
UNIVERSITÄTSKLINIKUM HAMBURG-EPPENDORF 
 
 
 

Institut für Osteologie und Biomechanik 
 

Heisenberg Forschungsgruppe Bioengineering/Medizintechnik 
Leiter: Univ.-Prof. Dr. rer. medic. Björn Busse 

 
 

Direktor: Univ.-Prof. Dr. med. Michael Amling 
 
 
 
 
 
 
 
 

Collagen Fiber Organization in Human Cortical Bone and  
Its Functional Relationship with Matrix Composition and 

Biomechanical Competence   
 
 
 
 
 
 
 
 
 
 

Dissertation  
 

zur Erlangung des Doktorgrades PhD 
an der Medizinischen Fakultät der Universität Hamburg. 

 
 
 
 
 

vorgelegt von: 
 

Kilian Elia Stockhausen 
aus Köln 

 
 
 

Hamburg 2021 
  



 
 
 
 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
(wird von der Medizinischen Fakultät ausgefüllt) 
 
 
Angenommen von der  
Medizinischen Fakultät der Universität Hamburg am: 24.06.2021 
 
 
Veröffentlicht mit Genehmigung der  
Medizinischen Fakultät der Universität Hamburg. 
 
 
Prüfungsausschuss, der/die Vorsitzende: Prof. Dr. Björn Busse 
 
 
Prüfungsausschuss, zweite/r Gutachter/in: Prof. Dr. Thomas Oertner 
 
 
 
 
  



 
 
 
 

3 

Table of Contents 

1. Introduction ____________________________________________________ 5 

1.1. Scientific Context ............................................................................................ 5 

1.2. Skeletal Development and Hierarchical Structure .......................................... 7 

1.3. Collagen as a Contributor to Bone Quality ................................................... 10 

1.4. Bone Toughness and Strength ..................................................................... 12 

1.5. Collagen Fiber Organization in Osteonal Bone ............................................ 14 

1.6. Objectives ..................................................................................................... 16 

2. Materials and Methods __________________________________________ 17 

2.1. Sample Cohort ............................................................................................. 17 

2.2. Structural Evaluation .................................................................................... 18 

2.3. Compositional Assessment .......................................................................... 20 

2.4. Mechanical Properties .................................................................................. 21 

2.5. Statistical Analysis ........................................................................................ 22 

3. Results _______________________________________________________ 23 

3.1. Matrix Characteristics in Cortical Bone Development .................................. 23 

3.1.1. Cortex Densification and Collagen Fiber Reorganization ___________ 23 

3.1.2. Changing Mineralization Patterns During Skeletal Growth __________ 24 

3.1.3. Development of Mechanical Resistance ________________________ 25 

3.2. Regional Bone Matrix Modifications: Dark and Bright Osteons .................... 26 

3.2.1. Lamellar Interfaces and Changing Collagen Fiber Orientation _______ 26 

3.2.2. Discrete Mineralization Profiles _______________________________ 28 

3.2.3. Deviations in Biomechanical Competence ______________________ 29 

4. Discussion ____________________________________________________ 30 

4.1. Bone Quality Develops During Skeletal Growth ........................................... 30 

4.1.1. Structural Adaption to Changing Mechanical Demands ____________ 31 

4.1.2. Increased Homogeneity and Degree of Mineralization _____________ 32 

4.1.3. Development of Mechanical Resistance ________________________ 34 

4.2. Localized Matrix Adaptations: The Presence of Dark and Bright Osteons ... 36 

4.2.1. Structural Heterogeneity of Secondary Osteons __________________ 36 

4.2.2. Coupling of Structural Variations and Nano-Compositional Patterns __ 39 

4.2.3. The Mechanical Relevance of Dark and Bright Osteons ___________ 41 

4.2.4. New Perspectives on Strain-Mode Specific Matrix Adaptations ______ 43 

5. Summary and Conclusion ________________________________________ 46 



 
 
 
 

4 

6. Outlook _______________________________________________________ 48 

7. Abbreviations and Terminology ___________________________________ 51 

8. References ____________________________________________________ 52 

9. Published Articles ______________________________________________ 66 

9.1. Publication 1 ................................................................................................. 66 

9.2. Publication 2 ................................................................................................. 80 

10. Abstract ______________________________________________________ 94 

11. Zusammenfassung _____________________________________________ 95 

12. Declaration of Contribution to Publications _________________________ 96 

13. Acknowledgements _____________________________________________ 97 

14. Curriculum Vitae _______________________________________________ 98 

15. Eidesstattliche Versicherung ____________________________________ 100 

 



 
 
 
 

5 

1. Introduction  

1.1. Scientific Context 

The discovery of the osteon by Clopton Havers in the 17th century, the 

observation of bone-resorbing osteoclasts by Albert Kölliker in the 19th century 

(Kölliker, 1873), and the findings by Harold Frost regarding the coupling of bone cells 

as coordinated remodeling units in the 1960s (Hattner et al., 1965): these are just a 

few examples of pioneering discoveries that have contributed to a deeper 

understanding of bone as a dynamic tissue. While often intuitively viewed as a static 

structure, bone is in fact metabolically active and continuously renewed throughout life. 

In this process, the overall size and shape as well as the micro- and nanostructure of 

the bone matrix are extensively altered and adapted to new mechanical demands. 

However, while efficient mechanisms operate in healthy adult bone to provide high 

resistance to fracture, an increased bone fragility is recognized in certain phases of life 

and in disease. Specifically, an elevated fracture risk is not only documented in children 

and in the aging skeleton but also in various metabolic diseases including 

osteoporosis. It is estimated that every third child experiences at least one fracture 

before the age of 17, with the majority of fractures resulting from low-energy traumas 

(Cooper et al., 2004; Hedström et al., 2010; Landin, 1983). While the higher physical 

activity during childhood is often considered as a driving risk factor (Clark et al., 2008), 

underlying skeletal deficits have also been suggested to contribute to the high fracture 

incidence in children (Farr et al., 2014; Faulkner et al., 2006; Goulding, 2007). In aging 

and osteoporosis, an imbalance between bone formation and resorption leads to a net 

loss of bone mass which results in high skeletal fragility and a public health problem of 

epidemic proportions. In 2010, 22 million women and 5.5 million men were estimated 

to have osteoporosis in the European Union alone, and a total number of 3.5 million 

osteoporotic fragility fractures were documented (Svedbom et al., 2013). The treatment 

of fractures and the associated absence from work result in a large economic burden 

but also, and more importantly, reduce the quality of life of the affected individuals 

(Hernlund et al., 2013). Movement is not only an important element for an independent 

and active daily life but is also a prerequisite for the production of endorphins during 

exercise that trigger a positive body feeling. Patients suffering from a hip fracture are 

evidently affected in their physical and mental functioning, and do not recover to the 
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same level of performance they had prior to the fracture (Alexiou et al., 2018). 

Moreover, the life expectancy is also dramatically altered as the mortality rate following 

surgery is estimated to be 3% during the hospital stay (Groff et al., 2019) and 27% 

within one year following hospital release (Panula et al., 2011).  

In view of the high fracture incidence in the developing, aging and osteoporotic 

skeleton, and considering the expected increase of aging- and osteoporosis-related 

fractures due to our aging society (Odén et al., 2015), the question arose: How does 

bone obtain its fracture resistance? This question has preoccupied the minds of 

researchers for a long time. Traditionally, high bone fragility was ascribed to a loss of 

bone quantity as measured by the bone mineral density (BMD). Clinically, dual-energy 

X-ray absorptiometry (DXA) is most often used for the diagnosis of osteoporosis in 

which the BMD is measured and compared to a healthy young control group to obtain 

a so-called T-score. While T-scores between -1.0 and -2.5 indicate low bone density, 

or osteopenia, T-scores of -2.5 and below lead to a diagnosis of osteoporosis (Kanis 

et al., 2013). However, it was shown that only 18% of osteoporotic fractures occur in 

patients that had T-scores in the osteoporotic range of -2.5 or less (Siris et al., 2004). 

Vice versa, 82% of the patients with fractures presented non-osteoporotic T-scores, 

strongly suggesting that other factors, beyond the BMD, have a substantial influence 

on the elevated fracture risk. Here, numerous other influencing factors that affect the 

mechanical competence of bone have been identified. They are collectively termed as 

“bone quality” and concern various aspects of the bone tissue including its micro- and 

nanostructure, the matrix composition and the spatiotemporally regulated cellular 

activity of bone cells. 

While many bone quality parameters affecting the fracture risk have been 

elucidated in health and disease, it remains rather understudied how the organization 

and orientation of collagen fibers is related to compositional patterns. While it is widely 

accepted that both the preferential orientation of collagen fibers and the mineralization 

profile individually impact the mechanical competence of bone at several length scales, 

the coupling of distinct structural and compositional patterns is not fully characterized. 

Bone derives its mechanical competence from its hierarchical structure, which is 

established during skeletal growth and maintained throughout lifelong remodeling 

processes. Clarifying the relationship between the collagen fiber orientation, 

mineralization profile and local biomechanical properties could deepen our 
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understanding of how tissue properties at the nanoscale influence and guide fracture 

mechanisms at larger length scales. In this thesis, the organization and orientation of 

collagen fibers was investigated at a consistent skeletal site (mid-diaphyseal femoral 

bone) and related to important compositional and mechanical properties of bone 

quality. In the first project, bone obtained from fetal to 14-years old cases was 

comprehensively assessed to document bone quality changes during skeletal 

development that may further explain the increased fractured risk during longitudinal 

bone growth. Here, the collagen fiber orientation, bone composition and mechanical 

competence were analyzed in the period of life where the skeleton is subjected to new 

mechanical demands associated with the transition from crawling to walking. In the 

second project, the collagen fiber orientation was assessed at the nanoscale in 

remodeled osteons that interact differently with circularly polarized light to appear 

either dark or bright. Here, the changing brightness of dark and bright osteons indicates 

fundamentally differently aligned collagen fibers (longitudinal and transverse, 

respectively). In addition to the collagen fiber organization, spatially correlated 

compositional and mechanical properties were quantified to elucidate the structure-

function relationship in cortical bone at the smallest length scales. As the adaptability 

of bone is reflected in its micro- and nanostructural arrangement, the formation of dark 

and bright osteons points at a tissue heterogeneity that is considered advantageous 

for its mechanical strength.  

Understanding the origins of bone quality in healthy bone is essential to evaluate 

impaired bone quality in disease. Therefore, it is necessary to establish a benchmark 

whether and to what extent distinct structural arrangements in cortical bone are 

associated with specific compositional characteristics. By scrutinizing the structure-

composition relationship in healthy cortical bone, valuable insights can be gained 

which could help to better understand the origins of increased fracture risk in aging and 

bone pathologies.  

1.2. Skeletal Development and Hierarchical Structure 

During skeletal development and throughout life bone undergoes extensive 

structural changes to adapt to its mechanical environment. In the premature skeleton, 

three key processes are involved in the formation, elongation, shaping and 

microstructural adaption of the bone matrix. At first, early stages of skeletal growth are 
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guided by endochondral ossification where a calcified cartilage precursor is replaced 

by a collagenous matrix that is able to bind bone mineral (Karaplis, 2002). Secondly, 

bone modeling processes continue to grow the bone in diameter and cortical thickness 

by a spatially uncoupled activity of osteoblasts and osteoclasts. Osteoblasts lay down 

new bone matrix at the periosteal surface while osteoclasts resorb tissue near the 

endocortical border to adapt the bone to altered mechanical loading scenarios while 

preserving a lightweight structure (Currey, 2002; Seeman, 2003). Lastly, on the 

microstructural level, the bone matrix is extensively adapted by bone remodeling 

processes where osteoclasts and osteoblasts operate simultaneously and spatially 

bound to replace less-organized primary tissue by organized secondary remodeled  

osteons. In this process, osteoclasts resorb bone matrix that is subsequently filled in 

by osteoblasts with new bone matrix rich in type I collagen that serves as a scaffold for 

later mineralization via incorporation of hydroxyapatite crystals (Lassen et al., 2017). 

The activity of osteoclasts and osteoblasts is guided by mechanosensitive osteocytes, 

the most abundant bone cells, that are distributed throughout the bone matrix.  

In adults, secondary remodeled osteons are the fundamental functional unit and 

define its microstructural appearance. The structure of osteons spans over several 

hierarchical levels (Figure 1). At its core, the matrix is composed of type 1 collagen, 

hydroxyapatite and water that are spatially bound to form mineralized collagen fibrils. 

They contain weak but recoverable sacrificial bonds that dissipate energy through 

Figure 1: The hierarchical structure of bone. At the microstructural level, the cortical bone consists of 
cylindrically shaped osteons that are the fundamental structural units. The Haversian canal is located 
at the center of each osteon which contains blood and nerve vessels. Osteonal lamellae concentrically 
surround the Haversian canal. The lamellae consist of arrays of collagen fibers, which are assembled 
from arrays of collagen fibrils, composed of collagen and mineral. Adapted from Zimmermann et al. 
(2011).   
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rupture when mechanically loaded (Fantner et al., 2005).  The mineralized collagen 

fibrils are assembled in fiber arrays that are aligned along their long axis and stabilized 

by interfibrillar crosslinks. The fiber arrays are, in turn, aggregated to form osteonal 

lamellae. Osteons consist of concentrically layered lamellae that surround a central 

vascular cavity (Haversian canal). At the periphery, osteons are bordered by the 

cement line that is higher mineralized in comparison to the surrounding interstitial bone 

matrix (Milovanovic et al., 2018). The matrix is interspersed by mechanosensitive 

osteocytes that reside in micrometer-scale cavities (lacunae) that are connected by 

nanometer-sized tunnels (canaliculi). They form a dense network and play an essential 

role for the skeletal metabolism and the maintenance of a healthy bone matrix. 

Specifically, osteocytes are able to communicate directly with each other through the 

canalicular network to sense mechanical and chemical stimuli in their environment. 

The sensory inputs are subsequently transmitted to osteoblasts and osteoclasts via 

the delivery of signaling molecules in order to initiate modeling/remodeling processes 

(Schaffler et al., 2014).  

During skeletal growth, the bone matrix is extensively altered by 

modeling/remodeling processes at the tissue level. It is gradually remodeled from 

woven (primary) bone with irregularly assembled collagen fibers towards secondary 

remodeled cortical bone with highly organized collagen fibers building the osteonal 

lamellae. In this process, many bone quality parameters are affected: the mineral 

concentration increases with ongoing development while the mineral distribution 

becomes more homogeneous (Currey et al., 1996; Reid and Boyde, 1987). 

Concomitantly, the mechanical properties are altered with the bone stiffness being 

correlated to the children age indicating a higher resistance to fracture (Currey and 

Butler, 1975; Lefèvre et al., 2019; Öhman et al., 2011). On the cellular level, 

fetal/infantile bone is characterized by a high osteocyte density that decreases with 

age enabling a quick proliferation and accelerated bone remodeling rate (Ferretti et al., 

1999; Hernandez et al., 2004; Remaggi et al., 1998). Moreover, osteocyte lacunae 

have been shown to be larger in size in infantile cases which was associated with a 

more heterogeneous mineral distribution (Jandl et al., 2020). Clearly, the bone matrix 

is subjected to extensive adaptions throughout life that affect important bone quality 

parameters. However, a high fracture incidence is documented not only in elderly 

individuals but also in children/adolescents. This points towards an impaired bone 
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quality that is linked to a transitory weakness of the skeleton (Bailey et al., 1989; 

Faulkner et al., 2006; van Staa et al., 2001). 

1.3. Collagen as a Contributor to Bone Quality 

Bone is a dynamic and hierarchically organized tissue with impressive 

mechanical properties that provide high resistance to bending, compression and 

torsion. It is a natural composite material built from collagen, mineral and water that 

jointly define its unique mechanical behavior. Mineral platelets with high elastic 

modulus are embedded into a collagenous framework of low elastic modulus. Hence, 

the mineral phase predominantly enables resistance to plastic deformation (i.e., high 

stiffness) whereas collagen predominantly provides ductility and the ability to absorb 

energy (i.e., toughness) (Currey, 1988; Wang et al., 2001; Zioupos and Currey, 1998). 

Despite its importance, the ability of bone to withstand repetitive loading and resist 

fracture is not solely dependent on the quantity of bone tissue but also on its matrix 

quality. The term “bone quality” is a collective term for various structural, material and 

cellular properties of bone that guide its mechanical competence at several length 

scales (Figure 2). Structural properties include the overall bone geometry (size and 

shape) as well as its microstructural (trabecular and cortical) and nanostructural 

arrangement (woven and osteonal bone) (Felsenberg and Boonen, 2005; McCalden 

et al., 1993; Vom Scheidt et al., 2019; Shapiro and Wu, 2019). Important material 

Figure 2: The term “bone quality” includes several structural, material and cellular properties at all level 
of hierarchy that contribute to the mechanical competence of bone.  
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characteristics of bone tissue comprise the quality of its organic (collagen) and 

inorganic (mineral) components, the bone mineral density distribution as well as water 

content and accumulation of microcracks (Felsenberg and Boonen, 2005; Fiedler et 

al., 2018; Fonseca et al., 2014; O’Brien et al., 2003; Wang et al., 2002; Willett et al., 

2019). On the cellular level, the integrity of the network formed by mechanosensitive 

osteocytes is essential to maintain healthy bone by detecting damage and initiating 

repair processes (Fonseca et al., 2014; Milovanovic et al., 2015). With aging and 

skeletal disease several bone quality parameters can be impaired reducing the ability 

to withstand mechanical loading and ultimately leading to increased fragility and 

fracture susceptibility.  

Several studies have highlighted that variations in the quality of the collagenous 

phase can strongly affect bone strength. The importance of collagen for fracture 

resistance is emphasized by clinically challenging pathologies like osteogenesis 

imperfecta or Paget’s disease, both of which are characterized by impaired collagen 

formation and organization leading to increased fracture susceptibility (Carriero et al., 

2014; Rauch and Glorieux, 2004; Zimmermann et al., 2015a). Collagen quality is 

influenced by exposing bone to ionizing radiation which has been shown to decrease 

bone toughness while preserving Young’s modulus independent of the radiation dose 

(Currey et al., 1997). On a molecular level, the collagenous matrix quality is affected 

by the formation and extent of inter- and intramolecular crosslinks (Saito and Marumo, 

2010) as well as the accumulation of advanced glycation end-products (Gautieri et al., 

2017; Schmidt et al., 2017). In addition, the structure and arrangement of collagen 

fibrils also affect the mineral quality as possible nucleation sites for bone mineral 

crystals are determined by the collagen framework which also limits the size of the 

crystals (Wang et al., 2012). Moreover, the collagen fiber orientation (CFO) is 

considered as an contributor to bone’s ability to resist fracture and an impact of 

preferentially aligned collagen fibers on the mechanical properties is postulated 

(Ritchie, 2011; Viguet-Carrin et al., 2006). The distribution pattern of secondary 

remodeled osteons with differently aligned collagen fibers is reported to be non-

randomly distributed and corresponds to the distribution pattern of loading forces 

acting on the bone, with longitudinal collagen fibers being found in regions supporting 

tensile loads while transverse fibers are located in regions under compression 

(Ascenzi, 1988; Martin and Boardman, 1993; Martin and Ishida, 1989). The 
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dependency of population densities of distinct osteon types with specific loading 

modes suggests that collagen fibers align according to specific strain modes and serve 

different mechanical functions (Riggs et al., 1993a; Skedros et al., 2009, 2011).  

1.4. Bone Toughness and Strength  

In healthy adults, remodeled osteonal bone can tolerate significant loading by 

capable fracture resistance mechanisms operating at different hierarchical levels of the 

matrix. While the most dominant toughening mechanisms have been classified in 

mature bone (Fantner et al., 2005; Gupta et al., 2005; Koester et al., 2008; Nalla et al., 

2003; Poundarik et al., 2012; Zimmermann et al., 2011), the mechanisms and 

underlying bone quality still remain 

understudied during longitudinal 

skeletal growth (<20 years of age).  

Cortical bone obtains its fracture 

toughness by intrinsic and extrinsic 

mechanisms operating at different 

length scales (Figure 3) (Launey et al., 

2010). While intrinsic resistance is 

generated at micro- to nanometer length 

scales to hamper the initiation of cracks, 

extrinsic mechanisms act at the micro-

to macroscale to limit the propagation of 

already initiated cracks. The most 

influential intrinsic mechanisms include 

the molecular uncoiling of 

tropocollagen, the breaking of sacrificial 

bonds between fibril arrays, as well as 

fibrillar sliding between mineralized 

collagen fibrils. At larger length scales, 

the extrinsic mechanisms operate by 

collagen fiber bridging, crack bridging 

by uncracked ligaments and crack 

deflection at hypermineralized cement 

Figure 3: Extrinsic and intrinsic toughening 
mechanisms of bone. Extrinsic mechanisms act 
behind the crack tip at the micro- and macroscale 
whereas intrinsic mechanisms act ahead of the 
crack tip at the nano- and microscale. Figure from 
Launey et al. (2010). 
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lines. Here, the stiffness mismatch at interfaces of different mineralization content 

plays a crucial role as the crack follows the paths of lowest resistance. Hence, when a 

crack propagates in a relatively low mineralized volume and reaches an interface to a 

volume with higher mineral content, the crack is deflected and continues to travel in 

the less stiff volume. By elongating the total microcrack path, more energy is dissipated 

in the process and large-scale fractures are prevented. In view of their underlying 

operating principles, intrinsic mechanisms act ahead of the crack tip while extrinsic 

mechanisms act behind it (Ritchie, 2011; Zimmermann et al., 2015b). In addition to the 

mineralization heterogeneity that induces a stiffness mismatch in the matrix, the overall 

mineral content also plays a major role in bone strength and strongly affects the 

mechanical properties (Boivin et al., 2008; Follet et al., 2004). The stiffness and 

resistance to fracture increases with higher densities of mineral due to the higher 

stiffness of the inorganic mineral phase of bone compared to the organic collagenous 

phase (Berteau et al., 2015; Landis et al., 1995; Öhman et al., 2011). However, 

excessive mineralization is detrimental as it makes the bone tissue brittle and 

increases the fracture risk (Bala et al., 2010). Therefore, the degree and quality of 

mineralization in bone is used as an indicator of the mechanical competence of bone.  

Previous studies have identified a lower modulus and hardness in pathologic or 

callus tissue consisting of woven bone compared to healthy lamellar tissue (Manjubala 

et al., 2009; Zimmermann et al., 2015a), implying  that primary tissue types are 

inherently weaker than healthy, secondary remodeled bone tissue types. Considering 

that further important structural features for toughness (i.e., lamellar interfaces or 

cement lines) have not yet developed in primary non-osteonal tissue suggests that 

bone quality deviates or is, at least, explained differently for primary and secondary 

bone tissue. In fully remodeled osteonal bone of healthy adults, the adaptive 

capabilities to mechanical demands are reflected in the microstructural arrangement 

and composition. Here, the existence of dark and bright osteons with contrasting CFO 

patterns points at a required heterogeneity of the tissue matrix that is considered 

advantageous for the mechanical properties of bone. Most studies seized on the idea 

that dark osteons are more capable to resist tensile forces and bending while bright 

osteons, assembled of oblique-angled collagen fibrils, can better withstand 

compressive forces and torsion (McMahon et al., 1995; Riggs et al., 1993b). 

Consequently, it was postulated that bright osteons are found in regions supporting 
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tensile loads, while dark osteons dominate in regions under compressive loading. This 

was confirmed in quadrupedal mammalians, where significant bending stresses 

created by angulation of the joints lead to distinct volumes being loaded in tension or 

compression (Bergmann et al., 1984; Boyde and Riggs, 1990; Shahar et al., 2003; 

Skedros et al., 1996). However, the diaphysis of human femoral bone is primarily 

loaded in compression with little impact of bending and tensile forces (Duda et al., 

1997; Taylor et al., 1996; Zheng et al., 1998). Yet, both dark and bright osteons are 

present in femoral cross-sections. This clearly suggests that, in view of this rather 

uniform loading scenario, spatial changes in the preferential CFO of osteons might 

serve further mechanical functions beyond the resistance to tensile and compressive 

stresses indicating a more profound mechanical function of dark and bright osteons. 

This is further supported by the fact that, even though the overall CFO pattern 

appeared non-randomly distributed, no single pattern of CFO was found to exist in the 

human diaphyseal femur suggesting that the microstructure is sensitive to individual 

and localized adaptation (Bromage et al., 2003).  

1.5. Collagen Fiber Organization in Osteonal Bone 

The question of how collagen is organized in osteonal lamellar bone has 

sparked interest for a long time and has led to a number of proposed models over the 

years. In 1906, Gebhard et al. proposed a model in which osteonal lamellae are 

consistently fibrous layers with the fibril orientation being unidirectional in individual 

lamellae but undergoing a change in orientation of 90° between neighboring lamellae 

(Gebhardt, 1905). In the 1960s, Ascenzi and Bonucci reconceived this view and 

postulated that three representative patterns of lamellar organization exist in osteons: 

longitudinal, transverse and alternating (Figure 4) (Ascenzi and Bonucci, 1967, 1968). 

These observations were based on polarized light micrographs that allow for the 

visualization of the preferential collagen fiber. Here, lamellae containing transverse and 

oblique-angled collagen fibers with respect to the osteon axis appear bright. In 

contrast, lamellae appear dark when the collagen fibers run in parallel with the osteon 

axis. Lastly, alternating osteons are built from lamellae that alternate between a 

transverse and longitudinal orientation. Structurally, bright osteons are characterized 

by predominant fiber orientations of ±45° with respect to the osteon axis. Contrarily, 

dark osteons are rather homogeneous and distinguished by longitudinal collagen fibers 
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(Ascenzi et al., 2003). In 1988, Giraud-Guille proposed a more complex model of 

collagen fiber organization using polarized light and transmission electron microscopy 

(Giraud-Guille, 1988). Two different types of plywood-like architecture were reported 

to exist in osteonal bone, namely “orthogonal plywood” and “twisted plywood”. While 

the “orthogonal plywood” conforms with the classical concept of alternating and 

orthogonal orientations of collagen fibrils between neighboring lamellae, the “twisted 

plywood” model suggested a novel perspective. In this arrangement, no clear structural 

boundary between individual lamellae exists as collagen fibers are continuously shifted 

in their direction. The oriented collagen fibers rotate through 180° cycles, so that 

superimposed series of nested arcs become visible in oblique sections. Later studies 

supported the idea of plywood-like structures in osteonal bone even though the models 

were further refined. Weiner et al. demonstrated four to five parallel fibril arrays that 

are followed by an abrupt change in fibril orientation.  The authors termed this 

characteristic structural feature as “back-flip” fibril arrays (Weiner et al., 1997). Both 

Varga et al. in 2013 and Schrof et al. in 2014 found oscillating plywood patterns in 

lamellae, in addition to twisted plywood arrangements, where the fibrils undergo 

continuous sinusoidal oscillation rather than rotating from 0 to 180° (Schrof et al., 2014; 

Varga et al., 2013). However, no consensus on the spatial distribution of each structure 

type was reported: either the outermost lamella was stated as twisted followed by 

oscillatory ones (Varga et al., 2013), or most lamellae displayed a twisted plywood 

pattern with only a few lamellae near 

the Haversian canal having a 

oscillating structure (Schrof et al., 

2014). Despite the different proposed 

models, it is generally agreed on that 

the collagen-mineral assembly is 

spatially correlated. The collagen 

fibers are reinforced by bone mineral 

particles to form a spatially related 

composite material where the 

mineral long axis is co-aligned with 

the collagen fibers that provide bone 

with its unique mechanical properties 

Figure 4: Three types of lamellar organization of 
secondary remodeled osteons according to Ascenzi et 
al. Osteons containing transversely oriented collagen 
appear bright under polarized light (type 1, left). The 
collagen orientation is shifted by 90° between 
neighboring lamellae (type 2, middle). Osteons built 
for longitudinally oriented collagen appear dark (type 
3, right). Figure adapted from Ascenzi et al. (1968).  
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(Fratzl et al., 2004; McNally et al., 2013). More recently, further insights into the 

collagen-mineral assembly have been gained showing that bone mineral is fractal-like 

and hierarchically assembled at the nanoscale (Reznikov et al., 2018) and that 

localized differences between the orientation of mineral nanocrystals and collagen 

fibrils exist within single lamellae that might add an additional layer of mechanical 

adaptation towards compressive loading (Grünewald et al., 2020).   

1.6. Objectives 

The origins of bone quality are many-faceted and often closely interrelated 

(Stock, 2015). In this context, it is essential to include comprehensive bone quality 

parameters on all relevant length scales to elucidate the underlying mechanisms of 

bone fragility. The aim of this thesis is to investigate the organization and orientation 

of collagen fibers in human femoral bone taken from the mid-diaphysis and to 

comprehensively evaluate important structural, compositional and mechanical 

properties to deepen our understanding of how nanoscale tissue properties influence 

and guide fracture mechanisms at larger length scales. As bone is a dynamic tissue 

that adapts its matrix organization in response to mechanical stimuli during skeletal 

growth and throughout life, two key questions were addressed:  

i.) It was investigated how bone quality and mechanical competence develop 

during skeletal growth. As a high fracture incidence is not only documented in the 

elderly but also in children and adolescents, this indicates that bone quality might also 

be inferior in the latter groups compared to healthy adult bone. To better understand 

the transitory weakness and increased fracture risk in children, the microstructure 

including the CFO was analyzed in the femoral mid-diaphysis of fetal to 14-years old 

cases and linked to its composition and mechanical performance. Here, the cases 

were split into two groups: fetal/infantile bone consisting of primary bone with no 

osteons and 2- to 14-years	old cases composed of remodeled tissue (i.e., secondary 

osteons).  

ii.) Secondly, adult femoral bone was studied to assess the structural heterogeneity 

of osteons that appear dark or bright in circularly polarized light microscopy. As the 

microstructural appearance of bone reflects its adaptability to mechanical strains, dark 

and bright osteons with diverging collagen fiber arrangements could provide valuable 



 
 
 
 

17 

insights into the collagen-mineral relationship in cortical bone and elucidate the need 

for localized matrix modifications.  

In the present thesis, important bone quality parameters on the nano- and 

microscale are comprehensively assessed to elucidate the relationship between the 

CFO and nano-compositional patterns in human femoral bone. By concurrent 

evaluation of mechanical characteristics, this thesis aims to elucidate the origins of 

cortical bone fragility in the developing skeleton and to quantify cortical bone quality 

adaptions in adult bone beneficial for its mechanical competence. 

2. Materials and Methods 

2.1. Sample Cohort 

Several high-resolution techniques were included in the comprehensive 

evaluation of bone quality parameters. The sample preparation and methodology are 

described in more detail in the original manuscripts (Stockhausen et al., 2021; 

Zimmermann et al., 2019). In short, femoral bone from the mid-diaphysis was obtained 

from healthy human cases during autopsy at the Department of Forensic Medicine at 

the University Medical Center Hamburg-Eppendorf (Hamburg, Germany) in 

accordance with the local ethics regulations and following ethical approval as stated in 

the manuscripts. To evaluate bone quality parameters during skeletal development, a 

cross-sectional study was adopted, and bone was acquired from a Caucasian female 

cohort (22 weeks of gestation, n = 1; age of 2 months, n = 2; 1 year, n = 1; 2 years, n 

= 1; 5 years, n = 1; 14 years, n = 2). To assess intra-individual structural heterogeneity 

Table 1: Overview of methods used in the respective study. The sample preparation method is denoted in 
superscript (1 = ground section, 2 = block sample, 3 = microtome section, 4 = hydrated sample) 

Fetal – 14-years Old Cases Dark and Bright Osteons 

Circularly Polarized Light Microscopy 1 Circularly Polarized Light Microscopy 1 
Quantitative Backscattered Electron Imaging 2 Quantitative Backscattered Electron Imaging 1 
Fourier Transform Infrared Spectroscopy 3 Fourier Transform Infrared Spectroscopy 1 
Tensile Testing 4 Nanoindentation Testing 1 
SAXS/WAXD 4 Synchrotron Nano-Computed Tomography 1 
Histomorphometry 3 FIB-SEM Imaging 1 
 Finite Element Modeling 
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in terms of dark and bright osteons, bone was obtained from a 44-year-old organ donor. 

Cross sections from the femoral mid-diaphysis were prepared using a diamond saw 

(EXAKT Advanced Technologies GmbH, Norderstedt, Germany). The specimens were 

fixed in 3.7% formaldehyde for 3 days followed by dehydration in an increasing alcohol 

series and undecalcified embedding in methylmethacrylate. Samples were prepared 

from the embedded block as ground sections with a thickness of 100µm using an 

automatic grinding machine and as microtome sections with a thickness of 5µm. 

Additionally, the embedded blocks were ground to a coplanar finish, carbon-coated 

and used for compositional analysis. Lastly, hydrated cortical bone samples (15 mm × 

1 mm × 250 μm) from fresh-frozen fetal to 14-years old cases were prepared using a 

low-speed saw for synchrotron-based mechanical testing. The methods used in the 

respective study and their corresponding sample preparation method are summarized 

in table 1.  

2.2. Structural Evaluation 

Histomorphometric evaluation in the fetal to 14-years old cases was performed 

on microtome-cut sections stained with von Kossa/van Gieson stain. The stain allows 

for the differentiation between mineralized bone (von Kossa precipitation in black) and 

unmineralized osteoid (van Gieson stain in pink). Here, the osteoid volume per bone 

volume (OV/BV), osteoid surface per bone surface (OS/BS) and osteoid thickness 

(O.Th) were quantified using 

the software “OsteoMeasure” 

(OsteoMetrics, Decatur, GA, 

USA) (Dempster et al., 2013).  

Circularly polarized light 

microscopy (CPL) was used to 

assess the preferential CFO 

(Figure 5). Here, bone areas 

containing obliquely orientated 

collagen fibers appear bright 

while dark areas are composed 

of collagen fibers parallel with 

the long axis of the bone. While 

Figure 5: Circularly polarized light microscopy was used to 
identify 20 osteons of contrasting brightness. The brightness 
reflects changes in collagen fiber orientation originating at the 
nanoscale.   
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the dark appearance of longitudinally 

oriented collagen arises from its optically 

anisotropic properties, porous spaces, 

vascular canals or osteocyte lacunae 

also appear dark but due to the absence 

of birefringent tissue. To exclude these 

areas from the evaluation, a masking 

procedure was applied. In the fetal to 14-

years old cases, the structural 

appearance and the CPL brightness 

were evaluated in the medial cortex of 

the cross-section. In the 44-years old 

case, CPL was utilized to detect dark and 

bright osteons for subsequent structural, 

compositional and mechanical analysis. 

Twenty (ten dark and ten bright) osteons 

were selected from the anterolateral 

quadrant of the femoral cross-section. Osteons were only included if (i.) they were 

surrounded by at least two partially resorbed osteons, i.e. to exclude primary osteons 

and (ii.) they displayed a continuous outer border, i.e. to exclude osteons that have 

been resorbed. In addition, micro-computed tomography was performed and co-

registered to the CPL image to validate that the Haversian canals of the investigated 

dark and bright osteons are oriented perpendicular to the analyzed plane (Figure 6). 

Lastly, a control experiment was conducted to deconvolute the influence of the mineral 

phase on the CPL brightness. Here, a test sample was decalcified in 20% EDTA and 

prepared as a ground section of identical thickness (100µm). Successful decalcification 

was confirmed radiographically using a cabinet X-ray system (Faxitron, Inc., USA). 

Then, the decalcified sample was imaged by CPL and compared to undecalcified 

samples in terms of CPL brightness. 

The three-dimensional spatial organization of collagen fibers in dark and bright 

osteons was visualized by synchrotron nano-computed tomography with Zernike 

phase contrast. By utilizing Zernike phase contrast, the contrast can be enhanced in 

weakly absorbing specimen that appear transparent to conventional absorption 

Figure 6: (A) Osteons were selected unbiasedly 
from the anterolateral quadrant. (B, C) CPL 
images and micro-computed tomography scans 
were co-registered to confirm the perpendicular 
orientation of the osteons with respect to the 
cutting plane. (D) The orientation of the Haversian 
canal (highlighted in pink) was verified in the 
orthogonal projections. 
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tomography (Langer et al., 2012; Varga et al., 2013). The experiments were carried 

out at the P05 beamline operated by the Helmholtz Zentrum Geesthacht (HZG) at the 

PETRA III storage ring of the German Electron Synchrotron (DESY) (Flenner et al., 

2020; Ogurreck et al., 2013). The nanoindentations (chapter 2.4) were localized and 

cylindrical volumes with a diameter of 25 µm were extracted using a focused ion beam 

(FIB). The nano-tomograms were acquired with a Fresnel zone plate of 130 μm 

diameter, a beam shaping optics and Zernike phase rings at an energy of 11 keV with 

a three-dimensional spatial resolution of 77.7nm (determined by Fourier shell 

correlations).  

The internal matrix structure within dark and bright osteons was further verified 

by focused ion beam - scanning electron microscopy (FIB-SEM) imaging. The FIB was 

used to mill trenches into the osteons exposing imaging planes with radial-longitudinal 

orientation with respect to the Haversian canal. Firstly, a coarse trench was milled at 

30 kV and 30 nA, followed by polishing of the exposed image plane at 30 kV and 2 nA. 

Then, images were acquired at 2 kV (InlensDuo Detector, Zeiss) and post-processed 

using a band-pass filter to remove curtaining artefacts (Schindelin et al., 2012).  

2.3. Compositional Assessment 

The bone mineral density distribution (BMDD) and osteocyte lacunar 

morphology was determined by quantitative backscattered electron imaging (qBEI). 

Calibration of the brightness and contrast was achieved with carbon and aluminum 

standards, so that the intensity of the backscattered electrons linearly correlated with 

the mean atomic number and, hence, the calcium content (Roschger et al., 1998). 

Accordingly, lower and higher brightness values translate to a low and high calcium 

content of the tissue, respectively. Similar to the masking procedure applied to CPL 

micrographs, osteonal areas were isolated to exclude surrounding tissue from 

evaluation in qBEI. A custom-made MATLAB routine was used to calculate the 

following parameters from the backscattered electron images: mean calcium content 

of the BMDD (Camean), most frequent calcium content (Capeak), the heterogeneity of the 

calcium distribution (Cawidth), percentage of bone area which is mineralized below the 

5th percentile or above the 95th percentile (Calow and Cahigh, respectively). Moreover, 

the backscattered electron images were used to quantify the bone volume per tissue 

volume (BV/TV) as well as osteocyte lacunae characteristics. Specifically, the number 
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of osteocyte lacunae per bone area (N.Ot.Lc./B.Ar., #/mm²), the mean osteocyte 

lacunar area (Ot.Lc.Ar, μm²), and the circularity index of osteocyte lacunae were 

assessed.  

The composition was further assessed using Fourier transform infrared 

spectroscopy (FTIR) operated in transmission mode (for the fetal to 14-years old 

cases) or attenuated total reflection-mode (dark and bright osteons). Spectra were 

acquired over a spectral range of 570 to 4000 cm-1 at a 4	cm-1 spectral resolution. After 

correction for the spectral presence of atmospheric gases, and subtraction of 

background and PMMA signals, the areas under the curve of the amide I peak (1700-

1600 cm-1), the phosphate peak (1154 - 900 cm-1) and the carbohydrate peak (890 - 

850 cm-1) were integrated to measure the mineral-to-matrix ratio (MMR) and 

carbonate-to-phosphate ratio (CPR) (Boskey and Pleshko Camacho, 2007; Schmidt et 

al., 2017). Additionally, the ratio of the 1030 cm-1 and 1110 cm-1 subbands was used 

to assess the mineral maturity in the fetal to 14-years old cases (Farlay et al., 2010).  

2.4. Mechanical Properties  

In the fetal to 14-years old cases, mechanical competence and deformation at 

the tissue, fibril, and mineral length scales were assessed by tensile testing with 

simultaneous small-angle x-ray scattering (SAXS) and wide-angle X-ray diffraction 

(WAXD). Experiments were performed at beamline 7.3.3 at the Advanced Light Source 

synchrotron (Lawrence Berkeley National Laboratory, Berkeley, CA, USA) (Hexemer 

et al., 2010). Here, the hydrated cortical bone samples were loaded in tension and 

SAXS/WAXD data were collected at an energy of 10 keV at ~4000 mm and 150 mm 

sample-to-detector distance, respectively. By combining tensile testing with 

SAXS/WAXD measurements, the overall tissue strength can be assessed while 

evaluating deformations occurring at the nanoscale at the same time (Zimmermann et 

al., 2011). Changes in the average collagen d-spacing and mineral lattice were 

deduced from the 1D SAXS and WAXD data, respectively (Ilavsky, 2012). Tissue 

stress was calculated during tensile testing by normalizing the acting load to the cross-

sectional area. Tissue strain was measured by monitoring the spacing between 

horizontal marks that were placed on the sample. 

The local biomechanical properties of dark and bright osteons were assessed 

by nanoindentation testing where four indents were placed in each osteon using the 
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depth-sensing continuous stiffness mode: one per osteonal quadrant at half the 

distance between the osteon center and the outer border. Indentations with 2 μm depth 

were performed with a Berkovich tip preceded and followed by calibration on fused 

silica. The hardness and the elastic modulus were calculated according to Oliver and 

Pharr with the NanoSuite software provided by the manufacturer (Oliver and Pharr, 

1992).  

To predict how overlying levels of hierarchy are affected by shifts in preferential 

CFO, multi-scale modeling using the Finite Element Method (FEM) was applied 

(Qwamizadeh et al., 2016, 2017a, 2017b). Here, the orthotropic mechanical properties 

of three distinct hierarchical levels were calculated by modeling finite representative 

volume elements (RVEs) (Omairey et al., 2019). The three hierarchical levels included 

were (i.) mineral-coated collagen fibers, (ii.) osteonal lamellae, and (iii.) fully remodeled 

secondary osteons. Each hierarchical level was modeled for different scenarios of CFO 

to represent dark, bright and alternating osteons. The respective RVE was used as 

input for the overlying hierarchical level. Specific input parameters and assumptions 

are noted in (Stockhausen et al., 2021) and were taken from (Buenzli and Sims, 2015; 

Dong et al., 2014; Hamed et al., 2010, 2012; Hellmich and Ulm, 2002; Rho et al., 1997). 

2.5. Statistical Analysis 

Shapiro-Wilk tests were used to evaluate normality of the data. Homogeneity of 

variances was tested using Levene’s test. In the fetal to 14-years old cases, data was 

averaged on the individual level and separated into two groups based on 

microstructural observations: the 2- to 14-year-old samples contained secondary 

remodeled osteons while the fetal to 1-year-old samples did not. Because of the small 

sample size, a nonparametric statistical analysis was used (Mann-Whitney U). To 

determine statistical differences between dark and bright osteons independent t-tests 

were performed. Pearson product-moment correlations were used to check for 

correlations between structural, compositional, and mechanical properties. Statistical 

tests were performed using SPSS with a level of significance of α=0.05. All data are 

represented as the mean ± standard deviation.  
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3. Results 

3.1. Matrix Characteristics in Cortical Bone Development 

3.1.1. Cortex Densification and Collagen Fiber Reorganization 

Substantial structural variations were observed in the femoral mid-diaphysis of 

the developing skeleton (Figure 7). Microstructurally, the fetal/infantile cases 

presented a scaffold-like structure characterized by a high porosity and a disorganized 

collagen fiber organization resembling woven bone. No remodeling events or lamellar 

structures in form of secondary osteons are visible. Contrarily, the 2- to 14-years	old 

cases displayed a denser matrix with significantly less porosity and a lamellar structure 

with secondary remodeled osteons. Histomorphometric evaluation revealed a 

significantly lower bone volume fraction (BV/TV) in the infantile cases (p = 0.03), 

accompanied by a significantly higher osteoid surface per bone surface (OS/BS) (p = 

0.03). Despite the significant difference in OS/BS, the osteoid thicknesses (O.Th) were 

similar in both groups. Moreover, a significantly higher density of osteocyte lacunae 

Figure 7: (A-D) Histomorphometry on von Kossa/van Gieson-stained sections was used to differentiate 
mineralized bone (black) from unmineralized osteoid (pink). (E-F) The microstructural arrangement and 
collagen fiber orientation was assessed by circularly polarized light microscopy. The fetal/infantile 
cases have a more porous cortex (I) and a more rapid bone formation rate (J). However, the osteoid 
thickness is similar for both groups. Osteocyte lacunae are larger in size and more frequent in 
fetal/infantile bone (L, M). Higher CPL intensities reflect a higher fraction of transversely oriented 
collagen fibers.  
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(N.Ot.Lc/B.Ar) was quantified that were also 73% larger in size. Lastly, quantitative 

evaluation of CPL micrographs showed significantly higher brightness values in woven 

bone in fetal/infantile cases signifying a higher fraction of transversely oriented 

collagen fibers. The preferential collagen fiber orientation becomes more longitudinally 

oriented in the 2- to 14-years old cases as indicated by lower CPL intensities. 

3.1.2. Changing Mineralization Patterns During Skeletal Growth 

Compositionally, the qBEI data demonstrated a significantly lower mean calcium 

content in fetal/infantile cases that increases with age (10% higher in the 2- to 14-years	

old cases) (Figure 8). Despite the elevated mean mineral content, the most frequent 

calcium concentration (Capeak) is similar in both age groups. In addition, a decrease in 

mineralization heterogeneity was measured with advancing age as reflected by a 34% 

lower CaWidth in the 2- to 14-years old cases. In support of the lower mean calcium 

content, the area fraction of bone regarded as lowly mineralized (Calow) is significantly 

higher in fetal/infantile cases, even though both groups present similar area fractions 

Figure 8: Bone mineralization was quantified using quantitative backscattered electron imaging. (A. B) 
Remnants of calcified cartilage are present in fetal/infantile bone (white arrows). (C, D) Remodeling 
events are visible in the 2- to 14-years old cases as reflected by areas with low mineralization (black 
asterisks). (E) Histogram analysis shows a higher mineralization in the older cases. (F, G) Despite a 
higher mean calcium content, the peak calcium shows no significant difference. (H) The mineral is more 
heterogeneously distributed in fetal/infantile cases. In line with the mean and peak calcium content, no 
significant differences were measured for calcium high whereas calcium low was significantly lower for 
the 2- to 14-years old cases.  
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of highly mineralized tissue (Cahigh). Secondary osteons, that are generally lower 

mineralized than the interstitial bone, are evident in the femoral mid-diaphysis of the 2- 

to 14-years	old cases reflecting an advanced bone remodeling history. The observed 

trends in the mineralization profile are supported by FTIR data. In accordance with the 

higher mineral content, a 12% higher mineral-to-matrix ratio is quantified in the 2- to 

14-years old cases that is also more homogeneously distributed. The FTIR spectra 

were also used to evaluate the carbonate-to-phosphate ratio (CPR) and the mineral 

maturity, but no significant differences could be demonstrated. 

3.1.3. Development of Mechanical Resistance 

Structural and compositional differences were linked to the mechanical 

resistance at multiple length scales via tensile testing (macroscale deformation) and 

simultaneous SAXS/WAXD experiments (deformation at the fibril and mineral levels, 

respectively). By gradually applying loads and measuring the concomitant deformation 

of the samples, stress-strain curves are obtained from which the mechanical behavior 

at the macroscale can be deduced. At low strains, the samples showed linear elastic 

behavior that derives from stretching of molecular bonds. Here, a 160% higher elastic 

modulus was quantified in the 2- to 14-years old cases. With increasing strain, plastic 

deformation commences, and the tissue starts to deform nonlinearly. At this strain rate, 

the ultimate bone strength was measured to be 83% greater in the older age group. 

However, no significant differences were observed for the failure strain.  

The simultaneously obtained SAXS/WAXD data was used to measure the 

deformation at the fibril and mineral level. Here, the fibril deformation showed a linear 

increase in fibril strain during tensile tests for all cases. However, differences in the 

mechanical response at the nano-level were revealed in the mineral phase by WAXS 

where a higher mineral strain to tissue strain suggests that the more organized 

microstructure in the older cases allows the mineral to deform more easily. At higher 

tissue strains, the linear stress-strain relationship becomes nonlinear and remains 

constant indicating sliding within/between fibrils or nonlinear deformation in the 

collagen matrix. 
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3.2. Regional Bone Matrix Modifications: Dark and Bright Osteons 

3.2.1. Lamellar Interfaces and Changing Collagen Fiber Orientation 

In the mature skeleton, the bone matrix has been extensively remodeled, and 

its microstructural appearance is characterized by secondary remodeled osteons of 

changing brightness under polarized light. Here, increasing brightness corresponds to 

a shift in predominant CFO towards more oblique-angled collagen fibers. After 

deconvoluting the impact of the mineral phase on the CPL brightness and confirming 

that osteons were sectioned transversely, osteons with significantly different 

brightness values (67.22 ± 9.31 versus 162.00 ± 10.17, p<0.001) were used for 

Figure 9: (A -D) Synchrotron nano-computed tomography in bone volumes beneath the nanoindents 
shows that dark osteons are structurally rather homogenous with collagen fibers running longitudinally. 
Bright osteons present a lamellar with changing collagen fiber orientation between neighboring 
lamellae. Parallel-fibered lamellae were found to be significantly thicker compared to lamellae 
composed of oblique-angled fibers. (E-J) These results were further confirmed by FIB-SEM imaging: 
bright osteons display a lamellar pattern with fibrils being oriented parallel (double-headed arrows) and 
oblique-angled to the analyzed plane (asterisk).  
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subsequent evaluation. Specifically, both decalcified and undecalcified samples 

showed similar overall CPL brightness and a lamellar pattern with varying brightness 

independent of the mineralization state. Therefore, differences in CPL intensity can be 

ascribed to orientation shifts of optically anisotropic type 1 collagen which are not 

affected by the mineralization profile of individual osteons. To confirm the orthogonality 

of the selected osteons, micro-computed tomography was used. Here, the three-

dimensional orientation of the Haversian canal was assessed in the orthogonal 

projections for the selected osteons and co-registered to the CPL micrograph (Figure 
6).  

Using synchrotron nano-computed tomography with Zernike phase contrast the 

structural heterogeneity of both types was verified in three dimensions and with high 

resolution (Figure 9A-D). It was shown that dark osteons are structurally rather 

homogeneous with collagen fibers running predominantly parallel to the long axis of 

the bone. Moreover, they show no lamellar pattern. Bright osteons display a higher 

degree of orientational heterogeneity and a distinct lamellar pattern with changing CFO 

between neighboring lamellae is visible. Here, the longitudinally oriented fraction of 

collagen fibers (blue lamellae) corresponds to the slightly darkened lamellae of the 

otherwise bright osteon under CPL. Quantification of the sub-lamellar thicknesses 

showed that lamellae composed of longitudinally oriented collagen fibers were 

significantly thicker compared to lamellae built from oblique-angled fibers (3.42 ± 0.55 

µm versus 1.79 ± 0.27 µm, p<0.001). Additional validation of the structural disparities 

between dark and bright osteons was obtained by FIB-SEM imaging. Here, trenches 

with radial-longitudinal orientation with respect to the Haversian canal were milled to 

expose the internal matrix organization of the osteons (Figure 9E-J). In support of the 

nano-computed tomography findings, a higher structural homogeneity was observed 

in parallel-fibered dark osteons compared to bright osteons that are composed of 

individual lamellae with oblique-angled collagen fibers that are bordered by lamellae 

built from parallel-oriented fibers. The lamellar layout of bright osteons is further 

signified in two dimensions in backscattered electron images where lamellae with a 

thickness of ~6 µm are clearly visible whereas no lamellar pattern is present in dark 

osteons. Here, it is important to mention that the lamellar thickness as assessed in 

backscattered electron images denotes the total thickness of a repeating unit of 

lamellae (Pazzaglia et al., 2012). However, as visualized by nano-computed 
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tomography and FIB-SEM imaging, a lamellar unit contains two sub-lamellae of 

contrasting CFO. Backscattered electron images were further used to quantify 

characteristics of osteocyte lacunae. Here, it was found that osteocyte lacunar areas 

are smaller in size in dark osteons compared to bright osteons (41.17 ± 5.92 versus 

49.21 ± 4.83 µm2, p<0.001) and are characterized by a higher circularity index (0.631 

± 0.059 versus 0.536 ± 0.056, p<0.001) representing a rounder shape. No significant 

difference in osteocyte lacunar density was verified between both osteon types 

(0.00083 ± 0.00024 versus 0.00091 ± 0.00033 #/μm2, p = 0.588).    

3.2.2. Discrete Mineralization Profiles  

Significant differences in the mineral distribution were quantified by analysis of 

the qBEI histograms (Figure 10). A higher mean calcium content (Camean) was 

quantified in dark osteons. The Camean is 5.68% higher in dark osteons compared to 

the bright ones (26.25 ± 0.32 versus 24.84 ± 0.34 Ca wt%, p<0.001). The peak calcium 

content (Capeak) displays the same trend with a 5.42% higher peak mineralization 

(26.67 ± 0.36 versus 25.30 ± 0.32 Ca wt%, p<0.001). In line with the higher mean and 

peak calcium content, a higher percentage of bone area exhibiting a high mineral 

Figure 10: (A-C) Using qBEI, a higher mineralization was quantified in dark osteons. (D, E) Both mean 
and peak calcium contents are significantly higher compared to bright osteons. (F, G) Accordingly, a 
smaller percentage of bone area displays a low mineralization and a higher percentage a high 
mineralization.  
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content (Cahigh, p<0.001) and a lower percentage of bone area with a low mineral 

content (Calow, p<0.001) was quantified in dark osteons compared to bright osteons.  

The differences measured by qBEI are further validated by the FTIR results: 

dark osteons show a 14.77% higher MMR compared to bright osteons (3.21 ± 0.17 

versus 2.80 ± 0.18, p<0.001). Moreover, the MMR positively correlates with the mean 

calcium content underlining that dark osteons in fact contain more mineral (r = 0.7292, 

p<0.001). The higher MMR was accompanied by a higher carbonate-to-phosphate 

ratio (CPR) in dark osteons (0.01463 ± 0.00044 versus 0.01370 ± 0.00028, 6.79% 

higher, p<0.001) which also correlated positively with the mean calcium content (r = 

0.4914, p<0.001). Spatial assessment of the MMR revealed a ring of elevated MMR 

towards the Haversian canal that was observed in both in dark and bright osteons. 

Here, it was observed that the thickness of the high-MMR ring positively correlates with 

the osteon wall thickness (r = 0.681, p<0.001). To eliminate the CFO as a potential 

interference factor on the MMR, a second integration of the peak areas of amide I plus 

amide II with respect to the mineral peak area was performed. However, the results 

showed similar differences as the usual MMR confirming that the CFO has no relevant 

influence. 

3.2.3. Deviations in Biomechanical Competence 

Nanoindentation testing was used to 

link the detected structural and 

compositional differences of dark and bright 

osteons to the local mechanical matrix 

characteristics (Figure 11). In line with the 

differing mineralization patterns as 

evaluated by qBEI and FTIR, both the 

hardness and stiffness measured via 

nanoindentation are significantly higher in 

dark osteons. The elastic modulus and 

hardness are 31.05% and 33.33% higher in 

dark osteons, respectively. The mean 

calcium content also correlated positively 

with both the elastic modulus and hardness, 

Figure 11: (A, B) Nanoindentation testing was 
performed with Berkovich tips and successful 
indents were verified using electron 
microscopy. (C, D) Dark osteons have a 
significantly higher elastic modulus and 
hardness.  
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whereas the preferential CFO correlated negatively with the material mechanical 

properties.  

By modeling RVEs for different CFOs using the finite element methods, a 

substantially higher effective modulus was calculated for longitudinally oriented 

mineral-coated fibers. The differences at the fiber level are carried over to the osteonal 

lamellar level where a shift in CFO from 45° to 0° led to an 26.70% increase in the 

effective modulus in the direction of indentation. Comparing the predicted values to the 

experimentally obtained values by nanoindentation reveals similar results. While the 

FEM model predicted an elastic modulus of 26.15 GPa for dark and 20.64 GPa for 

bright osteons, 25.28 ± 1.12 GPa and 19.29 ± 1.54 GPa were measured 

experimentally. The elastic constants calculated for the lamellar level were used to 

predict the effective elastic modulus of fully remodeled osteons. Here, the influence of 

changing CFO in individual lamellae was emphasized as the osteonal effective 

modulus was found to be 14.38% higher in dark osteons compared to bright osteons. 

4. Discussion 

4.1. Bone Quality Develops During Skeletal Growth 

Long bones in the human skeleton undergo large structural adaptations during 

skeletal growth that affect the overall size and shape as well as the microstructural 

appearance of the bone tissue. In endochondral ossification, bone is initially formed by 

replacing a calcified cartilage precursor and the bone develops in length, while 

periosteal appositional growth and endocortical resorption increase the diameter and 

cortical thickness at later stages of development. In this process, the cortical 

microstructure in the mid-diaphyseal femur is also adapted in response to the 

mechanical environment, and less-organized bone is replaced by highly organized 

lamellar bone. However, an elevated fracture risk is not only recognized in aging bone, 

where an unbalanced remodeling activity results in a net loss of bone mass along with 

impaired bone quality of the remaining matrix, but also in children and adolescents 

below 20 years of age. This suggests that bone quality in the developing skeleton has 

not fully developed and is inherently lower compared to mature bone or reflects 

different mechanical demands experienced in this period of life (Bailey et al., 1989; 

Boyce and Gafni, 2011; Faulkner et al., 2006; van Staa et al., 2001; Verbruggen et al., 
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2018). Within the context of this thesis, fetal to 14-years old cases were 

comprehensively assessed to better understand the structural and compositional 

framework that may help to elucidate the underlying mechanisms of increased fracture 

risk during longitudinal bone growth.  

4.1.1. Structural Adaption to Changing Mechanical Demands 

Often, woven bone is regarded as only a transitional phase in bone development 

or as tissue with inferior properties formed following fracture or in pathological cases 

(Buckwalter et al., 1995; Hoerth et al., 2014; Holguin et al., 2014; Manjubala et al., 

2009; Zimmermann et al., 2015a). Hence, the focus of most studies is placed on 

remodeled lamellar bone and there are relatively few studies centered on 

compositional and mechanical characteristics of woven bone. Histological studies have 

established the presence of woven bone in early phases of bone formation that is also 

characterized by a lower density, higher porosity and higher vascularity compared to 

adult bone (Humphries, 2011). With ongoing age, the cortical porosity and vascularity 

decreases with the formation of primary osteons and their subsequent remodeling into 

secondary osteons (Feik et al., 1997). Previous studies investigated the development 

of long bones in mice and found that the growing femur undergoes large 

transformations likely induced by changing mechanical demands that temporally 

coincide with the beginning of walking (Bortel et al., 2015; Sharir et al., 2011). These 

findings are in accordance with our results where the femur showed a porous scaffold-

like structure in fetal/infantile bone that densifies near the time of walking. Here, a 

densification of the cortex was observed in the older age group as highlighted by a 

significantly higher BV/TV. As the cortex becomes denser with age, the available 

surface area for osteoblast to secrete new bone decreases. Accordingly, the higher 

OS/BS in the fetal/infantile cases emphasizes a higher bone formation rate that 

decreases with age. Even though the OS/BS is significantly lower in the 2- to 14-year-

old cases, the osteoid thickness is comparable with the fetal/infantile group which 

suggests that the acting mineralization processes are alike in both age groups. 

Microstructurally, the fetal/infantile cases showed a non-osteonal, woven bone 

structure emphasized by disorganized collagen fibers consisting of randomly 

distributed but spatially separated packets of matrix in which the collagen fibers are 

similarly oriented (either longitudinally or more transversely). With advancing age, the 
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microstructure is remodeled, and highly organized lamellar bone progressively 

replaces the less organized woven bone. This structural arrangement is characterized 

by a higher fraction of longitudinally oriented collagen fibers, possibly in response to 

changing mechanical demands (Boyde and Riggs, 1990; Bromage et al., 2003; 

Portigliatti Barbos et al., 1984). The appearance of osteocyte lacunae and their 

distribution density are also reported to differ between woven and lamellar bone. While 

osteocyte lacunae in adult lamellar bone are generally elongated and elliptical, they 

appear larger in size and more round and oval in woven bone with no preferential 

three-dimensional spatial orientation (Jandl et al., 2020; Remaggi et al., 1998). 

Moreover, they appear more frequently in woven compared to lamellar bone 

suggesting that the remodeling rate in woven bone is accelerated. Previous studies 

have shown that a higher osteocyte lacunar density is associated with a higher bone 

remodeling/formation (Hernandez et al., 2004), and an increased ability to detect and 

remove microcracks (Vashishth et al., 2000). This is in line with our results of increased 

osteocyte lacunar density and osteocyte lacunar area in the fetal/infantile age group, 

raising the question whether the matrix organization guides the lacunar size or whether 

enlarged osteocyte lacunae serve a more profound mechanical function by altered 

mechanosensory potential as suggested by previous studies (Bacabac et al., 2008; 

van Hove et al., 2009; van Oers et al., 2015). Enlarged osteocyte lacunae have also 

been verified in woven bone that is rapidly formed in Paget’s disease (Zimmermann et 

al., 2015a) and in cranial suture synostosis (Regelsberger et al., 2012). However, even 

though differences in osteocyte lacunar morphology may be the result of different 

mechanical loading and could indicate altered mechanosensitivity, further studies are 

needed to verify this relationship in health and disease.  

4.1.2. Increased Homogeneity and Degree of Mineralization  

Accompanying the structural adaption with age, the mineralization pattern also 

undergoes extensive changes in this process. In general, a lower mineral content is 

measured in fetal and immature bone at the tissue level that increases with ongoing 

age (Currey and Butler, 1975; Currey et al., 1996). Moreover, is has been reported that 

the mineral content reaches a plateau and remains rather constant between 1.5 to 23 

years of age (Fratzl-Zelman et al., 2009). At the microstructural level, an increase in 

mineralization is associated with an increase in tissue age, such that newly formed 
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bone is lower mineralized than older bone (Bala et al., 2010). In our cross-sectional 

study, a coupling between the mineralization profile and the structural 

appearance/tissue age was observed. Here, the woven bone showed a divergent 

mineralization pattern compared to the osteonal bone with an overall lower and more 

heterogeneously distributed mineralization profile. In the older age group, the 

mineralization profile was higher and more homogeneously distributed. This conforms 

with other findings where a lower mineral content was verified in woven bone found in 

Paget’s disease of bone and also in fracture calli (Hoerth et al., 2014; Manjubala et al., 

2009; Zimmermann et al., 2015a). These trends towards a lower mineral content with 

a more homogeneous distribution are also reflected in the MMR obtained by FTIR. 

Here, a 12% higher MMR was measured in the older cases that was also more 

homogeneously distributed. This indicates that the mineralization profile may be 

related to the different structural framework the mineral is located in. The rapidly 

deposited and disorganized woven bone matrix in the fetal/infantile cases could affect 

the mineralization period and limit the size of hydroxyapatite crystals. This is in 

accordance with published data that reported similarly shaped but smaller 

hydroxyapatite crystals in woven compared to lamellar bone which was linked to the 

high bone remodeling rate (Su et al., 2003). Generally, the degree of mineralization 

heterogeneity is considered as a contributor to the mechanical competence of bone as 

the energy needed for microcrack propagation is lower in homogeneously mineralized 

tissue (Bala et al., 2012). However, the mineralization heterogeneity is usually 

assessed in structurally comparable tissues (i.e., secondary remodeled bone). Here, 

an increasing homogenization is believed detrimental as energy dissipation proceeds 

less effectively due to fewer interfaces between lowly and highly mineralized bone 

areas. In this context, the age-dependent relatively more homogenous mineralization 

pattern in the 2- to 14-year-old cases may be considered advantageous as the origin 

of the mineral heterogeneity in the fetal/infantile cases is inherently different compared 

to the aging skeleton. Due to the absence of remodeled osteons in the fetal/infantile 

cases, the higher heterogeneity can be attributed to the remnants of calcified cartilage 

that are still incorporated in an otherwise lower mineralized matrix. The calcified 

cartilage also explains the statistically indifferent peak calcium content (Capeak) despite 

the discrepancy in Camean.  
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4.1.3. Development of Mechanical Resistance 

The observed changes in bone structure and composition coincide with a 

distinct change in mechanical demands that occurs between one and two years of age 

suggesting that both the micro- and nanostructure are modified and adapted in the 

process. At this time of life children begin to walk, which establishes a new scenario of 

directional mechanical loading on the femoral diaphysis. The weight bearing increases 

greatly with the onset of independent walking making efficient adaptation processes of 

the bone especially important (Boskey and Coleman, 2010; Lynch et al., 2011; Martin 

and Ishida, 1989; Portigliatti Barbos et al., 1984). This was reflected in the obtained 

mechanical results. Here, the structural and compositional disparities translate directly 

into the biomechanical competence where an advancing age was associated with 

significantly higher strength and stiffness. Conversely, this suggests that the 

fetal/infantile femur is mechanically weaker than the 2- to 14-yead old cases when 

using the same basis of assessment for bone quality as in mature bone. This conforms 

with previous studies that have shown that woven bone is structurally and 

mechanistically more isotropic but weaker in any loading direction possibly due to the 

lower degree of mechanical stimuli experienced at this age (García-Rodríguez and 

Martínez-Reina, 2017; Ip et al., 2016; Shapiro and Wu, 2019; Verbruggen et al., 2018). 

Mechanistically, the mechanical behavior by mineral-collagen interaction was 

evaluated by SAXS/WAXD experiments under simultaneous tensile testing. Here, it 

was shown that the contribution of the mineral to deformation increases with age while 

the collagen fibril deformation was similar both study groups. This behavior is possibly 

influenced by the local mineral content and mineral particle thickness that is reported 

to be significantly lower in younger children and increasing with age (Fratzl-Zelman et 

al., 2014). Although differences in the collagen deformation were not detected by 

SAXS, the preferential CFO is considered to contribute to the mechanical behavior of 

bone as longitudinally oriented collagen are reported to be better adapted to resist axial 

tensile loads (Ascenzi and Bonucci, 1967; Ascenzi et al., 2003). However, with the 

second publication included in this thesis, it has been shown that the collagen fiber 

organization is linked to specific nano-compositional patterns where longitudinally 

oriented collagen fibers incorporate more mineral and, hence, facilitate more stiffness 

(as discussed in chapter 4.2) (Stockhausen et al., 2021). As stiffer materials are better 

able to resist plastic deformation in uniaxial loading this would suggest that the 2- to 
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14-year-old cases are better adapted to directional loading in both compression and 

tension. On the other hand, the fetal/infantile cases with oblique-angled collagen and 

a lower mineral content would have superior ductility and energy dissipation 

capabilities. Therefore, it can also be argued that the limited and non-directional 

mechanical stimulation during fetal development and the first two years of life requires 

a more isotropic matrix organization that can withstand more random loading scenarios 

and dissipate more energy.  

It is well established that impairment of bone quality proceeds in aging and 

disease and affects the mechanical resistance and fracture risk (Busse et al., 2013; 

Carriero et al., 2014; Zimmermann et al., 2011, 2015a). However, high bone fragility is 

also documented in children indicating that the fracture susceptibility in children might 

have a different origin. With the present study, it has been shown how bone quality, 

and, by association, mechanical competence differs in the first two years of life and 

develops with ongoing skeletal growth (Figure 12). This concerns both the bone 

Figure 12: Structural, compositional and mechanical bone quality parameters during skeletal growth as 
a function of mineral content. A higher mineral content in the 2- to 14-years old cases is associated with 
(A) more longitudinally oriented collagen and (B) smaller osteocyte lacunae. (C, D) The mineral-to-
matrix ratio showed a positive correlation with the calcium content whereas the carbonate-to-phosphate 
ratio was similar in both groups. (E, F) The changes in collagen fiber orientation and calcium content 
translate to a higher elastic modulus and ultimate strength with ongoing age. 
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volume fraction and the absence of microstructural features in woven bone (i.e., 

lamellar interfaces and cement lines) that diminish the ability to deflect or bridge cracks 

(Fantner et al., 2005; Koester et al., 2008; Nalla et al., 2003; Zimmermann and Ritchie, 

2015; Zimmermann et al., 2015a) but also the collagen orientation and mineralization 

profile. The obtained results suggest that the less organized woven bone formed by 

endochondral ossification is mechanically weaker than secondary remodeled osteonal 

bone. Specifically, the changes in mechanical behavior on small length scales during 

skeletal growth is largely guided by changes in the preferential CFO that are coupled 

to specific mineralization patterns.  

4.2. Localized Matrix Adaptations: The Presence of Dark and Bright Osteons 

With the previous study, it has been established that femoral bone undergoes 

extensive structural and compositional changes during skeletal development in which 

the mechanical competence is adapted. The fetal/infantile femoral mid-diaphysis 

presents a woven bone structure that is characterized by a lower mineral content and 

a higher fraction of transversely oriented collagen fibers. With ongoing skeletal 

development, the structural adaption continues, and the entire femoral cross-section 

becomes dominated by secondary remodeled osteons with a higher mineral content 

and more longitudinally oriented collagen fibers. This structural arrangement is 

maintained from adolescence into old age. While the osteon long axis is generally 

aligned with the long axis of the femur, the orientation of collagen fibers within 

individual lamellae can differ substantially. Here, dark and bright osteons present the 

two extreme cases that differ fundamentally in their nanostructural arrangement. The 

tissue heterogeneity in terms of dark and bright osteons indicates the ability of the 

cortical bone matrix to locally adapt its structure in functional interaction with its 

composition.  

4.2.1. Structural Heterogeneity of Secondary Osteons 

The presence of dark and bright osteons is well recognized and has drawn 

interest in the past (Ascenzi and Bonucci, 1967, 1968; Boyde et al., 1984; Martin and 

Ishida, 1989; Mason et al., 1995). Due to the birefringent properties of optically 

anisotropic collagen type I, CPL has been used for decades to visualize changes in 

CFO and postulate models of lamellar organization in cortical bone (chapter 1.5). 
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However, most studies concerned with the structure of lamellar cortical bone either 

selected osteons without pre-characterization under CPL or assessed CPL brightness 

without characterization of compositional and mechanical properties (Ascenzi et al., 

2003; Giraud-Guille, 1988; Grandfield et al., 2018; Reznikov et al., 2014). In a similarly 

focused study, dark and bright osteons were isolated and structurally analyzed using 

synchrotron x-ray diffraction and confocal microscopy (Ascenzi et al., 2003). Here, it 

was found that dark osteons are structurally homogeneous with collagen fibers being 

preferentially aligned with the long axis of the osteon whereas bright osteons contain 

collagen fibers oriented bidirectionally at ±45° with respect to the osteon axis. In our 

study, a combination of CPL, synchrotron nano-computed tomography and FIB-SEM 

imaging was used to discern the nanostructural arrangement of dark and bright 

osteons in 2D, 3D and at high resolution. Using synchrotron nano-computed 

tomography, dark osteons were characterized as structurally homogeneous with 

preferentially longitudinally oriented collagen fibers and no evident boundary between 

neighboring lamellae. This was confirmed in different imaging planes: transversely 

viewed from the top using qBEI imaging and in radial-longitudinal orientation by FIB-

SEM imaging. As the lamellar interface in osteonal bone is thought to inhibit crack 

growth by crack deflection/bridging increasing the toughness (Yeni and Norman, 

2000), the absence of lamellar boundaries in dark osteons could impair their 

toughening mechanism at this level of hierarchy. The structural arrangement is 

inherently different in bright osteons where a distinct lamellar pattern with changing 

CFO between neighboring lamellae is present. In 2D qBEI images, lamellae appear 

approximately 6µm thick, but nano-computed tomography and FIB-SEM imaging 

reveal sub-lamellae with varying thickness of 3.42 ± 0.55 μm and 1.79 ± 0.27 μm that 

compose a repeating lamellar unit. Organizational motifs in secondary osteons have 

been reported before (Gebhardt, 1905; Giraud-Guille, 1988; Marotti, 1993; Reid, 1986; 

Reznikov et al., 2014). Here, sub-lamellar structures with changing CFO have also 

been documented. Notably, Reid et al. used scanning electron microscopy on human 

femoral bone samples that were etched by chick osteoclasts to expose the underlying 

collagen organization (Reid, 1986). Here, they found that the thickness of sub-lamellar 

units is not uniform but is associated with the orientation of collagen fibers. Specifically, 

they found lamellae composed of transversely oriented collagen to be thinner 

compared to lamellae with longitudinal CFO. This conforms with our findings as we 
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also found transversely fibered lamellae to be significantly thinner compared to 

longitudinally fibered lamellae. However, they also noted the wide range of 

appearances of osteonal bone, including the absence of lamellae in areas composed 

of longitudinal fibers. More recently, Reznikov et al. used a dual beam microscope to 

visualize the hierarchical organization of lamellar bone and reported different structural 

motifs (Reznikov et al., 2014). Firstly, an ordered motif where the collagen fibrils are 

aligned with respect to each other, which can occur in two preferred orientations, either 

within 10-20° of the femur long axis (“high angle”) or orthogonal to the femur long axis 

(“low angle”). Secondly, a disordered motif where collagen fibrils show little preferred 

orientation and poor alignment within the lamella. In our study, we also found “high 

angle” and “low angle” motifs but could not confirm the existence of the disordered 

motif. Following the definition of Reznikov et al. and applying it to our findings suggests 

that dark osteons are built in its entirety from “high angle” lamellar motifs with the 

collagen fiber orientation being preferentially aligned with the long axis. In comparison, 

bright osteons alternatingly contain “high angle” and “low angle” sub-lamellae that also 

differ in their lamellar thickness. Images obtained by high-angle annular darkfield 

scanning transmission electron microscopy of osteonal FIB sections have also 

revealed lamellae with fibrils in parallel with the osteon axis which are bordered by 

lamellae with perpendicular collagen fiber orientation (Grandfield et al., 2018). 

Consistent with our findings, the change in collagen fiber orientation between 

neighboring lamellae is not continuous but rather abrupt. In addition, they have also 

reported a disordered zone with randomly oriented collagen fibers. The absence of the 

disordered motif in our studied cohort of dark and bright osteons might be explained 

by the selection of the osteons themselves. The osteons in the above-mentioned 

studies were selected randomly with no pre-characterization under polarized light. 

Therefore, it remains unknown which group of osteons (e.g., dark or bright) the 

analyzed specimens belong to. While disordered motifs were ascertained in osteons 

selected with no prior characterization of their collagen fiber orientation by CPL 

microscopy, we have focused on dark and bright osteons that lie on opposite sides of 

the collagen orientation spectrum.  

The change in collagen orientation is also implied by the detected differences in 

osteocyte characteristics. As it is commonly accepted that osteoblasts are aligned with 

the collagen fibers they synthesize during the formation phase (Jones et al., 1975), the 
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long axis of the osteocyte lacunae is aligned with the CFO (Kerschnitzki et al., 2011; 

Marotti, 1979). In our study, smaller and rounder cross-sectioned osteocyte lacunae 

were verified in dark osteons indicating that the long axis of the lacunae is oriented in 

parallel with the long axis of the osteon (considering the section plane to be 

perpendicular to the osteon long axis, but not to the CFO). Contrarily, the elongated 

shape with larger lacunar area in bright osteons suggests that osteocyte lacunae are 

more transversely oriented. In sum, it has been shown that the observed differences 

in CPL intensity reflect fundamental structural discrepancies at the nanometer scale in 

terms of the predominant CFO between different osteons within the same individual. 

4.2.2. Coupling of Structural Variations and Nano-Compositional Patterns 

In general, heterogeneity in the mineralization profile of secondary remodeled 

bone is considered advantageous for crack deflection due to an elastic mismatch 

between higher- and lower-mineralized bone volumes (Zimmermann et al., 2015b). 

Usually, a heterogeneous mineralization is maintained through remodeling process 

where newly formed osteons are relatively lower mineralized. During the formation 

phase of bone, the matrix is mineralized by successive steps that define the 

compositional properties of individual osteons (Meunier and Boivin, 1997). Following 

the synthesis of the organic, collagenous framework of the matrix, osteons undergo 

two distinct mineralization steps. During primary mineralization the bone matrix is 

rapidly mineralized to reach 50-70% of its maximum mineral content, followed by a 

secondary mineralization that progresses over an extended period of time (Bala et al., 

2012; Ruffoni et al., 2007). As bone remodeling events occur asynchronous and 

spatially separated, cortical bone has a heterogeneous mineralization profile, and the 

most advanced secondary osteons are characterized by the highest mineral content 

(Bala et al., 2010; Currey, 2002). Therefore, a higher mean calcium content as 

assessed by qBEI is usually considered to indicate a higher tissue age and maturation 

(Busse et al., 2013; Grynpas, 1993; Schmidt et al., 2019). In our study, a higher mineral 

content was validated in dark osteons with longitudinal collagen fibers demonstrating 

a connection between the CFO and degree of mineralization. Following the line of 

argumentation laid out above, the higher mineral content would imply that dark osteons 

are on average older and more mature compared to bright osteons. However, this 

seems improbable as this would require a structural reorganization of the collagenous 
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scaffold from lamellar and oblique-angled to homogeneous and longitudinal over time. 

As of now, no evidence exists that bone is able to undergo such extensive structural 

adaptions that are not part of the remodeling cycle and, hence, involve prior resorption. 

Therefore, the presented qBEI data for dark and bright osteons indicates that additional 

matrix heterogeneity exists also between fully remodeled osteons that goes beyond 

the heterogeneity generated during bone remodeling processes. In line with the greater 

mean and peak calcium content as quantified by qBEI, a higher MMR was measured 

by FTIR. Here, a positive correlation between the MMR and both the mean and peak 

mineral content underlines that dark osteons indeed contain more mineral. The CPR 

was also found to be significantly higher in dark osteons compared to bright osteons, 

presenting a positive correlation with the mean and peak mineral content as well. 

Previous studies have established that the MMR and CPR increase with ongoing age 

(Boskey and Imbert, 2017; McCreadie et al., 2015) and that the highest CPRs are 

measured in the oldest tissue volumes regardless of the developmental age (Boskey 

et al., 2016; Gourion-Arsiquaud et al., 2009; Paschalis et al., 1997). Accordingly, higher 

ratios of MMR and CPR would suggest again that dark osteons are older than bright 

osteons which is improbable due to the required structural reorganization over time, as 

discussed above. However, it is also possible for bone to adapt for a very specific 

mechanical function as, for example, observed in auditory ossicles of sperm whales 

(Schmidt et al., 2018). In their study, it has been shown that the extent of carbonate 

substitution for phosphorus may reflect differences in the mineralization speed and/or 

secondary hypermineralization for mechanical purposes. Following this interpretation, 

a higher CPR in dark osteons would suggest an accelerated mineralization as a 

functional adaption to serve a specific biomechanical purpose. As the biomechanical 

competence of cortical bone is closely linked to the density and quality of the mineral 

phase (Donnelly et al., 2010; Landis et al., 1995; Rho et al., 2002), it can be surmised 

that the revealed mineralization disparities between dark and bright osteons are related 

to the structural collagenous framework the mineral is located in (Figure 13). 

Therefore, it can be reasoned that dark and bright osteons play a practical role in 

providing biomechanical competence and that the higher mineralization of dark 

osteons is not a consequence of tissue aging.  
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4.2.3. The Mechanical Relevance of Dark and Bright Osteons  

The biomechanical significance of both osteon types was verified by 

nanoindentation testing where the variational mineral content was reflected in the 

measured elastic moduli and hardness. Both parameters were significantly higher in 

dark osteons underlining their functional adaption to mechanical loads. Specifically, 

the higher elastic modulus translates into a high stiffness and an improved ability to 

withstand high loads before elastic deformation takes place, whereas the higher 

hardness reveals an improved resistance to plastic deformation. This clearly shows 

that dark osteons are more rigid structures compared to bright osteons. Vice versa, 

bright osteons are able to undergo more elastic deformation and return to their initial 

state when the load is removed. Moreover, the lower hardness is reflective of a more 

ductile structure that can sustain more plastic deformation. In the literature, the material 

properties of cortical bone have been studied in the past using different analytical 

techniques. In studies that utilized indentation testing, a high variability and 

heterogeneity in both hardness and elastic moduli were reported at different 

anatomical sites, but also within individual femoral cross-sections (Hoc et al., 2006; 

Hoffler et al., 2000; Rho et al., 1997; Turner et al., 1999; Zysset et al., 1999). In this 

context, our results of osteonal heterogeneity offer a new perspective on the reported 

values. When indentation testing on cortical bone is performed, the material properties 

are usually obtained in the longitudinal or transverse plane of the specimen, and the 

preferential CFP is either assumed to run parallel to the long axis of the bone or is 

entirely neglected. Therefore, localized structural heterogeneities are generally not 

accounted for and the obtained results can fluctuate considerably. These variations 

have been ascribed to underlying changes in the cortical microstructure, collagen fibril 

orientation and differences in the local mineral content generated by bone remodeling 

processes (Franzoso and Zysset, 2009). Extending these findings, we have shown that 

further variations also exist between fully remodeled and matured osteons providing 

an additional level of compositional and mechanical heterogeneity. This agrees with a 

previous study that has applied nanoindentation testing to investigate variations in 

elastic moduli within individual osteons and reported the presence of a structural 

anisotropy supporting the view that changes in CFO occur between neighboring 

lamellae (Faingold et al., 2012). Despite all lamellae having similar elastic moduli on 

average, they highlighted the relatively large standard deviations for the elastic moduli 
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measured within single lamellae that reflect local fluctuations in mechanical properties. 

Moreover, they measured a 30% higher elastic modulus in the lamellae closest to the 

Haversian canal. As a ring of elevated MMR towards the center of the Haversian canal 

was confirmed both in dark and bright osteons in the context of this thesis, the origin 

of these variations can be traced back to fundamental structural disparities that are 

linked to specific nano-compositional patterns. In view of these considerable 

differences in mechanical properties, it is suggested that future studies should ideally 

thoroughly pre-characterize the local collagen fiber orientation and mineral profile 

before commencing with indentation testing.  

By generating finite element models of mineral-coated collagen fibers, osteonal 

lamellae and entire osteons starting from the basic building block of the bone matrix 

(mineralized collagen fibrils), the mechanical behavior was predicated at different 

length scales dependent on structural variations arising from the nanoscale. Here, two 

key conclusions could be derived. Firstly, on the lamellar level, the results of the FEM 

Figure 13: Structural, compositional and mechanical bone quality parameters in dark and bright osteons 
as a function of mineral content. (A, B) Longitudinally fibered dark osteons are higher mineralized and 
contain smaller osteocyte lacunae. (C, D) The mineral-to-matrix ratio and carbonate-to-phosphate are 
positively correlated with the mean calcium content. (E, F) The mechanical properties are guided by 
the contrasting nanostructural arrangements and mineralization profiles, and both the elastic modulus 
hardness proportionally increase with increasing mineral content.  
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models are in accordance with the elastic moduli experimentally measured by 

nanoindentation for dark and bright osteons, respectively. This shows that the bottom-

up and multi-scale modeling approach from bone’s basic matrix constituents is a 

capable tool to predict the mechanical properties when accounting for shifts in collagen 

fiber orientation. Due to the hierarchical assembly of bone, the results from the lamellar 

level translate to the overlying hierarchical levels, where the lamellar CFO plays a key 

role for the osteonal mechanical properties providing dark osteons with a 14.38% 

higher effective modulus compared to bright osteons. In view of these results, it can 

be recognized that the nanoscale CFO indeed has biomechanical consequences at 

larger length scales, where more rigid dark osteons act as a stiff matrix constituent 

while more ductile bright osteons serve as an energy dissipation and damping matrix 

element.  

4.2.4. New Perspectives on Strain-Mode Specific Matrix Adaptations  

It is widely accepted that dark osteons occupy volumes that are subjected to 

tensile loads whereas bright osteons are located in volumes that are under 

compression. This interpretation was initially put forward by Gebhardt et al. based on 

observations from a macroscopic mechanical model built from elastic brass or steel 

wires representing oriented collagen patterns (Gebhardt, 1905), and tested in later 

studies where dark osteons were reported to have higher tensile strength and a higher 

modulus of elasticity and bright osteons to have higher ultimate compressive strength 

(Ascenzi and Bonucci, 1967, 1968). The coincident distribution density of dark and 

bright osteons in regions under tension and compression, respectively, was also 

observed in other studies (Bromage et al., 2003; Mason et al., 1995; Portigliatti Barbos 

et al., 1984; Skedros et al., 1996). However, our results indicate a different structural 

response to the mechanical stimuli the femur experiences that stands in contrast to the 

established view. In view of the revealed coupling of structural and compositional 

properties (Figure 13), an alternative view on the formation of dark and bright osteons 

in the diaphyseal femur is proposed: We believe that longitudinally fibered dark 

osteons, that contain more mineral and have a higher rigidity, are built in volumes that 

required more stiffness for biomechanical reasons. As stiffer materials are better able 

to resist deformation when exposed to uniaxial loads, dark osteons might be favored 

in volumes that are loaded in either compression or tension, rather than just tension. 
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Conversely, bright osteons with more oblique-angled collagen fibers and a lower 

mineral content might be advantageous in regions that experience some bending 

stresses (while still being mainly loaded in compression) as they provide more flexibility 

and a superior capability to absorb and dissipate energy. Interestingly, this in line with 

observations of collagen fiber orientation in the ovine calcaneal shaft where, contrary 

to previous findings, areas of bone experiencing significant compression had 

longitudinally oriented collagen fibers (McMahon et al., 1995). This is in agreement 

with our interpretation as well as previous findings that noted that bone with longitudinal 

collagen fiber orientation was stiffer both in tension and compression (Riggs et al., 

1993b).  

Matrix heterogeneity at the nano- and micrometer length scale of bone are, to a 

certain extent, deemed beneficial for the mechanical competence of bone at higher 

level of hierarchy (Boivin et al., 2000; Donnelly et al., 2012; Milovanovic et al., 2018; 

Seref-Ferlengez et al., 2015). Several studies have reported that the heterogeneity in 

material properties is lowered when comparing fracture and non-fracture cohorts, 

including the carbonate-to-phosphate ratio (Wang et al., 2016), collagen maturity 

(Donnelly et al., 2012) and the mineral distribution (Roschger et al., 2008). Further 

contributors to tissue heterogeneity, also acting as toughening mechanisms, include 

the mineralization profile of individual osteons (Wittig et al., 2019), the higher 

mineralization and accumulation of cross-links in interstitial bone (Schmidt et al., 2017) 

and the stiffness mismatch occurring at hypermineralized cement lines (Milovanovic et 

al., 2018). In health, mechanosensitive osteocytes act in response to mechanical 

stimuli and initiate continuous bone remodeling cycles in which damaged bone is 

replaced by new bone, that becomes mineralized over time. In this process, 

microcracks are timely and efficiently removed, bone is adapted to new mechanical 

demands and a constant tissue heterogeneity is preserved for increased fracture 

toughness (Phelps et al., 2000; Seref-Ferlengez et al., 2015). While matrix 

heterogeneity is usually related to structural features that all osteons, including dark 

and bright osteons, have in common (i.e., cement lines) or to mineralization 

heterogeneity as a result of bone remodeling, our results suggest that it also applies 

to the organic structural framework. We demonstrated that bone is able to modulate 

its nanostructural arrangement together with its compositional properties, potentially 
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adding another layer of matrix heterogeneity that limits the growth and propagation of 

microcracks.  

The process of bone remodeling is highly complex and requires a delicate 

equilibrium between bone-resorbing osteoclasts and bone-forming osteoblasts 

(Eriksen, 2010). It depends on the viability of osteocytes and their interconnectedness 

through canaliculi (Milovanovic et al., 2013). However, osteoclasts have been reported 

to resorb cortical bone non-randomly and to preferentially target osteons with specific 

compositional and mechanical characteristics (Pernelle et al., 2017). Specifically, it has 

been shown that osteons with a lower degree of mineralization, a higher CPR and both 

lower elastic modulus and hardness are preferentially resorbed by osteoclasts. The 

nanostructural heterogeneity between dark and bright osteons could therefore serve a 

further purpose, in addition to locally providing stiffness and ductility. Linking these 

results to our findings implicates that dark osteons with longitudinally CFO and a 

greater mineral content are deemed more beneficial in specific loading modes and less 

likely to be resorbed by osteoclasts. Interestingly, the effect of dissimilar cortical 

microstructure on the remodeling activity has been noted in the equine radius, where 

the caudal cortex, dominated by bright osteons, showed significantly more remodeling 

events than the cranial cortex, characterized by more dark osteons (Riggs et al., 

1993b).  At this point, it should be noted that the mechanisms discussed above apply 

to non-targeted, stochastic remodeling activity. However, a second mode of 

remodeling exists that operates target oriented (Eriksen, 2010; Parfitt, 2002). While the 

stochastic remodeling acts to prevent bone quality impairment as result of aging, 

targeted remodeling operates to remove micro-damaged bone. Here, the structural 

and compositional heterogeneity between dark and bright osteons could also enhance 

the ability to detect microdamage. The path and length of initiated cracks is in particular 

guided by the extrinsic toughening mechanisms of cortical bone (chapter 1.4) and 

takes the direction of lowest resistance (Zimmermann et al., 2015b). In a 

compositionally heterogeneous matrix with more interfaces of elastic mismatches (i.e., 

dark and bright osteons), the crack is deflected more often, effectively elongating the 

total crack path. Hence, as deformation can spread out over greater distances due to 

the heterogeneity of the bone matrix, osteocytes might be able to detect damage more 

quickly and initiate repair processes more promptly (Klein-Nulend et al., 2012, 2013; 

Milovanovic et al., 2013; Tai et al., 2007).  
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5. Summary and Conclusion 

With the work presented in this dissertation, it was shown that the functional 

adaption of the bone matrix begins with fetal development and proceeds throughout 

life to advance bone strength and ensure high fracture resistance to mechanical 

activity. At early stages of skeletal development, new bone is rapidly formed as 

reflected by the high amounts of osteoid present. With ongoing aging, a densification 

of the cortex is observed that is accompanied by reorganization of the microstructural 

appearance where less organized woven bone is continuously replaced by highly 

organized secondary remodeled osteonal bone. The distinct changes in composition 

and mechanical competence that go along with the structural reorganization during 

ossification, modeling, and remodeling processes reflect the adaptive capabilities of 

bone and deepen our understanding of how bone quality develops during skeletal 

growth. It was shown that bone quality in children less than 2-years old is inherently 

lower compared to healthy adolescents and adults when using the same criteria of 

bone quality assessment. Specifically, the matrix is more porous, scaffold-like and 

structurally less organized. Moreover, a higher fraction of transversely oriented 

collagen fibers is present in the fetal to 1-year old cases, accompanied by a lower 

mineral content and more heterogeneous mineral distribution. The micro- and 

nanostructural adaption also shows in the mechanical properties. A significantly lower 

modulus and ultimate strength reflect an inferior ability to resist mechanical loading 

before fracturing. In the age span from one to two years, the matrix is extensively 

remodeled providing a stiffer matrix and greater resistance to plastic deformation. In 

this remodeling process, the collagen fibrils are re-organized and shifted towards a 

more longitudinal orientation. Traditionally, this would be explained by a better 

resistance to tensile forces. However, in view of the results obtained from dark and 

bright osteons in the adult skeleton, it can also be argued that the changes in CFO and 

mineral distribution constitute to more stiffness, and better resistance to both tension 

and compression. This temporally coincides with the transition from crawling to walking 

where the biomechanical stimulation becomes more unidirectional, creating new 

mechanical demands for the mid-diaphyseal femur.  

In healthy adult human bone, effective fracture resistance mechanisms have 

developed at all levels of hierarchy that enable bone to withstand complex loading 
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pattern that go along with an active lifestyle. The new findings presented in this thesis 

suggest that dark and bright osteons might serve as an additional fracture resistance 

mechanism that locally provide the matrix with more stiffness or ductility where needed. 

Here, the role of dark and bright osteons was re-interpreted by revealing a functional 

relationship between the collagen fiber arrangement and specific nano-compositional 

patterns that guide the biomechanical competence. It was commonly accepted that a 

higher distribution density of dark osteons is found in regions of tensile stress while 

more bright osteons are located in regions under compression. However, the 

presented results point at a more profound mechanical function of both osteon types 

and suggest that the microstructure is sensitive to localized and individual adaptation.  

Whereas structurally homogeneous dark osteons with longitudinal CFO and a higher 

degree of mineralization provide better resistance to elastic and plastic deformation in 

both tension and compression, bright osteons with more oblique-angled fibers and a 

lamellar pattern provide more ductility where needed.  

In summary, this thesis aimed to elucidate the relationship between CFO and 

the matrix composition in human bone (Figure 14). Here, a distinct coupling of 

nanostructural arrangements and compositional patterns was revealed. During 

skeletal growth and in mature bone, bone matrix arrangements with more transversely 

oriented collagen fibers are associated with a lower degree of mineralization that 

translates to lower tissue moduli and could provide better energy dissipation 

capabilities. In contrast, longitudinally oriented collagen fibers are linked to a relatively 

higher mineral content and higher stiffness underlining that the bone matrix is sensitive 

Figure 14: Distinct matrix characteristics were revealed in the developing and mature skeleton that underline the 
adaptive capabilities of bone. The preferential collagen fiber orientation is coupled with specific compositional 
patterns that guide the mechanical properties. 
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and capable to adapt its structure and composition at the smallest length scale. Both 

studies contribute to a deeper understanding of how nanostructural variations of the 

collagen phase guide the mechanical behavior of bone.  

6. Outlook 

In the two publications included in this thesis, important bone matrix 

characteristics at different length scales were evaluated to provide a new view on the 

structure-composition relationship in both the developing skeleton and mature bone. 

This research was carried out on healthy bone and cases with known bone pathologies 

were excluded. Hence, the results represent the state the human skeleton evolved into 

and that was regarded as beneficial. Consequently, the influences of aging and 

diseases on bone quality are not elucidated. As a higher risk of fractures is associated 

with the aging skeleton as well as numerous genetic disorders and metabolic diseases, 

the potential for future studies is given. Even though most conditions, both in children 

and adults, can be reliably diagnosed and treated better with progressing 

advancements of the health care system, the underlying mechanisms leading to 

increased fragility are often not fully understood. Of special interest would be 

pathologies characterized by a high fracture incidence with no apparent differences in 

BMD (e.g., type 2 diabetes mellitus) to assess if potential compositional deviations are 

also reflected in the nano- and micro-structural arrangement.  

To better understand bone quality impairment in aging and disease, dark and 

bright osteons are excellent test objects due to their distinct nanostructure and 

composition that make inter-individual comparison promising. By focusing on dark and 

bright osteons, the underlying structural framework is established, and the emphasis 

can be placed on other important bone quality parameters. Specifically, the age- and 

disease-dependent mineralization profile (including MMR and CPR) and non-

enzymatic cross-linking profile of the collagenous matrix could provide valuable insight 

into the mechanisms underlying the increased fragility in age and disease.   

As regions dominated by bright osteons showed significantly more remodeling 

events compared to regions characterized by dark osteons (Riggs et al., 1993b), this 

could be indicative for the fact that the spatial interconnectedness and organization of 

the lacuna-canalicular network could differ between dark and bright osteons. Here, 

nano-tomographic scans of larger volumes of interest could be used to provide three-
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dimensional data with nanometer-resolution to assess the integrity of the cellular 

network. Previous studies have established that the spatial organization of the collagen 

matrix is linked to the organization of the lacuno-canalicular network (Repp et al., 

2017). However, this was only investigated for alternating osteons with an apparent 

lamellar structure. To this end, future studies could extend these findings and deepen 

the understanding of the cellular network that is essential for bone health. In this 

context, the ability to initiate bone remodeling processes in response to mechanical 

stimuli is also impaired with age and in disease which further underlines the importance 

of the lacuno-canalicular network (Wu et al., 2011). The reasons for this are diverse 

and are also linked to reduced cellular communication following osteocyte apoptosis 

(Busse et al., 2010; Milovanovic et al., 2013). As significantly more mineralized 

osteocyte lacunae, as a sign of osteocyte apoptosis, are reported with aging and 

osteoporosis (Milovanovic et al., 2015) raises the question whether certain volumes 

with distinct compositional patterns are more susceptible to cell death. In this regard, 

an evaluation of the mechanosensation and transduction potential of osteocytes 

located in structurally and compositionally different matrices could provide valuable 

information on the ability of bone tissue to adapt to mechanical loading. Osteocytes 

play a vital role for the maintenance of bone strength by detecting matrix strains, 

initiating modeling and remodeling processes and regulating mineral homeostasis and 

mineralization. As both osteoblasts and osteoclasts are orchestrated by osteocytes, 

an impairment of the osteocyte network would be expected to affect the overall cellular 

activity (Hemmatian et al., 2017). Therefore, the activity of osteoblast and osteoclast 

activity could also be addressed in future studies to scrutinize the underlying 

mechanisms leading to healthy and mechanically strong bone. 

Bone obtains its toughness by various mechanisms that operate at different 

length scales. These include sliding mechanisms between mineralized collagen fibrils 

as well as crack deflection at hypermineralized cement lines and energy dissipation at 

lamellar interfaces in osteons. In health, microcracks are also initiated in response to 

loading activity but their propagation is guided by the toughening mechanisms to 

prevent crack growth that could potentially result in clinically relevant fractures. 

However, so far, it remains unknown how specific nanostructural arrangements with 

different compositional and mechanical properties affect the crack growth behavior. In 

future studies, a combination of synchrotron nano-computed tomography and in situ 
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nanoindentation could be used to initiate cracks at the nanoscale and visualize their 

propagation depending on the underlying nanostructural arrangement.  
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7. Abbreviations and Terminology 

BMDD   Bone Mineral Density Distribution 

BV/TV   Bone Volume to Tissue Volume Ratio 

CaMean   Mean Calcium Content 

CaPeak   Peak Calcium Content 

CFO    Collagen Fiber Orientation 

CPL   Circularly Polarized Light Microscopy 

CPR   Carbonate to Phosphate Ratio 

DXA   Dual-Energy X-ray Absorptiometry 

FTIR   Fourier Transform Infrared Spectroscopy 

FIB-SEM  Focused Ion Beam - Scanning Electron Microscopy 

MMR   Mineral to Matrix Ratio 

N.Ot.Lc/B.Ar   Number of Osteocyte Lacunae per Bone Area 

OS/BS  Osteoid Surface per Bone Surface 

Ot.Lc.Ar  Osteocyte Lacunar Area  

O.Th   Osteoid Thickness 

qBEI   Quantitative Backscattered Electron Imaging 

RVE   Representative Volume Elements 

SAXS   Small Angle X-Ray Scattering  

WAXD  Wide Angle X-Ray Diffraction 

Wt%   Weight percent 
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10. Abstract 
Bone derives its mechanical competence from its hierarchical structure which is 
established during skeletal growth and maintained by remodeling processes 
throughout life. In this process, the micro- and nanostructure of the bone matrix is 
extensively altered and adapted to new mechanical demands. However, a higher 
fracture incidence is not only observed in aging and disease but also in children and 
adolescents. While the main drivers of fracture resistance are established in mature 
bone, it remains unclear how bone quality is altered during longitudinal bone growth. 
In healthy adults, the presence of secondary osteons and interstitial bone highlights an 
extensive remodeling history. When viewed under polarized light, osteons can appear 
dark or bright based on their preferential collagen fiber orientation (longitudinal and 
transverse, respectively). As the adaptability of bone is reflected in its micro- and 
nanostructural arrangement, the formation of dark and bright osteons points at a tissue 
heterogeneity that is advantageous for its mechanical strength. In the context of this 
thesis, the organization and orientation of collagen fibers was investigated in mid-
diaphyseal human femoral bone and related to important compositional and 
mechanical properties of bone quality. Specifically, bone was obtained from fetal to 14-
years old cases and a 44-year-old individual, and comprehensively assessed to 
scrutinize the structure-composition relationship in cortical bone.  

A distinct coupling of preferential collagen fiber orientation and mineralization patterns 
was verified. In particular, the fetal/infantile cases are characterized by a disorganized 
woven bone matrix in which collagen fibers are preferentially transversely aligned. With 
ongoing age and near the time of walking, woven bone is replaced by highly organized 
lamellar bone and the collagen orientation is shifted towards more longitudinally 
aligned fibers. Compositionally, a higher bone mineral density is quantified in the 2- to 
14-years	old cases that is also more homogeneously distributed. The structural and 
compositional disparities result in significant differences in mechanical competence 
where the older cases demonstrate both higher stiffness and strength emphasizing the 
inferior bone quality of the fetal/infantile skeleton. Fundamental structural and 
compositional discrepancies are also quantified in dark and bright osteons. 
Longitudinally fibered dark osteons are characterized by a higher mineral content and 
a higher ratio of inorganic to organic matrix components that lead to higher stiffness. 
In contrast, bright osteons display a lamellar architecture with changing collagen fiber 
orientation between neighboring lamellae, contain relatively more collagen, are more 
ductile and provide better energy dissipation capabilities.  

Taken together, both during skeletal growth and in healthy mature bone, the 
preferential collagen fiber orientation is associated with specific mineralization profiles 
that, in conjunction, guide the mechanical properties. The presented findings underline 
that the bone matrix is sensitive to structural and compositional adaptions at the 
nanoscale and provide new insight into how nanoscale tissue properties can influence 
fracture mechanisms at larger length scales.   
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11. Zusammenfassung 
Knochen erlangt seine mechanische Belastbarkeit durch seinen hierarchischen 
Aufbau, der sich während des skelettalen Wachstums entwickelt und durch 
kontinuierliche Knochenumbauprozesse erhalten wird. In Zuge dessen wird die Matrix 
sowohl mikro- als auch nanostrukturell angepasst, um neuen mechanischen 
Anforderungen besser entgegenwirken zu können. Dennoch ist ein erhöhtes 
Frakturrisiko nicht nur im Alter und bei Knochenkrankheiten dokumentiert, sondern 
auch bei Kindern und Jugendlichen. Während die zugrunde liegenden Mechanismen 
der Frakturresistenz in vollentwickeltem Knochen weitestgehend erforscht sind, ist 
unklar, wie sich die Knochenmaterialqualität während des skelettalen Wachstums 
verändert. In gesunden Erwachsenen unterstreichen sekundäre Osteone und 
Schaltlamellen umfassende stattgefundene Knochenumbauprozesse. 
Polarisationsoptisch betrachtet können Osteone sowohl dunkel als auch hell 
erscheinen: in Abhängigkeit der vorrangigen Kollagenfaserorientierung (longitudinal 
oder transversal). Die Existenz dunkler und heller Osteone weist auf eine 
Heterogenität der Matrix hin, die die Belastbarkeit optimiert. Im Rahmen der 
vorliegenden Arbeit wurde die Organisation und Orientierung der Kollagenfasern in der 
humanen femoralen Knochenmatrix untersucht und in Zusammenhang mit weiteren 
kompositionellen und mechanischen Parametern gestellt. Hierbei wurden Proben von 
fetalen bis 14 Jahre alten Fällen sowie eines 44-Jahre alten Individuums untersucht.  

Es konnte ein klarer Zusammenhang zwischen der Kollagenfaserorientierung und 
spezifischen Mineralisationsmustern aufgezeigt werden. Im fetalen/infantilen Alter 
besteht die Knochenmatrix aus Geflechtknochen, in dem die Kollagenfasern primär 
transversal orientiert sind. Mit fortschreitendem Alter und Beginn des freien Gehens 
wird der Geflechtknochen durch organisierten Lamellenknochen ersetzt, und die 
Kollagenfasern sind vorrangig longitudinal orientiert. Der strukturelle Umbau wird von 
kompositionellen Änderungen begleitet. Hier weisen die 2 bis 14 Jahre alten Fälle eine 
erhöhte und homogenere Mineralisierung auf, die mehr Steifigkeit verleiht. Strukturelle 
und kompositionelle Unterschiede konnten ebenfalls zwischen hellen und dunklen 
Osteonen nachgewiesen werden. Dunkle Osteone mit longitudinalem Kollagen sind 
höher mineralisiert und haben ein höheres Verhältnis von anorganischen zu 
organischen Matrixbestandteilen, was zu erhöhter Steifigkeit führt. Im Gegensatz dazu 
sind helle Osteone lamellar aufgebaut, wobei sich die Kollagenfaserorientierung 
zwischen benachbarten Lamellen verändert. Sie enthalten einen höheren Anteil an 
Kollagen und können durch ihre größere Duktilität mehr Energy ableiten.  

Die Ergebnisse dieser Arbeit zeigen, dass die Kollagenfaserorientierung im humanen 
Knochen mit bestimmten Mineralisationsmustern gekoppelt ist, die die mechanische 
Kompetenz maßgeblich beeinflussen. Die beiden Studien unterstreichen die Fähigkeit 
der Knochenmatrix sich sowohl strukturell als auch kompositionell gegenüber 
mechanischen Belastungen anzupassen und offenbaren wie das Frakturverhalten 
durch Anpassungen auf der Nanoebene beeinflusst werden kann.  
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