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Abstract

Metabolic bone diseases like osteoporosis lead to increased bone fragility and consequent

implications for the patient lifestyle and health expenses. In the present aging society,

fragility fractures pose significant health and economic burden. Current clinical methods to

assess bone health status (dual-energy X-ray absorptiometry, FRAX, quantitative computed

tomography variations) depend mostly on bone mineral density (BMD) measurements. How-

ever, BMD alone only accounts for about 70% of the variance in bone strength. It is therefore

of high interest and potential societal impact to investigate bone quality, i.e. measures other

than BMD influencing bone strength and toughness.

In the present thesis, novel laboratory methods were developed for high-throughput inves-

tigation of bone properties, with the ultimate goal to define combinations of measurements

that can be used as a proxy for bone quality in a fracture risk analysis. Firstly, a novel

method for quantifying mineralized collagen fibril orientation based on polarized Raman

spectroscopy (qPRS) was calibrated and validated on a natural material (mineralized turkey

leg tendon). This method enables the quantitative estimation of the local degree of min-

eralization and 3D collagen fibril orientation non-destructively at submicron resolution. It

was then applied to the cortex of bovine bone samples in combination with micropillar com-

pression, allowing to reliably determine structure-property relationships of bone at the mi-

croscale. Later, a multimodal framework for bone characterization was developed in another

animal bone model (minipig jawbone). This included the development of a novel femtosec-

ond laser ablation protocol for bone micropillar fabrication allowing high-throughput and

site-matched testing without exposure to high vacuum.

The key part of the research was then carried out on a set of femoral neck samples col-

lected from patients who underwent the hip arthroplasty due to osteoarthritis or fragility

fracture. The femoral neck cortex from the inferomedial region was analyzed ex vivo in a

site-matched manner using a combination of micromechanical testing (nanoindentation, mi-

cropillar compression) together with micro-computed tomography and quantitative polarized

Raman spectroscopy for both morphological and compositional characterization. The output

bone properties were correlated with the clinical information about age, gender, and primary

diagnosis (coxarthrosis or hip fracture) of the participating patients.

Patient gender and diagnosis did not influence any of the investigated bone properties.

Moreover, all mechanical properties as well as the tissue-level mineral density were nearly
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constant over all ages (45-89 y.o.). Only local tissue composition was found to change sig-

nificantly with age: decline in mineral to matrix ratio and increase in collagen cross-link

ratio. Site-matched microscale analysis confirmed that all investigated mechanical proper-

ties except yield strain demonstrate a positive correlation with the mineral fraction of bone.

The large dataset of experimentally assessed microscale bone properties together with the

available clinical information of the patients allowed the application of machine learning

algorithms for fracture prediction in silico. Logistic regression classification suggests that

indentation hardness, relative mineralization and micropillar yield stress are the most per-

spective parameters for bone fracture risk prediction.

As a result of this thesis, the output database of experimental measurements is the first

to integrate microscale mechanical, chemical, morphological, and clinical information about

the patients. In future, it can be used to compare existing methods of bone quality assessment.

Moreover, the presented data and analysis approaches may be used to improve the prediction

of fracture risk in the elderly.
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Zusammenfassung

Stoffwechselerkrankungen des Knochens wie Osteoporose führen zu einer erhöhten Knochen-

brüchigkeit und haben Auswirkungen auf den Lebensstil und die Gesundheitskosten der Pa-

tienten. In der heutigen alternden Gesellschaft stellen Fragilitätsfrakturen eine erhebliche

gesundheitliche und wirtschaftliche Belastung dar. Die derzeitigen klinischen Methoden zur

Beurteilung des Gesundheitszustands der Knochen (Dual-Röntgen-Absorptiometrie, FRAX,

Quantitative Computertomographie Variationen) hängen hauptsächlich von der Messung der

Knochenmineraldichte (BMD) ab. Die BMD allein macht jedoch nur etwa 70 % der Varianz

in der Knochenstärke aus. Es ist daher von grossem Interesse und potenzieller gesellschaftlicher

Bedeutung, die Knochenqualität zu untersuchen, d. h. andere Parameter als die BMD zu

finden, welche die Knochenfestigkeit und -zähigkeit beschreiben.

In der vorliegenden Arbeit wurden neuartige Labormethoden für die Hochdurchsatzun-

tersuchung von Knocheneigenschaften mit dem Ziel entwickelt, neue Messkombinationen

zu definieren, die als Parameter für die Knochenqualität in einer Frakturrisikoanalyse ver-

wendet werden können. Zunächst wurde eine neuartige Methode zur Quantifizierung der

Orientierung mineralisierter Kollagenfibrillen auf der Grundlage der polarisierten Raman-

Spektroskopie (qPRS) kalibriert und an einem natürlichen Modellmaterial (mineralisierte

Sehne des Putenbeins) validiert. Dieser Ansatz ermöglicht die quantitative Abschätzung

des lokalen Mineralisierungsgrades und der 3D-Kollagenfibrillenorientierung zerstörungs-

frei mit einer Auflösung im Submikrometerbereich. Die Methodik wurde, in Kombination

mit der Kompression von Mikrosäulen, zur Untersuchung der Rinderknochenrinde ange-

wandt. Dadurch konnte die Struktur-Eigenschafts-Beziehungen des Knochens auf der Mikro-

skala zuverlässig bestimmt werden. Anschliessend wurde ein multimodaler Rahmen für die

Knochencharakterisierung in einem anderen Tierknochenmodell (Minischwein-Kieferknochen)

entwickelt. Dazu gehörte auch die Entwicklung eines neuartigen Femtosekunden- Laserab-

tragungsprotokolls für die Herstellung von Knochenmikrosäulen, das einen hohen Durchsatz

und lokal angepasste Tests ohne Hochvakuum ermöglicht.

Der wichtigste Teil der Forschung erfolgte an einer Reihe von Oberschenkelhalsproben,

die Patienten mit Osteoarthritis und Fragilitätsfrakturen während der Implantation einer Hüft-

totalendoprothese entnommen wurden. Die Schenkelhalskortikalis aus dem inferomedialen

Bereich wurde ex vivo mittels einer Kombination aus mikromechanischen Tests (Nanoin-

dentation, Mikrosäulenkompression), Mikro-Computertomographie und quantitativer polar-

isierter Raman-Spektroskopie zur morphologischen und kompositorischen Charakterisierung
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analysiert. Die ermittelten Knocheneigenschaften wurden mit den klinischen Informatio-

nen über Alter, Geschlecht und Primärdiagnose (Coxarthrose oder Hüftfraktur) der teil-

nehmenden Patienten korreliert.

Geschlecht und Diagnose der Patienten hatten keinen Einfluss auf die untersuchten Knoch-

eneigenschaften. Darüber hinaus waren alle mechanischen Eigenschaften sowie die Min-

eraldichte auf Probenebene über das Alter (45-89 Jahre) nahezu konstant. Lediglich die

lokale Gewebezusammensetzung veränderte sich mit zunehmendem Alter signifikant, das

Verhältnis von Mineralien zu Matrix nahm ab und das Verhältnis von Kollagenvernetzun-

gen zu. Eine lokale Analyse auf der Mikroskala bestätigte, dass alle untersuchten mech-

anischen Eigenschaften mit Ausnahme der Dehngrenze eine positive Korrelation mit dem

Mineralanteil des Knochens aufweisen. Der grosse Datensatz der experimentell bewerteten

mikroskaligen Knocheneigenschaften ermöglichte, zusammen mit den verfügbaren klinis-

chen Informationen der Patienten, die Anwendung von Algorithmen des maschinellen Ler-

nens für die in silico-Frakturvorhersage. Die logistische Regressionsklassifikation legt nahe,

dass die Eindruckhärte, relative Mineralisierung und das Fliessspannung der Mikrosäule die

wichtigsten Parameter für die Vorhersage des Knochenbruchrisikos sind.

Das Ergebnis dieser Arbeit ist die erste Datenbank mit experimentellen Messungen, die

mikroskalige mechanische, chemische, morphologische und klinische Informationen über

die Patienten integriert. Sie kann in Zukunft für den Vergleich bestehender Methoden zur

Bewertung der Knochenqualität verwendet werden. Darüber hinaus können die vorgestell-

ten Daten und Analyseansätze in Zukunft verwendet werden, um die Vorhersage des Frak-

turrisikos bei älteren Menschen zu verbessern.
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Chapter 1

Introduction

If you don’t know where you are going,

any road will get you there.

Lewis Carroll

1.1 Motivation
With the increase in the average life expectancy in developed countries, a large part of the

population is experiencing bone fragility fractures. These fractures can occur during ev-

eryday activities and are often linked to the weakening of bone, which can be a sign of

underlying osteoporosis.

The term osteoporosis (from Greek osteon + poros) was introduced at the beginning of

the 1820s by German-born French pathologist Jean G.C.F.M. Lobstein. To this day, there

are scientific and clinical debates about the nature and appropriate diagnostic criteria for this

bone disease [1,2]. Skeletal disorders like osteoporosis or, in its milder form, osteopenia are

characterized by decreased bone mass and deterioration of bone microarchitecture, which

leads to bone fragility and a subsequent increase in the risk of fractures.

Currently, more than 23 million men and women are at high risk of osteoporotic frac-

tures in the European Union together with the UK and Switzerland (EU27+2) [3]. With the

demographic growth of the elderly population (age 75 and above), the number of fragility

fractures is projected to increase. The expected rate of fragility fractures growth varies within

EU27+2 counties, starting from 8% for Latvia and going up to 58% for Ireland (Figure 1.1

A). Switzerland is expected to experience an estimated 38% increase in fragility fractures
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over the next decade.

Fragility fractures are a growing challenge in the public health landscape, causing signifi-

cant deterioration of the patient’s quality of life and at worst leading to death [3]. According

to the annual statistics about fragility fracture-related deaths for the EU27+2 countries, 107

deaths per 100,000 population were recorded in Switzerland in 2019, which is below the av-

erage for the investigated countries (Figure 1.1 C). Most commonly, fragility fractures occur

in the spine, hip and forearm. The fracture incidents are projected to increase in all of the

mentioned sites for the EU27+2 countries. Notably, hip fractures are expected to increase at

the highest rate when compared to other fracture sites, with a 30% increase over the next

decade (Figure 1.1 B).

Osteoporosis is the most common bone disease in humans, representing a major public

health problem. It is more common in Caucasians, older people, and women. It is estimated

that one in three women and at least one in six men will suffer an osteoporotic fracture

in their lifetime. Osteoporosis is also called the "silent disease" because it often remains

asymptomatic until fractures occur. Despite the significant medical and economic burden of

osteoporosis, most individuals at high risk are never identified nor given appropriate treat-

ment, leading to further fractures and poor health [4].

To date, clinicians frequently use bone mineral density (BMD) as an approximate mea-

sure of bone strength. Consequently, clinical methods to assess bone health status depend

fully or to a great extent on BMD measurements. However, BMD can only act as a sur-

rogate of bone strength, and methods to assess BMD are usually carried out only after the

occurrence of the bone fracture [5,6]. More and more evidence is published by the scientific

and medical community, demonstrating the urge for improvement of the clinical screening

methods [6–11]. Of great scientific interest and major public impact is the study of bone

parameters other than BMD, affecting the integrity of bone. This is the main focus of the

presented thesis.

1.2 Hypothesis and aims of the thesis
The working hypothesis of this thesis is that the inclusion of additional bone parameters

besides BMD, may improve fracture risk prediction. Such parameters include but are not

limited to: bone extracellular matrix (ECM) composition, fibrillar structural organization

and microscale mechanical properties.

The aims of this thesis were (i) to develop a multimodal framework of methods for bone

quality and quantity assessment and (ii) to define bone ECM parameters, which can be used
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1.2. Hypothesis and aims of the thesis

Figure 1.1 – (A) Estimated percentage of fragility fractures increase for the EU27+2 coun-
tries between 2019-2034; (B) Estimated (2010, 2019) and predicted (2025, 2034) number of
fragility fractures for the EU27+2 countries with color-coded fracture sites; (C) The number
of deaths associated with fragility fracture events in EU27+2 countries reported during 2019.
Values are expressed per 100,000 of the population. The presented data is based on the recent
report from Kanis et al. [3].
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to improve fracture risk prediction.

To achieve these milestones, the first experimental part of this thesis was carried out on

animal models. In contrast to human bone, animal bone often exhibits a simplified ultra-

structure and less variability within the same genotype, thus reducing the complexity of the

bone ECM measurements [12–14]. The established multimodal methodological framework

was subsequently applied to human bones.

1.3 Outline of the thesis
This thesis consists of five chapters including the current introduction.

Chapter 1 provides the motivation for the current work as well as the hypothesis and aim of

the thesis.

Chapter 2 contains a brief introduction to bone composition and its hierarchical organization

at different length scales, which plays a key role in governing bone mechanical properties.

Some details about bone toughening mechanisms and their alterations during aging and dis-

ease are mentioned. This chapter also describes current methods to estimate bone quality in

clinics together with the recent developments for the bone quality assessment in laboratory-

based methods.

Chapter 3 is based on the recent developments and application of methods to assess bone

quality in animal models. This chapter is divided into 2 subsections.
• In the first section, microscale structure-property relationships in mineralized tissues

were studied via a combination of two novel methods: quantitative polarized Raman

spectroscopy (qPRS) and micropillar compression. The qPRS method was developed

and validated on the mineralized turkey leg tendon, while the combination of qPRS

and micropillar compression analysis was applied to the bovine cortical bone from the

tibia.
• The second section describes the development of the multimodal analysis framework

for the compact bone quality assessment in the minipig jawbone. A combination of

Raman spectroscopy, microscale computed tomography, nanoindentation and high-

throughput micropillar compression was carried out on the minipig cortical bone sam-

ples from three genotypes.
Chapter 4 describes the application of the recently developed high-throughput laboratory

analysis methods of bone ECM properties in patients who underwent hip arthroplasty. Bone

ECM properties were correlated within and between the patients with the ultimate goal to

find the combination of bone parameters that influence hip fracture occurrence.

Chapter 5 provides an overall discussion and the outlook of the thesis.

4



Chapter 2

Theoretical Background

2.1 About bone
Bone is one of the oldest investigated matter and it has been of scientific interest for more

than five centuries, starting from Leonardo’s anatomical drawings of the human skeleton and

its parts (circa 1510, [15]). Nowadays, bone is of major importance not only to clinicians, bi-

ologists and hematologists but also to materials scientists as well as biomechanists. The bone

research is largely driven by the versatile roles bone plays in the body. Structurally, bones

allow for overall support of the body, enable movement and simultaneously protects the in-

ner organs. Additionally, bone acts as a storage site for minerals and allows hematopoiesis,

i.e. the development and storage of blood cells.

Bone is a complex natural material exhibiting an exceptional combination of strength and

toughness while being lightweight. These remarkable material properties are triggered by the

evolutionary adaptation of bone to provide mechanical support and organ protection in the

human body [16]. While bone is composed of ductile organic and brittle inorganic phases,

the hierarchical arrangement of the constituents from macro- down to the nanoscale gives

rise to the outstanding mechanical properties of bone. The schematic of bone’s hierarchical

structure is illustrated in figure 2.1.

At the macroscale, trabecular and cortical types of bones can be distinguished [17]. Tra-

becular bone is highly-porous bone tissue, also called spongy or cancellous bone, which can

be found at the metaphysis of long bones, in the vertebral bodies, skull and pelvic bones. It

consists of 5− 40% of bone tissue with the remaining space being filled with marrow and

fat. The cancellous bone transfers the load from joints to the compact bone of the cortex of

long bones and acts as an important load-bearing component [18, 19].
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Cortical bone plays a prominent role in defining the overall tissue’s mechanical proper-

ties [20]. It forms the hard exterior (cortex) of bones, which is found on almost all bone

surfaces, accounting for approximately 80% of the total skeletal mass of the human body.

Cortical bone volume is permeated with cylindrical structures called osteons, typically 150-

250 µm in diameter [21]. The thin outer layer of an osteon (1-5 µm) is known as the cement

line. This thin layer is relatively highly mineralized (or collagen-deficient) or similarly min-

eralized in comparison to the surrounding bone matrix [22, 23]. Interstitial tissue surrounds

osteons and is made of fragments of older osteons with higher mineralization [24] (figure

2.1).

Figure 2.1 – Structure of human cortical bone on a logarithmic scale.

At the microscale level, each osteon is made of concentric coaxial layers about 3-7 µm

thick, called lamellae, which can be found in both cortical and trabecular bone [25]. In the

cortical bone, lamellae encompass the central canal within the osteon – the Haversian canal.

Blood vessels and nerves pass through this canal to supply the osteocyte cells with nutrients.

Osteocyte cells reside inside lacunae, distributed within the volume of bone matrix, they

connect through canaliculi, forming an extensive lacuno-canalicular network (LCN) [26].

Bone lamellae consist of a stack of sub-lamellae sheets, approximately 1 µm thick, made

of aligned collagen fibers (figure 2.1). In their turn, collagen fibers are made of mineralized

collagen fibril (MCF) bundles, interconnected through collagen cross-linking [27]. MCFs

are often referred to as the main mechanical building block of bone, reaching about 30-300

nm in diameter and up to hundreds of microns in length.

Currently, two mutually exclusive models have been proposed to describe the bone lamel-

lae organization. The first model follows the work of Gebhardt [28] and it states that bone

lamellae are made of densely packed and aligned MCFs layers. Based on the predomi-

nant MCFs orientation pattern within the lamellae, three types of morphology can be dis-
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tinguished: longitudinal or transverse, where the principal MCFs orientation is parallel or

orthogonal to the osteon main axis respectively, and alternating, where MCF orientation in-

terchanges between transverse and longitudinal to the osteon axis [29–31]. According to

the second model, the bone lamellae have an interwoven texture of the MCFs and the bone

lamellation appears due to the alteration of collagen-rich (dense) and collagen-poor (loose)

lamellae [32]. Despite the experimental evidence for both bone lamellation patterns, Geb-

hard’s model is the most largely accepted one [33].

At the nanoscale, MCFs are formed from staggered arrays of collagen molecules (figure

2.1). Collagen fibril reaches around 500 nm in diameter. Crystal plates of hydroxyapatite

(HA) assemble in the gap between the molecules, reaching tens of nanometers in length and

1-2 nm in thickness. This staggered arrangement creates an observable periodicity within

the MCF known as the D-band with the repetition step of 67 nm (figure 2.7 from section

2.3.2.1). Bone HA nanocrystal contains structural water and many substitutions such as car-

bonate, magnesium and fluoride, which reduce the crystallinity of the apatite [34, 35]. A

larger portion of the bone mineral is found between the MCFs and oriented parallel to the

collagen fibrils [36]. Collagen molecules are composed of two α1 and one α2 helix of colla-

gen type I (∼200 nm in length and ∼1.5 nm in diameter), stabilized by hydrogen bonds [37].

Within the MCF, collagen molecules are stabilized by post-translational modifications form-

ing cross-links of the side chains near the end of the molecules [27, 38]. The extrafibrillar

matrix is mainly composed of non-collagenous proteins (NCP) including osteopontin, osteo-

calcin, bone sialoproteins and proteoglycans [39–41].

Besides the organic and mineral phases of bone, water is another abundant component. It

can be found in two states: unbound and bound to the bone matrix [42, 43]. Unbound water

is located within the bone micropores including Haversian canals and LCN. Bound water is

found attached to the collagen [44, 45] and mineral [46] surfaces of bone as well as being a

part of their molecular and lattice structure.

Thereby, at the lowest scale, bone is made of calcium phosphate nanocrystals (HA, 50-60

wt.%) with impurities, proteins (mainly collagen type I and NCP, 30-40 wt.%), and water.

Each of bone’s constituents influences material strength and changes in different ways dur-

ing aging and/or disease.

2.2 Why bone fails
Bone fractures are very common and can affect individuals at any age. Some fractures occur

due to the excessive loading of bone (high impact fall) that exceeds the tissue threshold in
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Figure 2.2 – Classification of bone fractures and their predisposing factors [47–49].
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terms of damage and stress. Other bone fractures may occur at much lower loading forces

(low impact fall) and are caused by the weakening of bone. Such bone fractures are known

as fragility or osteoporotic fractures. Numerous factors may contribute to the occurrence of

bone fracture, those factors are briefly summarized in figure 2.2. Primarily, whole-body ag-

ing, hormonal imbalance and genetic disorders are compromising bone performance. More-

over, different medications, changes in lifestyle, neurological and musculoskeletal factors,

endocrine and hematological disorders may also cause the weakening of bone tissue.

2.2.1 Origins of bone toughness
The loading of bone tissue until failure can be separated into three main stages (figure 2.3).

First comes a linear phase where material deforms reversibly until the yielding point, af-

ter which the second phase begins. In this phase, the material absorbs the energy by the

means of microcrack propagation, causing permanent damage to the bone tissue. In the last

phase, catastrophic failure occurs, accompanied by the moving of a crack or a fracture plane.

Accordingly, the first phase represents the elastic deformation region, while the second and

third are plastic deformation regions. The slope of the initial elastic region in the stress-strain

curve corresponds to the Young’s or elastic modulus, which is related to the stiffness of a ma-

terial. Meanwhile, the toughness of a material is characterized by its ability to dissipate or

absorb energy prior to failure.

Figure 2.3 – Typical stress-strain curve for bone compression loading until failure.

Bone exhibits exceptional toughness thanks to the number of energy-dissipation mecha-

nisms that work in synergy across several length scales, from the macroscopic to the molec-

ular level (figure 2.4). The hierarchical arrangement of bone has a direct influence on the

crack growth and failure process [50–54].
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Figure 2.4 – Toughening mechanisms in bone. Adapted with permission [55]. Copyright
2010, Annual Reviews.

At the macro- to microscale, the osteonal structures with their outer cement lines and in-

ner lamellae are naturally deflecting and twisting the crack path [56]. Moreover, crack bridg-

ing shields the crack from the full stress intensity by leaving the intact or uncracked material

”bridges” behind the extending crack tip, which thereby carry partially the load and prevent

the further propagation of the crack.

At the micro- to sub-microscale, sacrificial bonds, are expected to resist deformation through

stretching within the molecular layer that is found between different interfaces. This amor-

phous “glue” layer is made of non-collagenous proteins and it links the fibrils, fibers and

lamellae within the bone. Under stress, these weak but reformable bonds within the pro-

teinous "glue" would break and the folded-up molecules would elongate, enabling a large

increase in length with minimal increase in force [57, 58].

Within the lamellae, the tissue plasticity is generated through sliding mechanisms be-

tween and within the mineralized collagen fibrils that are facilitated by sacrificial bonds.

More specifically, when the interface between the fibers and the extracellular matrix reaches

the yielding point, the fibers move past the matrix, forming and reforming the fiber/matrix

bonds that break at a fraction of the force required to break the backbone of the macro-

molecules [59]. As for the fibrillar sliding between the MCF, molecular modeling and ex-

perimental X-ray analysis suggest that continuous glide between tropocollagen molecules

and hydroxyapatite particles enables dissipative deformation, thus effectively increasing the
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resistance to fracture [60].

Down to the nanoscale level, individual collagen molecules deform by molecular uncoil-

ing and unfolding following intramolecular hydrogen bond breakage and reformation. These

sliding motions provide the basis for large plastic strains without catastrophic brittle failure.

The amount of collagen cross-links increases with age, which could lead to molecular frac-

ture of the collagen fibrils and breaking of cross-links, consequently increasing the brittle

material behavior [60].

The complex hierarchical structure of human cortical bone generates strength and tough-

ness, through plasticity-based mechanisms at small length scales and crack-shielding mech-

anisms at larger length scales.

2.2.2 Effect of aging and disease on bone fracture resistance
Alterations in the bone structure caused by aging or disease can be directly linked to higher

fracture risk. Below, some of the biological degradation processes, specifically aging, osteo-

porosis, osteogenesis imperfecta and Paget’s disease are discussed based on works of Nyman

et al. [51, 61] and Zimmermann et al. [53, 56].

With aging and/or osteoporosis, bone demonstrates a clear deterioration in its mechani-

cal properties and structural integrity. An example of an optical microscope image of bone

cortex extracted from an elderly patient (89 y.o.) is shown in figure 2.5. In addition to a loss

in bone mass, the increase in fracture risk with aging can be related to a deterioration in the

bone structure over multiple length-scales. The combined effects of a higher proportion of

cross-links at the fibril level and a higher osteon density at the microstructural level reduce

the mechanical integrity of aged bone. In theory, the cross-links constrain fibrillar plasticity

and the higher osteon density reduces extrinsic toughness during crack extension [54, 62].

Suppressed remodeling due to aging increases the homogeneity in tissue mineralization

and decreases the local variability of collagen fiber orientation [63]. In its turn, the structural

integrity of the collagen network correlates significantly with the toughness of bone, likely

due to a relative increase of denatured collagen [64,65]. Furthermore, the remodeling reduc-

tion after the age of 50 facilitates the micro-cracks accumulation in cortical bone, which is

leading to a steep decrease in meso- to microscale fracture resistance of bone tissue [66].

Osteoporosis is the most common metabolic bone disease. To date, osteoporosis can

be classified into two main groups: primary and secondary. The latter includes different

diseases, lifestyles and medications that can cause osteoporosis. Primary osteoporosis is di-
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Figure 2.5 – Femoral neck cortex from 89 y.o. female patient. Note the trabecularization at
the endocortical region (bottom) as well as the overall porosity of the cortex.

vided into two subgroups: type I, which is also called postmenopausal osteoporosis and is

caused by the deficiency of estrogen, and type II, which is also called senile osteoporosis and

is related to bone mass loss due to aging. Although osteoporosis can be detected at any age

or ethnicity, is it predominantly common in Caucasians, older people, and women [67, 68].

While the term osteoporosis was introduced at the beginning of the XIX century, a defi-

nition of this disease was introduced by the World Health Organization (WHO) only in the

early 1990s, following the consensus development conference statement [69]. Accordingly,

osteoporosis was defined as "a disease characterized by low bone mass and microarchitec-

tural deterioration of bone tissue, leading to enhanced bone fragility and a consequent in-

crease in fracture risk". However, there is scientific evidence that osteoporosis may not only

affect bone quantity and microarchitecture but also causes considerable changes in the ultra-

structure and matrix itself, which can lead to a loss of bone quality [63, 70–72].

The loss in bone quantity due to osteoporosis and aging has been extensively studied and

results from a remodeling imbalance where more bone is resorbed than deposited [63,73–75].

Since bone remodeling occurs on osseous surfaces, the bone loss in early osteoporosis is

mainly trabecular and becomes intracortical with increasing age [73].

Recent studies demonstrate that the organic bone matrix is as well affected by the dis-
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