, based on the relation
of elastic properties to the velocity of wave propagation, similar to conventional
ultrasonic measurements [162] (see figure 2.8). However, the resolution of Scanning
Acoustic Microscopy (SAM) is about 60 µm [161], compared to measurements of
whole trabeculae [162] or even trabecular networks [163] in the range of several
milli meters. Determined tissue elastic modulus was reported ranging from (10.0 ±
1.3) GPa [164] (conventional pulse-transmission transit in trabecular bone cubes,
20 mm side-length) to (17.5 ± 1.5) GPa [165] (in SAM). The major limitation of
all ultrasonic measurements are the high frequency sound waves, in comparison
with quasi-static mechanical tests [12]. However, the effects of strain rate on the
mechanical properties are still reported contrarily [166,167].

2.7.3 Micro-mechanical testing

Micro-mechanical testing is done at quasi-static conditions on individual tra-
beculae and has been reviewed comprehensively in [11, 12, 170]. Different test
approaches were applied, mostly three-point bending [18, 119,171–176], and tensile
tests [18,36,162,171,177–179]. There are only two studies that performed buckling
tests on individual trabeculae [66, 180], one that used four-point bending [181] and
one that did compression tests on machined bone tissue cubes [182]. All techniques
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Figure 2.8: Scanning acoustic microscopy (SAM) of bone (image modified from
Blouin et al. [168]). An ultrasonic incident wave is partly reflected at the front
surface (A), travels trough the sample and is reflected at the back surface (B). The
difference in the time of flight (ΔTOF) is used to calculate the sound velocity via
sample thickness and sequentially the elastic modulus (E). An exemplary mapping
of E of a cross section of a mouse femur is shown on the right (modified from
Blouin et al. [169]).

have their advantages and limitations and are reviewed in the following paragraphs.

Buckling tests were performed in first studies on individual trabeculae [66,180] and
reported mean elastic moduli ranged from (11.4 to 14.1) GPa. After dissection tra-
beculae were glued with epoxy onto ceramic rods and subjected to compression [66].
Although buckling might be a reasonable physiological load [183], experimental im-
plementation and determination of mechanical properties is challenging because of
undefined boundary effects, sample alignment, superposition of shear, and irregular
trabecular geometry. Further, inelastic buckling had to be assumed, because of the
low slenderness ratio [66]. Exemplary compression/buckling tests in two different
test configurations, which were carried out in course of the present thesis, can be
found in Appendix B.

Three-point bending is less difficult to implement, as individual trabeculae only have
to be excised from the trabecular network and placed onto the support (see Ap-
pendix C for a manufactured three-point bending sample holder in course of the
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present thesis). However, three-point bending tests likely give erroneous results,
as the cross-sectional area of trabeculae is inhomogeneous, leading to undefined
stress states. To overcome this issue trabeculae have been milled to homogeneous
rectangular beams and tested in four point bending [181], providing a homogeneous
stress state between the supports. Nevertheless, uneven contact [181], local stress
accumulation next to the support and loading point [162], a small aspect ratio
(smaller than 10), and usage of Bernoulli beam theory [119, 181] are still limita-
tions to be considered. As trabeculae typically have an aspect ratio of 3 to 10,
Timoshenko beam theory was also used to account for shear deformation [167]. An
accurate measurement of specimen length is still crucial, as the calculated elastic
modulus depends on the length to the power of three. Elastic moduli were reported
ranging from (2.0 to 11.4) GPa.

Tensile tests are the most commonly used experiments for material characterization
because of the homogeneous stress state, provided regular specimen geometry,
and material isotropy. Individual trabeculae do not hold these assumptions, but
can be approached as elliptical cylinders and considered as transverse isotropic
along the longitudinal trabecular axis [12]. Reported values for trabecular tissue
elastic modulus range from (0.75 to 15.6) GPa. The most challenging issues of
tensile tests are sample mounting and accurate displacement measurement [12].
For mounting, trabeculae have to be embedded in resin, like epoxy or cyanoacry-
late glue. Hereby, sample alignment is very crucial, since misalignment leads to
shear stress. Displacement determination has been done with recording of platen
displacement [36,162,178], usage of optical methods [18, 171,177,179], and with a
laser Michelson interferometer [184]. Platen displacement will underestimate true
displacements, since epoxy and cyanoacrylate glue is less stiff than trabecular bone
tissue and will deform more, resulting in a combined monitored displacement. Thus,
optical methods, such as Digital Image Correlation (DIC), are preferable [18, 171].

As outlined in the previous paragraphs, several different micro-mechanical tests
have been used to determine trabecular tissue elastic modulus. Interestingly, deter-
mined mechanical properties with three-point bending and tensile tests have been
reported to differ significantly, even when performed in the same studies [18,171].
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Here, three-point bending experiments resulted in a significant lower tissue elastic
modulus, which might be caused by an overestimation of bending strain, because
of local deformations of the specimen at the supports. Further, measurement
of displacement might also be erroneous, depending on the used measurement
technique (optical or machine displacement). Sequentially, no true material pa-
rameters could be determined, as elastic modulus is a material constant, which is,
by definition, independent from the used test approach or the applied strain rate.
However, there is an ongoing debate whether bone tissue is an elastic material, or if
it exhibits elasto-plastic hardening, which can be displayed using loading/unloading
experiments [185,186]. According to this, it would be favorable to study also the
viscosity, plasticity, and failure mechanisms of trabecular bone tissue. So far, most
studies focused on the elastic behavior and only a few studies determined the
yield [18,119,171] or post-yield properties [18, 36,119,171].

Limitations of all micro-mechanical tests are especially attributed to the tiny
size of individual trabeculae. Thus, substantial loss of samples [184], accompanied
with a large biological variation of tissue properties [13, 14] requires a high test
throughput [12]. The small size of trabeculae and difficulties in sample clamping
require embedding of samples. Sequentially, strain tracking has to be performed
optically, to determinate actual strain on the trabecular shaft. Of course, also
optical strain determination might be erroneous, especially in the small strain
regimen. Further, determined material and apparent mechanical properties indicate
a critical dependency on stress determination. The irregular shape of individual
trabeculae makes it difficult to estimate a representative cross-sectional area. Thus,
a combination with FE analysis has been performed in previous studies [18,171].
However, assumptions in the numerical model, especially selection of appropriate
boundary conditions, is crucial. Elastic modulus showed to be significantly corre-
lated with trabecular thickness [119], caused by a stronger influence of lacunae and
microcracks for thinner trabeculae [12,187]. In contrast, Yamada et al. found no
significant dependency of elastic modulus on size, orientation or shape in cantilever
bending experiments [188]. Taken together, mechanical properties determined
from micro-mechanical experiments possibly always involve a structural influence,
which might also explain, beside the large biological variation, the huge range of
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reported values. Only one study used machined bone cubes of trabecular tissue (of
300 µm side length) to overcome this issue [182]. Elastic modulus and Poisson ratio
were determined in compression in three orthogonal directions. Elastic modulus in
longitudinal direction (E1 = (3.47 ± 0.41) GPa) was significantly higher than that
of the transverse directions (E2 = (2.57 ± 0.28) GPa and E3 = (2.54 ± 0.22) GPa).
However, a verification of reported values and the effect of milling on the mechanical
properties of trabeculae was missing.

2.7.4 Nanoindentation

All of the aforementioned techniques determined the homogenized material proper-
ties of trabecular bone tissue. Thus, these properties involve bone packets, different
lamellar orientations, boundary effects between those phases and local defects [11].
In contrast, nanoindentation is used to determine tissue elastic properties at the
scale of one to several individual lamellae (for comprehensive reviews see [58, 189]).
Despite its wide usage, reported values for elastic modulus varies from (1.3 to
22.3) GPa, which may be attributed to differences in preparation and testing
protocols [11], heterogeneity of tissue, and different testing environments (wet vs.
dry) [58]. In brief, samples have to be embedded in poly methyl methacrylate
(PMMA) or epoxy resin and polished to ensure a flat surface. Different material
properties of this resin caused no change in the measured bone elastic modulus,
but a change in the tissue hardness [190]. Tissue elastic modulus and hardness are
calculated from the unloading curve using the Oliver–Pharr method (OPM) [191]
in most cases, which assumes purely elastic behavior during the first part of the
unloading process. For calculations, bone tissue is assumed to be isotropic with
a Poisson’s ratio of 0.3 [189], whereby varying the Poisson’s ratio from 0.2 to 0.4
caused relative errors between (9.9 to −8.2) % [192]. Further, trabecular bone
tissue is transverse isotropic [12], whereby apparent elastic modulus in indentation
is a function of the axis of indentation and the full elasticity tensor [189].

Besides different preparation protocols, the high variation of reported elastic
moduli may also result from different indentation sites within individual trabeculae.
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2. Background

In more detail, Mulder et al. proved that not only mineralization, but also elastic
modulus is higher in the core region of trabeculae, compared to the surface [193].
However, indentation is mostly performed in the higher mineralized core to avoid
embedding artifacts [194]. This fact might explain the trend of higher reported
elastic moduli in nanoindentation, compared to micro-mechanical tests (see fig-
ure 2.9). Another factor may be hydration state. Nanoindentation is commonly
performed on dried specimens (compare Thurner et al. [58]) because of easier
experimental handling. But, elastic modulus in hydrated trabecular human ver-
tebrae was 29 % lower than in dried specimens, in nanoindentation experiments [17].

Correlation of elastic modulus determined with nanoindentation and macroscopic
experiments have been reported controversy. Silva et al. found no significant
correlation between elastic modulus obtained with nanoindentation and three-
point-bending tests of whole bones [195], whereas Hengsberger et al. reported a
good agreement between nanoindentation and macroscopic tests [196]. Similarly,
Turner et al. determined almost identical values for trabecular elastic modulus
with nanoindentation (18.1 ± 1.7) GPa) and SAM (17.5 ± 1.1) GPa). A comparison
of obtained values for tissue elastic modulus with different testing approaches is
given in the following section.

2.7.5 Comparison of testing approaches

Figure 2.9 summarizes obtained values for trabecular tissue elastic modulus deter-
mined with macro-mechanical, micro-mechanical, ultrasonic, and nanoindentation
experiments (based on a recent review from Wu et al. [11]). For bovine bone,
reported values range from (6.5 to 18.7) GPa for FE analysis [157,197], from (10.9
to 13.1) GPa for ultrasonic measurements [163, 198], from (2.0 to 9.1) GPa for
bending tests [171,172,188], from (0.75 to 15.6) GPa for tensile tests [171,178,179]
and from (18.9 to 20.0) GPa for nanoindentation [199,200]. For human bone, re-
ported values range from (5.7 to 18.0) GPa for FE analysis [201–204], from (10.0 to
17.5) GPa for ultrasonic measurements [162–165], from (2.1 to 10.1) GPa for bend-
ing tests [18,119,173,181,205], from (9.2 to 16.2) GPa for tensile tests [18,162,177]
and from (5.1 to 22.3) GPa for nanoindentation [14,17,165,177,192,206–212]. In
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2.7. Mechanical characterization of trabecular bone tissue

bovine and human specimens ultrasonic measurements and nanoindentation studies
reported higher elastic moduli compared to median values of all measurement tech-
niques. This systematic deviation, likely caused by higher strain rates in ultrasonic
measurements and local material properties at a smaller scale, have already been
discussed in the previous sections. Similarly, micro-mechanical experiments tend
to report lower elastic moduli, compared to overall median values. Reasons might
be the incorporation of local effects between trabecular packets, bone lamellae,
microcracks, and lacunae. Interestingly, moduli back-calculated from FE analysis
are close to overall median values, possibly because of homogenization of lower
levels, and influence of the trabecular structure.

Elastic moduli determined in wet conditions always tend to be lower than in
dry state (except three-point bending of human bone, where only a small amount
of data was available, seen figure 2.9). Thus, it is important to keep in mind that
the hydration state has a substantial influence on reported material and apparent
mechanical properties, independent from the used measurement technique. In dry
conditions, elastic moduli determined in tensile experiments of individual trabeculae
were close to overall median values. So far, only one study has performed tensile
tests in an almost wet condition (specimen preparation was done wet and tests
were conducted immediately after removal) [178]. Hence, there is a clear need to
better characterize individual trabeculae in tension in a wet environment. Further,
tensile tests give the homogeneous mechanical behavior at the tissue level, which is
essential for computer simulations, such as FE analysis. At this level, the mechani-
cal behavior is influenced by the micro-scale (bone packets, lamellar orientation,
microcracks, and porosity) and sequentially obtained material parameters represent
homogenized values at the tissue scale. If performed properly (reliable boundary
conditions, sample alignment, test environment, and strain measurement) tensile
tests enable a defined mechanical material characterization of trabecular bone
tissue. In conclusion, tensile tests were chosen to be the most reliable test method,
and used for determination of mechanical behavior of individual trabeculae in this
thesis.
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Figure 2.9: Mean values of elastic tissue modulus (E) determined with different
techniques (FEA: FE analysis). Values are reported for bovine (top) and human
(bottom) specimens tested in a dry (white) and wet (blue) environment. Taken
elastic moduli are based on the studies reviewed in Wu et al. [11]. Studies, where
no mean values were reported, test environment was not properly defined, or
nanoindentation was explicitly done in transverse direction where excluded. Values
were weighted by the number of tested specimens. The blue and gray lines represent
the median elastic moduli of all combined experiments, to indicate the relation
of the individual test approaches to that value. Note that data is often skewed
because of the small number of data points and the weighting of used values by
the number of tested samples per study, causing that median and 1. or 3. quartile
are often almost identical.
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CHAPTER 3
Methods development and data

analysis approaches

“Find something you love to do. Work it to the bone. And you’ll be
successful.”
John Schnatter

This chapter presents the developed and applied methods of the current thesis.
First, a novel test set-up for tensile testing of individual trabeculae, close to a
physiologic, wet environment, is described (see section 3.1). This set-up was
further used to perform cyclic tensile tests to enable a more comprehensive material
characterization (see section 3.2). Next, section 3.3 demonstrates a rheological
model, which was developed by Andreas G. Reisinger in a joint project. This model
was applied to identify elastic, viscous, plastic, and post-yield tissue properties
of individual trabeculae from cyclic tensile tests. Finally, section 3.4 illustrates
the development of a fatigue test set-up to induce and visualize microdamage in
individual trabeculae at a defined tensile stress state. The fatigue test is based on
the tensile test set-up described in section 3.1. The methodological implementation
of the fatigue test and establishment of the microdamage labeling procedure was
done by Julia-Theresa Fischer in course of her Master thesis and the author
of the current thesis, Martin Frank, co-supervised the project, took part in the
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3. Methods development and data analysis approaches

optimization process, and performed the evaluation and interpretation of obtained
results.

3.1 Tensile tests of individual trabeculae

3.1.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been published
in “Proceedings of the IASTED Interational Conference Biomedical Engineering
(BioMed 2017)” in 2017, entitled “Mechanical Properties of Individual Trabeculae
in a Physiologic Environment” and co-authored by Dorothee Marx, Dieter H. Pahr
and Philipp J. Thurner. Partial results of the tensile test set-up and the data
evaluation (see sections 3.1.3 “Sample preparation” to 3.1.3 “Determination of
apparent mechanical parameters”) have been published in the “Journal of the
Mechanical Behavior of Biomedical Materials” in 2018, entitled “Dehydration of
individual bovine trabeculae causes transition from ductile to quasi-brittle failure
mode” and co-authored by Dorothee Marx, Vedran Nedelkovski, Julia-Theresa
Fischer, Dieter H. Pahr and Philipp J. Thurner.

Author contributions: In both publications, the first author and author of
the current thesis, Martin Frank, took part in the study design, performed the
development and refinement of the test set-up, all mechanical tests, data processing,
data interpretation, and wrote the manuscripts. Dorothee Marx developed the
original test set-up (water-bath and the concept of silicone chambers for specimen
preparation), which was used for tensile tests of cortical bone. This set-up was mod-
ified by Martin Frank (specimen preparation, mounting, and clamping) to enable
tensile testing of individual trabeculae at a high throughput. Vedran Nedelkovski
took the electron microscopy images for fracture surface analysis and assisted in
data interpretation of fracture surfaces. Julia-Theresa Fischer contributed in opti-
mization of the test set-up and sample preparation. Dieter H. Pahr and Philipp J.
Thurner designed the studies, supervised the work of Martin Frank and supported
the interpretation of the results.
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3.1. Tensile tests of individual trabeculae

3.1.2 Introduction

Characterization of the mechanical behavior of trabecular bone can be done with a
variety of different methods (see section 2.7). As already outlined all approaches
have advantages and limitations. However, a defined tensile test enables a direct
measurement of the whole mechanical behavior of individual trabeculae, from
elastic to failure properties. Nevertheless, several issues have to be addressed in
micro-mechanical tensile experiments: Sample mounting (including alignment),
accurate strain measurement, determination of a reliable cross-sectional area and a
physiologic test environment.

In first tensile experiments individual trabeculae were directly clamped with
screws [178]. Reported tissue elastic modulus was 1 GPa, much lower than values
determined in later studies (∼10 GPa) [18, 162, 171, 177, 179]. This discrepancy
might result from shear forces in clamped samples, as sample slipping was ex-
cluded in that study [178]. Later studies used different resins, like epoxy [177],
cyanoacrylate [120,162,179] or poly methyl methacrylate (PMMA) [18,171,184]
for specimen fixation. This enabled an easier sample handling, accompanied with a
better defined sample alignment and lower shear forces.

Nevertheless, strain recording was done very differently. Some studies used platen
displacement [120, 162], a laser Michelson interferometer [184] or optical meth-
ods [179], including digital image correlation (DIC) [18,171,177]. Platen displace-
ment will overestimate specimen strain (because of deformation of the glue) and
the measured strain has to be corrected for this effect [120]. A direct determina-
tion of tissue strain using DIC is more favorable, since it enables a direct, local
determination of deformations. Moreover, DIC can also be used to determine full
field strain maps of specimens to monitor local damage formation and failure.

The cross-sectional area of individual trabeculae has also been determined in
several different ways. First studies simply assumed a circular cross-sectional area
and only measured the trabecular diameter [162,178] for area calculation. Later,
Jirousek et al. measured the cross-sectional area with a microscope, at the point

37



3. Methods development and data analysis approaches

of fracture [177] and Yamada et al. determined an average cross-sectional area
using µCT [179]. To overcome the limitation of the irregular shape of individual
trabeculae, McNamara et al. [120,121] and Carretta et al. [18,171] used FE analysis
to back-calculate material parameters in an inverse approach. However, definition
of reliable boundary conditions and assumptions, such as linear-elastic material
behavior and small strains, are still limitations.

Last but not least, the test environment has a substantial influence on the me-
chanical material behavior, as already mentioned in section 2.7.5. Townsend et al.
showed that dehydration causes a transition from ductile to quasi-brittle behavior,
in buckling tests of individual trabeculae [66]. Further, also at the scale of lamallae
dehydration caused a significant increase in elastic modulus, in nanoindentation
experiments [16,17]. Unfortunately, no tensile tests on individual trabeculae have
been performed so far in a physiologic, wet environment.

Goal of this study was to develop a defined tensile test approach for individ-
ual trabeculae in a wet, physiologic environment, at a large throughput. As such,
tissue strain had to be recorded optically, using a DIC algorithm. In addition,
specimen fixation was done with resin and sample alignment had to be ensured
microscopically. Further, different ways of determination of cross-sectional area
were investigated, and compared to back-calculated material properties from FE
analysis, for a reliable stress determination. The high sample throughput was
especially necessary because of the expected large biological variation.

3.1.3 Materials and methods

The second phalanx of a 16-month-old bull was obtained from a local butcher
(Fleischerei Hödl, Vienna, Austria). All soft tissue was removed mechanically with
scalpels and tweezers and the bone was frozen at −18 °C until further manipulation
(see figure 3.1-A). All preparation steps, including mechanical testing, were per-
formed in Hanks Balanced Salt Solution (HBSS) at pH = 7.4, at room temperature
(23 °C).
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3.1. Tensile tests of individual trabeculae

The following sections describe the final, optimized methods that were used in
chapters 7, 5 and 6. The initial set-up was used in the dehydration study (chap-
ter 4) and optimized during the course of the present thesis. However, only slight
modifications were performed, involving a better sample fixation, faster and tighter
embedding, optimization of machine tuning parameters and optimization of strain
tracking. The final, presented methods represent the latest, recommended methods.
Moreover, hints for a reliable sample preparation and testing are provided.

Sample preparation

The head of the second phalanx was cut transversally into 2 mm thick slices, using
a bandsaw (300 CP – Diamond Bandsaw, Exakt, Germany; see figure 3.1-B). Next,
bone slices were put into distilled water and a oral water jet (OralB, Germany)
was used to remove bone marrow (see figure 3.1-C). Bone slices were further cut
into half with a precision saw (Isomet Low Speed Saw, Buehler GmbH, Germany),
for easier sample handling. Specimens were placed in 9 cm Petri dishes, filled with
HBSS. Identification of individual trabeculae was done with a stereo microscope
(SZX10, Olympus Corporation, Japan). Following selection criteria were chosen:
Trabeculae had to appear transparent (because of the small diameter) and to have
a length of approximately 500 µm, with an aspect ratio close to three. Further,
enough residual bone at the top and bottom of the trabeculae had to be present, to
enable glue attachment. Selected specimens were milled out under the microscope
using a hand held miller (Dremel 400, Dremel Europe, The Netherlands), equipped
with a 1 mm conical dental miller (MF Dental, Germany; see figure 3.1-D & E). A
rectangular PVC template with (3 × 1 × 1) mm3 cross-sectional area was used
for positioning of milling spots. This template was pressed down with tweezers to
avoid slipping of the template and the bone slice. The rectangular shape was then
carefully scratched onto the surface of the bone with the miller. This first milling
step was only intended to provide a guide gouge for the actual milling. After some
experience, this pre-milling could be performed without the template. Then, the
actual milling was performed in the order as shown in figure 3.1-D. The first milling
line 1 was cut parallel to the longitudinal trabecular axis. Then, a perpendicular,
short edge 2 was milled (L-shape). Next, the remaining long edge 3 was milled
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3. Methods development and data analysis approaches

to get an U-shape. At this stage the sample was inspected for potential bone
parts (which mask the trabecular strut), or for bridges (which connect the top and
bottom part across the trabecular strut). These parts had to be milled out. Finally,
after verifying that the U-shape was milled out completely trough the bone, the
last short edge 4 was removed. Here, special care had to be taken, since any
rapid movement would have destroyed the sample. The dissected specimens were
then inspected again for potential bone parts that might mask the trabecular strut.
These bone parts could be removed with the miller, but this resulted in damage
induction or even fracture in some samples. As an improvement, surgical scissors
were used to carefully remove interfering bone parts. Hereby, cutting had to be
done very slowly and carefully to avoid shear stress induction.

Bovine

phalanx

Bandsaw

bone slicing

Removal of

bone marrow

A B C D

1 mm

E

Dissection line

Milled

trabecula

1

2

3

4

Figure 3.1: Bone dissection. A: Bovine toe: Hoof, cartilage and second phalanx,
soft tissue removed. B: Bone slicing with the bandsaw. C: Bone slices with bone
marrow (left) and after removal (right). D: Dissection of individual trabecula,
including residual bone for embedding, using a hand-held miller. The cutting order
is shown with arrows and marked as 1 to 4 . E: Dissected trabecular specimen.

Dissected individual trabeculae were scanned with a µCT for geometry determina-
tion (see section 3.1.3 “Micro computed tomography (µCT) and image processing”
and figure 3.2-A). Then, specimens were put into custom-made silicone chambers
for embedding (see figure 3.2-B). These chambers are 2 mm in depth and consist
of a rectangular central region with flaps (separated by 1 mm) to hold specimens
in position. Circular end pieces allow embedding of trabeculae in epoxy resin.
Sample alignment is very crucial, as determined mechanical properties are highly
dependent on a defined tensile stress state. Hence, shear and bending forces can
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3.1. Tensile tests of individual trabeculae

be minimized if samples are embedded properly. First, individual trabeculae were
roughly positioned inside the silicone chambers using sharp tweezers and a needle,
under the stereo microscope. Then, centering and longitudinal alignment was
verified from the top with a light microscope (Zeiss Axio Imager, Carl Zeiss AG,
Germany; see figure 3.2-B). Silicone chambers were designed to be also accessible
from the side. Thus, trabecular alignment could also be verified from an orthogonal
view, either with a 45° mirror or by tilting the chambers by 90°. If trabeculae
were misaligned, alignment was corrected with the sharp tweezers under the stereo
microscope, which enables a native view, in contrast to the light microscope, where
the view is inverted. After appropriate alignment, trabeculae were hold in position
using modeling clay, which also avoided trickling of epoxy glue onto the trabecular
strut. Modeling clay was positioned using a needle and gently compressed to ensure
leak-proofness (see figure 3.2-C). In more detail, adding the modeling clay was
performed similar to building a wall. Small pieces of clay were rolled to form thin,
long cylinders. One of this pieces was put underneath the trabecular strut and
pressed into the corner between the ground and the flaps of the silicone. Then, a
second cylinder was added on top of the former piece and also pressed against the
vertical silicone. Hereby, the needle is used similar to a spatula to evenly distribute
the clay, to smooth it and hence, to close gaps between individual pieces.

Sample alignment was verified again in both orthogonal planes, to ensure that
manipulation did not cause any trabecular movement. Next, a two-component
epoxy glue (UHU Endfest 300, UHU, Germany) was mixed at a volumetric 1:1 ratio.
A droplet of black paint (R&G universal-color paste deep black 250G, Modellbau
Lindinger, Austria) was added to better distinguish epoxy from modeling clay and
bone. After mixing, epoxy was put into a vacuum desiccator for 5 min to remove
air bubbles. Epoxy was put into the circular end pieces of the silicone chambers
with a needle and complete filling of the chambers (up to the edge) was ensured
under the stereo microscope. Specimens were left at ambient conditions for 16 h in
air for epoxy hardening.

Hardening of epoxy was checked using a needle. If epoxy was hardened properly,
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Figure 3.2: Specimen preparation. A: µCT of individual trabecula, for geometry
and TMD determination; inset shows parallel scanning of multiple trabeculae on
a sample holder. B: Alignment of trabecula in the silicone chamber, using sharp
tweezers; alignment is verified from top and with a mirror (or by tilting the chamber
by 90°) from an orthogonal plane. C: Embedding of bone with epoxy glue (here
already speckled with black paint for better visibility); modeling clay is put with a
needle around the bone to seal the trabecula from epoxy. Inset illustrates the final
embedded sample with epoxy stained in black. D: Trabecula with applied black
speckle pattern for optical strain determination; inset indicates parallel spraying of
several samples on a microscopy slide. E: Tensile test set-up, including water bath,
filled with HBSS, load cell, sample holders with sample clips (to avoid horizontal
sample movement), light source, camera and prism. Inset shows that the camera
can be moved from position 1 (frontal view on sample) to position 2 (view on prism
to view the sample from the side).
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3.1. Tensile tests of individual trabeculae

samples were re-hydrated with HBSS. Then, the sharp tweezers and the needle were
used to expand the silicone chambers next to the epoxy, in perpendicular direction.
This procedure enabled, together with the added HBSS, a better separation of
the whole sample from the silicone. Sequentially, specimens could be removed by
placing a finger or rod underneath the longitudinal direction of the chamber and
by bending the chamber perpendicular to that axis. Proper expanding ahead is
crucial to perform sample demolding without damaging it. A direct removal of
the sample from the chamber might result in fracture of the trabecular strut and
should be avoided.

Then, a speckle pattern had to be applied to enable optical strain tracking. Tra-
beculae were dried, using small pieces of paper tissue. Samples were placed on
microscopy slides and put into a plastic box to apply the speckle pattern. The
microscopy slide was placed at one end of the box, closed with the lid and placed in
a laminar flow. A black water-soluble spray paint (RAL9005, Dupli-Color, Motip
dupli, Germany) was used to speckle the samples. The paint was sprayed for (4 to
5) s into the opposite edge of the box to avoid direct spraying onto the trabeculae.
Then the lid was closed for 2 min to allow the dust of speckle particles to settle
down onto the samples. This procedure was repeated 5 to 8 times and resulted
in a rather uniform pattern of fine black dots (see figure 3.2-D). Verification of
appropriate speckle pattern quality was checked with the stereo microscope.

Micro computed tomography (µCT) and image processing

Prior to sample embedding individual trabeculae were mounted with modeling clay
on a PVC plate (see inset in figure 3.2-A), put in the 9 mm sized sample holder of
the µCT100 (Scanco Medical AG, Switzerland), covered with HBSS and scanned at
room temperature (37 °C). Trabeculae were scanned at 55 kVp, 145 µA, integration
time 200 ms, average data 3, 1500 projections, nominal resolution of 3.3 µm and
aluminum filter 0.5 mm, to obtain the geometry (see figure 3.2-A) and mineral
density. For human samples, tube voltage was increased to 70 kVp (see section 5),
since that value was reported in literature more frequently for human trabeculae.
All other parameters were kept the same.
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Image processing of µCT data was performed with medtool (v4.3, Dr. Pahr
Ingenieurs e.U., Austria), whereas 3D-visualization was performed with 3Dslicer
(v4.1.0r19886, Slicer Community). Since 3D-visualization of µCT data required a
large amount of memory, all 3D images were re-scaled by a factor of 3, after each
performed step in medtool. The actual operations were thus always performed
on the original images (to obtain the final aligned and cropped image at high
resolution) and on the re-scaled images (to display alignment and cropping of
all necessary steps in 3Dslicer). Following steps were performed with individual
medtool imaging converter (mic) scripts and custom written python scripts (except
tasks explicitly mentioned with 3Dslicer):

• µCT data (.ISQ-files) was converted to .mhd-files

• .mhd-files were loaded in 3Dslicer and the boundary box was adjusted to the
size of each trabeculae and exported as .asv files

• .mhd-files were cropped to the boundaries obtained from the .asv files in
medtool

• the initial frames from side and frontal video recordings were converted to
.mhd-files

• the offsets of these .mhd-files were determined with a custom written python
script, to center them at the trabecular strut

• the .mhd-files from the side and frontal recording were loaded with the
re-scaled, cropped .mhd-file of the µCT image in 3Dslicer

• the µCT images were manually registered onto the two orthogonal Two-
dimensional (2D) images, using the transform panel in 3Dslicer

• the obtained rotation matrices were saved as .txt files and used to rotate the
µCT images in medtool

• a custom written python script was applied to remove the offset in the .mhd
files, caused by the rotation
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• the rotated, re-scaled µCT images were loaded with the frontal, initial video
recording in 3Dslicer

• the boundary box of the µCT images was set to the upper and lower mean
tracking particle positions in 3Dslicer and saved as .asv files (see figure 3.4)

• the original µCT image were cropped, using the obtained boundary box from
the .asv files in medtool

• the cropped trabecular struts were filtered with a 5×5 median filter in medtool

• the filtered trabecular struts were segmented using the iterative selection
method of Ridler and Calvard [213] to find a single level threshold at the
minimum between the background and bone distribution; unconnected bone
was removed with the FAST approach in medtool

• segmentation quality was verified with overlay plots of mid-plane images from
the binary, segmented images and the original, cropped ones in medtool

Determination of Tissue Mineral Density (TMD)

TMD was determined from µCT scans of a density calibrated µCT100 (Scanco
Medical AG, Switzerland), which were performed as described in the previous
section. Calibration was done using five 6 mm diameter hydroxyapatite cylinders
of known density (0, 100, 200, 400, 800; whereby 800 is measured weekly as control
to ensure actual validity of the calibration). The original .ISQ-files, containing the
scaled Linear Attenuation Coefficients (µscale) at each voxel, were re-scaled to the
physical Linear Attenuation Coefficients (µ, in cm−1) according to [214]:

µ = µscale

4096 (3.1)

Next, the image was converted from the physical Linear Attenuation Coefficients
to TMD (in mg cm−3 of calcium hydroxyapatite (HA)), according to:

TMD = µ kcal + dcal (3.2)
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, where kcal is the slope and dcal the intercept of the TMD calibration and was
taken from the .aim-files of the corresponding .ISQ files. These values cor-
respond to the original calibration of the µCT (kcal = 370.175 mg cm−3 HA,
dcal = −191.025 mg cm−3 HA).

The conversations described above were performed using medtool (v4.3, Dr. Pahr
Ingenieurs e.U., Austria), with the mic plugin, as follows:

• µCT data (.ISQ-files) was converted to .mhd-files

• .mhd-files were cropped to contain the trabecular strut only

• .mhd-files were re-scaled from the scaled Linear Attenuation Coefficients
(µscale) to TMD as described in equations 3.1 and 3.2

• obtained images were filtered with a Gauss-filter (σ = 1, support = 1) and
segmented at a single level threshold of 490 mg cm−3 HA

• the obtained images were converted to a binary mask and used to the
determine the TMD histogram of the trabecular (masked) volume of the
TMD converted images

• a custom written python script was used to calculate average TMD (TMDavg),
standard deviation of TMD (TMDstd) and median TMD (TMDmed)

TMDavg and TMDstd are reported for the used studies described in this thesis.
TMDmed was calculated to verify that TMD was distribution was not skewed
(TMDmed ∼ TMDavg).

Tensile test

Samples were re-hydrated for at least 2 h before testing. In the first test, an epoxy
template was used to check alignment and uniform movement during the tensile
test, before mounting the actual samples. Figure 3.2-E illustrates the tensile test
set-up. This set-up is mounted in a servo-electric load frame (SELmini-001, Thelkin
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3.1. Tensile tests of individual trabeculae

AG, Switzerland), with a nominal step size of 1 µm. Load was recorded with a
10 N load cell (HBM-S2M, Germany, relative error of 0.02 % at full scale output).
Samples were placed in the sample holder with the sharp tweezers. Then, a pre-load
of 0.08 N was applied to align the sample and to ensure contact between the holder
and the sample. The sample clips were carefully turned over the circular end pieces
of the epoxy and gently screwed on. Hereby, care has to be taken to do not fasten
the screws too tight, as this would induce shear forces in the trabecula. The actual
value of the load cell should be monitored during fastening and forces above 0.2 N
should be avoided. After fastening both screws, the frontal plastic part is used to
close the water-bath. The four clamps are used to seal the bath and the eccentric
screw on the bottom is also fastened. Then, HBSS is poured into the water-bath
to cover the sample entirely. Finally, the pre-load is again set to 0.08 N and the
actual experiment can be started.

Displacement and strain determination

Sample displacement was recorded optically with a video camera (UI-3250CP-M-
GL, IDS GmbH, Germany), at 10 Hz, equipped with a KITO-D zoom objective
(mounted on a KITO-ADP-0.5 adapter, Kitotec GmbH, Germany). Figure 3.2-E
illustrates that the camera was set to position 1 for frontal plane recording. For
alignment verification the camera was moved to position 2. Here, an orthogonal
view of the sample could be imaged using a prism. This side alignment check was
only performed at the beginning and at the end of the tensile experiment. Pre-trials
ensured that this procedure allowed a sufficient accurate alignment verification,
without the need of a continuous recording from the side. Images were recorded
using the software µEyeCockpit (IDS Imaging Development Systems GmbH, Ger-
many). The recorded image was centered at the trabecular strut and the image
size was set to 600 pixel × 800 pixel to only contain the trabecula.

After video recording images were processed with ImageJ (1.45 s, National In-
stitutes of Health, USA). First, images were cropped to the region, which only
contains the trabecular strut. Next, the plugin StackReg [215] was used to remove
translational rigid body movement of the whole trabecula. Then, a point tracking
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algorithm (trackpy v.0.3.2 [216], based on the study of Crocker and Grier [217])
was used to determine trajectories of individual particles throughout the image
sequence. Figure 3.3 displays the major steps in strain determination. First, the
algorithm identifies black dots on bright background (see figure 3.3-A) and links
them to trajectories in all frames (see figure 3.3-B). Hereby, dots are assumed as
Gaussian blobs, having a pre-defined particle size. The set particle size has to be in
the range from 9 to 19 to give reliable results for trabeculae and has to be uneven.
Small numbers result in a larger number of recognized particles, but likely give a
decreased Signal to Noise Ratio (SNR), since more data points (and thus noise) are
assumed as potential particles. In contrast, large particle sizes have a larger SNR,
but a smaller number of particles is identified. The best results were obtained with
a particle size of 15. Figure 3.3-C displays the histogram of the identified particles.
In order to remove low intensity particles, that would result in a lower SNR, a
minimum mass (cut-off) can be specified (usually 500 in the present thesis).

Additionally, settings for computation of the trajectories have to be done. The
search range describes the number of pixels that a blob is allowed to move from one
frame to another to be considered as the same particle (3 in the present studies).
Further, the algorithm is capable to consider a particle, which is lost from one
frame to another, but appears again later on, as the same particle. The variable
memory depicts the number of frames a particle is remembered and considered
as the same one (5 in the present studies). The trackpy algorithm uses sub-pixel
resolution, since the centroid (brightness weighted average position) of each blob is
used for tracking. A quick estimation of accurate sub-pixel resolution can be done
by checking if the decimal parts of the x and y positions are evenly distributed (see
figure 3.3-D). If the chosen particle size is too small, then the histogram shows a dip
in the middle (U-shape of the histogram). More precisely, the median uncertainty
of particle location can be estimated from the radius of gyration, the mask size and
the signal-to-noise ratio, according to Savin and Doyle [218]. In the dehydration
study (see chapter 4) the uncertainty was calculated as 0.40 µm.

A custom written python script was used to calculate average displacement and
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Figure 3.3: Digital Image Correlation (DIC). A: Particle identification of black dots
(encircled in red) on the trabecular strut. B: Computation of particle trajectories
over time frames, for each particle, shown in the middle frame. C: Histogram of
particle intensity (mass, in first frame), used to select the threshold of minimum
intensity. D: Estimation of sub-pixel resolution using the histogram of the decimal
parts of the x and y positions.

strain, based on the identified particle locations from the trackpy algorithm. In-
dividual particle-pairs between the top and bottom of individual trabeculae were
automatically selected, based on two parameters: x- and y-length-factor. The
y-length-factor describes the minimum distance, with respect to the largest y-
distance between all particles, two particles have to be separated vertically to be
considered as a particle-pair. Additionally, the x-length-factor is the maximum
value in horizontal direction that two potential particles for pairing are allowed to
be separated. Usage of 0.1 for the x-length-factor and 0.7 for the y-length-factor
resulted in pairs of particles which are almost above each other, without much
horizontal deviation (see figure 3.4-A). Reliable results were obtained if the number
of particle pairs was greater than 10.

The vertical lengths between all selected particle pairs was determined in all frames
and averaged. This vertical length in the first frame was the initial length (l0, see
figure 3.4-B). The change in vertical length (Δl) was determined in all subsequent
frames (see figure 3.4-C). The vertical engineering strain was calculated as:
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Figure 3.4: Strain tracking, alignment and FE-modeling. A: Length connections
between particles at the top and bottom region of the trabecula. B: Visualization
of average length in the initial frame (l0). C: Display of length change (Δl) in
the final frame. D: µCT images were aligned to the initial frontal and side image,
which were recorded with the camera during the experiment. Then, the µCT
images were cropped to the initial trabecular length (l0) from the initial frame. E:
FE-modeling was done with a voxel to element (C3D8I) conversation from µCT
images. All nodes and the top and bottom plane were connected to a reference
node, respectively. The top reference node was moved by 100 µm (all other DOFs
locked), whereas the bottom one was constrained in all DOFs.

E = Δl
l0

(3.3)

Sequentially, an average engineering strain was calculated. In the present study,
engineering strain ( E) and stress (σE) were used. However, as determined ultimate
vertical strains ranged from (3 to 12) %, engineering strain was converted to true,
logarithmic strain ( T) [219], in subsequent studies:

T = ln(1 + E) (3.4)
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Force and stress determination

As outlined in section 3.1.2 usage of a representative cross-sectional area is crucial
for determination of material and apparent mechanical properties. In the current
thesis, volumetric geometry was determined with a µCT (see section 3.1.3 “Micro
computed tomography (µCT) and image processing”). Although care was taken
to align trabeculae along the vertical axis during µCT scanning (see inset in fig-
ure 3.2-A), precise digital alignment according to the initial video sequence of each
experiment was still necessary (see figure 3.4-D). Digital alignment was done using
3DSlicer (v4.1.0r19886, Slicer Community). The µCT image was re-scaled by a
factor 3 and converted to a .mhd-file. Further, the initial frame from the frontal
plane and the first image from the side view were converted to .mhd-files. The
offsets of the .mhd files were modified such that all images were centered at the
trabecular strut. Hereby, the frontal and side image were rotated to be oriented
orthogonal. Then, the µCT image was transformed to be aligned on both images
from the experiment (see section 3.1.3 “Micro computed tomography (µCT) and
image processing”). After that, the µCT image was cropped to the determined
upper and lower mean particle position from the strain tracking (see figure 3.4-D).

The representative cross-sectional area (Aref) was then determined in three different
ways (see figure 3.5). First, the volume of the cropped, segmented µCT image
(yellow in figure 3.5-A) was divided by its length (the initial length l0), giving a
mean cross-sectional area Amean. Second, the segmented slice in the middle position
between the top and bottom of the cropped trabeculae was used to determine the
cross-sectional area Amid (red in figure 3.5-A). Third, the same slice was used to
measure the elliptical major a and minor axis b (see figure 3.5-C) to calculate the
elliptical area Aellip as:

Aellip = π a b

4 (3.5)

The engineering stress σE, based on the force measured with the load cell during
the experiment (Fexp), was then calculated as:
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σE = Fexp

Aref
(3.6)

As true, logarithmic strain was used in subsequent studies, engineering stress was
converted to true stress as [219]:

σT = σE (1 + E) (3.7)
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Figure 3.5: Determination of cross-sectional area. A: The volume of the trabecula
(Vtrab) was determined in µCT images and divided by its length (ltrab) to get
the mean cross-sectional area (Amean). The mid-slice (in the center) was used to
determine the mid-area (Amid). B: Mid-plane in vertical direction, indicating mean
virtual volume (Vmean). C: Mid-plane in horizontal direction, indicating elliptical
area Aellip and Amid.

Determination of apparent mechanical parameters

Load and displacement signals were manually synchronized by detecting the point
of failure in both signals. As suggested by Carretta et al. [171] a simple isotropic
Voce model [220] was used to describe the mechanical behavior of trabecular bone
tissue in the elastic and post-yield region. Since the mechanical properties of
whole trabeculae were determined by curve-fitting, these properties still inherit
a structural influence and are thus described as apparent mechanical properties
(denoted with a ∧). In contrast, variables determined with the rheological model
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are described as material properties. In the linear region, the constitutive behavior
is given by Hooke’s law:

σE = Ê E , if: E ≤ ŷ (3.8)

Hereby, apparent elastic modulus Ê is determined as the slope of a linear regression.
A custom-written python script evaluated the slope, as well as the yield point,
whereby this idea was based on a previous study of Synek et al. [221]. In principle,
the R2 value is determined as a function of the window size of used data points.
The center of the window is in the center of the expected linear region (the first
third of the curve). Increasing the number of used data points in the linear region
results in a decrease of the residuals and a larger R2 value. However, if the data
window is enlarged in the non-linear region, then the residuals increase and lower
the R2 value. This approach was done first towards lower strains from the center
(to find the linear start point). Then, the window was enlarged towards larger strain
values until the maximum R2 value was found. This value was taken as the appar-
ent yield point, since the stress-strain curve showed a non-linear behavior afterwards.

In the post-yield region the constitutive behavior was given by:

σE = σ̂y + σ̂h (1 − e−B̂ pl) , if: E > ŷ (3.9)

Hereby, σ̂y denotes the apparent yield stress, σ̂h the apparent hardening stress,
which is the difference between the apparent stress at failure σ̂u and σ̂y. Plastic
strain ( pl) is the difference between engineering strain ( E) and apparent yield
strain ( ŷ). The apparent hardening coefficient (B̂) was determined in SciPy (V
0.18.0, The Scipy community) using an exponential data fit. The point of failure
was simply defined as the last recorded point before sample fracture. Apparent
elastic (Ŵel) and post-yield work (Ŵpy) were determined with numerical integration
of the stress-strain curve from zero strain to the apparent yield strain ( ŷ) and
from ŷ to û, respectively, using the trapz function of numpy (V 0.18.0, The Scipy
community).
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FE analysis

Pre-processing for FE analysis was done in medtool (v4.3, Dr. Pahr Ingenieurs
e.U., Austria). A voxel-to-element conversation was performed to get hexahedral
C3D8I elements from voxel images of cropped, aligned trabecular struts (see fig-
ure 3.4-D). Further, a template script was used to define the boundary conditions
(BC) according to figure 3.4-E. A kinematic coupling of all nodes of the bottom
plane to a reference node at the center of gravity (COG) in that plane was done.
The same procedure was done for the nodes at the top plane. The bottom reference
node was constrained at all degrees of freedom (DOF). The top reference node was
moved by 100 µm in vertical direction (u3), whereas all other DOFs were constrained.

The actual FE analysis was performed in Abaqus (V6.14, Simulia, Dassault Sys-
tème, France). Medtool was used to capture the reaction force of the bottom
reference node in vertical direction (F3) from the output database. This value was
divided by the applied 100 µm displacement (u3) to calculate the apparent stiffness
and compared to the apparent stiffness from the actual experiment. The relative
error between these two values was calculated and used to correct the used elastic
modulus of 10 GPa to the actual sample specific value.

Influence of trabecular tilt angle on determined stiffness and strength

The influence of the tilt angle of the longitudinal trabecular axis on the determined
mechanical properties was estimated with a simple FE-model. A single linear
quadratic beam element with a circular cross section was used to estimate the
influence of different inclinations (0°, 5°, and 10°) on the determined apparent
stiffness and strength. Hereby, an elasto-plastic material with perfect isotropic
hardening was chosen. Different boundary conditions were investigated, like com-
plete constraint of both beam ends, constraint of translation, but not of rotation,
and constraint of one end, while the other one was free to move. Constraint of both
ends (all rotational and translational DOFs) resulted in a moderate decrease of 10 %
of stiffness and only of 1.4 % of strength at 10° inclination. Free rotation of one end
(while still both ends were constrained in translation) yielded similar results. In
contrast, constraint of only one end, with no constraint of the second end, resulted
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in a different load-displacement behavior (see figure 3.6). Here, apparent stiffness
decreased by almost 50 % if the sample was tilted by 10°. However, strength
was only decreased by 2 %. Taken together, sample alignment is very crucial to
avoid underestimation of stiffness. Moreover, it is essential to provide a consistent,
symmetric fixation to avoid bending of samples.

FEA: elasto-plastic material, one end constrained
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Figure 3.6: Estimation of tilt influence on stiffness and strength with a simple
FE-model. A single linear quadratic beam element was tilted by 0°, 5°, and 10° and
an elasto-plastic material with perfect isotropic hardening was used. The bottom
end was constrained in all DOFs, while the top end was displaced by 1 mm.

Validation of tensile test set-up

The validation of the tensile test set-up was done with PVC samples with a known
elastic modulus of 3.2 GPa. Eight dog-bone shaped samples were CNC milled
(PFK-0203-PX – CNC Router, BZT Maschinenbau GmbH, Germany) from a 1 mm
thick PVC plate to a width of 0.5 mm. Samples were aligned and embedded in
epoxy in silicone chambers in the same way as described for bone samples (see
section 3.1.3 “Sample preparation”). Determination of mean cross sectional area
(Amean), stress and strain, and apparent elastic modulus was done in the same way
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as for bone samples (see sections 3.1.3 “Micro computed tomography (µCT) and
image processing” to 3.1.3 “Determination of apparent mechanical parameters”.
The determined average elastic modulus of the PVC samples was (2.9 ± 0.3) GPa.
Accuracy was calculated as 16 % and determined as the ratio of the root-mean-
square deviation to the mean. Precision was 12 % and determined as the Coefficient
of Variation (CV equals the ratio of the standard deviation to the mean). Giving the
high sample throughput, the obtained accuracy and precision indicates a reliable
measurement set-up. Further, CNC milling resulted in local deviations of the
assumed geometry, which has probably also contributed to deviations of obtained
values of elastic modulus in comparison to the true value.

Statistical analysis

Statistical analysis was performed with R (Version 3.3.2, The R Foundation) [222].
Data was first inspected with histograms, Q-Q plots and then checked for outliers.
As data did not show outliers, the comparison of mechanical parameters was done
with a one-way ANOVA and Tukey honest significant difference (HSD) was used
as a post hoc test. Values below a significance level α of 0.05 were considered as
significant.

3.1.4 Results

Ten individual trabecular specimens were successfully prepared and tested. One
specimen was discarded as it experienced misalignment. Figure 3.7 illustrates the
determined engineering stress-strain curves of all samples, based on the elliptical
area (Aellip). The calculated average stress strain-strain curve is shown in bold and
was calculated with an assumed Voce-model (according to the formulas displayed
in the figure). The mean values (± standard deviation) for the elliptical area, mean
area and the FE analysis are shown in table 3.1. The determined elastic modulus
was significantly different between all three methods. Mean elastic modulus was
(9.9 ± 3.4) GPa for elliptical area, (7.6 ± 2.4) GPa for mean area and (8.2 ±
2.4) GPa for FE analysis. As expected, FE analysis results in larger stress values
than those of an assumed elliptical cross-sectional area, but in lower values than
those obtained from an assumed mean area.
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3.1. Tensile tests of individual trabeculae

As only a linear-elastic FE analysis was used, no further material properties
were obtained with that approach. Tissue strain determined with an elliptical or
mean area were the same, as only stresses and works depend on the cross-sectional
area (see table 3.1). Mean yield strain ( y) was (0.8 ± 0.4) %, mean ultimate
strain ( u) was (9.8 ± 3.8) % for both approaches. Yield stress, ultimate stress
and post-yield work were significantly larger in the elliptical area based approach,
compared to the mean area one. A direct comparison between the calculated
elliptical cross-sectional area (Aellip) with the actual cross-sectional area at the
median slice (Amid) showed that there is no significant difference (p = 0.614).
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Figure 3.7: Stress-strain curves of tensile experiments of individual trabeculae
close to a physiologic environment. Experimental curves are shown bright, the
calculated average curve is shown bold. Equations denote the used Voce-model for
determination of the apparent mechanical parameters (with ∧ for discrimination
of material parameters obtained with the rheological model, see section 3.3 in
subsequent studies). × denotes yield points, ◦ points of failure.
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Parameter Elliptical Mean FE

Ê/GPa 9.9 ± 3.4 7.6 ± 2.4a 8.2 ± 2.4ab

σ̂y/MPa 73 ± 29 59 ± 25 a

ŷ/% 0.8 ± 0.4 0.8 ± 0.4
σ̂u/MPa 169 ± 25 138 ± 24 a

û/% 9.8 ± 3.9 9.8 ± 3.9
B̂ 39 ± 13 39 ± 13

σ̂h/MPa 96 ± 28 79 ± 22
Ŵpy/(MJ m−3) 12.8 ± 5.6 10.3 ± 5.9a

Ŵel/(MJ m−3) 0.3 ± 0.2 0.3 ± 0.2

Table 3.1: Influence of chosen cross-sectional area apparent mechanical parameters.
Mean ± standard deviation are reported. a significant difference to Elliptical, p =
0.001. b significant to Mean, p = 0.001.

3.1.5 Discussion

This is the first study that successfully performed tensile experiments of individual
trabeculae close to a physiologic, wet environment. Tensile tests were performed
in HBSS (pH = 7.4) to mimic a realistic physiologic environment for bone tissue.
Previously, only four studies carried out tensile experiments of individual trabeculae
up to fracture [18, 36, 120, 171]. However, three of those studies [18, 120, 171] tested
in air, meaning that trabeculae were dried out. Only in the study from Hernandez
et al. [36] droplets of HBSS were added onto the samples to stay them hydrated.
The only mechanical property of human trabeculae determined in that study was
ultimate strain as (8.8 ± 3.7) %. In the present study ultimate strain was deter-
mined as (9.8 ± 3.8) % for bovine trabeculae, similar to these previous values. In
contrast, reported ultimate strain values for dried young bovine trabeculae was (5.1
± 2.2) % [171], (5.1 ± 2.4) % [18] for dried human trabeculae and (5.6 ± 6.2) %
for dried 54 week old rat trabeculae [120] (no treatment group). Sequentially,
determined ultimate strain in a wet, physiologic environment is approximately
doubled, compared to dehydrated trabeculae, irrespective of species. Ultimate
strain can be seen as a failure property, which is linked to the ductility, describing
if a loaded trabecula fractures or not [223]. Accordingly, hydrated trabeculae are
able to absorb much more energy, because of the larger deformation, compared to
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dried specimens.

Besides failure properties, dehydration of trabecular bone tissue was reported
to cause significant changes of the elastic modulus (E). For example, Townsend
et al. determined that dehydration causes a transition from a ductile behavior
of hydrated trabeculae (E = 11.4 GPa) to a brittle one (E = 14.1 GPa) in dried
specimens. Similarly, Hengsberger et al. [196] and Wolfram et al. [17] found a
significant difference between the elastic modulus of hydrated and dried trabecular
bone tissue in nanoindentation. These findings highlight the necessity to perform
micro-mechanical experiments in a hydrated state.

In addition, the influence of the cross-sectional area, which was determined with
different approaches, on apparent mechanical properties was performed. So far, it
has only been mentioned that there is a structural influence on obtained material
and apparent mechanical properties [18,120,171] but no direct comparison has been
performed yet. Here, three different approaches were compared: Cross-sectional
area was assumed to be elliptical (determined at the mid slice), calculated as the
mean area (volume divided by its length) and a FE analysis was performed to
back-calculate tissue elastic modulus. A significant (p = 0.001) difference in the
determined tissue elastic modulus was found between all approaches (see table 3.1).
These findings highlight that there is a structural influence of the geometric shape
of individual trabeculae on the material and apparent mechanical properties.

McNamara et al. [120] and Carretta et al. [18, 171] already suggested to use
FE analysis in tensile experiments to overcome this issue. Elastic modulus was
reported as (2.8 ± 2.1) GPa for 54 week untreated rat trabeculae [120], (16.2 ±
2.5) GPa for healthy human trabeculae [18] and (11.8 ± 2.6) GPa for young bovine
trabeculae [171]. Thus, the determined value of (8.2 ± 2.4) GPa in the present
study is comparable to those determined by Carretta et al. for young bovine
specimens [171]. But, there is apparently a large difference in the elastic modulus
between different species.

First studies assumed a circular cross-sectional area [162,178], and later Jirousek
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et al. used an elliptical area [177], whereas Bini et al. assumed a rectangular
one [184]. Reported values for elastic modulus, using an assumed regular geometric
area, ranged from 1 GPa [178] to 10.4 GPa [162]. In the present study elastic
modulus was determined as (9.9 ± 3.4) GPa, assuming an elliptical area. This
value is close to the reported (10.4 ± 3.5) GPa from Rho et al. [162], where a
circular cross-sectional area was assumed and (9.2 ± 1.3) GPa from Jirousek et
al. [177], where an elliptical cross-sectional area was assumed. However, other
studies reported much lower values: Bini et al. reported (1.4 to 1.9) GPa [184]
and Ryan et al. 1 GPa [178] for elastic modulus. In a later study, Yamada et al.
determined an average cross-sectional area using µCT [179]. That study reported
(11.5 ± 5.0) GPa for tissue elastic modulus, compared to (7.6 ± 2.4) GPa, based
on the mean area, in the present study.

Taken together, determined elastic moduli are comparable to values reported
in literature but there is a tremendous variation of those values, even when the
same approach was used to determine the cross sectional area (compare 1 GPa [178]
to 10.4 GPa [162] for an assumed circular cross-sectional area). Sequentially, differ-
ences in the test procedure and the strain recording might play an important role.
Nevertheless, the current study could clearly highlight that there is a significant
difference in reported material/mechanical properties, if different approaches are
used to determine a representative cross-sectional area in the same test procedure.
FE analysis is probably the most reliable method to minimize the structural influ-
ence of the trabecular shape. However, FE analysis also inherits the limitation to
assume bone as a linear-elastic and homogeneous material. Further, FE analysis re-
quires modeling and computational resources, resulting in a more sophisticated and
time-consuming evaluation, compared to geometrically determined representative
cross-sectional areas. An assumed elliptical area in the mid plane gives significantly
lower stresses (ultimate stress and yield stress) and post-yield work, compared to
stresses based on an average mean area. Interestingly, the back-calculated tissue
elastic modulus from FE analysis is almost the average value of the values based on
the mean and elliptical area. Thus, an estimation of back-calculated stress values
can be done by taking the average cross-sectional area from the mean and mid
area approach. Moreover, stress values obtained from the mid area approach can
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be considered as a upper estimation of actual stress values, whereas those from the
mean approach as a lower boundary.

Limitations of the current study are that trabeculae were obtained from a young
bull. Carretta et al. showed that elastic modulus, yield stress and ultimate stress
change significantly in old bulls [171]. Further, a comparison to literature indicates
that there might be a difference in elastic moduli between different species, when
using FE analysis. Thus, it remains to be shown that back-calculated values from
FE analysis are also close to the average value of mean and mid area based values
in mature bulls and, more importantly, in humans. Only one animal was used in
the current study. Thus, more donors should be used in future studies to verify
the found differences in a larger population. Moreover, a direct comparison of wet
and dry trabeculae in the current test set-up would shed more light on the effect
of dehydration on the mechanical behavior of individual trabeculae. Last but not
least FE analysis inherits the limitation of an assumed linear-elastic, homogeneous
material behavior. Implementation of a non-linear material model, like the Voce
model, would enable the back-calculation of further mechanical properties, such as
yield and post-yield properties. However, information about viscosity and damage
would be still lacking. Hence, cyclic experiments with holding periods would enable
a more thorough mechanical characterization of trabecular bone tissue.

3.2 Cyclic tensile testing of individual
trabeculae

As mentioned in the previous section, monotonic tensile experiments are lacking the
possibility to discriminate viscous, plastic and damage properties. Conventionally,
different experiments are needed to determine these additional material properties.
For example, hold-relaxation experiments enable determination of viscous prop-
erties. Loading/unloading experiments can discriminate elastic material behavior
from plastic, damage or viscous contributions. Given that sample preparation
and handling is quite difficult with individual trabeculae (see section 2.7.3) it was
decided to use a loading protocol which enables a comprehensive material character-
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ization of all these properties in a single experiment. Further, the modulus can be
obtained in each loading and unloading cycle to determine potential changes, like a
decrease of modulus because of damage accumulation. Determination of modulus
in the first unloading cycle (before sample yielding) also enables calculation of the
true elastic behavior, without contributions from viscosity, damage or plasticity.

Since trabeculae differ in size and geometry, a sample specific loading proto-
col would be favorable. The cross sectional area was always determined with µCT
measurements ahead of mechanical testing (see section 3.1.3 “Micro computed
tomography (µCT) and image processing”). Thus, a force controlled loading profile
could theoretically be used for engineering stress controlled profiles. However, three
major limitations were encountered with that approach. First, the used servo-
electric load frame (SELmini-001, Thelkin AG, Switzerland) could not perform
well in load control mode, irrespective of the used tuning parameters. Second, the
load protocol would be also influenced by potential errors made during stress deter-
mination. Additionally, the throughput is lower, if the loading protocol has to be
adjusted for each experiment separately. On the contrary, a displacement controlled
experiment is more straight forward to implement. The protocol is always the same,
but the sample geometry has to be almost constant to provide similar stress-strain
responses between individual samples. Further, machine control is much more
efficient and accurate (in case of the used servo-electric load frame). Taken together,
it was decided to use a displacement based loading protocol. As shown in figure 3.8
two different protocols were used in the current thesis. In samples that were tested
until failure fewer cycles were necessary as in those for microdamage induction (see
figure 3.8-A). Here, the holding time in the first loading and unloading cycle was
set to 100 s to ensure almost complete relaxation. In subsequent cycles the holding
time was set to 10 s, to determine incomplete relaxation. This loading protocol
was used in the studies “Elasto-visco-plastic rheological modeling of trabecular
bone tissue” (section 3.3), “Osteoporosis affects mainly morphometry not material
properties in femoral head” (chapter 5) and “Influence of non-enzymatic glycation
on the material properties” (chapter 7). In contrast, in the study “Changes of
material properties with anti-resorptive treatment” (section 6) it was intended to
induce microdamage in a reasonable amount of test cycles. Sequentially, only short
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holding times (10 s) were used and the number of test cycles was increased to 14
(see figure 3.8-B). It has to be noted that these samples had to be displaced much
more, as they showed a much lower modulus than previous specimens.

Cyclic loading - fracture
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Figure 3.8: Cyclic loading profiles, controlled by machine displacement (d). A:
Loading profile for experiments up to fracture. B: Loading profile for microdamage
generation. o denotes the turn points (used for curve segmentation).

3.2.1 Cyclic testing - tensile modulus evolution

Obtained stress-strain curves were segmented into individual cycles (containing
loading, holding and unloading phases), as this information is known from the
used displacement profile (turn-points between loading and holding phases are
marked as “o” in figure 3.8). A custom-made python script was used to obtain
exponential fits (f(x)) for each loading (f(x) = a (1 − e

x
b + c) and unloading phase

(f(x) = a
b

(ebx − 1)) in every cycle. The curvefit function, obtained from SciPy
(V 0.18.0, The Scipy community), was used to perform a non-linear least squares
approach to determine best fits for f(x). Further, the first derivative was calculated
analytically to compute the tangent of the obtained exponential fit (see straight
colored lines in in figure 3.9-A). This tangent was used as the tensile modulus of
each corresponding cycle and to illustrate the evolution of the tensile modulus with
increasing cycle numbers (see figure 3.9-B).

Although the presented loading protocols enable a more detailed mechanical char-
acterization, a reliable evaluation from a single experiment is still challenging.
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Figure 3.9: Determination of tensile modulus evolution in cyclic tensile testing.
A: True stress-strain curve with fitted exponential functions and the tangent in
every loading and unloading cycle. B: Corresponding tensile moduli (dots are color
coded) tor the loading and unloading cycles illustrates the evolution over cycle
number.

One possibility is to determine each mechanical property separately, with curve
fitting approaches. This procedure is rather time consuming and inherently has
the drawback of splitting measurement data apart, e.g. into the envelope curve,
the hold/relaxation part for the viscosity and the loading/unloading parts. A more
elegant way to determine all material parameters at once would be the usage of a
rheological model, as outlined in the next section.

3.2.2 Cyclic testing - envelope curve-fitting

Evaluation of the apparent mechanical properties was performed for cyclic tensile
tests on the envelope curve (see figure 3.10), in the same way as described in
section 3.1.3 “Determination of apparent mechanical parameters” (for monotonic
loading). Hereby, the first loading cycle was used to determine the yield point with
a linear regression in the same way as described previously. Next, the yield point,
the turn points (x in figure 3.10) at the end of the loading cycles and the point of
failure were used to determine the post-yield envelope curve as an exponential fit
using Scipy (V 0.18.0, The Scipy community). An exemplary determination of the
apparent elastic modulus (Ê), apparent yield stress (σ̂y) and strain ( ŷ), apparent
hardening coefficient (p̂), apparent hardening stress (R̂), apparent ultimate stress
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3.3. Elasto-visco-plastic rheological modeling of trabecular bone tissue

(σ̂u), apparent ultimate strain ( û), apparent elastic work (Ŵel), and apparent
post-yield work (Ŵpy) is illustrated in figure 3.10.
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Figure 3.10: Determination of apparent mechanical properties by curve-fitting on
the envelope curve. The cyclic tensile stress-strain curve is shown with the linear
fit, for determination of the apparent elastic modulus and the apparent yield point
(denoted as •). The computed envelope curve describes the post-yield region, until
the point of failure (denoted as •). Apparent elastic modulus (Ê), apparent yield
stress (σ̂y) and strain ( ŷ), apparent hardening coefficient (p̂), apparent hardening
stress (R̂), apparent ultimate stress (σ̂u), apparent ultimate strain ( û), apparent
elastic work (Ŵel), and apparent post-yield work (Ŵpy).

3.3 Elasto-visco-plastic rheological modeling of
trabecular bone tissue

3.3.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been published
in “Biomechanics and Modeling in Mechanobiology” in 2020, entitled “A 2-Layer
Elasto-Visco-Plastic Rheological Model for the Material Parameter Identification
of Bone Tissue”. This paper was written by Andreas G. Reisinger and co-authored
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by Martin Frank, Philipp J. Thurner and Dieter H. Pahr.

Author contributions: Andreas G. Reisinger designed the study, developed
the rheological model and implemented the optimization procedure. The second
author, Martin Frank, who is the author of the current thesis, assisted Andreas G.
Reisinger in the study design and carried out the mechanical experiments and data
processing. Philipp J. Thurner and Dieter H. Pahr supervised the work of Andreas
G. Reisinger and Martin Frank, took part in the study design and supported the
interpretation of the results.

Since the rheological model was only applied in the current thesis, but not devel-
oped, this section focuses on the description and usage of the model. Thus, only
the methodological part is presented here and the interested reader is referred to
the original publication [224] for the actual investigation.

3.3.2 The 2-Layer elasto-visco-plastic rheological model

The model consists of a Prandtl-layer and a Maxwell model (see figure 3.11),
arranged in parallel. The equations are formulated for geometric linear problems
and thus, engineering stress and strain are used. The total stress σmod is calculated
as the sum of the stresses in the two layers:

σmod = σpr + σmx (3.10)

Prandtl-Layer : This layer is composed of an elastic spring, with elastic modulus
Epr, in series with a plastic slider. Thus, the strain of the Prandtl-layer ( ) can
be split into an elastic and a plastic part ( p). The stress in this layer (σpr) is
calculated as:

σpr = Epr ( − p) (3.11)

The plastic slider is defined by a yield condition (f), whose yield limit is expanding
exponentially with equivalent plastic strain (α) [220]:
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3.3. Elasto-visco-plastic rheological modeling of trabecular bone tissue

f(σpr, α) = |σpr| − [σy + (σu − σy) (1 − e−α p)] (3.12)

Here, σy denotes the yield stress, σu the ultimate/failure stress and p the exponential
hardening coefficient. Based on the evolutionary equation, the flow rule, the plastic
flow direction and the consistency condition the final equation for the slip rate (γ)
is obtained as:

γ =


sign(σpr) Epr ˙

Epr+(σu−σy) p e−p α , if f(σpr, α) = 0

0 , if f(σpr, α) < 0
(3.13)

Maxwell Layer : This layer is composed of an elastic spring, with the Maxwell/dynamic
modulus (Emx), in series with a viscous damper, with the coefficient of viscosity
(η). The governing equation is formulated as [225]:

σ̇mx + Emx

η
σmx = Emx ˙ (3.14)

Further, the strain in the damper ( v) is calculated as:

v = − σmx

Emx
(3.15)

Solving of differential equations: The strain ( ) is used as a time (t) dependent
input variable for the 2-layer model. Thus, the stress response in the Prandtl-layer
(σpr) and in the Maxwell-layer (σmx) can be determined independently and added
up to the total stress (σmod, see equation 3.10). Both layers can be solved by using
ODE solvers in the time domain.

Dynamic mechanical analysis (DMA): The pure visco-elastic properties of the
2-layer model can be described by DMA, for comparison with other studies. Hence,
the storage modulus (E ), the loss modulus (E ) and the loss tangent (tan(δ)) are
derived.
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E (ω) =
η

Emx

η(Epr+Emx)
Emx

ω2 + Epr

( η
Emx

)2 ω2 + 1 (3.16)

E (ω) =
η (Epr+Emx)

Emx
ω2 − η

Emx
Epr ω

( η
Emx

)2 ω2 + 1 (3.17)

Based on equation 3.16 and 3.17 the loss tangent, which is the tangent of the phase
shift δ, between strain excitation and stress response is calculated as:

tan(δ) = E

E
=

η (Epr+Emx)
Emx

ω2 − η
Emx

Epr ω
η

Emx

η (Epr+Emx)
Emx

ω2 + Epr
(3.18)

Long-term and instantaneous elastic modulus: Depending on the applied strain
rate ( ˙) the 2-layer model shows different responses. If the model is loaded quasi-
statically the Maxwell-layer has no stress contribution (σmx = 0). The same
response is obtained if the deformation state is hold constant until the viscous
stress contribution is decayed. Sequentially, the total elastic modulus is solely
determined by the elastic spring in the Prandtl-layer (Epr). Thus, this value can
be referred as the long term elastic modulus (E∞). In contrast, application of a
Heaviside step function causes a response in both layers. The total model elastic
modulus is the the sum of (Epr) and (Emx), the instantaneous elastic modulus (E0).
These two values determine the lower and upper boundary for the elastic modulus
obtained at any finite strain rate.

Ultimate stress (σu) is the maximum stress level, which is reached in the Prandtl-
layer during plastic deformation. However, this stress is usually not reached in
the experiments, likely because of material voids or inhomogeneities. Interestingly,
also the theoretical apparent elastic modulus (Ê, see section 3.1.3 “Determination
of apparent mechanical parameters”), which is simply determined as the tangent
modulus of the envelope curve, is sometimes larger than the instantaneous modulus
(E0). This might be related to usage of true vs. engineering stress or experimental
issues.
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3.3. Elasto-visco-plastic rheological modeling of trabecular bone tissue

Material parameter identification

In principle, a set of material parameters q = [Epr, σy, σu, p, Emx, η] has to be
identified, requiring a minimal deviation between the stress response of the 2-layer
model (σmod) and the measured stress in the experiment (σexp). σmod is determined
at discrete time points of σexp and hence, both time series are synchronized.
Sequentially, the goodness of fit can be expressed in terms of the weighted root
mean square error (RMSEw), which is evaluated at the time points (ti) of the time
series (with i = 1...n and n being the total number of time points, as shown in
figure 3.11-A).

RMSEw(q) = 1
n

n

i=1
wi(σmod(q, , ti) − σexp(ti))2 (3.19)

In order to perform a robust and reliable optimization, the weighting factor wi

was determined in pre-tests as 1.0 at highlighted points in figure 3.12-A (and 0
otherwise). Equation 3.19 is used as the objective function for the optimization
process, such that the RMSEw is minimized for q. In short, a reliable start parameter
set q (determined in pre-trials) is selected and a multi-start method is initialized
to determine the optimized material parameter set q∗.

An exemplary evaluation of a cyclic loading experiment with optically measured
strain (see section 3.1.3) and determined stress is demonstrated in figure 3.12.
The effects of neglecting different elements of the 2-layer model is demonstrated
in figure 3.13. Omitting plasticity results in a steady increase of stress, whereas
neglecting post-yield hardening keeps stress constant after yielding. Neglecting the
Maxwell-layer causes loss of energy storage and dissipation. Switching to a linear
hardening law causes a deviation from the actual curve shape (Root Mean Square
Error (RMSE) increases from 2.17 MPa to 5.67 MPa for the shown example).

In summary, the applied 2-layer elasto-visco-plastic rheological model can reproduce
the stress response of individual trabeculae in uni-axial cyclic loading at a high
accuracy. Elastic, viscous, yield, post-yield hardening and failure material properties
are identified in an inverse approach. The proposed model inherits a minimal amount
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l

l

l

Prandtl layer

Maxwell layer

Figure 3.11: 2-layer rheological model. Total stress (σmod) consists of stress in the
Prandtl-layer (σpr) and the Maxwell-layer (σmx). The Prandtl-layer is composed of
a spring (with elastic modulus (Epr)) and a slider (with yield stress (σy), ultimate
stress (σu), and hardening coefficient (p)). The Maxwell-layer is composed of a
spring (with elastic modulus (Emx)) and a damper (with viscosity (η)). The strain
in the slider is denoted as p the one in the damper as v and global strain as .
Image modified from Reisinger et al. [224].

of rheological elements and is able to quantify multiple constitutive effects based
on a single mechanical experiment.

3.4 Microdamage formation in individual
trabeculae during fatigue tests

3.4.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been pub-
lished in “Journal of Biomechanics”, entitled “Microdamage formation in individual
bovine trabeculae during fatigue testing” and co-authored by Julia-Theresa Fischer
and Philipp J. Thurner. This work is further based on the Diploma thesis of
Julia-Theresa Fischer, entitled “Quantification of microdamage formation during
fatigue testing of individual trabeculae”, which was co-supervised and assisted by
Martin Frank.

Author contributions: Martin Frank, who is the author of the current the-
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Figure 3.12: A: Loading profile with with controlled machine displacement (d) over
time (t). illustrate the positions of the RMSE weighting factor (wi = 1.0, which
is 0 at all other positions). B: Input strain signal ( ), measured experimentally,
split into plastic strain ( p) and viscous strain ( v). C: Experimentally determined
stress (σexp) and optimized output stress (σmod) from the 2-layer model, which is
further split into stress in the Prandtl-layer (σpr) and in the Maxwell-layer (σmx). D:
Stress-strain diagram for the experimental (σexp) and simulation based evaluation
(σmod). Identified material parameters (q∗) after optimization, are indicated in the
box. Image modified from Reisinger et al. [224].

sis, contributed to the study design, performed mechanical data processing, data
interpretation, assisted in the modification process of the fatigue test set-up, co-
supervised the work of Julia-Theresa Fischer, and wrote the manuscript. The
joint first author, Julia-Theresa Fischer, developed the fatigue test procedure,
performed the specimen preparation, the mechanical tests, introduced the micro-
damage labeling technique, performed sample microscopy and did the microdamage
evaluation. Philipp J. Thurner performed the study design, co-supervised the work
of Julia-Theresa Fischer and supported the interpretation of the results.
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Figure 3.13: Effects of neglecting different elements of the 2-layer model. A: No
plasticity (σy = inf). B: No hardening (σu = σy). C: No Maxwell-layer (Emx = 0,
η = 0). D: Linear hardening. E: Exponential hardening, model including all
elements. Image modified from Reisinger et al. [224].

The presented work is intended to be used as a basis for microdamage induc-
tion in individual trabeculae. However, because of time issues, a modified form of
microdamage induction (see section 3.2) was used in the study of chapter 6 “Changes
of material properties with anti-resorptive treatment”.

To overcome this time issues, improvements were made in course of the subsequent
Diploma thesis of Omar Kabbani, entitled “Quantification of microdamage forma-
tion during fatigue testing of individual trabeculae”, which was also co-supervised
by Martin Frank, and are described in section 3.4.5 Limitations, improvements,
and outlook.

3.4.2 Introduction

In daily activities, such as walking, bone is subjected to fatigue loading, leading to
the formation of microdamage [50] (see section 2.3). Hereby, linear microcracks,
which have have a preferential orientation, can be distinguished from diffuse damage,
which has no orientation in any direction [50]. In healthy bone, linear microcracks
are removed during the remodeling process [87], whereas diffuse damage is repaired
independently from it [88,89]. However, aging and disease may slow down repair
mechanism and eventually result in stress fractures [91].
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3.4. Microdamage formation in individual trabeculae during fatigue tests

In osteoporosis, bisphosphonates (BPs) are the first line medication to increase
overall bone mass [25]. BPs reduce the resorptive phase of bone remodeling by
reducing the amount of osteoclasts [226], the cells responsible for bone removal
(see section 2.4). Moreover, bone mineralization is increased, but at the cost of
a reduced energy absorption during mechanical loading, eventually leading to an
accumulation of microdamage [226]. This effect has been linked to an increased
risk of so called atypical fractures, like in the femoral strut [54].

Sequentially, knowledge about microdamage formation, detection and repair mech-
anism is of great medical interest. So far, most studies dealt with microdamage
in cortical bone [227–230], although most fragility fractures occur in regions rich
of trabecular bone [7]. The chemical composition of cortical and trabecular bone
is similar, but they are macroscopically and microscopically different [231]. Thus,
microdamage formation was further investigated in trabecular bone [84,232,233].
Trabecular bone is a highly hierarchical material (see section 2.1) and informa-
tion about microdamage was only gained at the structural level so far. Hereby,
only a few large microdamage sites in the central, interstitial bone were respon-
sible for the decrease of stiffness in fatigue tests [234]. However, like in in vivo
loading, statements about the actual load acting on individual trabeculae are
almost impossible because of a large variation of trabecular orientation. Further,
in bending experiments of cortical bone it has been demonstrated that mainly
diffuse damage forms in tensile areas, whereas linear microcracks were dominant in
compression areas [90,235,236]. Interestingly, this has not been investigated for tra-
becular bone tissue, yet. As a result, the goal of the current study was to develop a
fatigue tensile test protocol to investigate microdamage formation at the tissue level.

This approach enables induction of microdamage at a defined tensile stress state,
independently from potential structural influences, like deterioration of trabecular
bone morphology in aged or osteoporotic bone. In that way the morphology, loca-
tion and growth of microdamage in individual trabeculae in solely uniaxial tension
could be investigated. According to previous tests on cortical and trabecular bone
it was hypothesized that (1) diffuse damage is dominantly formed and (2) only in
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a few, large sites in the central region of trabeculae. As this is the first study of
microdamage formation in individual trabeculae, also adaptations of microdamage
classifications had to be performed, based on previous studies of cortical [89,229]
and trabecular bone [232,233]. The presented classification might serve as a basis
for comparison of microdamage at the tissue/material (individual trabeculae or
osteons) and meso (trabecular or cortical bone) scale.

3.4.3 Materials and methods

The second phalanx of a 16-month-old bull was used to obtain individual trabec-
ulae. Sample preparation and testing was done in HBSS at pH = 7.4. Between
preparations steps, samples were stored at −18 °C, wrapped in tissue soaked with
HBSS (pH = 7.4).

Sample preparation

Sample preparation was done as described in section 3.1.3 “Sample preparation”.
Measurement of trabecular geometry and volume was performed with µCT (see
section “Micro computed tomography (µCT) and image processing”) and with
a light microscope (Zeiss Axio Imager, Carl Zeiss AG, Germany). Individual
trabeculae were dived into large or small samples, based if they were smaller or
larger than the mean trabecular volume of 1.5 × 107 µm3. This approach was used
to account for size differences when applying the pre-load (see following section).

Fatigue testing and mechanical data analysis

Mechanical testing was performed displacement controlled with a sine wave of
0.05 mm amplitude at a frequency of 1 Hz (see inset in figure 3.14) on top of a
pre-stress of about 40 MPa until damage formation, but with avoiding failure of
samples. In pre-trials it was determined that selection of this pre-stress allows a
more consistent start value than selection of strain, because of small deviations in
the relation of trabecular length to total sample length. It was aimed to get a strain
amplitude of about 0.5 %, as this value was previously reported in tensile tests of
cortical bone to cause sample failure after 1̃04 cycles [237]. Different approaches
were examined for their feasibility as a stop criterion for fatigue loading. Finally,
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the Number of Cycles (NoC) was used, but differences in the sample size required
a consideration of that issue. Thus, the pre-load was set depending on the size of
the samples. A pre-load of 1.0 N was applied for large trabeculae and 0.8 N was
applied for small ones. After setting the pre-load, the position was hold constant
for 60 s to allow sample alignment and viscous relaxation. Then, the sine wave was
applied for 1000 cycles. Since viscous effects were still present in the specimens
consisting of epoxy and bone , the load decreased over time, making it necessary
to increase the load by 0.1 N after every 1000 cycles. The largest NoC was chosen
as 3000, since trabeculae fractured slightly above 3000 cycles, as determined in
pre-trials. 1500 cycles were found to correspond approximately to the beginning of
microdamage formation and thus, were used as the lowest NoC. In order to show
the progress of microdamage formation, 2100 cycles were used as an intermediate
step.

Stress-strain determination was done as described previously (see section 3.1.3
“Determination of apparent mechanical parameters”). At the beginning and end
of each 1000 cycle subset 100 cycles were recorded with a video camera to per-
form an optical strain measurement (see section 3.1.3 “Displacement and strain
determination”). The force measurement was done continuously and converted to
engineering stress, based on an assumed elliptical cross-sectional area (for details
see section 3.1.3“Force and stress determination”). Elastic modulus, and stress
and strain amplitude were determined for each cycle and monitored over NoC. A
selected stress-strain diagram for 14 cycles can be seen in figure 3.14.

Fluorochrome labeling, preparation and microscopy of microdamage

Labeling of microdamage was done with fluorochromes. Trabeculae were stained
before fatigue testing, to monitor pre-existing damage (in red), and after testing
to label induced microdamage (in green), according to a previously established
protocol for subsequent microdamage staining [228]. Trabeculae were stained in
5 × 10−4 mol dm−3 Alizarin Red S (0.1711 g in 1 L distilled water; Sigma-Aldrich,
MO, USA) for 4 h in a vacuum desiccator. After that, samples were washed three
times in distilled water for 3 min. Then, trabeculae were subjected to fatigue
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Figure 3.14: Left: Stress-strain diagram for fatigue loading, shown for 14 cycles.
The violet color fades out with increasing cycle number, to better indicate different
cycles. Right: Sine wave as excitation signal. • marks the turn-points and hence,
illustrate the minimum and maximum stress-strain values of each cycle.

loading. Directly after testing, samples were put in 5 × 10−4 mol dm−3 Calcein
(0.312 g in 1 L distilled water; Sigma-Aldrich, MO, USA) for 4 h in a vacuum desic-
cator. Next, samples were washed three times in distilled water for 3 min. Samples
were dried in air with a paper tissue and fixed on microscopy glass slides with
epoxy glue (UHU Endfest 300, UHU, Germany). Specimens were left at ambient
conditions (in a black box to protect the fluorochromes from light) for 16 h to allow
the epoxy to harden. Hardened samples were then put on an ultra-miller (Leica
SP2600, Leica, Germany) and milled to a smooth surface for high quality images.
Since ultra-milling induced some scratches, specimens were additionally polished
to provide a flat, even surface.

Visual inspection of microdamage was done with Confocal Laser Scanning Mi-
croscopy (CLSM). A confocal Zeiss Axiolab microscope was used, equipped with
a laser and operated with Zeiss ZEN Black software (Carl Zeiss AG, Germany).
Samples were first visualized with a 10× and a 20× objective (EC Plan-Neouar
20x/0.50 M27), to detect sample orientation and potential microdamage. A more
detailed inspection was done with a 100× objective to distinguish damage and
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cracks from lacunae and other micro-structures of bone. After that, images were
taken with the 20× objective (resolution x-y: 0.6 µm, z: 3.0 µm) to perform the
actual microcrack analysis.

Image data analysis

Image data analysis (taken with the 20× objective) was done with ImageJ (1.45 s,
National Institutes of Health, USA). Analysis was done in 3D confocal images and
in selected 2D images, for comparison to literature (as most studies only report
data for 2D-analysis). In 3D-analysis image sequences were split into z-stacks to
analyze 2D-planes individually and to combine analysis results to 3D data. For
2D analysis the first slice, where microdamage was present, was selected, together
with a randomly selected one. As the actual microdamage analysis was done in 2D
slices, this procedure is described for both, 2D and 3D analysis, in the following
section.

First, the bone area (BA) was determined as the Region of Interest (ROI) us-
ing the polygon tool in ImageJ (see figure 3.15-A). Here, the boundary of the
curvature was determined as the onset point by drawing tangents (shown in blue)
on the trabecular strut and the residual bone. This was done in the first and last
image of the image sequence and added to the ROI-Manager. The ROI-Manager
was used to interpolate the ROIs in-between those slices. Microdamage was deter-
mined only in the green channel (as no microdamage was seen in the red channel).
Images were segmented using the triangle threshold method [238], as implemented
in ImageJ. The amount of microdamage was subsequently determined by calcu-
lating the number of segmented pixels and converted to the damage area (Dx.Ar)
for each slice, as pixel size was known from CLSM. Next, the damaged volume
(Vtot) was calculated, as the height of the z-stacks was known for each z-stack
from CLSM. Microdamage was further categorized either as linear microcracks or
as diffuse damage. Linear microcracks are typically much smaller (∼2 orders of
magnitude) in one direction, compared to the other two directions. Diffuse damage
is simply any damage, which has no preferred orientation [50]. If no linear cracks
were observed in one sample, than all damage was accounted as diffuse damage
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volume (Vdiff). Otherwise, the damage volume of linear microcracks (Vlin) was
determined by fitting an ellipse in each slice containing a linear microcrack (see
figure 3.15-B). Microcrack length was measured as the major axis of the ellipse
and the width as the minor axis, using the straight line tool in every visible slice
in ImageJ. In contrast, diffuse damage volume was determined by subtraction of
linear microcrack volume from total damaged volume (Vtot, see figure 3.15-C for
marked diffuse damage). The damaged volumes were put in relation the trabecular
volume (Vtrab, which was calculated as the elliptical cross-sectional area times
trabecular length) to determine the damage densities (damage density (Dx.Dn),
linear microcrack density (Cr.Dn), and diffuse damage density (Df.Dx.Dn).

100 µm 100 µm100 µm

A B C

Figure 3.15: Determination of damage area. A: Determination of trabecular area
with onset points (tangents in blue) for boundary lines (in yellow). B: Measurement
of linear microcracks with an ellipse. C: Marked diffuse damage area with a polygon.
Note that determination of diffuse damage was done by subtraction of linear damage
from total damage.

Statistical analysis

Statistical analysis was done in SPSS (Version 26, IBM, US). Normality of data
was analyzed using a Shapiro-Wilk-Test and found to be not normal distributed.
Sequentially, a Kruskal-Wallis-Test for N variables (3D analysis) and a Mann-
Whitney-U-Test for two variables (2D analysis) was used. The significance level
(α) was set to 0.05. Additionally, the effect size (d) was calculated to predict the
effect of found significant differences.
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3.4.4 Results

In total 21 samples were tested successfully in fatigue loading. Seven samples
were stopped after 1500 cycles, six after 2100 cycles and eight after 3000 cycles.
The average mean strain of samples tested for 3000 cycles was (0.38 ± 0.27) %
with a strain amplitude of (0.23 ± 0.11) %. The corresponding mean stress was
(56.4 ± 29.4) MPa with a amplitude of (37.6 ± 12.4 ) MPa. Interestingly, larger
stress amplitudes were not associated with larger amounts of microdamage, in
the range studied here. Two samples could not be included in the microdamage
evaluation (one of 1500 cycles and one of 3000 cycles) because of issues with the
sample preparation after testing.

Two samples had to be excluded from data analysis (one from 1500 cycles and one
from 3000 cycles) because of issues with sample preparation and staining. In addi-
tion, four non-tested trabeculae were analyzed for microdamage in the same way
as trabeculae tested in fatigue loading. This procedure verified that microdamage
was only induced during the fatigue loading process and not already present before
or induced during sample preparation. However, to completely exclude pre-existing
damage, all samples were also stained before fatigue loading in red. In course of
the present study no pre-existing microdamage was observed in any trabeculae.
Figure 3.16 illustrates representative samples for 1500, 2100 and 3000 cycles.

3D microdamage analysis

Almost no microdamage was visible in trabeculae tested for 1500 cycles. In more
detail, no microdamage at all was visible in four samples, and two samples indicated
microdamage initiation. In each of those two samples one linear microcrack and
one diffuse damage area were observed. Compared to measurements of larger
number of cycles (2100 and 3000), geometric measurements, like crack length and
damage area, were small. Four samples tested for 2100 showed microdamage, but
two samples illustrated no microdamage at all. Three out of those four samples
indicated a larger number of linear microcracks, compared to the number of diffuse
damage areas. The other sample did not show any linear microcrack. All samples
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200 µm 100 µm

A B C1500 cycles 2100 cycles 3000 cycles

100 µm
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Figure 3.16: Microdamage formation shown for different cycle numbers. Pre-
existing damage is labeled in red, induced microdamage in green. A: At 1500 cycles
almost no microdamage is visible. B: At 2100 cycles microdamage is evolved locally.
C: At 3000 cycles microdamage is enlarging so much that trabeculae are usually
close to the point of fracture. Bottom: Maximum intensity projection (MIP) of a
different sample with magnified area of crack opening at the trabecular surface.

that were tested for 3000 cycles demonstrated microdamage formation, whereby
two samples indicated linear microcracks and five diffuse damage only. On average,
linear microcracks were measured 100 µm in length and 9 µm in width in the present
study. In contrast, diffuse damage was always wider than 30 µm.

Figure 3.17-A demonstrates the development of microdamage with increasing
number of test cycles for 3D analysis. However, the linear microcrack density
increases from 1500 to 2100 cycles, but decreases from 2100 to 3000 cycles (not
significant, p = 0.507). In contrast, diffuse damage density increases continuously
from 1500 to 2100 to 3000 cycles (p = 0.076). Diffuse damage density is larger
than linear microcrack density in all cycles, but this difference is only significant
at 3000 cycles (p = 0.001). Interestingly, all microdamage sites were connected
with small straight cracks to the trabecular surface. Especially at 3000 cycles crack
opening was visible at the trabecular surface, while the majority of diffuse damage
was located in the central region of the trabeculae (see inset in Figure 3.16–C).
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Figure 3.17: Damage density (Dx.Dn), dependent on the number of fatigue cycles.
A: 3D analysis. Diffuse damage (Df.Dx) density is increasing with number of cycles.
Linear microcracks (Cr.) increase from 1500 to 2100 cycles, but decrease again to
3000 cycles. B: 2D analysis. Diffuse damage and linear microcracks show the same
behavior as in 3D analysis. However, relative damage densities are much larger
(factor 3-4) than in 3D analysis. Significant differences (p < 0.05) are marked with
bars and actual p-values are provided on top. Illustration of used boxplot styles
(symbols and outliers) is given in figure 2.9.

2D microdamage analysis

Although 3D analysis is preferable, since information about the whole trabeculae is
included, 2D analysis was performed additionally as it is more common in literature.
In principle, the same effects as seen in 3D microdamage analysis were observed
in 2D analysis. Figure 3.17-B demonstrates that there is a significant increase in
diffuse damage density with increasing number of cycles (p ≤ 0.001). As seen in
3D analysis, linear crack damage density increases from 1500 to 2100 cycles but
decreases again at 3000 cycles (p = 0.092). Compared to 3D analysis, damage
densities appear larger in 2D analysis, but differences were only significant for
diffuse damage at 3000 cycles (p = 0.003).

3.4.5 Discussion

A fatigue tensile test approach for induction of microdamage in individual trabecu-
lae, close to a physiologic environment, was successfully developed. A maximum
strain of (0.61 ± 0.37) % was determined on average, with a corresponding maximum
stress of (93.9 ± 40.4) MPa for 3000 cycles. Previously, tensile fatigue tests on corti-
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cal bone reported 0.5 % for 10 000 cycles [237], 68 MPa for 1000 cycles and 51 MPa
for 10 000 cycles [239] until failure. In literature, creep was determined as an impor-
tant failure mechanism in cortical [240] and trabecular bone [51,241–243], especially
if stress is high and number of cycles low [239,244]. However, in the present study
recorded strain indicated even a slow decrease ((1.7 × 10−6 ± 8.2 × 10−6) s−1) and
the contribution of creep to microdamage accumulation may be negligible [242,245].

As expected from a theoretical point of view [50] fatigue loading caused a moderate
induction of microdamage for low number of cycles (1500 to 2100), but resulted
in a rapid increase of microdamage density close before fracture (3000 cycles).
Figure 3.17 illustrates the damage density evaluated in 2D and 3D image data.
It becomes obvious that diffuse damage is the major type of microdamage. In
contrast, linear microcracks show the largest density at 2100 cycles, both in 2D
and 3D analysis. This might be related to the rapid increase of diffuse damage at
3000 cycles, which could mask linear cracks, if diffuse damage occurs nearby. A
significant increase of total damage in 2D-analysis (p ≤ 0.001) but not for 3D (p
= 0.09) was seen from 2100 to 3000 cycles. The increase in microdamage from
1500 to 2100 cycles was not significant in 2D- and 3D-analysis and might be caused
by the plateau-phase of microdamage development, as described previously [50].
However, a direct comparison of obtained values for microdamage densities in
individual trabeculae is limited, since this is the first study that performed such
measurements. Nevertheless, values can be compared to studies where trabecular
networks or cortical bones were tested.

In literature, most studies performed compression tests on cancellous bone cores [232,
234] or cortical bone [227–230] for microdamage induction. In compression loads
linear microcracks were found to be the dominant type of microdamage, whereas
diffuse damage was dominant in tensile loaded cortical bone areas [90]. Similarly,
mainly diffuse damage was observed in the present tensile fatigue loading test.
Diffuse damage density was significantly larger at 3000 cycles (p = 0.001 in 2D and
3D) than linear microcrack density. In the current study microdamage was mostly
concentrated in one to three large regions in the trabecular center of samples loaded
for 3000 cycles, as previously reported in cancellous bone [234]. Surprisingly, all
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damage sites were connected to the trabecular surface with small straight cracks
(see Figure 3.16-C). The diffuse damage area increased significantly from 2100 to
3000 cycles, without initiation of new damage sites (occurred only in one sample).
Thus, it was speculated that initiation of damage started at the trabecular surface
mainly with straight cracks and grew towards the central region, where mainly
diffuse damage was accumulated. However, this has to be verified with sequential
staining techniques as reported for cortical bone [228].

Given the small size of individual trabeculae, the amount of induced microdam-
age was rather small, compared to whole trabecular networks or even compact
bone. Sequentially, conventional evaluation of microdamage proved to be be hardly
possible for individual trabeculae. For instance, linear microcrack density (Cr.Dn
in #/mm2) is frequently reported in literature [85, 227, 229, 230, 232]. However,
microcrack number (Cr.N in #) was usually one or two in the current study per
trabeculae (average area of 0.08 mm2), resulting in non comparable values of Cr.Dn
of (10 to 30) #/mm2, compared to (0.1 to 0.5) #/mm2 [229]. In the present study
it was intended to induce at least one crack per trabeculae, whereas cracks are more
heterogeneously distributed over several trabeculae in bone cores. Further, the
exact definition how to measure a linear microcrack was so far not well established
in literature. Linear microcracks were simply measured from tip to tip [85,227,229],
assuming to have sharp borders and a straight orientation. In reality, linear cracks
can be shaped straight, curved, or mixed-shaped [93]. Thus, the tip to tip method
is only feasible for straight linear cracks. Further, the width of linear microcracks is
usually neglected. Hence, Taylor et al. made an effort to establish a 3D measuring
technique for linear cracks by fitting an ellipse on cracks [246]. Based on the findings
from Taylor et al. [246] and Fazzalari et al. [93] an attempt was made in the present
study to unify measurements. Linear microcracks were measured with ellipses
(in all confocal planes) from tip to tip, if they appeared perfectly straight, but
with a number of short ellipses following the run of the crack if they appeared curved.

Using this approach, linear microcracks were on average 93 µm long and 9 µm wide.
In comparison linear microcrack length was reported as 80 µm [83], 50 µm [84], and
71 µm for young and 90 µm for old bone [85]. Surprisingly, reported values are in
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the range of (50 to 100) µm, despite of being not well defined and determined with
potentially different measurement techniques. Possibly, most linear microcracks
were indeed straight, resulting in the same outcome if different measurement tech-
niques were applied. Nevertheless, the proposed elliptical fitting method should be
used to ensure comparable results, especially if cracks are curved.

Determination of diffuse damage density (Df.Dx.Dn) has been first described
by Vashishth et al. as the percentage of damaged area in relation to bone area [233].
Further studies used similar approaches to report diffuse damage density either
in percentage or as absolute values (diffuse damage area in relation to bone area:
Df.Dx.Dn = Df.Dx.Ar/BA in mm2 mm−2 or %) [87, 247,248]. However, a detailed
description of the actual measurement of the damage area or the bone area is
lacking. Sequentially, an attempt to measure diffuse damage area with polygons
was first suggested in the present study. However, as only linear cracks and diffuse
damage were present, it was found to be more convenient to first measure linear
microcracks with ellipses and sequentially subtract those areas from total damaged
area. This approach can be also applied if cross-hatch damage is present, as this can
be measured using the polygon approach and finally subtracted from total damage.
Taken together, a more detailed reporting of actual measuring approaches would
ease comparison between different histological microdamage evaluation studies.
The methods presented in the current study can serve as a reference, as these are
also valid for individual trabeculae and thus, small areas, which are more sensitive
to imprecise area determination.

Interestingly, also the diffuse damage density was smaller (Df.Dx.Dn = 4.43 %
for 2D at 3000 cycles), compared to previous studies. Vashishth et al. reported
15.0 % diffuse damaged area for males and 10.0 % for females in vertebral bone [233].
Parsamian et al. determined diffuse damage area in the range of (4.0 to 9.0) %
in human vertebral cancellous bone [247]. Diffuse damaged area in rat ulnae was
determined as 4.9 % for 3000 cycles and 7.1 % for 4500 cycles [87]. Sequentially, de-
termined values in the present study occur at the lower range of previously reported
values for diffuse damage density. Possible discrepancies are the different scale
(individual trabeculae vs. trabecular networks), fatigue test induced microdamage
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vs. in vivo formation and different histological methods. The major influence
might be that only the trabecular strut was evaluated in the current study (as
stress is assumed to be homogeneous in that region), neglecting the curved regions,
which are included in the analysis of trabecular networks. Especially at the curved
transition from the trabecular strut towards neighboring bone stress might be
locally elevated, causing microdamage formation.

A direct comparison of 2D- and 3D-analysis demonstrated that the overall trend
of damage density, dependent on the number of cycles, is very similar. However,
more linear cracks were counted in 2D-analysis than in 3D. Cracks might appear as
linear in 2D images, but could develop into diffuse damage if the whole damage area
is observed in 3D. This effect was indeed recognized in some cracks in course of the
present study (see figure 3.18). This highlights the need to perform microdamage
classification in 3D confocal images, as already suggested previously [93,249]. Espe-
cially, Fazzalari et al. pointed out the advantages of a volumetric analysis [93], but
the majority of microdamage evaluation was and is done in 2D sections. Confocal
light microscopy is a powerful tool to determine 3D microdamage, but also inherits
some drawbacks. Specific fluorochromes have to be used to be excited with a
laser. Further, the sample surface has to be extremely flat, as rough surfaces
cause irritations (scattering and reflection) of the excitation and emission light.
Last but not least, confocal images are usually analyzed as 2D-stacks, since the
vertical resolution is almost one order of magnitude lower, than the horizontal
one (several µm compared to ∼0.1 µm). 3D-analysis of microdamage has also
been performed with barium-sulphate labeled bone in µCT measurements, at a
resolution of 10 µm [250]. This technique enables in situ volumetric analysis, but at
the cost of a reduced resolution. Thus, discrimination between actual microdamage,
diffuse or linear and other porous structures might be challenging.

Limitations, improvements, and outlook

Several limitations were encountered during this study. First, only 21 trabeculae
could be tested in tensile fatigue loading. Especially a rather long test time of
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Figure 3.18: Confocal images of microdamage in 2D and 3D images. A: 2D confocal
slice of a sample tested for 2100 cycles. Representative areas are marked with 1,
2 and 3. B: 3D volumetric confocal image obtained from the same sample as in
A. Corresponding areas are also marked with 1, 2 and 3. Area 1 indicates diffuse
damage, area 2 a linear microcrack, and area 3 appeared as multiple linear cracks
in 2D, but was determined as one linear crack and mainly diffuse damage in 3D.

4 h per sample was the limiting factor. In a subsequent study, issues in sample
relaxation were identified to cause a drop in force that caused pausing after 1000
cycles and the need to manually increase the pre-load, to avoid a further decrease
of force. In this follow-up study it was determined that the position obtained after
applying the pre-load should be hold constant for 1 h to ensure complete relaxation.
Sequentially, sample testing could be performed continuously for 50 min, without
the need to increase the force every 1000 cycles. In that way, also the number of
tested samples could be increased. Second, in the current study no clear correlation
between a decrease of the tissue elastic modulus, and increasing microdamage could
be observed, as proposed previously [50]. Nevertheless, half of the samples showed
a decrease of the elastic modulus in the current study. Especially difficulties in
strain measurement, because of the low strain amplitudes, could be responsible for
these discrepancies. Third, the stop criterion could be defined more objectively, if
a specific decrease of the elastic modulus could be used instead. An attempt to
perform a more sample specific loading was done in a subsequent study. Here, the
applied load amplitude was based on the cross-sectional area of each trabeculae. A
linear regression was used to convert the displacement driven loading to pseudo-
stress based loading. Viscous effects of the epoxy-bone specimens (see figure 3.19)
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caused a drop of force over time. Thus, after every 1000 cycles new displacement
limits were extrapolated in that study, to ensure that the load stayed within the
desired boundary (here (0.4 to 1.2) N). To avoid these necessary adaptations of
force in total, a new approach was developed (see figure 3.20). Here, the sample was
hold constant at the maximum displacement value for 1 h to get rid of relaxation.
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Figure 3.19: Adjustment of displacement in fatigue tests. A: The load signal
decreases over time because of relaxation. B: New displacement limits for the
desired (0.4 to 1.2) N load amplitude are extrapolated in the corresponding load-
displacement diagram. C: In the next cycles (1000 to 2000) the newly determined
displacement limits are chosen, but the load decreases again.
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Figure 3.20: Constant holding ahead of testing in fatigue tests. A: The load signal
decreases over time because of relaxation. B: After constant holding of the sample
at the upper displacement limit for 1 h almost no relaxation was present anymore.
C: The corresponding load-displacement diagram illustrates a very stable behavior
over 1000 cycles.

As a further stop criterion also a visible formation of microdamage, seen as whiten-
ing of the bone, could be used. Here, young and healthy bovine trabeculae were
tested, which might react differently than human osteoporotic samples. However,
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the overall goal was the development of the fatigue test approach and obtained
microdamage parameters are in accordance with previously reported values.

Taken together, a novel test procedure was successfully developed to determine
microdamage formation in individual trabeculae in tension. Mainly diffuse damage
was induced with increasing number of cycles. Further, only a few microdamage ar-
eas were generated in individual trabeculae that grew with increasing cycle number,
instead of inducing new sites. Although 2D- and 3D-analysis yielded similar results,
3D-analysis is preferable to reliably discriminate the different types of microdamage.
The presented microdamage classification might serve as a reference method in
upcoming studies not only at the tissue/material level, but also at the meso-scale.
In future, potential changes of the fatigue behavior of aged, osteoporotic or BP
treated trabecular bone at the tissue/material level, independent of structural
effects are now accessible.
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CHAPTER 4
Dehydration causes transition

from ductile to quasi-brittle
failure mode

“The University of Nebraska says that elderly people that drink beer
and wine at least four times a week have the highest bone density. They
need it - they’re the ones falling down the most”
Jay Leno

4.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been published
in the “Journal of the Mechanical Behavior of Biomedical Materials” in 2018, enti-
tled “Dehydration of individual bovine trabeculae causes transition from ductile to
quasi-brittle failure mode” and co-authored by Dorothee Marx, Vedran Nedelkovski,
Julia-Theresa Fischer, Dieter H. Pahr and Philipp J. Thurner.

Author contributions: The first author and author of the current thesis, Martin
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Frank, wrote the manuscript, performed the development and refinement of the
test set-up, all mechanical tests, data processing and data interpretation. Dorothee
Marx developed the original test set-up, for tensile tests of cortical bone, close to a
physiologic environment, which was further modified by Martin Frank for tensile
tests of individual trabeculae. Vedran Nedelkovski took the electron microscopy
images for fracture surface analysis and contributed in the data interpretation of
fracture surfaces. Julia-Theresa Fischer contributed in optimization of the test set-
up and the sample preparation. Dieter H. Pahr and Philipp J. Thurner designed
the study, supervised the work of Martin Frank and supported the interpretation
of the results.

4.2 Introduction
Bone is a highly hierarchical material, whose mechanical characterization is im-
portant at all levels, as already outlined in section 2.7. Age [31, 251, 252], dis-
ease [9,61,252] and treatment [29,122,253] cause changes of bone at different levels,
compared to the healthy state. Hereby, it is known that bone is altered at the
structural [254–257] as well as at the sub-tissue level [31,61,256]. However, there is
not much known about possible changes at the tissue scale, the level of individual
trabeculae. Here it is of great interest to determine the mechanical properties of
healthy and altered trabeculae, to link the observed changes at the structural level
to the sub-tissue scale.

So far, determination of mechanical properties of individual trabeculae has been
mostly performed in a dry environment (air), because of easier sample testing. For
example, three-point bending [18,119,171–176], tensile [18,36,162,171,177–179],
buckling [66,180] and four-point bending [181] tests have been performed on indi-
vidual trabeculae (see section 2.7.3). But, in its natural state bone is encompassed
by body fluid [258], which is mainly composed of water. Further, also trabecular
bone tissue itself is composed of 27 % water [62]. Sequentially, known mechanical
properties of individual trabeculae were mainly obtained from a non-physiologic
test environment, so far. This leads to the assumption, that reported material and
apparent mechanical properties might deviate from true, physiologic values. Indeed,
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Townsend et al. have already shown that tissue elastic modulus of individual
trabeculae increases significantly in dehydrated samples [66]. Similarly, at the
sub-tissue scale the elastic modulus of lamellae, measured with nanoindentation,
has also been reported to increase significantly in dried specimens [16,17]. At the
scale of trabecular bone cores dehydration caused a significant increase in apparent
elastic modulus, accompanied by significant shrinkage [65].

Taken together, there is a clear need to determine mechanical properties of in-
dividual trabeculae in a wet, physiologic environment. Previous studies focused
mainly on the elastic tissue properties, like the elastic modulus. This value is
especially important for numerical simulations, such as FE analysis. In contrast,
post-yield properties, such as stress and strain at failure and post-yield work are
more relevant in clinics, as these values quantify the ability of the trabecula to resist
fracture. So far, only a few studies determined the point of failure in individual
trabeculae [18, 36, 171]. Hereby, tensile experiments are superior to other tests,
such as three-point bending or compression, because of a defined, homogeneous
stress state, ideal for material characterization (see section 2.7.5). In previous
micro-tensile tests two major limitations were identified. First, because of the
small scale, sample handling is difficult and results in damaging of samples during
preparation and testing [12,184]. Second, it is known that there is a large biological
variation of obtained material and apparent mechanical properties [259]. Thus, it is
essential to measure a large amount of individual trabeculae to obtain a sufficient
amount of reliable values of mechanical properties.

Aim of the current study was to determine the mechanical properties of indi-
vidual trabeculae in tension, close to a physiologic environment and in air (for
comparison). Hereby, a sufficient throughput of tested samples was necessary
because of the large biological variation. It has been hypothesized that dehydra-
tion causes a different failure mechanism because of differences in microdamage
accumulation.
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4.3 Material and methods

4.3.1 Sample selection

The second phalanx of a 16-month-old bull was obtained from a local butcher
within 1 h after death, wrapped in tissue soaked with HBSS and stored immediately
at −20 °C. Individual trabeculae were randomly assigned to the wet or dry group.
In total, 40 samples were prepared for tensile testing (20 for each group).

4.3.2 Sample preparation and mechanical testing

Sample preparation of individual trabeculae was performed according to section 3.1.3
“Sample preparation”. Tensile testing and strain determination were done as reported
in sections 3.1.3 “Tensile test” and 3.1.3 “Displacement and strain determination”.

Tensile tests were done displacement controlled (displacement rate of 0.01 mm s−1),
with a linear ramp until fracture. As mentioned in section 3.1.3 “Tensile test”, a
pre-load of 0.08 N was applied to facilitate sample alignment. After verification
with the video camera, the actual tensile test was started and stopped after sample
fracture.

4.3.3 Determination of mechanical properties and TMD

Determination of sample geometry was done with µCT measurements, as described
in section 3.1.3 “Micro computed tomography (µCT) and image processing”. Hereby,
the mid cross-sectional area Amid was used to calculate true stress σT, according
to section 3.1.3 “Force and stress determination”. Subsequently, determination of
apparent mechanical properties was performed as described in section 3.2.2. TMD
was determined as mentioned in section 3.1.3 “Determination of Tissue Mineral
Density (TMD)”.

4.3.4 Full field strain determination

Full field strain maps were determined with GOM Correlate (GOM GmbH, Ger-
many). Vertical (y) strain was calculated using a facet size of 25 and an overlap
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of 13. The region used for full field strain maps was confined to the top and
bottom borders obtained from optical strain tracking with trackpy (see section 3.1.3
“Displacement and strain determination”). Obtained strain maps were illustrated
by applying the GOM-6-color map. To exclude outliers in the display, a 3-sigma
filter scale was used. In principle, data that lied within three standard deviations
(∼99.7 %) was shown. Additionally, the average strain ( avg) and the standard
deviation of the strain map ( std) were displayed, together with the corresponding
histogram. It has to be noted that obtained values for avg were mostly lower than
the corresponding global strains ( T), determined with the point tracking algorithm,
because of losing of facets in full field strain tracking at large strains ( > 10 %).
The local point in the strain maps, where the trabecula is going to fail, was further
labeled manually as fract. In those cases, where facets, containing the region of
failure, were lost, the closest point to this region was labeled instead.

4.3.5 Whitening

The whitening effect has been first linked to microdamage formation in trabec-
ular bone by Thurner et al. [260] and was further analyzed in subsequent stud-
ies [167,172,174,175]. In the present study, the bone area was partly masked by
the applied speckle pattern. Hence, the speckled area had to be excluded from
data analysis, to only analyze the visible bone area. Further, because of large
strains at failure ( u ∼10 %), the visible bone area increased with increasing strain.
Sequentially, the originally suggested algorithm for whitening detection [260] had
to be replaced by a new procedure that accounts for these issues. A custom written
python script was used to perform image processing and detection of whitening
(see figure 4.1 as operation chart).

First, the mean position of the top and bottom particles, which were used for
strain tracking (see section 3.1.3 “Displacement and strain determination”), was
loaded. Then, the original images were cropped according to the top and bottom
positions used for strain tracking for each frame, respectively (see figure 4.1-A).
Then, a mask was applied on each image to consider bone only. As such, images
were segmented using the Otsu method in python [261], for each image individually.
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Next, the histogram was determined for each image, considering only the masked
area (see figure 4.1-B). The histograms are illustrated for the first (left) and last
(right) frame for the masked, trabecular area (green in A) and the dark speckle
pattern. As mentioned above, only the masked area was considered for further
analysis, as these regions were capable of increasing the gray value, in contrast to
the dark speckle pattern (which gray value stayed almost unchanged). The python
script determined a Gaussian fit for the masked histogram for each frame. With
increasing strain, the histogram was shifted towards the right, because of increasing
gray values, caused by the whitening effect. The Gaussian fit of the first and the
last frame were combined in the central image to determine the whitening threshold,
the intersection between both distributions. The basic concept was that in the
first frame no whitened areas were present, whereas the last frame represented
the maximum amount of whitened area. These two populations were considered
as being different and thus, their intersection was used as the threshold. A small
amount of pixels in the first frame had a gray value larger than the whitening
threshold. Sequentially, the number of whitened pixels in the first frame was
subtracted from all subsequent images.

The corresponding diagrams of whitened area (AW), depending on frame number
and true strain ( T) are shown in figure 4.1-C. Here, also the first frame is shown
with no marked whitened area on the left and with marked whitened area in the
last frame on the right. The onset of whitening strain ( Won) was determined
as the point after that the whitened area AW increased monotonously. In more
detail, Won is the last point where the derivative of AW is negative. The maximum
increase in whitened area (AWmax) is the difference between the maximum of AW

and AW at the onset point.

4.3.6 Fracture surface analysis

Fracture surface analysis was done on four wet and four dry fractured trabeculae
using scanning electron microscopy (SEM) and on three wet and three dry samples
using µCT. Imaging of fractured samples with µCT was done in the same way
as described in section 3.1.3 “Micro computed tomography (µCT) and image
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Figure 4.1: Operation chart for whitening detection in speckle-patterned trabeculae.
A: The known top and bottom mean particle position from strain tracking (see
red lines) was used to crop the original images to this area (illustrated for the
1st and last frame). The trabecular area, excluding dark speckle pattern areas,
is masked and considered for histogram based whitening detection. Because of
increasing displacement, the masked area increased (see diagram in the center). B:
Histograms are shown for the 1st (left) and last (right) frame. Here, the considered,
masked trabecular area (without the speckle pattern) is noted as masked, the
speckle pattern as dark. The Gaussian fitting curve is also shown for the considered,
masked trabecular area in the histogram of the 1st and last image. A clear shift of
the Gaussian distribution towards larger gray values is seen in the last frame. The
central image illustrates the Gaussian fits of the 1st and last image. The intersection
between those two cures is used as the threshold. C: The left diagram demonstrates
the increase of the whitened area (AW) with increasing frame number. The right
diagram shows AW in dependence of true strain ( T) and the marked onset of
whitening onset strain ( Won) and the maximum whitened area (AWmax). The right
image illustrates the last frame, whereby gray values larger than Th = 123 are
marked (whitened areas).
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processing”. Additionally, SEM was used to perform a more detailed analysis of
sub-tissue scale features of fracture surfaces. For SEM analysis samples were glued
onto a SEM pin mount using silver-paint and sputtered with a gold-palladium
(60:40) layer of about 5 nm thickness at 30 mA for 30 s (Sputter Coater Quorum
Q150T S, Quorum Technologies Ltd, Great Britain). SEM was performed with
a Quanta 200 3D DualBeam-FIB, operated in secondary electron mode (5 kV, ×
1500 magnification, 0.18 nA).

4.3.7 Statistical analysis

Statistical analysis was done in SPSS (Version 23, IBM, US). Data was first
inspected using histograms and Q-Q plots. Further, apparent mechanical properties
of wet and dry samples indicated significant differences in equality of variances,
using a Levene’s test. Several of those variables (yield strain, exponential hardening
coefficient, elastic and post-yield work) were also not normally distributed, as
seen in a a Kolmogorov-Smirnov test. In contrast, the variables determining the
geometry and local strain behavior proved to be normally distributed. As the
Mann-Whitney-U non-parametric test is stricter in rejection of the null-hypothesis,
compared to the independent t-test for comparison of means, this test was used for
all further analysis. The significance level α was set to 0.05 and p-values < 0.05
were considered as significant. Because of the non normally distributed data, the
Spearman’s rank correlation coefficient was used for data correlation. Since a single
outlier was present in the correlation between yield strain and the whitening onset
in the wet group, this data point had to be excluded, whereby outlier identification
was performed using the 1.5 times Inter Quartile Range (IQR) criterion.

4.4 Results
31 individual trabeculae were successfully tested and analyzed. Five dry trabeculae
failed during the preparation and mounting procedure, likely because of the brittle
behavior of dehydrated bone. Issues in the alignment and mounting process during
tensile testing caused a further loss of three wet and one dry trabeculae. In total,
17 wet and 14 dry samples, out of initial 20 specimens per group, were tested

96



4.4. Results

and analyzed. Geometry measurements, determined in µCT images, displayed an
average trabecular strut length of (550 ± 170) µm for dry samples and (470 ±
150) µm for wet samples. The average trabecular diameter was (120 ± 30) µm for
both groups. No significant difference in any geometric parameter was found.

4.4.1 Stress strain behavior

Dehydration of individual trabeculae resulted in a significant different stress-strain
behavior (see figure 4.2). Dehydrated trabeculae indicated a significantly larger
apparent elastic modulus (Ê), yield stress (σ̂y and σ̂y0.2), ultimate stress (σ̂u) and
hardening exponent (p). In contrast, ultimate strain ( û) and post-yield work (Ŵpy)
were significantly lower in dry samples (see table 4.1). Boxplots of all mentioned
apparent mechanical properties are shown in figure 4.3.
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Figure 4.2: True stress-strain (σT- T) curves for wet and dry trabeculae; experimen-
tal curves (light) and calculated average curves (bold), according to equations 3.8
and 3.9. Yield points are marked as ◦, point of fracture as ×.

4.4.2 Strain localization

Full field strain maps were determined to highlight local strain elevation in the
trabeculae (see figure 4.4 for a representative dry and wet sample). Maps are shown
for three distinct strain points: (1) The center of the elastic region, (2) the yield
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Figure 4.3: Apparent mechanical properties of wet and dry trabeculae, as defined in
equations 3.8 and 3.9. Variables are denoted with ∧ to indicate their determination
based on curve fitting, in contrast to values determined with the rheological model.
A: Elastic modulus Ê. B: Yield strain ŷ. C: 0.2 % Yield strain ŷ0.2. D: Ultimate
strain û. E: Hardening stress σ̂h. F: Yield stress σ̂y. G: 0.2 % Yield stress σ̂y0.2.
H: Ultimate stress σ̂u. I: Hardening exponent p̂. J: Elastic work Êel. K: Post-yield
work Êpy. Significant (p < 0.05) differences are marked with bars and displayed
with actual p-values. Illustration of used boxplot styles (symbols and outliers) is
given in figure 2.9.
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Parameter dry | wet | p-value

Ê/GPa 17.1 ± 8.4 6.5 ± 3.7 < 0.001
ŷ/% 1.0 ± 0.6 1.9 ± 1.7 0.109

ŷ0.2/% 1.5 ± 0.7 2.3 ± 1.8 0.230
û/% 3.6 ± 1.7 11.0 ± 3.3 < 0.001

σ̂h/MPa 125 ± 29 94 ± 25 0.161
σ̂y/MPa 133 ± 56 81 ± 23 0.009

σ̂y0.2/MPa 181 ± 40 93 ± 21 < 0.001
σ̂u/MPa 257 ± 64 175 ± 30 < 0.001

p̂ 83 ± 45 25 ± 14 < 0.001
Ŵel/(MJ m−3) 0.8 ± 0.7 0.8 ± 0.8 0.830
Ŵpy/(MJ m−3) 6.0 ± 5.3 13.3 ± 5.7 < 0.001

Table 4.1: Apparent mechanical properties of dry and wet trabeculae. Mean
values are indicated ± standard deviation. Explanation of variable names and
corresponding box-plots are illustrated in figure 4.3. Bold p-values indicate a
significant (p < 0.05) difference.

point and (3) the point of failure. The corresponding stress-strain diagrams are
also shown to link the already mentioned different apparent stress-strain behavior
to local strains. In the elastic region, strain maps indicated a homogeneous, narrow
distribution. Mean ( avg) ± standard deviation ( std) for all samples was (1.6 ±
0.8) % for wet and (2.1 ± 1.2) % for dry trabeculae. However, at the yield point,
dry trabeculae exhibited a more inhomogeneous strain distribution with locally
elevated strains ((2.8 ± 1.5) %), compared to a homogeneous distribution in wet
samples ((2.1 ± 1.1 ) %), without being significantly different. At the point of
fracture, strain distribution was significantly (p < 0.05) different between wet and
dry trabeculae. The Coefficient of Variation (CV = std

avg
) was significantly lower

in wet (1.0 ± 0.4), compared to dry samples (1.6 ± 0.7). The larger Coefficient
of Variation (CV) in dehydrated samples can be interpreted as being caused by a
more heterogeneous strain distribution with a skew towards higher strains, related
to a small amount of locally elevated strains. It has to be noted that the CV
is a relative value. Additionally, the absolute values of the local strain, where
the trabecula is going to fail, was labeled for each sample specifically as fract in
figure 4.4. This local failure strain was significantly (p < 0.01) larger at the point
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of failure ( û) in wet trabeculae ((27.4 ± 12.8) %), compared to dry ones ((16.4 ±
9.9) %). Sequentially, wet trabeculae showed a larger, more homogeneous region of
elevated strains and larger absolute numbers of strain, compared to dehydrated
samples.

Figure 4.4: Full field strain maps of a selected dry (top) and wet (bottom) trabecula.
Full field strain maps are shown for the elastic region (1), the yield point (2) and
the point of failure (3), with corresponding true stress-strain diagrams on the right.
In full-field strain maps, the strain at the point where the sample is going to fail
is marked as fract. Additionally, the histogram of the full field strain maps is
shown below each image, with denoted values for average strain ( avg) and standard
deviation of strain ( std).
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4.4.3 Larger toughness of hydrated bone is caused by
increased damage accumulation

Observed local differences in strain maps were further investigated using the
whitening effect. Figure 4.5 illustrates exemplary differences in the accumulation
of the damaged (whitened) area in wet and dry trabeculae. As supposed in full
field strain maps, dry trabeculae indicated a significant (p < 0.001) smaller visible
whitened area (AW) at the point of failure, compared to wet specimens ((26.5 ±
15.6) % in dry and (52.9 ± 13.9) % in wet samples). Interestingly, there was no
significant difference in the strain at whitening onset ( won) between wet (1.7 ±
1.1) %) and dry (1.0 ± 0.6) %) samples. Figure 4.6 displays the correlation chart of
strain at whitening onset ( won) with yield strain ( y). Hydrated samples indicated
a significant (p < 0.01) correlation (rs = 0.82), whereas dried samples remained
close to a significant (p = 0.08) correlation (rs = 0.55).

4.4.4 Dehydration causes transition from ductile to
quasi-brittle failure mode

Fracture surface images, determined with SEM and µCT, demonstrated that
hydrated trabeculae exhibited a rugged fracture surface, as commonly known in
ductile failure modes, whereas dehydrated samples illustrated a much more blunt
fracture surface, typically for a quasi-brittle failure mode (see figure 4.7). In SEM
images, fibrous features on fracture surfaces where visible in wet samples, which
might be related to delamination of mineralized collagen fibrils and might act as
an important failure and energy dissipation mechanism. On the other hand, dried
samples demonstrated flat homogeneous fracture surfaces because of fiber pull-out
and brittle rupture of mineralized collagen fibrils. At the trabecular scale, fracture
surfaces of wet samples were much larger than those of dried ones. This is in
accordance to a larger energy dissipation (larger Wpy) in wet samples and might
be enabled by shearing of adjacent surfaces, such as lamellae.
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Figure 4.5: Whitening of a selected wet (bottom) and dry (top) trabecula. Images
with marked whitening area are illustrated at pre-load (left), whitening onset (o,
middle) and the point of failure (x, right). The corresponding whitening area (AW)
vs. true strain ( T) diagrams are shown on the right. The histograms of each image
are shown below the corresponding images. The considered, masked trabecular
area (without the speckle pattern) is noted as masked, the speckle pattern as dark.
The Gaussian fitting curve is also shown for the considered, masked trabecular area
and indicates a shift to larger gray values with increasing strain. In dry trabeculae
the whitening area increased only moderately after the onset of whitening. In
contrast, there was a rapid increase of the whitening area to larger relative values
for AW in wet trabeculae.
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Figure 4.6: Correlation of strain at whitening onset ( won) with apparent yield
strain ( ŷ), shown for wet and dry trabeculae. Corresponding Spearman’s rank
correlation coefficients are illustrated at the bottom right corner.
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Figure 4.7: Fracture surface analysis of dry (top) and wet (bottom) trabeculae.
SEM images are shown on the left, 3D rendered µCT images on the right. Dry
trabeculae show blunt fracture surfaces, with a much smaller fracture surface area,
compared to larger, ragged surfaces in wet samples.
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4.5 Discussion

Dehydration of individual trabeculae resulted in an approximately two-fold increase
of apparent elastic modulus, yield stress, and failure stress in uniaxial tension. On
the contrary, failure strain and post-yield work decreased by a factor of three and
two, respectively. Sequentially, the hypothesis that the mechanical properties of
individual trabeculae are dependent on the hydration state could be verified. So
far, only one study quantified the effect of dehydration on individual trabeculae.
Townsend et al. determined a elastic modulus of 11.4 GPa for hydrated and a value
of 14.1 GPa for dehydrated trabeculae in buckling tests [66]. However, buckling
tests might be erroneous because of end artifacts and an undefined stress state (see
section 2.7.3).

The elastic modulus of trabecular tissue has also been determined in nanoin-
dentation experiments on hydrated and dehydrated samples [15, 16, 212]. All these
studies also reported a significant increase of the elastic modulus in dehydrated
samples. However, the effect of dehydration on the change of elastic modulus is
larger in the current study, than reported previously. For example, Wolfram et
al. reported a decrease of 29 % in re-hydrated human trabeculae, compared to
dehydrated samples [212]. In contrast, in the current study a decrease of 62 % in
apparent elastic modulus of hydrated trabeculae was determined. Several issues
might explain this observed deviation. First, bone tissue is investigated at the
lamellar level in nanoindentation, whereas trabecular tensile experiments determine
the homogenized mechanical behavior at a larger scale. Hereby, included structures,
like cement lines (the regions between trabecular packets, see section 2.1) are
potentially more affected by hydration than bone lamellae [262]. Second, trabecular
tissue is tested mainly in compression in nanoindentation, whereas trabeculae
were tested in tension in the current study. Third, a different drying regime was
used here, compared to previous nanoindentation experiments. This might have
caused disparities in the amount of bound water. According to Nyman et al. water
associated with collagen is first removed and water associated with the mineral
phase only evaporates at higher temperatures [263]. In the current study, trabeculae
were dehydrated at 37 °C, meaning that water should be mainly removed from the
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collagen phase. This assumption is based on the observation that the yield stress of
bone is larger after dehydration of the collagen phase, whereas dehydration of the
mineral phase results in a decrease of yield stress [263]. As yield stress increased
after dehydration in the current study, water was indeed removed from the collagen
phase only. Wolfram et al. dehydrated their samples at room temperature [212],
hence, it is assumed that water was also removed only from the collagen phase.
However, as room temperature is well below 37 °C less water might have been
removed than in the current study. This would be in accordance to the less pro-
nounced effect of dehydration on the elastic modulus, compared to the present study.

Previously reported values for elastic modulus from tensile experiments of in-
dividual trabeculae lie in-between the values determined in the present study ((17.1
± 8.4) GPa for dry and (6.5 ± 3.7) GPa for wet samples). In more detail, elastic
modulus was determined in the range of 11.5 GPa [179] to 16.2 GPa [18]. However,
also very low values of elastic modulus, such as 1.4 GPa [184] and 0.8 GPa [178]
have been reported. In the course of the present study, also damaged trabeculae
were tested and obtained elastic moduli were in the range of 1 GPa. Thus, it is
assumed that also previously reported values of that magnitude might be caused
by pre-damage, shear forces, improper deformation measurement or improperly
aligned samples. In fact, it was determined that a tilt of only 10° of the trabecular
strut causes a reduction of the elastic modulus of almost 50 % if bending occurs (one
end fixed while the other is able to move; see section 3.1.3 “Influence of trabecular
tilt angle on determined stiffness and strength”).

In addition to the elastic properties, also the yield and post-yield behavior of
individual trabeculae have been classified. Yield stress was increased significantly
(p < 0.001) in dehydrated trabeculae ((133 ± 56) MPa), compared to hydrated
samples ((81 ± 23) MPa). Interestingly, no significant changes in yield strain were
observed ((1.9 ± 1.7) % for wet and (1.0 ± 0.6) % for dry samples). Nevertheless,
variation of yield strain was high and a trend (p = 0.1) towards higher yield strain
in wet samples was recognized. As previous studies performed tensile tests on
dehydrated samples, yield strains can only be compared for dry samples. Here,
previously determined yield strains were 0.7 % for bovine [171] and human [18] tra-
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beculae, similar to the reported (1.0 ± 0.6) % in the present study. In contrast, yield
strains back-calculated from non-linear FE analysis of hydrated (human) cancellous
bone samples were reported to be as low as 0.4 % [201]. This value is surprisingly
lower than the determined (1.9 ± 1.7) % for wet trabeculae. However, given that
this value is also lower than the previously determined 0.7 % for bovine [171] and
human [18] trabeculae, it is assumed that major differences between micro-tensile
experiments and back-calculation from FE analysis caused this deviation. The
applied constitutive model in Bayraktar et al. [201], differences in the anatomic site,
and averaging over a larger non-homogeneous volume might explain this deviation.
Only rod-shaped trabeculae are used in micro-tensile experiments, whereas cylin-
drical trabecular bone cores, used for FE analysis, contain a network of rod- and
plate-shaped trabeculae. Further, tensile testes of these bone cores cause undefined
loading states of individual trabeculae, compared to a homogeneous tensile stress
in micro-tensile experiments. Keaveny et al. determined the yield strain of bone
cores as 0.5 % in wet bovine samples [264]. Sequentially, individual trabeculae
might deform much more elastically (1.9 % on average according to the present
findings) than the entire trabecular network. Actually, Keaveny et al. mentioned
that yielding of bone cores might be caused by fracturing of individual trabeculae,
which naturally occurs after yielding.

Yield strain was significantly (p < 0.01) correlated with onset of whitening (associ-
ated with damage initiation [260]) for wet (rs = 0.82) but not for dry (rs = 0.55, p
= 0.08, close to significance) trabeculae. As a result, microdamage initiation seems
to be closely related to yielding. This finding is in agreement with previous studies,
where whitening was linked to elevated tensile strains in three-point bending test
of individual trabeculae [167, 172]. The onset of whitening occurred at (1.0 ±
0.6) % in dry samples and at (1.7 ± 1.1) % in wet samples, indicating no significant
difference. So far, whitening determination in individual trabeculae has only been
performed in three-point bending experiments, in a wet environment. Jungmann
et al. reported a whitening onset of 1.6 % [172] and Szabo et al. determined
1.95 % [167] (for low strain rates), indicating a good agreement to the determined
(1.7 ± 1.1) % for wet trabeculae.
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The whitened area at the point of failure was significantly larger (p < 0.001)
in wet ((53 ± 14) %) than in dry samples ((27 ± 16) %). Sequentially, microdam-
age is constrained to a significantly smaller region in dehydrated samples. This
finding is in accordance to determined full-field strain maps. Here, dehydrated
samples indicated a more pronounced localization of elevated strains, in contrast
to hydrated trabeculae (see figure 4.4). Hence, observed differences in the global
stress-strain behavior between wet and dry samples can be explained by differences
in damage accumulation, linked to elevated strains.

Two different effects have been observed. First, in wet samples the region of
fracture sustained significantly (p < 0.01) larger local strains ((27 ± 13) %) than
dry specimens ((16 ± 10) %). Second, also the area of elevated strains was larger
in the post-yield region. This effect can be best related to the significantly larger
post-yield work with (13.3 ± 5.7) MJ m−3 in wet samples, compared to (6.0 ±
5.3) MJ m−3 in dry ones.

So far, only a few studies have determined post-yield properties of individual
trabeculae [18,36,171], but only Hernandez et al. performed tests in a quasi wet
environment by adding droplets of HBSS onto their samples during testing [36]. In
that study, only ultimate strain was determined and reported as 8.8 % on average
for human samples. On the contrary, Carretta et al. determined 5.1 % for young
bovine trabeculae [171]. In the present study ultimate strain was determined as
(3.6 ± 1.7) % for dried samples and (11.0 ± 3.3) % for wet ones. As a result,
previously reported values of ultimate strain might have been obtained from not
completely hydrated or dehydrated samples, as these values lie in-between the
currently reported values.

As a consequence of the aforementioned differences, also the failure mode was
significantly different between hydrated and dehydrated trabeculae. Essentially,
dehydration resulted in a transition from a ductile to a quasi-brittle failure mode.
This assumption was further strengthened with fracture surface analysis (see fig-
ure 4.7). Hereby, almost blunt fracture surfaces confirmed the assumed quasi-brittle
failure mode in dehydrated samples. Townsend et al. already supposed this transi-
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tion in buckling tests of individual trabeculae, based on the observed stress-strain
behavior [66].

Compared to previous studies [18,171,179,184] the present test set-up enabled a
high throughput (20 samples per group) while maintaining a high reproducibility
(see section 3.1.3 “Validation of tensile test set-up”). This is of great importance,
as those studies also reported a high intra-group variation. Luccinetti et al. already
highlighted the necessity of a high throughput for reliable average mechanical
properties [12]. Even more importantly, the presented set-up allows determination
of elastic and post-yield properties of individual trabeculae in a wet, close to
physiologic environment.

4.5.1 Limitations

While this study delivered important findings and insights into the mechanical
behavior of trabecular bone tissue also some limitations were encountered. Sam-
ple handling proofed to be difficult, as also reported previously in other micro-
mechanical studies [18, 36, 171,184]. Some samples (6 dry and 3 wet ones out of
40 samples in total) fractured during sample preparation, similar to a reported
rejection rate of 3 out of 24 samples in Carretta et al. [18]. Despite of large
efforts to control sample alignment and hydration, intra-group variability was still
high; e.g. the CV was in the range of 0.3 (wet samples) to 0.5 (dry samples).
However, previous studies, like Carretta et al. [171] and Hernandez et al. [36],
reported similarly high variations. Hereby, especially differences in the sample
geometry might be contributing a lot to these deviations. For instance, Busse et
al. determined a significant correlation between elastic modulus and trabecular
thickness in three-point bending experiments [119]. Accordingly, also determined
apparent mechanical properties of the current study showed a dependency on geo-
metric variables. For example, ultimate strain and ultimate stress were significantly
correlated with trabecular major (rs = −0.76) and minor axis (rs = −0.75) in
dehydrated samples (p < 0.01). Thus, thinner trabeculae sustained larger strains
and stresses before fracture, compared to thicker samples. Further, elastic modulus
(rs = 0.75), yield strain (rs = 0.77) and 0.2 % offset yield strain (rs = 0.74) were
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significantly correlated with trabecular length. The three curves in figure 4.2 that
indicate the lowest elastic moduli were obtained from very short trabeculae (≤
200 µm). Moreover, also the TMD of these three trabeculae was lower, compared
to the other samples. Indeed, TMD proved to be significantly (p < 0.01) correlated
with apparent elastic modulus (rs = 0.70) and trabecular minor axis (rs = 0.66)
in wet samples. Taken together, these short trabeculae are possibly younger, less
mineralized and sequentially less stiff, than more mature specimens. Further,
small strains (up to yield) indicated a low SNR, resulting in error-prone strains.
The speckle pattern that was used for optical strain tracking was interfering with
whitening detecting. However, using the newly developed whitening detection
approach (see section 4.3.5) overcame this issue. In the present study, young
bovine bone was used to investigate the effect of dehydration. Hereby, the observed
large variation of TMD values indicated that this bone did not reach full maturity,
which might also contribute to the obtained large variation of apparent mechanical
properties. Sequentially, bone from older animals should be preferentially used
in future studies. Moreover, investigation of human trabeculae is important to
use obtained values for fracture risk assessment of bone with FE analysis. As
Carretta et al. determined similar values for mechanical properties of dry bovine
and human trabeculae in the same test set-up [18,171] it is assumed that the effect
of hydration of human bone will be similar to bovine one, but this remains to
be shown. TMD determination with µCT also inherits some limitations, such as
underestimation of true mineralization and a larger deviation from true TMD at
larger values. However, TMD determination was used to compare its effect on the
apparent mechanical properties of wet and dry samples and not to obtain absolute
TMD values.

4.6 Conclusions
The present study presented a reliable high-throughput tensile test set-up for
the mechanical characterization of individual trabeculae, close to a wet, almost
physiologic environment. Hereby, the necessity has been highlighted to perform
mechanical characterization of bone tissue in a wet, physiologic environment.
Dehydration of samples may simplify preparation and testing protocols but results
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mode

in an approximately two-fold increased apparent elastic modulus, yield stress, and
failure stress, whereas failure strain and post-yield work decrease by a factor of
three and two, respectively. Further, dehydration resulted in a transition from a
ductile failure mode to a quasi-brittle failure behavior. Sequentially, only material
parameters obtained in a wet, close to physiologic environment should be used as
input parameters for computational simulations, like FE analysis.
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CHAPTER 5
Osteoporosis affects mainly
morphometry not material
properties in femoral head

“But I was loosing so much bone density that I would have been in
grave danger. And I mean grave danger. If I had let it go just a few
more years I could have broken my hip or spine just picking up my
granddaughter.”
Sally Field

5.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been condi-
tionally accepted in the “Journal of Bone and Mineral Research - Plus”, entitled
“Effects of osteoporosis on bone morphometry and material properties of individual
human trabeculae in the femoral head” and co-authored by Andreas G. Reisinger,
Dieter H. Pahr and Philipp J. Thurner.
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Author contributions: The first author and author of the current thesis, Martin
Frank, contributed to the study design, performed the mechanical tests, data pro-
cessing, data evaluation, and interpretation, and wrote the manuscript. Andreas G.
Reisinger developed the rheological model and performed the data evaluation with
that model. Dieter H. Pahr and Philipp J. Thurner designed the study, supervised
the work of Martin Frank and supported the interpretation of the results.

5.2 Introduction
Osteoporosis is the most common bone disease and causes a decrease of total bone
mass (see section 2.5 for more details). It is classified as a decrease in areal bone
mineral density (aBMD) by more than 2.5 standard deviations, compared to healthy
controls [1, 5]. Measurement of aBMD is performed via DEXA at the femoral neck
and the lumbar spine [6] (see figure 2.5). Although patients are screened with
this approach to determine need for treatment, only 60 % of people that will suf-
fer an osteoporotic fracture are correctly diagnosed [1]. Accordingly, additional
factors rather than aBMD alone are currently incorporated in the diagnoses of
osteoporosis, such as age, BMI, fracture history, cortisol treatment, epidemiologic
information and other factors to calculate a 10-year fracture risk probability, the
Fracture Risk Assessment Tool (FRAX) score [6]. This score enables a more reliable
risk prediction, but the underlying changes in osteoporosis, beside a decrease in
aBMD, remain largely unknown. Specifically, aBMD only reflects a combination of
changes in bone mass and global mineralization, without accounting for bone quality.
Bone quality can be determined by bone morphometry and material/tissue prop-
erties, such as mechanical properties, material composition, and microdamage [265].

While there is a common agreement that osteoporosis causes a change of bone
morphometry [9, 119, 254, 255], conflicting results exist regarding changes in the
material and apparent mechanical properties [9, 10]. Some studies determined a
significant change of material and apparent mechanical properties in osteoporosis
(decrease in elastic modulus [119], increase in elastic modulus [120,121], decrease in
ultimate strain and post-yield work [18]), while no change was observed in ovariec-
tomized animal models [266, 267]. Interestingly, opposing effects of osteoporosis on
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TMD were reported. In several studies a decrease of TMD was observed [116–118],
while in others an increase was detected [119–121]. Further no change in bone
mineralization was also reported, but accompanied with an increased heterogeneity
of tissue mineralization in osteoporosis [122].

Possible discrepancies in mechanical tests are differences in species, anatomical
site, small donor and/or sample number, definition and/or severity of osteoporo-
sis, different test methods, and focusing on elastic behavior only. The current
study aimed to address several of these issues to perform a defined and thorough
characterization of trabecular bone material and apparent mechanical properties
in combination with bone morphometry. A previously established tensile test
approach (see section 3.1) was used to test 200 individual trabeculae, oriented
along and normal to trajectories, from human femoral heads (20 donors in total).
Samples were tested cyclically in tension, in a wet, close to physiologic test environ-
ment. Additionally, bone morphometry was determined at the exact locations of
trabecular dissection points to determine a potential correlation of morphometry
with material properties. Osteoporosis was defined as a low trauma fracture of the
femoral neck and, as a second classification, traditionally by a T-score smaller than
−2.5. Determination of material properties was based on a rheological model (see
section 3.3, to get elastic, viscous, yield, and failure properties, and loss tangent).
The first hypothesis was that there is a significant change of tissue mineralization
and material properties in osteoporosis, which might be directly correlated to the
known change in bone morphometry. The second hypothesis was that there is a
change of material and apparent mechanical properties and bone morphometry
with increasing age, independently from osteoporosis.

5.3 Material and methods

5.3.1 Study design

The main goal of this descriptive study was to determine if there is a significant
difference in the apparent mechanical or material properties between osteoporotic
and control trabeculae. As such, six individual trabeculae obtained from a donor
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with a low trauma (osteoporotic) fracture (female, 77 years old) and six from
a control cadaveric donor (male, 64 years old) were tested and evaluated in a
pilot study in the same way as described for the actual study. Based on the
obtained results, sample size was estimated with a power-analysis at a significance
level of 95 % (Type I error: 0.05) and a power of 80 % (Type II error: 0.20).
The required total number of samples (both groups) was 14 for apparent elastic
modulus and 62 for apparent post-yield work. Since a large biological and inter-
donor variation of the material and apparent mechanical properties is known from
previous studies [13,14,259], it was aimed to test 200 individual trabeculae in total,
obtained from 20 donors (10 per group).

5.3.2 Human bone samples and clinical data

Human femoral head samples, together with clinical data (age, sex, BMI, aBMD,
T-score, and FRAX score), were obtained from a previous study [268] and collected
from two groups: osteoporotic fracture group (10 samples) and cadaveric control
group (10 samples). Osteoporotic samples were obtained from patients undergoing
hip arthroplasty at University Hospital Southampton NHS Foundation Trust (UHS)
after a low trauma intra-capsular fracture of the femoral neck. Sequentially, those
patients suffered of an actual osteoporotic fracture (which would not have occurred
in healthy patients) and ensures bad bone quality. Cadaveric control samples were
provided by Innoved Institute LLC (Besenville, IL, USA). These donors had no
known history of fracture or bone disease. In an additional second classification,
grouping was based on T-score, to avoid overlooking of osteoporotic, but non
fractured donors. T-sore was measured at the proximal femoral neck in vivo for
fracture patients and with a modified approach for explanted cadaveric control
specimens, as described previously [268]. In this second approach, six donors were
classified as osteoporotic (T < −2.5), six as osteopenic (−1.0 < T < −2.5) and
eight as healthy controls (T > −1.0).

Full IRB and ethics approvals were obtained for the study (LREC 194/99/1;
210/01; 12/SC/0325) from Southampton and South West Hampshire Research
Ethics Committee.
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5.3.3 Sample preparation and mechanical testing

Sample preparation of individual trabeculae was performed according to section 3.1.3
“Sample preparation” of femoral heads in the frontal plane (see figure 5.1–A). As the
femoral head shows a typical arrangement of trabecular orientation (with tensile
and compressive areas [269]), half of individual trabeculae were selected from
the compressive, longitudinal trajectories (see figure 5.1–B, green) and half from
the arcuate, transversal trabecular system (red). Final test specimens, including
trabeculae embedded in epoxy glue are shown in figure 5.1-D). Average gauge
length was (687 ± 166) µm. Tensile testing and strain determination were done
as reported in sections 3.1.3 “Tensile test” and 3.1.3 “Displacement and strain
determination”.

Tensile tests were done displacement controlled at a displacement rate of 0.01 mm s−1.
A cyclic loading-hold-unloading protocol was chosen, as illustrated in figure 3.8-A.
As mentioned in section 3.1.3 “Tensile test”, a pre-load of 0.08 N was applied to
facilitate sample alignment. Verification was done with the video camera and the
actual tensile test was started, and stopped after sample fracture. This cyclic
loading protocol was chosen to enable a thorough mechanical characterization of
the bone tissue in one single experiment, as outlined in section 3.2.

5.3.4 Determination of apparent mechanical and material
properties, and TMD

Determination of sample geometry was done with µCT measurements, as de-
scribed in section 3.1.3 “Micro computed tomography (µCT) and image processing”.
Hereby, the mean cross-sectional area (Amean) was used to calculate true stress
(σT), according to section 3.1.3 “Force and stress determination”.

Evaluation of stress-strain diagrams (see figure 5.1-F) was performed with three
approaches. First, the elasto-visco-plastic rheological model (see section 3.3 and
figure 5.1-H) was used to determine the following material properties: Long-term
modulus (E∞), Maxwell/dynamic modulus (Emx), yield stress (σy), hardening
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coefficient (p), hardening stress (R), ultimate stress (σu), viscosity (η) and loss
tangent (tan(δ)). Second, the envelope curve of the experimental data was evalu-
ated to determine the following apparent mechanical properties: Apparent yield
strain ( ŷ), apparent ultimate strain ( û), apparent elastic work (Ŵel) and apparent
post-yield work (Ŵpy) (see section 3.2.2). It has to be noted that evaluations done
with the rheological model are based on engineering stress and strain, because of
assuming geometric linearity. In contrast, evaluations based on the envelope curve
are based on true stress and strain, as ultimate strains were in the range of 10 %.
The third evaluation was the determination of the tensile modulus in each loading
and unloading cycle (see figure 5.1-G), as described in section 3.2.1.

Tissue mineral density was determined as described in section 3.1.3 “Determi-
nation of Tissue Mineral Density (TMD)”. Hereby, TMD was determined in whole
individual trabeculae and in the fracture zone of the trabecular struts. The exact
locations of the fracture zone were known from the video recording because of
the appeared whitening effect (which is related to microdamage accumulation, see
section 4.3.5 and hence, marks fractured areas). As such, an overlay of the µCT
scanned trabeculae was performed with the optical images taken during testing. In
more detail, the trabecular struts elongated during the test and the initial frame
had to be used for correlation of whitened area for cropping the µCT image (as
scanning was done ahead of sample testing). Thus, the speckle pattern was used
to estimate the boundaries of the whitened area in the last image (the image at
sample fracture) and was translated to the first image (at test start). Next, the
start video frame and the µCT image were loaded into 3DSlicer (v4.1.0r19886,
Slicer Community) and the µCT image was cropped to the known boundaries of
whitened area (see figure 5.6-A & B). The mean normalized histograms, (number
of voxels divided by total number of non-zero voxels) were determined on µCT
images, which were masked with corresponding segmented images in medtool (4.3,
Dr. Pahr Ingenieurs e.U., Austria) to only consider voxels inside the trabeculae
(see Figure 5.7). Further, mean ± standard deviation of TMD (see table 5.5) and
heat-plots of TMD were determined with python scripts (see Figure 5.6-A & B).
Mean intensity profiles across the cross-sectional mass centroid axes at the center of
the fracture zone were computed too (see Figure 5.6-D - F)). Here, length position
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was normalized by trabecular thickness.

5.3.5 µCT-derived bone morphometry

Ahead of bone dissection, the femoral head was scanned with a µCT-100 (Scanco
Medical AG, Switzerland) at 70 kVp, 114 µA, integration time 200 ms, average
data 3, 1500 projections, nominal resolution of 16 µm and aluminum filter 0.5 mm.
Image processing and determination of bone morphometry was done using medtool
4.3 (Dr. Pahr Ingenieurs e.U., Austria). The obtained images were segmented
using a Gaussian filter (σ = 1, support = 1) and a single level threshold of
490 mg cm−3 HA. Sequentially, spheres with a diameter of 5 mm were cropped at
the exact positions, where individual trabeculae were dissected (see figure 5.1-C).
This procedure enabled a direct comparison of the obtained material and apparent
mechanical data with the local bone morphometry. Bone Volume to Total Volume
(BV/TV), Bone Surface (BS), Degree of Anisotropy (DA), Trabecular Thickness
(Tb.Th), Trabecular Number (Tb.N) and Trabecular Separation (Tb.Sp) were
determined, according to [270,271].

5.3.6 Statistical analysis

Statistical data analysis was done in SPSS (Version 26, IBM, US). First, data
distribution was investigated with histograms, boxplots and Q-Q plots, before
selecting appropriate statistical tests, as suggested by Lix et al. [272]. Normality of
data was further analyzed using a Kolmogorov-Smirnov-Test. Age, BMI, R, σy, σu,
aBMD, length, BS and Tb.N were normally distributed, whereas all other variables
showed a non-normal distribution. Thus, a Mann-Whitney-U non-parametric test
was used for comparison of means for the fracture based classification (2 groups).
Similarly, a non-parametric Kruskal-Wallis-test (K.W.) was used for comparison of
means for the T-score based classification (3 groups) and for the analysis of the
tensile modulus in each loading and unloading cycle (further referred as tensile
modulus evolution, figure 5.3; 4 groups: osteoporotic loading and unloading, control
loading and unloading). In addition, a general linear model was used to determine if
age is a contributing covariate in determining the apparent mechanical or material
properties, with fracture grouping or T-score grouping as independent variable.
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Correlation was determined using the Spearman’s rank correlation coefficient. Sig-
nificance was accepted as p < 0.05 and a Bonferroni correction was applied for
multiple testing.

As determination of material properties using the rheological model resulted in some
non-physiologic values, an IQR test was performed to detect outliers. First, this
approach was applied on the pooled RMSE of the calculated stress signal, to remove
bad fittings. Next, only curves that showed at least three cycles before fracture
were used for further analysis (in accordance with Reisinger et al. [224]). Then, all
material parameters underwent an IQR test separately for each variable to remove
non-physiologic values. The variable based IQR test was also used for detection
and removal of outliers in bone morphometry data and cyclic loading tensile moduli.

Comparison between inter- and intra-donor variability of data was performed
both, with a Kruskal-Wallis-test and a one-way ANOVA, as data showed similar
distributions, but deviated from a normal distribution. This procedure was per-
formed to ensure that there is no influence from the assumed data distributions on
the statistical outcome. As such, it was estimated if there is a larger variation of
given parameters between individual donors, compared to the variation inside a
single donor.

5.4 Results

In total, 179 individual trabeculae were successfully tested in cyclic tensile mode
(89.5 %, control: 90, fracture: 89, T > −1.0: 70, −1.0 > T > −2.5: 54, T < −2.5:
55). Clinical baseline characteristics is shown in table 5.1 and figure 5.2. Both
grouping classifications indicated no significant difference in age and BMI. Patients
that suffered from a low trauma fracture or with T < −2.5 had a significantly lower
aBMD, T-score and FRAX score. No significant difference of the clinical, material,
apparent mechanical properties, or the bone morphometry was detectable between
male and female donors (except a higher FRAX score and yield strain in females,
data not shown).
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Donor

longitudinal
transversal

Dissection

Tensile Test µCT - TMD Cyclic loading

Figure 5.1: Operation chart: A: Femoral head as sampling location from donors.
B: Dissection of individual trabeculae in longitudinal (green) and transversal
(red) direction. C: µCT-derived bone morphometry on the same locations, where
individual trabeculae were dissected. D: Tensile test sample (left, embedded in
circular epoxy end pieces) and optical strain tracking (right, black speckle pattern).
E: µCT scanning of individual trabeculae to obtain geometry and TMD, with
respect to the optically tracked region in the experiment. F: True stress-strain
curve, obtained from cyclic loading. Insets show the trabecula at the start and
end of the experiment. G: Tensile modulus evolution, determined with exponential
fits in each loading and unloading cycle. H: Rheological model with determined
engineering stress-strain curve.
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Fracture T-score
Parameter CTRL FRAC p-value > −1.0 −1.0 > T > −2.5 < −2.5 K.W.

Age/years 69.5 ± 9.2 74.6 ± 11.0 0.307 68.1 ± 10.2 80.0 ± 7.5 71.3 ± 9.6 0.128
BMI/kg m−2 30.1 ± 9.2 26.1 ± 5.2 0.288 30.7 ± 9.5 29.4 ± 3.8 22.6 ± 3.2 0.068

T-score 1.12 ± 2.94 −2.41 ± 0.83 0.002 1.70 ± 2.60 −2.14 ± 0.21 −2.92 ± 0.31∗ < 0.001
FRAX (excl. aBMD)/% 3.1 ± 3.4 13.9 ± 11.3 0.031 2.9 ± 3.6 13.2 ± 12.6 13.0 ± 10.8 ∗ 0.033

Table 5.1: Baseline clinical characteristics of osteoporotic and control patients.
Data is shown based on the low trauma classification (fracture, left) and on the
T-score classification (right). Significant p-values (p < 0.05) are marked bold.
For T-score based classification p-values of the K.W. are noted and significant
differences to T > −1.0 are marked with ∗ in the corresponding column.
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Figure 5.2: Clinical data is shown for grouping based on the fracture criterion (left,
panels A & C) and on the T-score (right, panels B & D). A, B: T-score. C, D:
FRAX (excl. aBMD). Significant differences (p < 0.05) are marked with bars and
actual p-values are provided on top. Illustration of used boxplot styles (symbols
and outliers) is given in figure 2.9.

5.4.1 Mechanical properties of trabecular bone tissue

Cyclic tensile modulus determination (see figure 5.1-G) is only shown for the low
trauma fracture classification, as the T-score based grouping showed the same
trends. Evaluation was successful for 162 curves in cycle 1 (86.0 %, control: 76,
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fracture: 78, T > −1.0: 59, −1.0 > T > −2.5: 45, T < −2.5: 50) and for 40 curves
in cycle 7 (22.3 %, control: 19, fracture: 21, T > −1.0: 13, −1.0 > T > −2.5: 21,
T <- 2.5: 6), since several samples fractured already after three cycles. The tensile
modulus showed a significant difference between loading and unloading modulus in
the first two cycles (p < 0.001, for fracture and control group), as illustrated in
table 5.2 and in figure 5.3. However, no significant difference between the control
and fracture group was detectable in any cycle. In the control group there was a
significant decrease of the unloading modulus from cycle 1 to 3 (p < 0.001) and
2 to 3 (p = 0.05). Likewise, the unloading modulus decreased significantly from
cycle 1 to 3 (p = 0.011) in the fracture group. After cycle 3, no significant changes
in the tensile moduli were detectable.

Eload/GPa Eunload/GPa
Cycle CTRL FRAC CTRL FRAC p CTRL p FRAC

1 7.4 ± 4.2 7.9 ± 4.7 21.4 ± 12.3 18.8 ± 13.4 < 0.001 < 0.001
2 8.4 ± 4.6 8.9 ± 5.6 15.1 ± 8.5 13.3 ± 8.2 < 0.001 0.001
3 9.8 ± 5.2 9.5 ± 5.2 10.7 ± 5.2 10.9 ± 5.4 0.282

Table 5.2: Tensile loading and unloading modulus of the first three cycles of
osteoporotic (FRAC) and control (CTRL) trabeculae, based on the fracture criterion.
Significant p-values (p < 0.05) are marked bold.
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Figure 5.3: Tensile modulus evolution of osteoporotic (FRAC) and control (CTRL)
trabeculae, based on the fracture criterion. Mean is shown with the 95 % confidence
interval. Tensile modulus is determined in each cycle as shown in figure 5.1-G.
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Determination of material properties using the rheological model was successfully in
107 curves (58.1 %, control: 53, fracture: 54, T > −1.0: 43, −1.0 > T > −2.5: 32, T
< −2.5: 32). As mentioned in section 5.3.6 “Statistical analysis” and in section 3.3
a strict selection regime was applied to only use reliable values. 10 curves (5.6 %)
were omitted because of the IQR test on the RMSE, 57 curves (31.8 %) because of
less than 4 successful test cycles and 14 values (7.8 %; on average for all determined
parameters) because of the variable specific IQR test. No significant change in
any material property could be detected for both classifications (see table 5.3-top,
figure 5.4-A-H, and figure 5.5-A-H), except a significantly larger apparent yield
strain and elastic work between −1.0 > T > −2.5 and T < −2.5. Even the general
linear model (with age as a covariate) did not change the statistical outcome, except
for apparent yield stress in T-score grouping. Further, selection of donor number
as grouping variable indicated that long-term modulus (p = 0.065) and ultimate
stress (p = 0.049) have a larger variability between individual donors, compared to
intra-donor variability.

Fracture T-score
Parameter CTRL FRAC p-value > −1.0 −1.0 > T > −2.5 < −2.5 K.W.

E∞/GPa 5.0 ± 2.7 4.9 ± 2.5 0.872 4.9 ± 2.7 5.5 ± 2.9 4.5 ± 2.1 0.438
Emx/GPa 2.4 ± 1.3 2.6 ± 1.5 0.474 2.3 ± 1.3 2.8 ± 1.5 2.6 ± 1.5 0.351

σy/MPa 30.8 ± 18.2 31.9 ± 19.8 0.813 30.8 ± 19.3 35.5 ± 20.6 28.1 ± 16.3 0.359
p 62.7 ± 58.5 63.3 ± 66.2 0.991 59.5 ± 61.6 69.3 ± 63.9 61.0 ± 63.4 0.654

R/MPa 59.4 ± 30.0 61.0 ± 26.9 0.517 62.7 ± 35.5 59.4 ± 20.7 57.9 ± 26.2 0.997
σu/MPa 84.3 ± 29.4 93.8 ± 38.6 0.133 84.2 ± 34.1 93.4 ± 29.6 90.3 ± 39.7 0.343
η/GPa s 4.8 ± 3.8 4.3 ± 3.2 0.665 5.4 ± 3.9 4.4 ± 3.6 3.7 ± 2.5 0.193

tan(δ) 0.017 ± 0.011 0.021 ± 0.013 0.087 0.019 ± 0.011 0.019 ± 0.012 0.020 ± 0.014 0.948

Ê/GPa 8.5 ± 5.1 7.7 ± 4.4 0.408 7.5 ± 4.3 9.9 ± 5.7 + 7.1 ± 4.0 0.020
ŷ/% 0.22 ± 0.16 0.27 ± 0.21 0.280 0.23 ± 0.17 0.19 ± 0.17 + 0.31 ± 0.21 0.002
û/% 5.0 ± 2.2 5.5 ± 2.4 0.159 5.1 ± 2.2 5.2 ± 2.6 5.4 ± 2.2 0.615

Ŵpy/(MJ m−3) 3.0 ± 1.9 3.4 ± 1.9 0.157 3.0 ± 1.8 3.3 ± 2.0 3.6 ± 2.0 0.215
Ŵel/(MJ m−3) 0.018 ± 0.017 0.023 ± 0.022 0.274 0.019 ± 0.019 0.014 ± 0.019+ 0.027 ± 0.022 0.001

Table 5.3: Material properties determined with the rheological model and appar-
ent mechanical properties determined with curve fitting on the envelope curve
of osteoporotic and control trabeculae. Mean values are indicated ± standard
deviation, σy and σu are corrected for the applied pre-load. The left part indicates
the low trauma classification (Fracture), the right part the T-score based one. K.W.
denotes the p-value obtained with the Kruskal-Wallis test. Significant p-values (p
< 0.05) are highlighted bold. + illustrates a significant (p < 0.05) difference to T
< −2.5.

The envelope curves of true stress-strain data were also evaluated, as described in sec-
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Figure 5.4: Material parameters determined with the rheological model and apparent
mechanical properties determined with curve fitting of osteoporotic (FRAC) and
control (CTRL) trabeculae, based on the fracture criterion. A: Long term modulus
(E∞), B: Maxwell/dynamic modulus (Emx), C: Yield stress (σy), D: Viscosity (η),
E: Hardening stress (R), F: Ultimate stress (σu), G: Hardening exponent (p), H:
Loss tangent (tan(δ)). I: Apparent yield strain ( ŷ), J: Apparent elastic work (Ŵel),
K: Apparent ultimate strain ( û)), L: Apparent post-yield work (Ŵpy). Illustration
of used boxplot styles (symbols and outliers) is given in figure 2.9.
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Figure 5.5: Material parameters determined with the rheological model and apparent
mechanical properties determined with curve fitting of osteoporotic and control
trabeculae, based on the T-score (legend at bottom). A: Long term modulus (E∞),
B: Maxwell/dynamic modulus (Emx), C: Yield stress (σy), D: Viscosity (η), E:
Hardening stress (R), F: Ultimate stress (σu), G: Hardening exponent (p), H: Loss
tangent (tan(δ)). I: Apparent yield strain ( ŷ), J: Apparent elastic work (Ŵel), K:
Apparent ultimate strain ( û)), L: Apparent post-yield work (Ŵpy). Significant
differences (p < 0.05) are marked with bars and actual p-values are provided on
top. Illustration of used boxplot styles (symbols and outliers) is given in figure 2.9.
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tion 3.2.2. Here, 171 curves (95.5 %) were successfully evaluated. Table 5.3-bottom
and figures 5.4 and 5.5-I-L illustrate obtained apparent mechanical properties. In
the fracture based classification, no significant change in any material or apparent
mechanical property was observed. In contrast, there was a significant increase in
yield strain and elastic work between −1.0 > T > −2.5 and T < −2.5.

Additionally, samples were grouped according to their orientation along the trajec-
tories (longitudinal vs. transversal, see figure 5.1-B and table 5.4). No significant
difference in any material or apparent mechanical property could be determined
with respect to trabecular orientation, except apparent yield strain ( ŷ) and ap-
parent elastic work (Ŵel). Splitting of samples into trabecular orientation and
osteoporotic fracture (four groups) showed the same behavior as in pooled data
shown in table 5.4. Average cross sectional area of pooled transverse trabeculae
was significantly smaller than longitudinal ones ((0.016 ± 0.007) mm2 vs. (0.022 ±
0.010) mm2, p < 0.001) and thus indicated that the smaller, transversal trabeculae
yield at larger strains.

5.4.2 Tissue mineral density (TMD

TMD did not differ significantly in the fracture zone in both classifications (p =
0.172, see Table 5.5 and Figure 5.6). However, in T-score based grouping TMD of
whole trabeculae was significantly larger in the group −1.0 > T > −2.5, compared
to T > −1.0 and T < −2.5 (see Figure 5.7). Similarly, longitudinal trabeculae
exhibited a significantly larger TMD than transversal samples. The mean intensity
profile of all samples is illustrated in Figure 5.6 for fracture (D), T-score (E) and
trabecular orientation (C) based classification. Here, no relevant differences could
be detected across different groups.

Mean TMD was lower in the fracture zone, in comparison to the non-fractured
part of corresponding whole individual trabeculae, (see Figure Figure 5.6-C, p <
0.001 for pooled data). TMD showed a significant positive correlation with long
term modulus (E∞, rs = 0.42, p = 0.002 for control samples and rs = 0.30, p =
0.002 for pooled data, see Figure 5.8-A) and with all tensile moduli (cycle 2 to
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Parameter transversal longitudinal p-value
E∞/GPa 4.9 ± 2.5 5.0 ± 2.7 0.929
Emx/GPa 2.5 ± 1.6 2.5 ± 1.2 0.750

σy/MPa 31.6 ± 19.3 31.2 ± 18.7 0.942
p 66.8 ± 66.9 59.6 ± 58.4 0.572

R/MPa 57.7 ± 30.6 62.3 ± 26.5 0.717
σu/MPa 85.8 ± 38.9 91.8 ± 30.5 0.335
η/GPa s 4.7 ± 3.4 4.4 ± 3.5 0.717

tan(δ) 0.018 ± 0.011 0.020 ± 0.013 0.672

Ê/GPa 8.0 ± 5.0 8.2 ± 4.7 0.648
ŷ/% 0.28 ± 0.20 0.21 ± 0.17 0.012
û/% 5.1 ± 2.1 5.3 ± 2.5 0.958

Ŵpy/(MJ m−3) 3.2 ± 1.9 3.3 ± 2.0 0.865
Ŵel/(MJ m−3) 0.024 ± 0.022 0.016 ± 0.017 0.003

Table 5.4: Material properties determined with the rheological model (top) and
apparent mechanical properties determined with curve fitting on the envelope curve
(bottom) of transversal and longitudinal trabeculae. Mean values are indicated ±
standard deviation, σy and σu are corrected for the applied pre-load. Samples were
pooled from osteoporotic and control donors. Significant p-values (p < 0.05) are
highlighted bold.

7, loading and unloading). Ultimate strain (rs = −0.33, p < 0.001, Figure 5.8-C)
and post yield work (rs = −0.29, p < 0.001, see Figure 5.8-B) were significantly
negatively correlated with TMD, based on pooled data.

Fracture T-score
Parameter CTRL FRAC p-value > −1.0 −1.0 > T > −2.5 < −2.5 K.W.

Fr-zo 951 ±174 954 ±173 0.172 953 ±175 956 ± 168 950 ±177 0.172
Trab 958 ±174 963 ±173 0.066 960 ±175 968 ± 167+,∗ 955 ±176 0.001

Table 5.5: TMD (in mg cm−3 HA) of osteoporotic and control trabeculae for fracture
zone (Fr-zo) and whole trabecular struts (Trab). The left part indicates the low
trauma classification (Fracture), the right part the T-score based one. Significant
p-values (p < 0.05) are highlighted bold. K.W. denotes the p-value obtained with
the Kruskal-Wallis test. + illustrates a significant (p < 0.05) difference to T <
−2.5, ∗ to T > −1.0.
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Figure 5.6: TMD distributions of individual trabeculae. A & B: Selected trabecu-
lae, with optical tensile test recording at point of failure (left) and corresponding
longitudinal TMD heat-plot (determined from µCT-images, taken ahead of me-
chanical testing), at central plane (right). The fracture zone is highlighted in cyan.
Small insets at the bottom show the cross sectional TMD heat-plot in the center of
the fracture zone, as indicated in figures A & B. C: Boxplot of all pooled samples in
the fracture zone (Fr-zo) and non-fractures areas of corresponding whole individual
trabeculae (Trab; each value is the mean of each corresponding trabeculae and
fracture zone, p-value determined with Wilcoxon signed rank test for pairwise
samples). Illustration of used boxplot styles (symbols and outliers) is given in
figure 2.9. Mean intensity profile for all samples based on fracture (D: Fracture
(FRAC) and control (blueCTRL)), T-score (E) and trabecular orientation (F:
Longitudinal (Lon) and transversal (Trans). Mean in solid, 95 % confidence interval
shaded. The profile is set across the mass centroid axis (normalized), as illustrated
in insets in subfigures A & B.
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5.4.3 µCT-derived bone morphometry

The fracture based classification (see table 5.6-left and figure 5.9) indicated a
significant difference with smaller values of BS and Tb.N for fracture samples. In
contrast, BV/TV, Tb.Sp, Tb.Th and DA were not affected. Osteoporotic samples
based on the T-score (see table 5.6, right and figure 5.10) showed significantly lower
values of BV/TV, BS and Tb.N for osteoporotic and osteopenia samples, compared
to T > −1.0. Further, Tb.Sp was significantly higher and DA and Tb.Th remained
unaffected. Selected slices and spheres for bone morphometry determination are
illustrated in figure 5.11.

Trabecular orientation did not result in a significant difference in bone morphometry,
except DA (1.57 ± 0.25 vs. 1.64 ± 0.22, transversal vs. longitudinal, p = 0.046).
Bone morphometry showed no significant correlation with apparent mechanical but
with material properties, namely for Tb.Sp vs. R (rs = 0.24, p = 0.034), Tb.Sp
vs. σu (rs = 0.24, p = 0.031), and Tb.Th vs. σy (rs = 0.25, p = 0.011) based
on pooled data. Further, bone morphometry parameters indicated a significantly
larger inter-donor variability, compared to intra-group variance (estimated with
two-side ANOVA and Kruskal-Wallis-test, p < 0.001).

Fracture T-score
Parameter CTRL FRAC p-value > −1.0 −1.0 > T > −2.5 < −2.5 K.W.

BS/mm2 185.4 ± 51.2 164.7 ± 45.4 0.010 197.9 ± 49.4 166.2 ± 45.7 ∗ 155.1 ± 41.3 ∗ 0.000
(BV/TV)/% 16.8 ± 7.0 15.5 ± 6.7 0.186 18.4 ± 7.0 16.0 ± 6.4 13.5 ± 6.2 ∗ 0.000
Tb.N/mm−1 1.13 ± 0.19 1.07 ± 0.18 0.046 1.17 ± 0.18 1.04 ± 0.19∗ 1.07 ± 0.18∗ 0.000

Tb.Sp/mm 0.72 ± 0.15 0.77 ± 0.16 0.128 0.69 ± 0.14 0.78 ± 0.16∗ 0.78 ± 0.15∗ 0.001
Tb.Th/mm 0.17 ± 0.03 0.17 ± 0.03 0.466 0.17 ± 0.03 0.17 ± 0.03 0.17 ± 0.04 0.311

DA 1.59 ± 0.24 1.62 ± 0.23 0.215 1.59 ± 0.25 1.65 ± 0.20 1.58 ± 0.25 0.138

Table 5.6: µCT-derived bone morphometry of osteoporotic and control trabeculae.
The left part indicates the low trauma classification (Fracture), the right part the
T-score based one. K.W. denotes the p-value obtained with the Kruskal-Wallis
test. Significant p-values (p < 0.05) are highlighted bold. ∗ illustrates a significant
(p < 0.05) difference to T > −1.0.
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Figure 5.9: µCT-derived bone morphometry, based on the fracture criterion(control
(CTRL) and fracture (FRAC)). A: Bone volume to total volume (BV/TV). B:
Bone surface (BS). C: Degree of anisotropy (DA). D: Trabecular number (Tb.N).
E: Trabecular separation (Tb.Sp). F: Trabecular thickness (Tb.Th). Significant
differences (p < 0.05) are marked with bars and actual p-values are provided on
top. Illustration of used boxplot styles (symbols and outliers) is given in figure 2.9.

5.4.4 Age related changes

Age related changes of material and apparent mechanical properties and bone
morphometry were determined both on pooled data (to check the influence of
age together with osteoporosis) and on non-fractured samples (to determine the
influence of aging independently of osteoporosis, see figure 5.12). For pooled data
Tb.N (rs = −0.33, p < 0.001), Tb.Sp (rs = 0.24, p = 0.002), BV/TV (rs = −0.19,
p = 0.012), and BS (rs = −0.32, p < 0.001) showed a significant dependency on age,
whereas all other material and apparent mechanical properties (except exponential
hardening coefficient p, rs = 0.22, p = 0.029) did not correlate with age. Here,
exponential hardening coefficient showed a moderate correlation (rs = 0.32, p =
0.023) with age for fracture group, whereas control trabeculae were not correlated
with age. In control trabeculae age was significantly correlated with Tb.N, Tb.Sp,
and BV/TV. Interestingly, control trabeculae showed a moderate correlation with
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Figure 5.10: µCT-derived bone morphometry, based on the T-score (legend at
bottom). A: Bone volume to total volume (BV/TV). B: Bone surface (BS). C:
Degree of anisotropy (DA). D: Trabecular number (Tb.N). E: Trabecular separation
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Figure 5.11: Representative cross-sectional slices of bone spheres, used for µCT-
derived bone morphometry. All spheres were oriented according to their three
largest eigenvectors, to show the same orientation (all shown spheres were dissected
from the trajectory, longitudinal group). Left: No fracture and T > −1.0. Middle:
Fracture and −1.0 > T > −2.5. Right: Fracture and T < −2.5.
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ultimate stress (rs = 0.38, p = 0.011). Donor age was not correlated with TMD
for pooled data and both grouping classifications.
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Figure 5.12: Correlation of µCT-derived bone morphometry (top panels, A – C) and
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C: Trabecular separation (Tb.Sp). D: Long term modulus (E∞). E: Hardening
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(rs) are given on top of each panel, with actual p-values and highlighted bold, if
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5.5 Discussion
This study demonstrates comprehensive apparent mechanical and material prop-
erties (elastic, viscous, and post yield) of individual osteoporotic and control
trabeculae, loaded cyclically, in tension, in a wet, close to a physiologic environ-
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ment. Inspired by work on micropillar compression on cortical bone [185]) the
current study elucidates the significant difference between loading and unloading
moduli for trabecular bone tissue. This difference can be explained with viscous
effects and damage accumulation. Indeed, selection of different viscosities and
holding periods in the rheological model could reproduce differences in the loading
and unloading moduli (see figure 5.13).
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Figure 5.13: Effect of holding period on unloading modulus. Left: After long
hold periods the damper has sufficient time for complete relaxation (damper
strain ( d) approaches total strain ( tot)). Hence, unloading modulus (EU) equals
loading modulus (EL). Middle: After short hold periods the damper cannot relax
completely and unloading modulus increases. Right: No hold period causes an
even further increase of subsequent unloading modulus.

Further, it is speculated that damage initiation appears in the end phase of the
second and third loading cycle, causing a drop of subsequent unloading modulus.
According to the three-phase model of Fazzalari et al. [93] damage growth does not
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cause a decrease of stiffness, which might explain why loading modulus (determined
at the initial part of each loading cycle) stays almost constant. As only one to
two damage sites are initiated per trabeculae [273] crack/damage growth might be
dominant, instead of crack/damage initiation, explaining the constant unloading
modulus in later cycles.

These findings highlight that human trabecular bone tissue is not linear-elastic by
nature, as already observed in nanoindentation experiments [58,189]. In fact, the
present results shine some light on the discrepancy in material properties derived
from nanoindentation and tests of individual trabeculae; nanoindentation looks
at the unloading part whereas mechanical tests of individual trabeculae generally
consider the loading part. Additionally, nanoindentation is most often performed on
dry samples, which further increases the discrepancy. This puts forth the important
question of how to deal with trabecular bone in computational models? For exam-
ple, is a linear-elastic approach sensible enough? This will largely depend on what
is being modeled, however it should be clear that such linear-elastic approaches
can barely depict true mechanical behavior and do not deliver insight on actual
material properties.

A main goal of the presented study was to perform a reliable characterization
of osteoporotic trabeculae, in comparison to a healthy age-matched cohort. Trabec-
ulae were taken from the longitudinal trajectories and from the transversal arcuate
region, to discriminate potential differences in apparent mechanical and material
properties. However, no significant difference in apparent mechanical or material
properties was detected, except a higher apparent yield strain, apparent elastic
work and a lower TMD (p = 0.02) in transversal trabeculae. Interestingly. Torres
et al. mentioned that transversal oriented trabeculae serve as sacrificial elements
and enhance fatigue life of cancellous bone [274] and this could be partly related
to the increased elastic deformation of individual trabeculae, probably caused by
decreased mineralization.

In total 179 trabeculae from 20 donors were successfully tested to ensure a good
representation of actual apparent mechanical and material properties, as a large
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biological variation [13, 14, 259], and technical difficulties in micro-mechanical
testing [11] are known. Indeed, the CV was 0.54 and 0.46 for long-term and
instantaneous tissue modulus, comparable to CV values of elastic moduli from
previous studies on tensile tests of individual trabeculae ranging from 0.15 to
0.74 [18,162,179,275,276]. Reliability of the determined material properties, ob-
tained with the rheological model, has already been demonstrated previously for
healthy human trabeculae [224] (see section 3.3).

Taking this large variation into account, no significant differences in the material
properties or mineralization were detected between osteoporotic trabeculae (in
both classifications) compared to healthy control ones, even if age was considered
as a covariate. However, apparent elastic modulus and TMD were significantly
larger for donors with osteopenia (−1.0 < T < −2.5), whereas apparent yield
strain and elastic work were significantly smaller, compared to osteoporotic donors
(T < −2.5). For pooled data TMD was significantly negatively correlated with
apparent yield strain (rs = −0.36), elastic work (rs = −0.33) and post-yield work
(rs = −0.29, p < 0.001) and positively with tensile modulus, long term modulus
and Maxwell/dynamic modulus (rs = 0.30 on average, p = 0.002). Apparently,
increased TMD levels cause a stiffening of trabeculae, associated with a decrease
of elastic work in patients with osteopenia. However, this is effect is diminished in
osteoporotic patients, since mechanical properties might depend on the duration of
estrogen deficiency, as shown in ovariectomized sheep [116]. In the current study,
average osteoporotic donor age was 74.6 years and prolonged estrogen deficiency
might have diminished initial differences in elastic tissue properties of female donors.
It has to be pointed out that trabeculae from donors with osteopenia had a signifi-
cantly larger cross-sectional area compared to osteoporotic and control samples and
only apparent (geometry dependent) mechanical properties (yield strain, elastic
work and elastic modulus) were affected. In contrast, no actual material properties
(determined with the rheological model) were significantly changed. A possible
explanation might be that the apparent properties show a larger dependency on
the geometry than the rheological model. The geometry dependency might further
explain the large variation of previously reported values in literature and would
favor the determination of material properties with models minimizing the influence
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of sample geometry.

In literature, no consensus has been reached so far on the influence of age and disease
on trabecular tissue properties [277]. On one hand no change of material properties
of trabecular tissue of humans experiencing an osteoporotic fracture [211, 278],
ovariectomized rats [267,279] and post-menopausal women [208] was determined. On
the other hand as well decreased mechanical properties in osteoporotic donors [119]
and ovariectomized sheep [116,280], as increased mechanical properties in ovariec-
tomized rats [10, 120] were reported. Possible discrepancies might be related to
differences between donors with osteopenia and osteoporosis, as observed in the
present study at least for the elastic region. Further discrepancies are comparisons to
not age-matched controls [119], reporting only apparent properties, testing on dried
specimens, and different test procedures. The tensile test used in the present study
enables a well-defined homogeneous stress state, in contrast to three-point bending,
which has been shown to give different results than tensile tests for obtained mate-
rial properties [171]. Further, small donor numbers might cause artificial differences
between control and osteoporotic apparent mechanical and material properties, as
variability between donors has already been reported as being much larger than
inside a single donor [259], possible caused by differences in TMD and the remodel-
ing state [11]. In the present study inter-donor variability was also significantly
larger for ultimate stress (p = 0.049) and almost for long-term modulus (p = 0.065).

In contrast to previous studies [119, 122] no increased heterogeneity of miner-
alization of osteoporotic trabeculae could be detected. Only smaller TMD values
at the trabecular surface, compared to the center, have been observed (as reported
previously [122, 193]), without being different across groups. Previously, TMD was
found to be increased [10,120] or decreased [116–118,281] in osteoporosis, but dif-
ferent measurement techniques were used (µCT, qBEI, Fourier transform infrared
microspectroscopy (FTIRM)), and different anatomical sites were investigated.
Interestingly, mean TMD was significantly lower in the fracture zone in comparison
to the non-fractured part of corresponding whole individual trabeculae (p < 0.001
for pairwise comparison for pooled data, see figure 5.6).
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In general, TMD was always lower in the fracture zone, irrespective of group-
ing (see table 5.5). This finding agrees to Turunen et al. [282], where TMD was
also significantly lower at crack locations, in comparison to surrounding trabecular
bone. Hence, in a homogeneous stress state, these lower mineralized regions exhibit
larger strains, because of the smaller local stiffness, and might thus be the initiation
points of damage with elevated stress levels. It has to be mentioned that the found
correlations of TMD with mechanical properties, although being similar to previ-
ously reported values for tissue elastic modulus [205,275,283,284] and post-yield
work [171], are only moderate ( 0.30). This highlights that other factors, such
as porosity (lacunae, microcracks) [119] and the collagen phase [88,285,286] play
a relevant additional role in determination of apparent mechanical and material
properties, which have not been assessed in the current study. The absence of
changes of apparent mechanical and material properties and mineralization with
aging is in accordance to previous findings about tissue elastic modulus [287],
visco-elastic properties [288] and TMD [289]. However, also increased mineraliza-
tion with increasing age was reported [116,281,290], possibly related to a slowed
down bone turnover in the elderly [31]. As only rod-shaped trabeculae have been
investigated in the present study, it might be that mineralization in plate-shaped
trabeculae is more affected by aging, since mineralization is significantly different
between these two trabecular shapes [291]. Only tissue strength was increased with
increasing age in the present study for control trabeculae. In contrast to previous
studies [116, 281,290], no increased mineralization in the elderly has been detected,
suggesting that other factors are additionally responsible for tissue stiffening, at
least in the age range studied here. Interestingly, exponential hardening coefficient
was increased with increasing age (rs = 0.32, p = 0.023) for osteoporotic fracture
donors only. Hence, aging may affect material properties differently between healthy
and osteoporotic donors. Although all other apparent mechanical and material
properties were independent of donor age, they might be dependent on tissue
age [292,293], which could be assessed in future studies, e.g. via qBEI.

In contrast, bone morphometry was significantly affected by osteoporosis and
aging. Osteoporotic samples showed a significantly smaller BV/TV, BS and Tb.N,
accompanied with a significantly larger Tb.Sp, without affecting Tb.Th. Accord-
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ingly, a smaller BV/TV [119, 254, 294], Tb.N [119, 254, 294, 295], and a larger
Tb.Sp [119,254,294,295] has been reported in literature for osteoporotic trabecular
bone. Tb.Th is reported controversial as being unaffected [119, 254] or larger [255].
Interestingly, only a few weak correlations were found (rs ≤ 0.25) of bone morphol-
ogy parameters with material properties (for pooled data: Tb.Sp vs. R, Tb.Sp
vs. σu and Tb.Th vs. σy), suggesting that bone structure only depends at most
weakly on material properties. Although no significant differences of bone mor-
phometry parameters were observed between male and female donors, the large
inter-donor variability might be partly caused by differences in the duration and
intensity of metabolic changes in the female cohort. Prolonged estrogen deficiency
has been reported to decrease BV/TV [296], Tb.N [297], Tb.Th [296], and in-
crease Tb.Sp [296, 297] in the ovariectomized rat model. Additionally, BV/TV,
BS, Tb.N and Tb.Sp indicated a significant dependency on age, as reported pre-
viously for BV/TV [8, 257, 294], Tb.Sp [8, 294], Tb.N [8, 257, 294], Tb.Th [256]
and degree of anisotropy [256]. BV/TV between control and osteoporotic samples
(fracture-grouping) was not significantly different, whereas T-score was. T-score
was determined at the femoral neck and BV/TV was determined at the exact
locations of trabecular dissections in the femoral head (see figure 5.1-C), which
might explain this difference. Further, in the general linear model, with age as
a covariate, BV/TV was also significantly lower in the fracture group. BV/TV
was significantly correlated with age in the control group, but not for osteoporotic
fractured samples. This data suggests that bone morphometry changes differently
between normal aging and osteoporosis. This finding is in agreement with Boskey
et al. who stated that osteoporosis is associated with aging, but not a cause of
aging [251].

5.5.1 Limitations

Micro-mechanical tests inherit several limitations, caused by the small, irregular
sample geometry and difficulties in sample handling, as intensively reviewed in [12]
and further mentioned in previous studies [119, 171, 184]. Thus, testing a large
number of samples with an aspect ratio larger than three was performed to obtain a
reasonable number of representative samples. Especially, misalignment of samples
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causes shear stress [11] and obtained values might be erroneous. Sequentially,
especial care was taken to align samples from two orthogonal planes under a z-stage
equipped microscope. Further, heterogeneity in stresses might evolve from irregular
shaped trabeculae and was minimized by selection of long cylindrical trabeculae.

Previously, compression loading of human femoral head plugs was found to result
in compression and tensile strains [282]. Since the compression material prop-
erties could be potentially differently affected by osteoporosis, this issue should
be investigated in future. Only rod shaped (likely “old”) trabeculae were tested.
Plate-shaped (likely “younger” samples) might be affected differently, because of
differences in the remodeling rate, similar to previously detected differences of TMD
between longitudinal plate trabeculae and rod-shaped transversal samples [291].

Another limitation is the optical strain tracking, especially in the first cycle,
as the signal to noise ratio is lower at low strains. Further, samples were tested
in displacement control, because of technical limitations and a more efficient test
procedure, whereas strain or stress control would enable a more uniform loading
protocol. As trabecular length was not constant, the number of cycles until fracture
differed, as small samples fractured already at three cycles (see section 3.3). Thus
it is recommended to use a pseudo strain driven loading profile (the set displace-
ment should be dependent on individual trabecular length) for future studies (see
section 3.4.5). Addressing this issue would also increase the number of usable
stress-strain curves for the rheological model (as samples would fracture at later
cycles and as only samples that were tested for at least four cycles were included
in this evaluation).

A further limitation was that potential changes of the collagen phase were not inves-
tigated in course of the present study. Previous studies highlighted the importance
of collagen in determining bone mechanical properties [88,285,286] and this should
also be evaluated in future studies for individual trabeculae. Determination of TMD
with µCT is known have a relatively good correlation with ash density, but also
to underestimate true TMD values and to show a geometry dependency [298, 299].
µCT-derived bone morphometry was determined at the exact points of trabecular
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dissection, for correlation purposes with material and apparent mechanical prop-
erties. However, spheres were used to avoid misalignment of the ROI, whereas
cubes are more common in bone morphometry. Still, comparable values for cubes
of trabecular bone in the femoral head [300] were obtained and slightly smaller
values for BV/TV and Tb.N are possibly caused by selection of regions with a low
BV/TV, as they contain a larger amount of cylindrical trabeculae.

5.6 Conclusions
The observed weakening of the apparent mechanical behavior of trabecular bone
in osteoporosis is likely largely caused by changes of the bone morphometry and
to a lesser extent by weakening of the tissue itself, at least for the femoral head.
Similarly, aging caused a deterioration of bone morphology, without affecting
material properties, except an increase of tissue strength and exponential hardening
coefficient. Since these two variables and BV/TV were differently affected between
healthy and osteoporotic trabeculae, it is assumed that age-related changes are
different in osteoporosis and healthy cohorts. The substantial variation of obtained
material and apparent mechanical properties suggests that small differences between
healthy and osteoporotic trabeculae could not be detected. Still, it is assumed that,
if the effect of osteoporosis on the material properties of trabecular bone is indeed
such small (compared to the large inter- and intra-donor variation), that it is not
relevant for clinical discrimination. Detected differences in apparent yield strain
and elastic work of donors with osteopenia might be related to differences at disease
onset and the inherent geometrical dependency of apparent mechanical properties.
The presented study is the first one that determined actual material (not only
apparent) properties of healthy and osteoporotic trabeculae and highlighted that
trabecular bone tissue is an elasto-visco-plastic material and cannot described
properly as being linear-elastic. This finding is important for computer simulations,
like FE analysis or mechanistic approaches. Trabecular bone of the femoral head of
healthy and osteoporotic patients can thus be modeled independently from age or
osteoporosis, but as an elasto-visco-plastic material. Since only trabeculae from the
femoral head were investigated in tensile mode here, further research is necessary
focusing on different anatomical locations (e.g. spine and radius) and different
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loading states (e.g. compression and bending) to verify these observations for
cancellous bone in a more general manner.
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CHAPTER 6
Changes of material properties
with anti-resorptive treatment

“The tendency of old age to the body, say the physiologists, is to form
bone. It is as rare as it is pleasant to meet with an old man whose
opinion is not ossified.”
Bob Wells

6.1 Related publications and declaration of
contributions

Partial results of the presented work (text, tables and figures) have been condi-
tionally accepted in “Bone”, entitled “Effects of anti-resorptive treatment on the
material properties of individual canine trabeculae in cyclic tensile tests” and co
authored by Andreas Grabos, Andreas G. Reisinger, David B. Burr, Dieter H. Pahr,
Matthew R. Allen, and Philipp J. Thurner. This work is further based on the
Diploma thesis of Andreas Grabos, entitled “Effect of anti-resorptive treatments on
material properties and damage behavior of individual trabeculae of bone”, which
was co-supervised and assisted by Martin Frank.
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Author contributions: The first author and author of the current thesis, Martin
Frank, contributed to the study design, assisted in establishing of the mechanical
tests, performed the mechanical data processing, data interpretation, evaluation of
the stress-strain behavior, TMD determination, co-supervised the work of Andreas
Grabos, and wrote the manuscript. The joint first author, Andreas Grabos, per-
formed the specimen preparation, the mechanical tests, the microdamage labeling,
microscopy, and microdamage evaluation. Andreas G. Reisinger developed the
rheological model and performed the data evaluation with this model. Matthew
R. Allen supervised the microdamage labeling and provided the bone samples.
David B. Burr contributed to the study design and supervision of the work. Dieter
H. Pahr contributed to the development of the rheological model and supported
the interpretation of the results. Philipp J. Thurner performed the study design,
supervised the work of Andreas Grabos and Martin Frank, and supported the
interpretation of the results.

6.2 Introduction
Medical treatment of osteoporosis is conventionally done with anti-resorptive drugs,
such as bisphosphonates (BPs) or selective estrogen modulators (SERMs) [25] (see
section 2.6 for further details). These drugs reduce bone resorption [301], increase
the areal bone mineral density (aBMD) [148,302] and thus reduce the probability
of osteoporotic fractures [26]. However, an increase of aBMD alone cannot solely
describe this phenomenon. For instance, it has been determined that only 4 % of
the observed vertebral fracture risk reduction in raloxifene treatment was associ-
ated with an increase of aBMD [27]. In animal models, the reduction of fracture
risk has been linked to improved whole bone mechanics [265,303], like increased
elastic modulus and strength, both for BP and SERM treatment [53,145,304–307],
whereas only raloxifene treatment increased bone toughness [305,308]. As bone is
a hierarchical structure (see section 2.1), its mechanical properties arise from bone
architecture, bone mass and material properties [265]. The superior properties in
BP treated bone have been linked to an improved or at least maintained trabecular
architecture [309–311], accompanied with an increased bone mass [53,304–306,312].
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However, effects on the material properties have been less conclusively reported [265]
and seem to be differently affected by BP and SERM treatment [151]. Thus, it
is essential to perform a thorough characterization of potential changes in the
material properties after BP and SERM treatment. These findings will enhance
our knowledge about the rationale of the observed superior whole bone mechanics.
So far, most studies have focused on the elastic behavior of cortical bone specimens
in nanoindentation [313–315], bone microindentation testing (BMT) [316] or in
bending experiments [78, 253, 317]. Bone is a visco-elastic material [19, 318, 319]
and especially characterization of physiologic relevant loading scenarios, such as
fatigue and impact [21], would be favorable. Especially acquirement of mechanical
properties of trabecular bone tissue is needed, since regions rich in trabecular bone
are dominantly affected by falls [7].

Goal of the current study was to perform cyclic tensile tests of individual tra-
beculae close to failure and to use a previously established rheological model
(see section 3.3) to determine elastic, viscous, yield, ultimate properties, and the
loss tangent together with ultimate strain and toughness of individual trabeculae.
Additionally, this test procedure allows induction of microdamage in a defined
experimental set-up in-situ to compare potential differences in microdamage ac-
cumulation of alendronate, raloxifene and control specimens. These findings will
shed more light on the potential changes of trabecular tissue/material properties
during anti-resorptive treatment.

6.3 Material and methods

6.3.1 Sample selection

Thoracic (T8-T12) vertebrae were obtained from non-ovariectomized skeletally
mature female beagle dogs (average age at beginning of treatment: (1.3 ± 0.2)
years). These animals were treated orally for 12 months with clinically relevant
doses of alendronate (ALN, 0.2 mg kg−1 d−1) or raloxifene (RAL, 0.5 mg kg−1 d−1)
or saline (CON, 1.0 mL kg−1 d−1) in a previous study [305]. All experiments were
approved by the Indiana University School of Medicine Institutional Animal Care
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and Use Committee prior to initiating. Bone samples were wrapped in tissue soaked
with HBSS (pH = 7.4) and stored at −18 °C. In total, 24 trabeculae were harvested
from CON animals, 28 specimens from RAL-treated animals and 30 trabeculae
from ALN-treated animals.

6.3.2 Sample preparation and mechanical testing

Sample preparation of individual trabeculae was performed according to section 3.1.3
“Sample preparation”. It has to be noted that these dog trabeculae were much
smaller than previous ones obtained from bulls (length ∼300 µm, instead of (200
to 1000) µm) and thus hard to excise and handle, causing a large drop out rate
during dissection. Further, the aspect ratio was in the range of 1 to 3, as almost
all trabeculae showed a plate like, rectangular cross-section. Tensile testing and
strain determination were done as reported in sections 3.1.3 “Tensile test” and 3.1.3
“Displacement and strain determination”.

Tensile tests were done displacement controlled at a displacement rate of 0.01 mm s−1.
A cyclic loading-hold-unloading protocol was chosen, as illustrated in figure 3.8-B.
As mentioned in section 3.1.3 “Tensile test”, a pre-load of 0.08 N was applied to
facilitate sample alignment. After verification with the video camera, the actual
tensile test was started. Experiments were stopped as soon as trabeculae showed a
clear, permanent whitening in the strut region that was still visible in the unloading
phase (see figure 6.1 for more details). This behavior has been first described by
Thurner et al. [260] and is further described in section 4.3.5 “Whitening”. However,
whitening quantification was not performed further in the present study, as micro-
damage evaluation was done with basic fuchsin staining after mechanical testing
(see section 6.3.4 “ Microdamage labeling and evaluation”). In this way, permanent
microdamage accumulation could be facilitated without necessarily fracturing the
samples. The cyclic loading protocol was chosen to enable a thorough mechan-
ical characterization of the bone tissue in one single experiment, as outlined in
section 3.2.
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6.3.3 Determination of apparent mechanical and material
properties, and TMD

Determination of sample geometry was done with µCT measurements, as described
in section 3.1.3 “Micro computed tomography (µCT) and image processing”. Hereby,
the mid cross-sectional area (Amid) was used to calculate true stress (σT), according
to sections 3.1.3 “Force and stress determination”.

Evaluation of stress-strain diagrams was performed in two ways. First, the elasto-
visco-plastic rheological model (see section 3.3) was used to determine the following
material properties: Instantaneous modulus (E0), long-term modulus (E∞), yield
stress (σy), hardening coefficient (p), hardening stress (R), ultimate stress (σu),
viscosity (η), and loss tangent (tan(δ)). Additionally, the envelope curve of the
experimental data was evaluated to determine the following apparent mechanical
properties: Apparent elastic modulus (Ê), apparent yield stress (σ̂y) and strain
( ŷ), apparent hardening coefficient (p̂), apparent hardening stress (R̂), apparent
maximum stress (σ̂max), apparent strain at maximum stress ( m̂ax), apparent elastic
work (Ŵel), and apparent post-yield work (Ŵpy) (see section 3.2.2). Hereby, the
maximum stress and strain at maximum stress were chosen instead of ultimate
stress and strain (the final point of the stopped experimental stress-strain curve),
since the stop criterion caused some variations in the final point of the stress-strain
data. Further, it was recognized that the stress-strain data showed a maximum
stress with a monotonous decrease afterwards in most experiments. This indicates
that, associated with the observed whitening effect, there was damage accumulation.
Sequentially, the maximum stress is likely a better representation of the material’s
strength than the ultimate stress.

It has to be noted that evaluations done with the rheological model are based on
engineering stress and strain, because of assuming geometric linearity. In contrast,
evaluations done with the envelope curve are based on true stress and strain, as
ultimate strains were in the range of 10 %.

Tissue mineral density was determined as described in section 3.1.3 “Determi-
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nation of Tissue Mineral Density (TMD)”.
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Figure 6.1: Determination of whitening as stop criterion shown for a selected sample.
The true strain-frame curve is shown at the top with indicated points (dark yellow)
at the start point (1) and at the end of each loading and unloading cycle. Below,
the corresponding images of the trabecula are shown in original on the top row and
with marked whitened regions (yellow) below. Additionally, the circle illustrates a
region, where whitening appears at point 4, but disappears after unloading in point
5. However, in unloading point 7 the whitened area is still present and facilitated
a stop in the subsequent loading phase at point 8. The rectangle indicates an area,
which shows a similar behavior of increasing and decreasing whitened area with
increasing loading/unloading cycles.

6.3.4 Microdamage labeling and evaluation

Microdamage labeling was done with en-bloc staining with basic fuchsin, as de-
scribed previously [320]. In brief, specimens were put into 70 % ethanol (EtOH)
for at least 48 h after mechanical testing. Then, samples were stained with basic
fuchsin (J.T. Baker, USA) in a graded series of increasing EtOH concentrations
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(80 %, 95 %, and 100 % EtOH) under a 20-psi vacuum. The samples were stained
for 1 h in each solution. Afterwards, samples were put twice into pure 100 % EtOH
for 30 min under a 20-psi vacuum to remove residual fuchsin stain. Finally, samples
were stored in 70 % EtOH at room temperature.

Stained samples were put onto glass microscopy slides and embedded in epoxy
glue (UHU Endfest 300, UHU, Germany). As trabeculae were mounted on 2 mm
thick epoxy circular end pieces (previously used for mechanical testing, see sec-
tion 3.1.3 “Sample preparation”) the trabecular strut was located around 1 mm
below the surface, in the center. Thus, a hand-held miller (Dremel 400, Dremel,
Germany) was used to remove excessive epoxy until the trabecular strut was almost
visible, verified under a stereo microscope (SZX10, Olympus Corporation, Japan).
Next, samples were ground in two steps using sandpapers with grit numbers of 80
and 240 until the trabecula was reached. Then, sandpapers with grit numbers of
800, 1500, and 2400 were used each for 2 min to ensure an even, smooth surface for
microscopy.

Microdamage visualization was done with a confocal laser scanning microscope
(Zeiss Axiolab, Germany), operated by the Zeiss ZEN Black software for fluorescent
materials. Unfortunately, the thickness of the trabeculae, including the epoxy
underneath, was around 1 mm and caused, together with trapped air bubbles in the
epoxy, a lot of interference of the light (especially scattering). As such, 3D confocal
images were not usable and only the surface was accessible for 2D microdamage
analysis. Images were taken with a 20× epi-fluorescent objective (EC Plan-Neouar
20x/0.50 M27) at an excitation wavelength of 555 nm and using an rhod-reflector
(image pixel size: 1.25 µm).

Image analysis was done with ImageJ (1.45s, NIH, USA), as described in sec-
tion 3.4.3 “Image data analysis”. In brief, the ROI was set to only contain the
trabecular strut (corresponding to the boundaries of the strain tracking area). No
linear cracks were visible at all, so only diffuse damage was present (except one
cross-hatching area). Sequentially, each image was segmented using the triangle
threshold method [238], as implemented in ImageJ. Then, the damage area (Dx.Ar)
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was determined as the number of white pixels and put in relation to the total bone
area (BA) to determine the damage density (Dx.Dn).

6.3.5 Statistical Analysis

Statistical analyses was done in SPSS (Version 26, IBM, USA). First, results
were tested for normality with both, a Kolmogorov-Smirnov test combined with a
Lilliefors Significance Correction and a Shapiro-Wilk test. Since most data was not
normally distributed, a non-parametric Independent-Samples Kruskal-Wallis Test
(K.W.) was used to check for significant differences between the different groups
and pairwise comparisons were made calculating asymptotic significance (2-sided
tests) with a significance level of α = 0.05. Significance values were adjusted by
the Bonferroni correction for multiple tests.

Determination of the material properties with the rheological model might re-
sult in non-physically meaningful values. Thus, an outlier removal strategy, based
on the IQR test was performed on all three combined testing groups in two suc-
cessive ways (as also described in chapter 5). First, the IQR-test was applied on
the RMSE of the fitting curve to remove overall bad computational fits. Second,
the IQR-test was also applied on each obtained material variables individually to
remove non-physically meaningful values.

6.4 Results
In total 71 tests were performed that showed a reliable deformation behavior during
video recording (27 ALN, 22 CON, 22 RAL). However, this number also includes
seven (3 ALN, 4 CON) repeated experiments that were done because of sample
sliding in the initial test. Here, the stress-strain diagrams of the second trial were
checked for a reliable behavior and obtained mechanical properties remained in a
reasonable range, minimizing the risk that samples were pre-damaged in the first
trial. Sequentially, only the second trials were included and the first experiments
were omitted. Visual inspection of obtained stress-strain diagrams resulted in a
further drop out of ten tests (5 ALN, 2 CON, 3 RAL), mainly because of issues
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in optical strain tracking. Sequentially, 54 out of 71 experiments (76.1 %) could
be used for determination of apparent mechanical properties (curve-fitting on the
envelope curve). As the rheological model fitting should rely on similar experimen-
tal tests, only experiments that contained more than one loading and unloading
cycle, were included as model input. This resulted in a further removal of five data
sets (3 ALN, 2 RAL), leaving 49 stress-strain curves for model fitting. As already
described in the previous section, overall bad model fittings were removed (eight in
total), resulting in 41 remaining curves (57.7 %) that were successfully evaluated
with the rheological model (16 ALN, 13 CON, 12 RAL).

Exemplary stress-strain diagrams of experiments and superimposed ones obtained
with the rheological model are illustrated in figure 6.2. The obtained material
properties and apparent mechanical properties, obtained with the envelope curve,
are reported in table 6.1 and displayed as boxplots in figure 6.3. A significant
increase in the long-term (E∞) and apparent elastic modulus (Ê) was seen in
the alendronate group, compared to control specimens (and a trend compared to
raloxifene treated ones). Although not being significant, there was also the trend
of increased hardening stress (R, K.W. p = 0.07) and ultimate stress (σu, K.W.
p = 0.129) in the alendronate group. The statistically non-significant outcome is
most likely attributed to two extreme outliers in the control group that could not
be excluded because this would have caused multiple outlier testing. Moreover,
in the classical evaluation the maximum apparent stress (σ̂max) showed also a
trend of being increased in the alendronate (p = 0.10) and raloxifene (p = 0.08)
group, compared to control. Strain at maximum stress ( m̂ax) and post-yield work
(Ŵpy) were significantly larger in the raloxifene group, compared to control (p
= 0.03 and 0.002, respectively). Yield stress (σy and σ̂y), apparent yield strain
( ŷ), apparent elastic work (Ŵel), Maxwell/dynamic modulus (Emx), viscosity (η),
hardening coefficient (p), and loss tangent (tan(δ)) were not statistically different
between the subgroups.

The mean TMD was increased in the alendronate treatment group, significantly (p
= 0.01) compared to raloxifene and showed a trend towards increase in comparison
to control (p = 0.068, see figure 6.4-A). TMD was significantly correlated with
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Figure 6.2: Selected stress-strain curves of alendronate (ALN), control (CON) and
raloxifene (RAL) treated specimens. Experimentally obtained curves are shown
with dashed lines (black), model fittings are colored in solid. In general, alendronate
treatment resulted in an increased tissue elastic modulus and strength, whereas
raloxifene treatment increased maximum strain and post-yield work.

long-term modulus (E∞, rs = 0.59, p = 0.045) only for raloxifene treated trabeculae,
but not for control or alendronate treated ones. In contrast, TMD was significantly
correlated with Maxwell/dynamic modulus (Emx, rs = 0.83, p = 0.001) only for
alendronate treated trabeculae, but not for control or raloxifene treated ones (see
figure 6.4-B). Mean values ± standard deviations of TMD are shown in the top
part of table 6.2.

Figure 6.5 demonstrates selected basic fuchsin stained images to illustrate mi-
crodamage accumulation. No significant difference was observed in the damage
area (Dx.Ar) or the damage density (Dx.Dn). However, there was a significant
(p = 0.022) increased total bone area (BA) in the alendronate group, compared
to raloxifene. Mean values ± standard deviations of microdamage parameters are
shown in the bottom part of table 6.2.

6.5 Discussion
Individual trabeculae showed an increased elastic modulus and maximum stress
after one year treatment with alendronate, while yield stress, elastic and post-yield
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Figure 6.3: Boxplots of material properties determined with the rheological model
and apparent mechanical properties, determined with curve fitting, of alendronate
(ALN), control (CON), and raloxifene (RAL) treated specimens. A: Long-term
tissue modulus (E∞). B: Instantaneous tissue modulus (E0). C: Yield stress (σy).
D: Viscosity (η). E: Hardening stress (R). F: Ultimate stress (σu). G: Hardening
coefficient (p). H: Loss tangent (tan(δ)). I: Elastic work (Ŵel). J: Strain at
maximum stress ( m̂ax). K: Maximum stress (σ̂max). L: Post-yield work (Ŵpy).
Significant (p < 0.05) and close to significant (p ∼ 0.1) differences are marked with
bars and displayed with actual p-values. Further, close to significant (p ∼ 0.1)
differences for the Kruskal-Wallis test are shown on top of the boxplots as K.W..
Illustration of used boxplot styles (symbols and outliers) is given in figure 2.9.
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Figure 6.4: Tissue mineral density and its correlation with dynamic modulus of
alendronate (ALN), control (CON), and raloxifene (RAL) treated specimens. A:
Boxplot of mean TMD. B: Correlation of TMD with dynamic modulus (Emx).
Trend lines of significant correlations are shown solid, non-significant ones dashed.
Spearman rank correlation coefficients (rs) are shown with corresponding p-values
on the right for all subgroups. Illustration of used boxplot styles (symbols and
outliers) is given in figure 2.9.
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Figure 6.5: Selected microscopy images stained with basic fuchsin for microdamage
and boxplot of damage density of alendronate (ALN), control (CON), and raloxifene
(RAL) treated specimens. A, B and C: Basic fuchsin stained trabeculae, indicating
diffuse damage through the trabecular strut, but most densely in the central region.
Trabeculae already show black large cracks in the center, demonstrating that
samples were close to fracture. D: Damage density (Dx.Dn in %). Illustration of
used boxplot styles (symbols and outliers) is given in figure 2.9.
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Parameter ALN CON RAL K.W. A-C A-R C-R
E∞/GPa 1.8 ± 1.1 a 0.8 ± 0.9 1.1 ± 1.2 0.018 0.023 0.137 1.000
Emx/GPa 1.2 ± 0.7 0.7 ± 0.5 1.0 ± 0.8 0.171

E0/GPa 2.9 ± 1.3 a 1.4 ± 1.2 2.1 ± 1.7 0.011 0.009 0.270 0.650
σy/MPa 11 ± 5 10 ± 5 13 ± 8 0.627

p 48 ± 51 128 ± 236 37 ± 56 0.781
R/MPa 41 ± 28 35 ± 55 20 ± 15 0.073
σu/MPa 55 ± 31 45 ± 53 32 ± 14 0.129
η/GPa s 6.6 ± 7.5 9.3 ± 11.2 6.1 ± 6.6 0.645

tan(δ) 0.009 ± 0.005 0.008 ± 0.003 0.009 ± 0.003 0.467

Ê/GPa 2.4 ± 1.2 a 1.2 ± 0.8 1.6 ± 1.3 0.010 0.012 0.089 1.000
ŷ/% 7 ± 8 17 ± 7 16 ± 8 0.805

σ̂y/GPa 0.9 ± 0.6 1.6 ± 1.4 1.5 ± 1.1 0.194
m̂ax/% 7.7 ± 3.7 6.6 ± 4.2 10.3 ± 4.0 a 0.032 1.000 0.246 0.032

û/% 8.4 ± 3.7 8.5 ± 5.5 11.5 ± 4.7 0.083
σ̂max/MPa 67 ± 28 48 ± 32 70 ± 30 0.049 0.103 1.000 0.079

σ̂u/MPa 63 ± 32 a 37 ± 28 64 ± 31 0.007 0.024 1.000 0.014
Ŵel/(MJ m−3) 0.07 ± 0.05 0.10 ± 0.09 0.07 ± 0.04 0.776
Ŵpy/(MJ m−3) 2.9 ± 1.8 1.8 ± 1.8 4.4 ± 2.7 a 0.003 0.171 0.411 0.002

Table 6.1: Material properties determined with the rheological model (top) and
apparent mechanical properties determined with curve fitting on the envelope curve
(bottom) of alendronate (A, ALN), control (C, CON), and raloxifene (R, RAL)
treated specimens. Mean values are indicated ± standard deviation, σy and σu are
corrected for the applied pre-load. K.W. denotes the p-value obtained with the
Kruskal-Wallis test. If K.W. shows a p-value < 0.05 then the actual p-values for
group wise comparisons are shown on the right (corrected for multiple testing). a

illustrates a significant (p < 0.05) difference to CON.

Parameter ALN CON RAL K.W. A-C A-R C-R
TMD/(mg cm−3 HA) 1294 ± 53c 1260 ± 47 1256 ± 41 0.008 0.068 0.010 1.000

BA/µm2 36 526 ± 12 874c 31 273 ± 10 601 26 863 ± 11 801 0.028 0.653 0.022 0.711
Dx.Ar/µm2 11 368 ± 5682 9827 ± 4773 9190 ± 4452 0.394

Dx.Dn/% 32 ± 11 33 ± 12 35 ± 8 0.491

Table 6.2: Mean TMD obtained with µCT and variables obtained with microdamage
assessment (bone area (BA), damage area (Dx.Ar), and damage density (Dx.Dn))
for alendronate (A, ALN), control (C, CTRL), and raloxifene (R, RAL) treated
specimens. Mean values are indicated ± standard deviation. K.W. denotes the
p-value obtained with the Kruskal-Wallis test. If K.W. shows a p-value < 0.05 then
the actual p-values for group wise comparisons are shown on the right (corrected
for multiple testing). c illustrates a significant (p < 0.05) difference to RAL.

work, viscosity, and loss tangent were not affected. In contrast, raloxifene treatment
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6. Changes of material properties with anti-resorptive treatment

resulted in a significant increase of post-yield work and strain at maximum stress,
while elastic modulus, yield stress, elastic work, viscosity, and loss tangent were
not affected.

6.5.1 Alendronate treatment increases elastic tissue
modulus and strength

Apparent elastic modulus (Ê) was increased significantly (p = 0.012) in alen-
dronate treated samples, compared to control. This increase is potentially related
to an increase in long-term modulus (E∞), dynamic modulus (Emx) or viscos-
ity (η). The rheological model allowed to discriminate those effects, indicating
that long-term modulus (E∞) was significantly increased (p = 0.023), whereas
dynamic modulus (Emx) remained non significantly increased (K.W. p = 0.171).
Instantaneous modulus is calculated as: E0 = E∞ + Emx, and gives the resistance
to an instant deformation. This property was also significantly increased in al-
endronate treated samples (p = 0.009), while viscosity was not significantly affected.

This finding is in agreement with the model predictions of Siegmund et al. [151] and
an observed increase in indentation modulus of human iliac crest bone with increas-
ing BP treatment duration [315]. On the contrary, the majority of previous studies
found no significant change in tissue modulus, neither in bending [28, 313,317,321]
nor in nanoindentation experiments [313,314]. In one study, indentation modulus
was even lower in alendronate treated women with osteoporosis [322]. However,
indentation and bending experiments cause undefined loading modes, mainly a
mixture of compression, tension, and partly shear. Tensile experiments allow a
more defined, homogeneous stress state, depending on the sample geometry and
alignment. Moreover, Carretta et al. have already shown that obtained material
properties of individual trabeculae were significantly different between three-point
bending and tensile tests [171]. The increased tissue elastic modulus and strength
could be potentially related to an increase in TMD [323, 324], but also to an
increased amount of cross-links in the collagen matrix [77, 325].

Indeed, TMD was almost significantly increased (K.W. p = 0.07) with alendronate
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treatment, in accordance to previous studies [28, 304,305,326]. Thus, it appeared
likely that the increase in TMD is related to the increase in elastic modulus, as
shown previously [284, 327]. Surprisingly, there was no significant correlation
between TMD and long-term or instantaneous modulus, but only with dynamic
modulus (Emx, rs = 0.83, p = 0.001). This rather high correlation of TMD and
dynamic modulus could only be determined because of the cyclic tensile tests,
combined with the evaluation of the rheological model. Sequentially, only the elastic
part that is activated with increasing strain-rates could be significantly correlated
to tissue mineralization. As BP treatment increased the amount of non-enzymatic
cross-links in the same beagle dog model [34] it is very likely that this effect also
increased tissue strength and elastic modulus [77].

Stress at failure (σu) and maximum stress (σ̂max) showed a non-significant in-
crease (K.W. p = 0.129 and 0.103) with alendronate treatment. Also bone tissue
strength has been shown to be dependent on tissue mineralization [328]. However,
all previous studies reported no significant change of tissue strength in bending
experiments [28, 80, 313, 317, 321]. Similarly, indentation hardness was either de-
creased [322,329], unaffected [313] or increased [314] with BP treatment. Hardness
is a quantity that is effected by several different material properties, making it
challenging to gain material properties [330]. At first sight, the found significant
increased tissue elastic modulus and trend of increased strength contradicts most
of the previous studies. Apparently, the potentially increased material behavior
was counterbalance in those previous studies by alterations in the tissue, like
accumulation of microdamage [265,312]. As tissue strength is usually determined
in bending experiments on mm sized cortical bone specimens, it is very likely that
microdamage is present in vivo in those samples. In contrast, in the present study
individual trabeculae were used for tissue testing (size ∼ (100 to 300) µm). As
individual trabeculae that contain microcracks are very fragile, in comparison to
undamaged samples, it is very likely that only intact, undamaged samples were
tested here. Pre-damaged specimens would have been very likely destroyed during
the dissection, embedding or unmounting procedures. Thus, it is assumed that the
material/tissue indeed shows an increased elastic modulus and strength after BP
treatment, but this effect is counterbalanced at larger scales because of present
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6. Changes of material properties with anti-resorptive treatment

microdamage.

In whole bone mechanics BP treatment resulted in a decrease of toughness [53,
145,306,331], which was linked to an increased brittleness at the tissue level in the
non-linear model of Siegmund et al. [151]. Toughness is the material’s ability to
absorb energy before fracturing and can be split into elastic work and post-yield
work. In the present study, both, elastic (Ŵel) and post-yield work (Ŵpy), were
not effected by alendronate treatment. This finding is in accordance to literature,
where no change of elastic work and only a trend of decreased post-yield work was
observed at the tissue scale [313,321]. Similarly, Tang et al. found no significant
change of post-yield work in alendronate or risedronate treatment at clinical doses,
but only at thigh doses [80]. Decreased bone toughness has been linked to an
accumulation of AGEs [332,333]. As such, also the accumulation of AGEs has been
reported to increase with BP treatment [34], but in some studies this effect was
only significant in high dose regimes [35,334]. Sequentially, the amount of AGEs in
the current study could be only moderately increased, as only clinical doses of alen-
dronate (0.2 mg kg−1) were administered. As such, post-yield work could also stay
unaffected. Similar results were obtained at the whole bone level, where toughness
of BP treated bone was non significantly reduced at clinical doses [304,305] and
significantly reduced at high dose regimes [53,145,306].

In general, the trend of reduced toughness has been linked to an accumulation
of microdamage [145,304–306,335]. In the present study it was aimed to induce
microdamage in cyclic tensile tests with increasing amplitudes, similar as described
previously [308]. However, neither a difference in accumulated damage density
nor a difference in tensile modulus degradation (data not shown) was observed.
Previously, stiffness loss was also reported to be unaffected by BP treatment [336],
but the fatigue life was significantly reduced [336,337]. As mentioned previously, it
is feasible that toughness was unaffected by alendronate treatment in the present
study because of a lack of pre-existing microdamage.
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6.5.2 Raloxifene treatment increases tissue toughness

Tissue toughness of raloxifene treatment was increased because of a significant
increase in the post-yield work (Ŵpy, p = 0.002), compared to control, while elastic
work (Ŵel) was not affected. The increase in post-yield work was mainly related
to a significant increase in strain at maximum stress ( m̂ax, p = 0.032), whereas
maximum stress only showed a trend towards increased values (σ̂max, p = 0.079). In
contrast, yield strain ( ŷ) was not changed with raloxifene treatment. These findings
are in accordance with literature, where an increased tissue toughness was related
to a significantly increased post-yield displacement, while pre-yield displacement
was not affected [308]. Interestingly, also ex vivo exposure of canine and human
cortical bone beams to raloxifene resulted in an increased post-yield work without
affecting elastic work [338]. The authors related the increased toughness to an
increase in matrix bound water. In course of the present thesis it has also been
shown that hydrated individual trabeculae have an approximately 2-fold increased
post-yield work, compared to dehydrated samples (see section 4.4.1 “Stress strain
behavior”). Further, Siegmund et al. also predicted an increase of post-yield work,
associated with an increased ultimate strain and stress in a non-linear model [151].
Although not being significant significant, maximum stress also tended to be
increased in the current study, as already mentioned above (K.W. p = 0.079).
However, ultimate stress (σu), determined with the rheological model, was even
non-significantly decreased. Previous studies also did not found a significant change
in ultimate stress [308,338]. In the present study neither instantaneous modulus
(E0), nor long-term modulus (E∞) or dynamic modulus (Emx) were affected by
raloxifene treatment. In literature, tissue elastic modulus has been reported as
being unaffected [338], non-significantly increased [308, 339], or predicted as be-
ing decreased [151]. Thus, our findings coincidence with previous studies in the
assumption that elastic modulus is not relevantly affected by raloxifene treatment.

Induction of microdamage with cyclic tensile testing raveled neither a significant
difference in accumulated microdamage nor in the stiffness loss (data not shown),
as mentioned previously [308]. However, it would have been assumed that an
increased toughness should also increase the amount of accumulated microdamage
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(see section 4.4.3 “Larger toughness of hydrated bone is caused by increased damage
accumulation”). On the other hand, in a previous study, the damage density was
also found to be unchanged in vivo after one year treatment with raloxifene in
dog vertebrae [305]. In that study, only crack length was significantly increased,
which has been assumed to be caused by an increase of length of previously present
microcracks. In the current study no linear microcracks at all were identified in
individual trabeculae. Instead, only diffuse damage was present in the current study,
which has been determined as the major damage form after tensile loading [90] and
is in accordance to our findings in the current thesis (see section 3.4.4 “Results”).
As mentioned in previous paragraphs, individual trabeculae are unlikely to contain
pre-existing microcracks (in relation to mm sized trabecular bone tissue), which
might explain that damage accumulation was not affected, although toughness was
increased.

TMD was not changed in the present study with raloxifene treatment, as re-
ported previously [305,338]. As a result, the observed beneficial material properties
are likely to be the main reason of observed increased whole bone strength, in-
dependently of bone mineralization (tissue mineralization and bone volume), as
already pointed out by Allen et al. [305].

6.5.3 Limitations

Although micro-mechanical experiments of bone tissue enhance our understanding
of changes at the material level, they also inherit several limitations, mainly related
to the small size of bone specimens. First, since trabeculae were rather small
(∼300 µm in length) several samples were damaged during dissection and could
not be tested. Thus, there is a bias of selected trabeculae, in comparison to the
whole population. It can be questioned how representative individual trabeculae
are for trabecular bone tissue. However, testing a large number of samples should
overcome this limitation. Further, as all samples were treated in the same way it is
very unlikely that this bias was different among groups. Nevertheless, it cannot be
solely excluded that e.g. more brittle trabeculae were damaged in the alendronate
group. Given that material properties were found to be improved this possibility
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does not seem very likely. Present trabeculae showed a plate like, rectangular
cross-section with an aspect ratio of 1 - 3, meaning that stress was possibly not
sufficiently homogeneous in the strut region to capture potential differences between
control and raloxifene treated samples. Further, there is a large biological variation
of the geometry and structure of individual trabeculae. Although tensile tests
enable a good material characterization, differences in the aspect ratio and length
of trabeculae still show an influence on the material properties and explains the
large intra-group deviations. Thus, obtained material and apparent mechanical
properties still inherit a structural influence, that might also differ among groups.
As such, larger trabeculae in the alendronate group might be more mineralized
because of their size. However, even if the effect of increased TMD in BP treatment
is attributed to an increased trabecular thickness, the tissue elastic modulus and
strength would be still improved at the trabecular scale.

6.6 Conclusions
The observed superior bone mechanics during anti-resorptive treatment is, besides
changes in bone architecture and mass, related to an alteration of the bone tissue
itself. Hereby, alendronate treatment causes in increase of tissue elastic modulus
and strength, associated with an increase of tissue mineralization. In contrast,
raloxifene treatment causes an increase of tissue toughness, pre-dominantly in the
post-yield region. These findings highlight the different effects of both drugs on
bone mechanics and the benefit of material/tissue testing to reveal material changes
in the bone-matrix itself.
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CHAPTER 7
Influence of non-enzymatic

glycation on the material
properties

“Bones tell me the story of a persons life - how old they were, what
their gender was, their ancestral background.”
Kathy Reichs

7.1 Related works and declaration of
contributions

This chapter is intended as a first study to estimate the potential effects of non-
enzymatic glycation on the apparent mechanical and material properties of individ-
ual trabeculae. The presented results shall serve as a basis for further investigation
(testing a larger number of trabeculae), as currently published data is limited
and inconclusive. The presented data is based on the project works of Masoud
Chehrehrazi and Patrick Karner and was co-supervised and assisted by the author
of the current thesis, Martin Frank.
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Study contributions: Martin Frank, contributed to the study design, co-supervised
the study, performed the mechanical data evaluation, and interpretation. Masoud
Chehrehrazi performed the initial study, however, data presented in this chapter
was acquired by Patrick Karner, who performed the specimen preparation, the
glycation, the mechanical tests, and the data evaluation. Orestis G. Andriotis
designed the study. Andreas G. Reisinger developed the rheological model and
performed the data evaluation with that model. Dieter H. Pahr and Philipp J.
Thurner supervised the work of Martin Frank, took part in the study design and
supported the interpretation of the results.

7.2 Introduction
Collagen is one of the two major constituents of bone (see section 2.1) and is partly
cross-linked by enzymatic or non-enzymatic glycation (NEG). Hereby, enzymatic
crosslinks make bone tougher, whereas non-enzymatic crosslinks have been shown
to decrease bone toughness [31]. NEG forms aducts, which might further form inter-
and intra-molecular collagen bonds, known as advanced glycation end-products
(AGEs, see section 2.2). Accumulation of AGEs occurs naturally in bone with aging
[32, 285,340,341], diabetes [71, 342] and after bisphosphonate treatment [34]. This
accumulation of AGEs was predominately found in cortical bone [32] and might be
related to a higher turnover rate in trabecular bone [31]. In contrast, a larger accu-
mulation of AGEs in trabecular bone than in cortical bone was reported in vitro [76]
and elevated levels of NEG were found in trabecular bone in vivo [343]. These dis-
crepancies have been reviewed previously [344] and have to be investigated further,
as huge differences in the glycation levels have been reported across previous studies.

Accumulation of AGEs has been linked to a decrease of strength and toughness
in cortical bone [285], while secant modulus was increased [345]. Accordingly,
apparent post-yield fracture properties of cancellous bone [35] and of individual
trabeculae [35,36] were decreased after induction of NEG by in vitro glycation. On
the other hand, biomechanical properties of cancellous bone were not changed in
adults suffering from type 2 diabetes [346]. Hereby, assessment of the mechanical
properties of trabecular bone tissue is crucial, as these regions are often affected by
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falls [7] and the accumulation of AGEs was associated with increased fracture risk
of bones [30].

As outlined previously (see section 2.7) a thorough mechanical characterization
of individual trabeculae is essential for linking changes at the sub-tissue scale
to whole bone mechanics. Previously, only four-point bending experiments were
performed on individual glycated trabeculae [35], which only describe their me-
chanical behavior poorly because of an irregular sample geometry and thus, an
insufficiently defined loading state (see section 2.7.5). Hernandez et al. tested
individual trabeculae in tension [36], however, they only determined ultimate strain
as a sole mechanical parameter. Aim of the current study was to perform a thorough
mechanical characterization of individual glycated trabeculae in cyclic tensile mode,
combined with a rheological model (see section 3.3). It was hypothesized that an
accumulation of AGEs causes a decline of the post-yield mechanical properties of
individual trabeculae.

7.3 Material and methods

7.3.1 Sample selection

Individual trabeculae were obtained from the second phalanx of a 16-month-old
bull, provided by a local butcher (Fleischerei Hödl, Vienna, Austria). The bone
was cleaned from soft tissue with scalpels and scissors and stored at −20 °C within
1 h after death of the bull. 15 individual trabeculae were selected and divided into
glycation (R, 8 samples) and control group (C, 7 samples).

7.3.2 Sample preparation and mechanical testing

Sample preparation of individual trabeculae was performed as described in sec-
tion 3.1.3 “Sample preparation”. Trabeculae were selected for dissection if they
were long (∼500 µm) and slender (aspect ratio ≥ 3) and appeared translucent in
the microscope. Determination of sample geometry was done with µCT measure-
ments, as described in section 3.1.3 “Micro computed tomography (µCT) and image
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processing”. Hereby, the mean cross-sectional area (Amean) was used to calculate
true stress (σT), according to section 3.1.3 “Force and stress determination”. Next,
trabeculae were embedded in epoxy glue and put in glycation or control treatment
solution, respectively (see section 7.3.4).

Tensile testing and strain determination were done according to sections 3.1.3
“Tensile test” and 3.1.3 “Displacement and strain determination”. A cyclic loading
profile (see figure 3.8-A), with alternating load-hold-unload ramps, was applied at
a displacement rate of 0.01 mm s−1 until sample failure (see section 3.2). Hereby,
a pre-load of 0.08 N was applied to facilitate sample alignment (see section 3.1.3
“Tensile test”), which was verified with the video camera.

7.3.3 Determination of material and apparent mechanical
properties

Analysis of stress-strain diagrams was performed in different ways: Evaluation of
material properties with the rheological model (see section 3.3, evaluation with
curve fitting on the envelope curve (see section 3.2.2), evaluation of the tensile
modulus in each loading and unloading cycle (see section 3.2.1), and evaluation of
the secant modulus, as described below.

First, the elasto-visco-plastic rheological model (see section 3.3) was used to deter-
mine the following material properties: Instantaneous modulus (E0), Maxwell/dynamic
modulus (Emx), long-term modulus (E∞), yield stress (σy), hardening coefficient (p),
hardening stress (R), ultimate stress (σu), viscosity (η), and loss tangent (tan(δ)).
Additionally, the envelope curve of the experimental data was evaluated to de-
termine the following apparent mechanical properties: Apparent elastic modulus
(Ê), apparent yield stress (σ̂y) and strain ( ŷ), apparent hardening coefficient (p̂),
apparent hardening stress (R̂), apparent ultimate stress (σ̂u), apparent ultimate
strain ( û), apparent elastic work (Ŵel), and apparent post-yield work (Ŵpy; see
section 3.2.2).

It has to be noted that evaluations done with the rheological model are based on
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engineering stress and strain, because of assuming geometrical linearity. In contrast,
evaluations done with the envelope curve are based on true stress and strain, as
ultimate strains were in the range of 10 %. As third method, evaluation of the
tensile modulus in every loading and unloading cycle was performed as described
in section 3.2.1.

Additionally, evaluation of the secant modulus (k̂final) was performed, as described
previously [35, 345], to perform a comparison to those variables:

k̂final = σ̂u

û
(7.1)

7.3.4 Induction of NEG with ribose

Glycation of bone was done to induce NEG in vitro, whereby one week treatment
causes an approximate aging of 20 to 30 years [35]. The goal was to mimic an aging
of 60 to 90 years, so glycation was performed for three weeks. HBSS was used as a
basis to prepare the glycation and control solution, as described previously [35]
(see table 7.1). The control solution is the same as the glycation solution, but lacks
ribose. All components were mixed together on a magnet stirrer at a temperature
of 37.4 °C and the pH-value was adjusted to 7.4. Samples were put in petri dishes
containing the treatment solutions (see figure 7.1) and placed in an incubator at a
constant a temperature of 37.4 °C. pH-value and temperature were controlled daily
and the ph-value was adjusted to stay in the range of 7.3 to 7.6. After chemical
treatment, trabeculae were removed from the solution and washed three times with
HBSS. Samples were stored at −20 °C until mechanical testing. The progress of
glycation was controlled with 11 trabecular bone disks (square of ∼ 1 cm × 1 cm),
whereby one disc was removed every two days for later determination of the amount
of AGEs (see figure 7.1).

7.3.5 Statistical Analysis

Statistical analyses was done in SPSS (Version 23, IBM, USA). First, data was
explored and checked for normality with a Kolmogorov-Smirnov test combined with
a Lilliefors Significance Correction. Since most data was not normally distributed,
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Component c/(mol L−1) M/(g mol−1) ρ/(g L−1)
Ribose 0.600 150.13 90.078
HEPES 0.030 238.30 7.149
-amino-n-caproic acid 0.025 297.26 7.432

Benzamidine 0.005 120.15 0.601
N-ethylmaleimide 0.010 125.13 1.251

Table 7.1: Components of glycation and control treatment solution. c: molar
concentration; M : molar mass; ρ: mass concentration.

 

day0 day2 day4 day6 day8 day10 day12 day14 day16 day18 day20

RiboseControl

Figure 7.1: Induction of NEG with ribose. Left: Control treatment. Right:
Glycation treatment. Bottom: Removed bone disks for control of progress of
glycation.

a non-parametric Independent-Samples Wilcoxon-Mann-Whitney-U was used to
check for significant differences between the two groups calculating asymptotic
significance (2-sided tests) with a significance level of α = 0.05. Additionally,
the effect size (d) was calculated according to Cohen [347], for estimation of
the relevance of determined differences in the material and apparent mechanical
properties:

168



7.4. Results

d = |x̄1 − x̄2|
(s2

1 + s2
2)/2

(7.2)

, whereby s2
i denotes the estimated variance and x̄i the mean value, respectively.

d ≥ 0.5 is considered as a medium effect, d ≥ 0.8 as a large one.

As mentioned in section 5.3.6, a strict outlier identification was performed based
on the IQR-test to remove non-physiological values obtained from the rheological
model.

7.4 Results
15 trabeculae were successfully tested in cyclic tensile mode (7 control, 8 glycated).
One control and one glycated trabecula were removed from analysis with the
rheological model because of a bad model fitting (IQR-test, RMSE > 10 MPa).
Further, determined values for R and σu (whereby σu = σy + R) were excluded,
as 4 out of 8 values were non-physiological (R > 1000 MPa). Instead, apparent
properties (R̂ and σ̂u) are reported in table 7.2. Reliability of the other obtained
parameters was verified with a comparison to values from previous studies (see
section 3.3 and chapters 5 and 6), combined with a reasonable RMSE ((1.7 to
5.3) MPa).

Glycation of individual trabeculae caused no significant change neither of the
material nor of the apparent mechanical properties, except of the hardening expo-
nent (p, p = 0.02) and a non significant trend towards higher Maxwell modulus
(Emx, p = 0.13; see table 7.2). However, it has to be noted that there was a
large variation of obtained parameters (average coefficient of variation was 0.64 for
control and 0.73 for glycated samples). A qualitative comparison of two selected
stress-strain curves is shown in figure 7.2. Evaluation of the evolution of the tensile
modulus with increasing cycle number (see section 3.2.1) showed that there is a
non-significant difference between the loading and unloading tensile modulus (see
figure 7.3-A & B). The unloading modulus decreased from cycle 1 to 4 in the control
and glycation group. In contrast, the loading modulus stayed almost constant,
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although a large variation was visible. There was no significant difference between
the tensile modulus of glycated and control samples in any cycle.

Parameter Control Glycated p-value Cohen d

E∞/GPa 3.0 ± 1.7 2.7 ± 1.8 0.94 0.15
Emx/GPa 1.6 ± 0.8 2.8 ± 1.6 0.13 0.93

E0/GPa 4.6 ± 2.2 4.4 ± 1.8 0.93 0.11
σy/MPa 10 ± 11 16 ± 12 0.63 0.46

p 139 ± 113 18 ± 29 0.02 1.46
η/GPa s 6.8 ± 3.3 7.6 ± 5.3 0.84 0.19

tan(δ) 0.014 ± 0.003 0.017 ± 0.009 0.69 0.46

Ê/GPa 5.3 ± 3.3 6.6 ± 4.4 0.63 0.32
σ̂u/MPa 88 ± 43 87 ± 31 0.84 0.39

û/% 7.9 ± 3.0 6.3 ± 2.9 0.53 0.55
Ŵel/(MJ m−3) 0.008 ± 0.008 0.006 ± 0.008 0.53 0.28
Ŵpy/(MJ m−3) 4.9 ± 3.0 3.8 ± 2.5 0.63 0.14

k̂final/GPa 1.2 ± 0.6 1.8 ± 1.2 0.30 0.88

Table 7.2: Material properties determined with the rheological model (top) and
apparent mechanical properties determined with curve fitting on the envelope curve
(bottom) of control and glycated trabeculae. Mean values are indicated ± standard
deviation, actual p-values and Cohen d are shown on the right). P-values < 0.05
and Cohen d > 0.8 are highlighted bold.

7.5 Discussion
Induction of NEG with ribose did not cause a significant change neither in the
material nor in the apparent mechanical properties, except a significant decrease of
the hardening exponent (p) and a trend of increased Maxwell/dynamic modulus
(Emx). Hereby, a decrease of p causes a more linear increase of post-yield stress, as
illustrated in figure 7.2. An increase of Emx means that elastic modulus is only in-
creased during fast deformations, whereas quasi-static deformations stay unaffected.
Accordingly, previous studies also reported no effect on the quasi-static elastic
modulus [35, 285, 345, 346], but the dynamic modulus has not been investigated
yet, to the authors knowledge. However, the CV was large for Emx(∼0.5) in the
current study, as well as for most other material and apparent mechanical properties.
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Figure 7.2: Selected stress-strain curves of control (left) and glycation (right)
treated trabeculae. Control samples show a more curved post-yield hardening
(hardening exponent (p) is larger), than glycated samples. It has to be noted that
these are selected curves and that there is also a large intra-group variability of
obtained material and apparent mechanical properties (see table 7.2).
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Figure 7.3: A: Selected cyclic stress-strain curve with fittings for tensile modulus
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cycles. Lines indicate the mean values, shaded areas the 95 % confidence interval.
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Interestingly, determination of Cohen d highlighted a large effect size for Emx (d
= 0.93) and p (d = 1.46). Hereby, these values indicate that the difference of the
means is large, in comparison to their variance. Similarly, also final secant modulus
(k̂final) was increased non-significantly (p = 0.30), but indicated a large effect size
(d = 0.88). In accordance, secant modulus was significantly increased in glycated
cortical bone [345], while it remained unaffected in four-point bending experiments
of individual trabeculae [35]. An increased secant modulus is related to the fact
that the point of failure is shifted towards lower ultimate strains ( u) and agrees
with a decrease in the exponential hardening coefficient (p). Indeed, u showed
a trend of moderate correlation with p (rs = 0.50, p = 0.101 for pooled data).
Although secant modulus was almost significantly correlated with u (rs = −0.48,
p = 0.070 for pooled data), no correlations were found for elastic work, post-yield
work or total work to failure, questioning if the secant modulus is a representative
parameter for describing material toughness. Interestingly, the decrease in u was
far from being significant (p = 0.53, d = 0.55) and thus, no relevant effect on
the post-yield or total work was observed in the present study. In contrast, a
decrease of post-yield work has been reported for cancellous bone cores [35] and
cortical bone [345], previously. Similarly, in tensile tests of individual trabeculae
an increased pentosidine concentration (a marker for AGEs) was weakly correlated
with a decrease of ultimate strain [36].

Taken together, the presented data suggests that there might be indeed a relevant
effect of glycation on some of the material and apparent mechanical properties.
Since the effect of glycation might be small, in comparison to the large biological
and methodological variation, a much larger number of trabeculae has to be tested
in subsequent studies to enable a reliable determination of these potential changes.
Further, the pentosidine concentration should be determined in the bone discs to
asses the amount of AGEs, especially with increasing incubation time.

In summary, the current study demonstrated, that it is essential to continue
the investigation of bone tissue glycation. Especially, a focus on the post-yield
behavior and microdamage formation would be very interesting, as these properties
have been shown to be mainly determined by the collagen phase [285, 286, 348].
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Vashishth et al. demonstrated that an accumulation of AGEs causes a stiffening
of the organic matrix and this might be one of the mechanisms of AGE-induced
bone fragility [345]. Moreover, type 2 diabetes seems to has an effect on the
biomechanical properties of bone [344, 346], but effects on the trabecular tissue
level remain unknown. In cortical bone, AGEs were accumulated with increasing
age and were correlated with a decrease of strength and toughness [285]. The
effects of aging on the mechanical properties of human individual trabeculae are
demonstrated in section 5.4.4.

7.6 Conclusions
Accumulation of AGEs might have an influence on the dynamic and post-yield
mechanical properties of individual trabeculae. However, this effect is likely to
be small in comparison to sample variation and thus, requires a large amount of
samples to be tested. Further, evaluation of the amount of AGEs is essential in
future studies and has to be compared to human in vivo levels. In that way, it
can be verified, if potential mechanical changes are also relevant in clinics, like in
diabetic or aged patients.
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CHAPTER 8
Synthesis and outlook

The main goal of this thesis was to perform a thorough mechanical characterization
of individual trabeculae in a wet, close to a physiologic environment and to determine
the effect of aging, osteoporosis, treatment and glycation on the material properties.
As such, the first part consisted of the development of a defined tensile test set-up,
together with different data analysis approaches for determination of material and
apparent mechanical properties of trabecular bone tissue (see chapter 3). In more
detail, the apparent mechanical behavior of individual trabeculae was determined
in monotonic (see section 3.1), cyclic (see section 3.2) and fatigue tensile tests (see
section 3.4). Additionally, a previously developed rheological model (see section 3.3)
was applied to determine the elastic, viscous, plastic, and failure properties of
trabeculae in a single cyclic tensile experiment. In the second part, these developed
and applied approaches were successfully used to determine the material properties
of trabecular bone tissue in dependency on hydration state, osteoporosis, aging,
anti-resorptive treatment and glycation. The main findings of the current thesis
are:

• Trabecular bone tissue should be characterized as an elasto-visco-plastic mate-
rial. A previously developed 2-layer rheological model was successfully applied
to describe the full mechanical behavior with only four rheological elements
(see section 3.3). This analysis procedure highlighted that trabecular bone
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tissue is not linear-elastic at all. It shows a strain-rate dependency, because
of a viscous element and indicates a large plastic deformation before failure.

• Unloading modulus of individual trabeculae is significantly larger than loading
modulus and decreases with increasing damage accumulation. Cyclic tensile
and fatigue tests revealed that individual trabeculae show an accumulation of
microdamage with increasing load cycles (see sections 3.2 and 3.4). Interest-
ingly, the unloading modulus was significantly larger than the loading modulus
(see chapters 5 and 7) and only the the unloading modulus decreased signifi-
cantly with damage accumulation. Differences in reported values of elastic
moduli from micro-mechanical and nanoindentation experiments could thus
be related to reporting either loading or the unloading moduli, respectively.

• Dehydration of trabeculae causes a transition from a ductile to a quasi-brittle
failure mode (see chapter 4). As such, material properties of individual
trabeculae can only be reliably determined in a wet, close to a physiologic
environment. Previously determined material and apparent mechanical prop-
erties in air cannot be used for numerical simulations, as e.g. elastic modulus
was increased 2-fold, compared to hydrated trabeculae. Additionally, hy-
drated trabeculae showed a larger amount of microdamage accumulation,
caused by an 3-fold increased strain at failure and post-yield work.

• Osteoporosis mainly changes bone morphometry without relevantly affecting
material properties of individual trabeculae in the human femoral head (see
chapter 5). In accordance to previous studies, it has been demonstrated that
osteoporosis causes an increase of trabecular separation and a decrease of
trabecular number. In contrast, neither apparent mechanical, nor material
properties, or TMD were significantly affected in the femoral head by this
disease. However, in patients with osteopenia apparent yield strain and
elastic work were significantly decreased, accompanied with an increased
TMD. Hence, there might be initial differences at disease onset, but they
likely diminish with disease duration. Sequentially, material properties used
for numerical analysis of fracture risk prediction can be selected independently
of osteoporosis.
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• Aging causes a deterioration of the trabecular network and shows only minor
effects on the material properties of individual trabeculae in the femoral head
(see chapter 5). Interestingly, aging indicated significant differences on bone
morphology and a few material properties, highlighting that osteoporosis does
not has the same effect as normal aging, at least in the studied age range (57
- 90 years).

• Anti-resorptive treatment changes the material and apparent mechanical
properties of individual trabeculae in the lumbar spine of dogs (see chapter 6).
Treatment of beagle dogs with clinical relevant doses of alendronate caused
a significant increase of tensile modulus and strength, accompanied by an
increase of TMD. On the contrary, treatment with raloxifene increased tissue
(post-yield) toughness significantly. Taken together, both treatment regimens
indicated beneficial material properties of trabecular bone tissue and thus
partly explain the observed superior mechanical behavior of whole bones after
anti-resorptive treatment.

• Glycation tends to increase dynamic and secant modulus of individual trabec-
ulae. In vitro glycation of bovine trabeculae illustrated a trend of increased
Maxwell/dynamic modulus and the secant modulus at the point of failure.
Thus, the accumulation of AGEs with aging or diabetes might also alter the
material properties in the dynamic and post-yield range.

8.1 Conclusion
In conclusion, the current thesis demonstrated the necessity of a thorough mechan-
ical characterization of trabecular bone at the level of individual trabeculae for
a better understanding of whole bone mechanics. The increased fracture risk in
osteoporosis and aging, at least in the femoral head, is not relevantly caused by
alterations at the material level, but instead by changes of bone morphometry. In
contrast, the reduced fracture risk after anti-resorptive treatment seems to be at
least partly caused by improved material properties. Accumulation of AGEs might
cause a decline of the post-yield behavior and an increased dynamic modulus, but
this remains to be demonstrated with a larger amount of samples.
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8.2 Outlook

The characterization of the material and apparent mechanical properties of individ-
ual trabeculae was performed with tensile tests, as reasoned out in section 2.7.5.
As three-point bending experiments resulted in significantly different material
properties than tensile tests in previous studies [18,171] it would be beneficial to
also use different loading scenarios, like bending and compression (see appendices B
and C), for a full mechanical characterization of trabecular bone tissue. This
would also enable an audit of previously found decreases of material properties of
osteoporotic trabeculae in three-point bending experiments [119].

The large biological variation demonstrated the necessity to test a large amount of
individual trabeculae for detecting potential differences in the material properties
(see chapters 5 and 6). Thus, a larger amount of glycated and control trabeculae
should be tested to verify the trend of an altered post-yield and dynamic behavior
after glycation. Further, especially human samples from different anatomical lo-
cations (which are also commonly affected in low-trauma fractures, such as spine
and radius) should be analyzed for potential changes with accumulation of AGEs,
during aging and osteoporosis.

Last but not least also some technical improvements should be considered. Analysis
of small strains (< 0.5 %) showed a low signal to noise ratio because of limitations
of the optical camera system. An increased resolution would facilitate an improved
strain tracking accuracy, especially in fatigue tests. Usage of a pseudo-stress or
strain-driven sample specific loading profile would reduce the rather large variation
of obtained material parameters by minimizing differences of obtained stress and
strain values caused by the variation of sample geometry (see section 3.4.5 “Lim-
itations, improvements, and outlook”). Lastly, the rheological model should be
extended with a strain-amplitude-dependent elastic modulus (for the spring in the
Prandtl-layer) to mimic the observed degradation of tensile moduli with damage
accumulation.

These improvements and extensions of the characterization of the apparent me-
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8.2. Outlook

chanical and material properties will further enrich our understanding of causes of
increased fracture risk in our aging society. Further, this knowledge will improve
the prediction of fracture risk in computer simulations, that rely on reliable material
properties as input parameters. Similarly, also monitoring of treatment success in
osteoporosis might benefit from a better understanding of the causes of decreased
fracture risk after anti-resorptive treatment.
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Appendix B: Compression tests of
individual trabeculae

In course of the present thesis also cyclic compression tests have been performed,
in the same way as described in section 3.2, but with an inverted displacement
loading protocol. Compression tests were performed in two different ways: with
and without an x-y table mounted between the load cell and the sample holder (see
figure B1 and figure B2). This x-y table allowed movement of the top sample holder
in the horizontal plane (see figure B1). Thus, tested trabeculae exhibited also a
horizontal movement and shear failure. In contrast, testing without the x-y table
caused only a vertical movement and impaction failure (figure B2). Depending on
the trabecular architecture (dense vs. loose) and loading direction on the trabecular
strut (central vs. inclined), both failure modes might occur in vivo.
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Figure B1: Compression tests of individual trabeculae - with x-y table to allow
horizontal movement of the top part. Insets show the trabeculae at start and end of
the compression tests. Corresponding true stress-strain curves are illustrated on the
right. The left diagram displays the first region of the right diagram enlarged until
−5 % strain. Evaluation of loading/unloading modulus is described in section 3.2.1,
evaluation of the envelope curve in section 3.2.2.
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Figure B2: Compression tests of individual trabeculae - without x-y table to
simulate pure vertical deformation. Insets show the trabeculae at start and end of
the compression tests. Corresponding true stress-strain curves are illustrated on the
right. The left diagram displays the first region of the right diagram enlarged until
−5 % strain. Evaluation of loading/unloading modulus is described in section 3.2.1,
evaluation of the envelope curve in section 3.2.2.
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Appendix C: Three-point bending
tests of individual trabeculae

As a quick way of testing individual trabeculae, a three-point bending sample
holder was manufactured. Here, three different span lengths ((700, 500, and
400) µm) were manufactured (see figure C1), as trabeculae show a large geometrical
deviation. However, as tensile tests allow a more defined material characterization
(see section 2.7.5) only preliminary tests were performed with the presented sample
holder. Instead, the characterization of the mechanical behavior of individual
trabeculae was performed with the novel tensile test approach (see section 3.1).

Figure C1: Three-point bending set-up for testing individual trabeculae. Left:
The lower part of the sample holder has three different span lengths ((700, 500,
and 400) µm). Right: The upper part consists of a sharp, long, rectangular tip.
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