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1. Introduction

1.1. Scientific Context

The discovery of the osteon by Clopton Havers in the 17" century, the
observation of bone-resorbing osteoclasts by Albert Kolliker in the 19" century
(Kolliker, 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; Hedstrom 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 | 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
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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).



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; Lefévre et al., 2019; Ohman 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
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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 i ==

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
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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; Ohman 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
13



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 Bright Alternating Dark

the Haversian canal having a E

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

150 pm

particles to form a spatially related Figure 4: Three types of lamellar organization of

secondary remodeled osteons according to Ascenzi et

al. Osteons containing transversely oriented collagen

mineral long axis is co-aligned with  appear bright under polarized light (type 1, left). The

collagen orientation is shifted by 90° between

the collagen fibers that provide bone  neighboring lamellae (type 2, middle). Osteons built

o . . ] for longitudinally oriented collagen appear dark (type
with its unique mechanical properties 3 right). Figure adapted from Ascenzi et al. (1968).

15

composite material where the



(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 (Grinewald 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
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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

21. 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; 5years, 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 ' Circularly Polarized Light Microscopy '
Quantitative Backscattered Electron Imaging 2 Quantitative Backscattered Electron Imaging '
Fourier Transform Infrared Spectroscopy * Fourier Transform Infrared Spectroscopy '
Tensile Testing * Nanoindentation Testing '

SAXS/WAXD 4 Synchrotron Nano-Computed Tomography '
Histomorphometry 3 FIB-SEM Imaging '

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 100um using an
automatic grinding machine and as microtome sections with a thickness of Sum.
Additionally, the embedded blocks were ground to a coplanar finish, carbon-coated
and used for compositional analysis. Lastly, hydrated cortical bone samples (15 mm x
1 mm x 250 um) 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

Dark Osteon

Bright Osteon

the software “OsteoMeasure”

(OsteoMetrics, Decatur, GA,

USA) (Dempster et al., 2013).
Circularly polarized light

Longitudinal Collagen Oblique-Angled Collagen

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

Figure 5: Circularly polarized light microscopy was used to
of collagen fibers parallel with identify 20 osteons of contrasting brightness. The brightness

. . reflects changes in collagen fiber orientation originating at the
the long axis of the bone. While  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 Amgrim.

Lateral

of birefringent tissue. To exclude these

areas from the evaluation, a masking ®
procedure was applied. In the fetal to 14- . e B -
years old cases, the structural .-ey
appearance and the CPL brightness ..
were evaluated in the medial cortex of =

the cross-section. In the 44-years old
Figure 6: (A) Osteons were selected unbiasedly

case, CPL was utilized to detect darkand from the anterolateral quadrant. (B, C) CPL

. images and micro-computed tomography scans
bright osteons for subsequent structural, \ere 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.

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 (100um). 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
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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 lll 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 ym were extracted using a focused ion beam
(FIB). The nano-tomograms were acquired with a Fresnel zone plate of 130 ym
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 gBEIl. 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 (Capeax), the heterogeneity of the
calcium distribution (Cawidtn), percentage of bone area which is mineralized below the
5" percentile or above the 95" percentile (Caiow and Canigh, 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., #/mm?), the mean osteocyte
lacunar area (Ot.Lc.Ar, um?), 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-! at a 4 cm-' 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 | peak (1700-
1600 cm"), the phosphate peak (1154 - 900 cm™') and the carbohydrate peak (890 -
850 cm™) 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™ and 1110 cm! 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 (llavsky, 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 um 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 a=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
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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 Cawigth 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 (Caiow) is significantly

higher in fetal/infantile cases, even though both groups present similar area fractions
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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 (Canign). 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

Synchrotron Nano-Computed Tomography

Sub-Lamellar Thickness

—_
1

Parallel Oblique

Haversian
Canal

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
Mm versus 1.79 £ 0.27 um, 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 uym 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 ym?, p<0.001) and are characterized by a higher circularity index (0.631
1 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 #/um?, p = 0.588).

3.2.2. Discrete Mineralization Profiles

Significant differences in the mineral distribution were quantified by analysis of
the gBEI 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
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Figure 10: (A-C) Using gBEI, 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 (Canigh, p<0.001) and a lower percentage of bone area with a low mineral
content (Caiow, 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 | plus
amide |l 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 () EEEEER-""

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 gBEl and FTIR, both the
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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, 2528 + 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

41. 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/infantiie 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
appearancel/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 (Garcia-Rodriguez and
Martinez-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
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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 |, 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 gBEI 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 6um thick, but nano-computed tomography and FIB-SEM imaging
reveal sub-lamellae with varying thickness of 3.42 £ 0.55 ym and 1.79 + 0.27 ym 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 ef 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 qBEl 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 gBEI 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
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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

46



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

Sub-Lamellar Motifs Woven Bone Matrix
Bright Transverse Collagen Higher Energy Transverse Collagen Fetal and
Osteon Lower Mineralization Dissipation Lower Mineralization Infantile
P
Lower Elastic Modulus Lower Modulus
Homogeneous Matrix Organized Osteonal Bone
Dark Longitudinal Collagen Higher Longitudinal Collagen 2-14
Osteon Higher Mineralization Stiffness Higher Mineralization years old
Increased Hardness Increased Strength

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
BVITV
Cawmean
Capeak
CFO
CPL
CPR
DXA
FTIR
FIB-SEM
MMR
N.Ot.Lc/B.Ar
OS/BS
Ot.Lc.Ar
O.Th
gBEI
RVE
SAXS
WAXD
Wit%

Bone Mineral Density Distribution

Bone Volume to Tissue Volume Ratio

Mean Calcium Content

Peak Calcium Content

Collagen Fiber Orientation

Circularly Polarized Light Microscopy
Carbonate to Phosphate Ratio

Dual-Energy X-ray Absorptiometry

Fourier Transform Infrared Spectroscopy
Focused lon Beam - Scanning Electron Microscopy
Mineral to Matrix Ratio

Number of Osteocyte Lacunae per Bone Area
Osteoid Surface per Bone Surface

Osteocyte Lacunar Area

Osteoid Thickness

Quantitative Backscattered Electron Imaging
Representative Volume Elements

Small Angle X-Ray Scattering

Wide Angle X-Ray Diffraction

Weight percent
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ABSTRACT

Bone fracture risk is influenced by bone quality, which encompasses bone's composition as well as its multiscale organization and
architecture. Aging and disease deteriorate bone quality, leading to reduced mechanical properties and higher fracture incidence.
Largely unexplored is how bone guality and mechanical competence progress during lengitudinal bone growth. Human femoral
cortical bone was acquired from fetal (n = 1), infantile (n = 3), and 2- to 14-year-old cases (n = 4) at the mid-diaphysis. Bone guality
was assessed in terms of bone structure, osteocyte characteristics, mineralization, and collagen orientation. The mechanical
properties were investigated by measuring tensile deformation at multiple length scales via synchrotron X-ray diffraction. We find
drarmatic differences in mechanical resistance with age. Specifically, cortical bone in 2- to 14-year-old cases exhibits a 160%
greater stiffness and 83% higher strength than fetal/infantile cases. The higher mechanical resistance of the 2- to 14-year-old cases
is associated with advantageous bone quality, specifically higher bone volume fraction, better micronscale organization (woven
versus lamellar), and higher mean mineralization compared with fetalfinfantile cases. Our study reveals that bone quality is
superior after remodeling/modeling processes convert the primary woven bone structure to lamellar bone. In this cohort of
female children, the microstructural differences at the femoral diaphysis were apparent between the 1- to 2-year-old cases.
Indeed, the lamellar bone in 2- to 14-year-old cases had a superior structural organization (collagen and osteocyte characteristics)
and composition for resisting deformation and fracture than fetal/infantile bone. Mechanistically, the changes in bone guality
during longitudinal bone growth lead to higher fracture resistance because collagen fibrils are better aligned to resist tensile
forcas, while elevated mean mineralization reinforces the collagen scaffold. Thus, our results reveal inherent weaknesses of the
fetal/infantile skeleton signifying its inferior bone quality. These results have implications for pediatric fracture risk, as bone
produced at ossification centers during children’s longitudinal bone growth could display similarly weak points. © 2019 American
Society for Bone and Mineral Research.

KEY WORDS: ANALYSIS/OUANTITATION OF BOME; BONE MODELING; BOME QUALITY; BONE REMODELING; HISTOMORPHOMETRY; OSTEOCYTES
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Introduction

one's resistance to fracture is highly dependent on its bone
guality, which encompasses the bone valurme fraction, micro-
structural organization, damage, and nanoscale composition.”!
Indeed, aging and disease [such as ostecporosis, osteogenesis
imperfecta, Paget's disease of bone, osteomalacia due to vitamin D
deficiency, etc) are linked to genetic, environmental, and disease-

related factors that alter bone quality and in turn affect fracture
resistance™ ™ In terms of aging, high fracture incidence is found
not only in elderdy indnaduals but also in children and adolescents
during longitudinal skeletal growth (<20 years)."™ Thirty percent of
children experience at least one bone fracture, with roughly two-
thirds of fractures occurring from low-energy traumas."™" In
contrast to elderdy individuals where fracture risk increases due to
imbalances in bone resorption and formation, increased fracture
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risk in children/adolescents has been postulated to be the result of
a transitory weakness in the skeleton."®"” However, bane gquality
and mechanical competence at the tissue level during skeletal
growth remain largely unexplored.

Like other materials, bones resist fracture through their
multiscale structure that imparts resistance to deformation and
crack growth. At the nanoscale, collagen and mineral assemble
into fibrils, which promote strength and plastic deformation
through mechanisms such as fibrillar stretchingsliding, sacrificial
bonding, and nano~/micronscale cracking.™ %" At the scale of
hundreds of microns, secondary osteons resist crack propagation
in mature tissue through crack deflection and crack bridging
mechanisms. ' ** Aging- and disease-related changes in bone
quality, such as the mineralization or cross-linking profile at small
length scales or the osteon density at larger length scales, have
been shown to reduce the effectiveness of these mechanisms that
resist deformation and fracture in bone

Although the main mechanisms of fracture resistance in
mature bone tissue have been identified, it is unclear if the
same mechanisms are active in longitudinally growing bone
because of potential differences in bone guality. Most bones,
particularly the long bones, vertebrae, and ilium, grow in
length through endochondral ossification. Endochondral ossi-
fication progresses at ossification centers [eg, growth plates),
where the extracellular matriz (ECM) surrounding the hyper-
trophic chondrocytes calcifies followed by chondrocyte apop-
tosis. Then, the remaining calcified ECM is used as a scaffold for
the formation of bone, termed primary spongiosa or primary
bone. " Later during the growth process and throughout
life, the tissue structure is refined through bone remodeling,
where eylindrical units of tissue 200 to 300 pm in diameter are
resorbed by bone cells and filled in with new highly organized
bone tissue called secondary osteons. Howewver, the exact
timing of bone remodeling in the primary spongiosa is not
known2*%  Although endochondral assification increases
bone length, changes in bone diameter and cortex thickness
occur during growth and throughout life through bone
modeling processes by apposition or resorption at the
periosteal and endocortical surfaces ™"

Here, we investigate how bone quality and mechanical
competence develop during skeletal growth. The chosen skeletal
site is the fermoral mid-diaphysis because the same region can be
investigated at different stages of maturity in different age
groups.”™ Based on bone's present microstructural features
during growth, the cases were split into two groups: 1) fetal/
infantile bone consisting of primary bone with no ostecns; and 2}
2- to 14-year-old cases consisting of remodeled tissue (e,
secondary osteons). We investigate whether these two age
groups assocated with specific microstructural characteristics
hawve critical differences in bone mechanical performance and
quality. We hypothesize that the 2- to 14-yearold cases
composed of osteonal bore will reveal a greater mean
mineralization and a more longitudinally aligned collagen fibril
network providing superior mechanical resistance in comparison
to fetaltinfantile cases composed of woven bone.

Materials and Methods

Materials

Cortical bone from the femoral mid-diaphysis was acquired
from human cases. Individuals with bone pathologies that

would affect bone quality or skeletal growth were not included
in the study. This study has a cross-sectional design with bone
samples orginating from a caucasian female cohort with the
following ages: 22 weeks of gestation, n = 1; 2 months, n=2; 1
vear, n=1; 2 years, n=1; 5 years, n=1; 14 years, n = 2}. The
study was conducted in accordance with the local ethics
regulations™ and was approved by the State of Hamburg's
General Medical Council Ethics Committee (\WF-013/2011)

Histology

Femoral cross sections were fixed in 3.7% formaldehyde for 3
days, dehydrated, and embedded undecalcified in glycol-
methacrylate (Technovit, Heraeus Kulzer GmbH, Wehrheim,
Germany). Histological sections were removed with a rotation
microtome (microTec, Techno-Med GmbH) and stained with
von Kossa/van Gieson. Histomorphometry on stained sections
was used to measure ostecid volume/bone volume (OV/BY),
osteoid surface/bone surface (0S5/BS), and osteoid thickness
[O.Th) using OsteoMeasure (OsteoMetrics, Decatur, G,
USM_I!'I.!H

Circularly polarized light microscopy

Circularly polarized light {CPL) microscopy was used to assess
the collagen fiber orientation.®*** Methylmethacrylate-em-
bedded samples were ground to a thickness of 100 pm with an
automatic grinding machine [(Exakt, Morderstedt, Germany).
Using an Olympus BX-61 microscope (Olympus, Hamburg,
Germany) equipped with CPL filter sets, both brightfield and
CPL images of the sarme region of interest (ROl) were captured
in 8-bit grayscale. A masking procedure was applied to
separate bone and non-bone areas [(eg, porous spaces,
lacunae), which were assigned a gray value of 0" The
grayscale of the bone pixels in each masked CPL image was
measured and reported as the average brightness (based on
gray levels 1 to 2551.™% When viewing bone under polarized
light, cellagen fibers that run parallel to the plane of the section
appear bright, while fibers that run perpendicular to it appear
dark. Oblique collagen fibers result in intermediate grayscale

values B338

Mineralization

The bone mineral density distribution (BMDD) was determined
with quantitative backscattered electron imaging (gBEIL™™ The
scanning electron microscope (LEQ 435 VP, Leo Electron
Microscopy Ltd,, Cambridge, UK) was operated in backscattered
mode at 20 kV and 680 pA with a constant working distance of
20 mm. A block containing the entire medial side of the cross
section was analyzed for each individual. Multiple images were
taken at x50 magnification with a pixel size of 2.3 pm® and
stitched before the histogram analysis. The gray level was
calibrated with aluminum and carbon standards, such that the
gray level was linearly propertional to calcium content (light
and dark pixels correspond with high and low calcium content,
respectivelyl. The bone mineralization distribution was char-
acterized by the mean, peak, and standard deviation of the
gray value distribution, which correspond to the mean calcium
content (Ca Mean, Wt-%), the peak calcium content [Ca Peak,
Wt-), and degree of variance/heterogeneity (Ca Width, Wt-35),
respectively. From qBEl, the percentage of bone mineralized
below the 5th percentile (Ca Low, % B.Ar) or above the 95th
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percentile (Ca High, % B.Ar) of a control BMDD, obtained from
healthy individuals aged 314 + 95 years, were calculated.
Backscattered electron images were also used to calculate the
cortical mineralized bone volume per tissue volume (BVW/TV),
the mean osteocyte lacunar area (OtLcAr, pm®), and the
number of osteccyte lacunae per bone area (M.OtLlc/
BAL, #mm’).

The mineral phase was also characterized with Fourier
transform infrared (FTIR) imaging. Histological sections of
cortical bone with a S-pm thickness were scanned in
transmission with a Spotlight 400 FTIR Imaging system (Perkin
Elmer, Waltham, MA, USA). One section of the entire medial
side of the cross section was analyzed per individual. Spectra
were acquired over a spectral range of 570 to 4000 cm’’ at a 4-
cm’' spectral resolution with 32 scans/pixel. Images were
scanned at a 25-um step size. The spectra were automatically
corrected for atmospheric effects and noise reduction. After
background and PMMA subtraction, the FTIR parameters were
caleulated for each spectrum. Specifically, the mineral-to-matrix
ratio was calculated through the area ratio of the amide | (1590
to 1725 cm'') and phosphate peaks (915 to 1180 em’'), the
carbonate-to-phosphate ratio through the area ratio of the
carbonate (850 to 900 em”') and phosphate peaks, as well as
the mineral maturity index through the area ratio of the 1030
em’ and 1110 em” subbands.®**® Far each parameter at the
individual level, the distribution of values was fitted with a
Gaussian curve. The mean value is reported for each FTIR
parameter as well as the heterogeneity, which was measured
by the FWHM of the Gaussian curve.

Mechanical properties

Deformation at the tissue, fibril, and mineral length scales was
investigated with mechanical tensile tests during small and
wide-angle X-ray scattering/diffraction [SAXS/WAXD) expen-
ments (Supplemental Fig. 51) at beamline 733 at the
Advanced Light Source synchrotron radiation facility (Lawrence
Berkeley Mational Labaratory, Berkeley, €A, USAL™T Here,
multiple mechanical tests were performed for each case {fetal
n=2; 2 months n=2; 2 months n=4; 1 year n=3; 2 years
n=4; 5 years n = 2; 14 years n = 4}, except one 14-year-old case
due to a lack of remaining material. Mechanical tests were
performed on tissue from the posterior side of the diaphyseal
fermur.

Tensile tests are performed to measure overall bone
strength. Simultanecusly, fibril and mineral strains are mea-
sured through X-ray scattering because bone’s ordered nano-
level structure lie, fibril's 67-nm pericdicity and mineral's crystal
structure) diffracts X-rays, allowing nanoscale deformation to
be measured during tensile testing.”™™" The experimental
methods/analysis have been previously described'™ Briefly,
hydrated cortical tensile samples {15 mm x 1 mm x 250 pm)
were loaded in tension (TST350 tensile stage, Linkam Scientific
Instruments, Surrey, UK) with SAXSWAXD data collected for 0.3
second every 10 seconds during the tests. Pilatus detectors
were positioned ~4000 mm from the sample to collect SAXS
data and 150 mm from the sample with an 18" angle to collect
WAXD data using a 10-keV X-ray energy.

The analysis software IGOR Pro (Wavemetrics, Portland, OR,
UsSA) and the custom macro NIKA were used to calibrate the
image and convert 200 data to 10."" Then, the first-order
collagen peak and the mineral 002 peak in the 1D 5AXS and
WAXD data sets, respectively, were fit to detect changes in the

average collagen and mineral d-spacing. The load was recorded
during tensile testing and tissue stress was calculated by
normalizing the load by the cross-sectional area. Additicnally,
tissuwe strain was measured by imaging the change in spacing
of horizontal lines marked on the sample’s surface, which were
later analyzed wusing a custom-programmed image analysis
software utilizing the software package Vision Assistant 8.5
{Mational Instruments, Austin, TX, USA). For each individual, =2
samples were tested with SAXS/WAXD. For each sample, the
tissue stress, mineral strain, and fibril strain data were binned
every 0.1% tissue strain and averaged on the individual level
The average and standard deviation are reported.

Synchrotron coherent diffraction X-ray imaging (CD1)

CDl was performed at beamline ID10 at the European
Synchrotron Radiation Facility (Grenoble, France) on a 2-
month-old and T4-yvear-old case. CDI results in a 3D image of
the bone fragment. Methylmethacrdate was removed from
histological sections with 2-methoxyethyl acetate followed by
an alcohol series and demineralized water. Then, fragments of
the bone sections were deposited onto Si;N; membranes
{Silson, Northampton, UK). The samples were rotated between
tilts of 75" and 75" at 0.5° step sizes and the 2D diffraction
pattern was taken at each step with 8-keV coherent ¥-rays. The
20 diffraction patterns were combined inte a 3D diffraction
pattern. A phase retrieval algerithm was applied to reconstract
the 3D electron density distribution from the 3D Fourier
intensity data with a 14.7-nm voxel size" The 2D image stack
was filtered and thresholded to isolate large extrafibrillar
mineralization. Then, the volume of each mineral particle was
measured with FLII image analysis software.

Statistics

All data are represented as mean + standard deviation (SD).
Data were aggregated on the individual level by averaging and
separated into two groups based on microstructural observa-
tions: the 2- to 14-year-old samples contained osteons and the
fetal to 1-year-old samples did not. Because of the small sample
size, a nonparametric statistical analysis was used. Data were
aggregated on the individual level and the Mann-Whitney U
test was carried out with a significance level of a=0.05 using
SPSS5 Statistics.

Results

Bone guality during skeletal growth
Densification of the corfex

In human cortical bone from the femoral mid-diaphysis, the
bone volume fraction was analyzed with von Kossafvan Gieson-
stained sections in a pediatric cohort. In the fetal/infantile cases
{Fig. 14, B), the bone's micron-level structure resembles a
scaffold with long, porous channels and high amounts of
unmineralized bone matrix (ie, osteoid). In contrast, the 2- to 14-
yvear-old cases (Fig. 1C, D) exhibited a dense bone structure
primarily consisting of mineralized tissue, without extensive
areas containing ostecid, The bone velume fraction in the 2- to
14-year-old cases was 22% higher than the fetal/infantile cases
(P =0.03) [Fig. 1E). Additionally, bone formation decreased with
age, with a 90% higher osteoid volume and 71% higher osteaid
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Fig. 1. Bone volume and collagen fiber organization during skeletal growth, Von Kossa‘van Gieson-stained sections (mineralized bone: black;
unminerafized osteoid: pink) show a porous scaffold-like cortex in (A) fetal and (B) infantile cases and a dense cortex in cases between () 2 and (D] 14
years. (E) Thus, fetalfinfantile cases have a 23% lower BW/TV than the 2- to 14-year-old cases. Rapld bone formation in fetalfinfantile cases is
demonstrated by the greater (F) OVMTY and (G} 05/85 compared with 2- to 14-year-old cases. (H) However, osteold thickness was not significantly
different. [f} Osteocyte lacunar density is substantially higher in fetal to 1-year-old cases and the [} ocsteocyte lacunae are enlarged in fetal to 1-year-
old cases compared with 2- to 14-year-old cases. (K-0) Quantitative polarized light microscopy {bright: transverse fiber orlentation; dark: longitudinal
fiber onientation) measures collagen fiber orientation. (K) Here, the average brightness is significantly lower in the 2- to 14-year-old cases than the
fetalfinfantile cases implying that more fibers are longitudinally oriented in the older cases. Images show subsets of measured reglons of interest.
Histograms and bar graphs reflect characterizations of complete regions of interest. Data presented as mean + 500 Mann-Whitney U test: *P < 0.05.
Scale bars = 500 pm. Data presented as a function of age in Supplemental Fig. 55

surface in the fetal/infantile bone versus the 2- to 14-year-old Organization of collagen fibers
cases (P =0.03) {Fig. 1F, G). However, the ostecid thicknesses
were similar in both age groups, which suggests similar
mineralization processes (Fig. 1HL. A higher osteccyte lacunar
density in the early phase of ostecgenesis (ie, in woven bone)
with shorter dendritic processes and no particular alignment
within the bone matrix is evident (Fig. 1)), whereas the size of the
osteocyte lacunae is larger in fetal to 1-year-obd caszes in
comparison to 2- to 14-year-old cases (Fig. 1J). These histological
data are also shown in Supplemental Fig. 554-F as a function of
age, where the same trends can be seen between the fetal/
irfantile cases and the 2- to 14-year-old cases.

The porous bone scaffold in fetalfinfantile cases and the dense
bone structure in the 2- to 14-year-old cases were investigated
in terms of collagen fiber organization with gquantitative
polarized light microscopy (Fig. 16-0; Supplemental Figs. 52,
55G). Here, collagen fibers that are transversely aligned appear
bright and fibers that are longitudinally aligned appear dark. In
fetal and infantile cortical bone, the scaffold-like microstructure
has an unorganized collagen fiber structure, with packets of
dark and bright collagen fibers (Fig. 1L, M). This type of collagen
fiber organization reflects woven bone. Whereas woven bone
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dominates the fetal/infantile cases, the 2- to 14-year-old cases
consisted of secondary remodeled osteonal bone (Fig. 1N, Q).
Here, the remodeled osteonal bone consists of secondary
asteans with alternating bright and dark lines, called lamellae.
These lamellae represent highly organized layers of collagen
fibers. The alternating brightness signifies that the collagen
fibers in neighboring lamellae alternate in orientation. Quanti-
tative analysis of the brightness in the polarized light
microscopy images (Fig. 1K; Supplemental Fig. 55G) shows
that the fetal/infantile cases have a significantly higher bright-
ness, indicating greater transversal collagen alignment than the
2- to 14-year-old cases. This implies that the collagen fibers are
becoming preferentially longitudinally oriented in the 2- to 14-
yvear-old cases.

Homogenization and elevation of mineral distribution

Trends in the amount and distribution of mineral with age
during skeletal growth were investigated with quantitative
backscattered electron imaging (gBEI) (Fig. 2), where the
calcium content scales with the gray value (high mineralization:
bright; low mineralization: dark). Here, in the fetal/infantile
cases (Fig. 24, B, the calcified cartilage precursor formed during
endochondral ossification is visible within the scaffold (white
arrows), due to its higher mineral content than the newly

formed bone. Comparatively, in 2- to l4-year-old cases,
secondary osteons indicative of bone remodeling at the
fernoral mid-diaphysis are visible (Fig. 2C, D) with gBEI by their
circular appearance, darker color (from lower mineralization),
and highly mineralized outer boundary {ie, cement line). QBEI|
analysis of the gray value histograms (Fig. 2E) indicate that the
Ca Mean mineralization increases with age, such that Ca Mean
is 10% greater in the 2- to 14-year-old cases than the fetal/
infantile cases (Fig. 2F; Supplemental Fig. 564); however, no
significant  difference was found for Ca Peak (Fig. 2G;
Supplemental Fig. 568). The high mineralization of the fetal
case can be attributed to the high level of calcified cartilage.
Further analysis of the Ca Width, which assesses the hetero-
geneity in the bone mineral density distribution (Fig. 2H;
Supplemental Fig. 56C), indicated a decrease in the hetero-
geneity with age that was 34% lower in the 2- to 14-year-cld
cases. Furthermore, the primary bone has a greater proportion
of low mineralized tissue under development than remodeled
bone, but each have similar proportions of high mineralized
tissue (Fig. 2/, & Supplemental Fig. 560, EL

These trends in mineralization are also wisible in Fourier
transform infrared (FTIR) spectroscopy images of the mineral-
to-matrix ratio (MMR) (Fig. 3; Supplemental Fig. 53). Here, the
MMR increases with age, such that it is 12% lower in the fetal/
infantile cases (Fig. 3E Supplemental Fig. 574). The
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Fig. 2. Bone mineralization during skeletal growth. Quantitative backscattered electron imaging (gBEN) was used to measure the rmineral density
distribution (high mineralization: brighter: low mineralization: darker). In the (4] fetal and {8) Infantile cases, calcified cartilage (white arrows) and areas
with new bone formation (e, low mineralization) were cbserved, while the (J) 2- to (D) 14-year-old cases exhibited secondary osteons (black
asterisks). (E) Evaluation of the gray value histograms shows the trends in {F} Ca Mean, (G) Ca Peak, {H) Ca Width (signifying varlance/heterogeneity), {f
Ca High and () Ca Low. Scale bar = 250 prm. Images show subsets of measured reghons of interest. Histograms and bar graphs reflect charactenzations
of complete reglons of interest. Data presented as mean = 50 Mann-Whitney U test: *P < 0.05. Data presented as a function of age in Supplemental
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Flg. 3. Bone matrix gquality during skeletal growth. Fourler transform Infrared (FTIR) spectroscopy was used to Image the quality of the bone matrix.
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characterizations of complete reglons of interest. Mann-Whitney U test: *P < 0.05. Data presented as a function of age In Supplemental Fig. 57

heterogeneity of the MMR parameter also was significantly
lower in the 2- to 14-year-old cases {Supplemental Fig. 57D).
These trends in the MMR follow the complementary measure-
ments in the Ca Mean, reported above. The carbonate-to-
phosphate ratio (CPR) and the mineral maturity were also
computed from the FTIR spectrum (Fig. 3F, G; Supplemental
Figs. 53C, Iy 54; 57} but neither showed a significant trend.

3D nanostructural images of the 2-month-old and 14-year-
old samples were produced using synchrotron coherent
diffraction imaging {CDI). Here, fibrils are visible with their
characteristic 67-nm banding pattern (Fig. 44, 8). Additionally,
large extrafibrillar mineral aggregates are observed on the
fibrils’ surface (Fig. 4C). The extrafibrillar mineral accounted for
3.1% of the volume in the 2-month-old sample and 5.3% in the
14-year-old sample. The distribution of extrafibrillar mineral
volumes followed a log-normal distribution (Fig. 40). Although
all extrafibrillar mineral particles were generally plate-shaped
with a 41 to 44-nrm thickness, the 2-month-old cases contained
smaller mineral aggregates (largest cross section: 0,19 xa0.10
pm®) than the 14-year-old cases {largest cross section:
0.45 3 036 um?).

Meachanical competence during skeletal growth

To investigate the multiscale mechanisms governing bone
deformation, the mechanical resistance of the bone tissue from
the pediatric cohort was measured at multiple length scales with
tensile tests [measuring macroscale deformation) during syn-
chrotron small-angle X-ray scattering (SAXS) and wide-angle X-
ray diffraction (WAXD) experiments {measuring deformation at
the fibril and mineral levels, respectively) (Fig. 5). As load is
applied in the tensile test, the tissue first behaves elastically with
a linear relationship between stress and strain (Fig. 54, 8), which
is characterized by the elastic modulus and mechanistically
originates from stretching of molecular-level bonds. Here, the
modulus was 160% greater in the 2- to 14-year-old cases (Fig. 55
Supplemental Fig. 584) compared with the fetal/infantile cases.

After elastic stretching, the material begins to nonlinearly
deform under mechanical load, which is characterized by
permanent deformation (Fig. 54, 8). Here, the ultimate strength
and failure strain describe the nonlinear behavior. The ultimate
bone strength again is 83% greater in the 2-to 14-year-old
cases than the fetalfinfantile cases (Fig. 5F; Supplemental
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Fig. 4. Larger density and wolume of extrafibrillar mineral with age. 30 nanostructural images of 2-month and 14-year-ald bone were reconstructed at a 15-
nim vowel size with synchrotron coherent X-ray diffraction imaging (CDIL (A} In 20 slices of the 2-month-old case, the fibrl strecture can be s=en, where (8)
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the size and density of extrafibrillar mineral was more abundant in the 14-pear-old case. Here, the mineral particle volurne follows a log-normal distibiution,
with the 14-year-old case having a 71% greater density of extrafibrillar mineral

Fig. S8B). The failure strain trends toward lower values at higher

ages; howewver, the differences were not significant (Fig. 5G;

Supplemental Fig. S8C)L

The tissue's strength originates from deformation of its basic
building blocks at the nanoscale. Here, mechanical loads
applied to the tissue are transferred to the fibril, composed
af collagen molecules and mineral nanoplatelets. Deformation
in the fibril and mineral was measured during tensile tests with
SAXSAWAXD. The fibril behavior was similar for each age group
{Fig. 5C), where fibrils deform proportionally to applied tissue
strain.

The differences in behavior at the nano-level are in the
mineral deformation. WAXD measures tensile deformation in
the mineral lattice of mineral platelets within and between
collagen fibrils. As the samples are tested in tension, the
mineral first stretches proportionally (ie, linear relationship) to
tissue strain (Fig. 50). The slope of the linear portion of the
mineral versus tissue strain curve increases with age, with a
significantly greater value in the 2- to 14-year-old cases (Fig. 54;
Supplemental Fig. 380). Thus, the better micron-level organiza-
tion (lamellar versus woven bone) in older cases may allow the

mineral to deform more easily and contribute to the mechan-
ical response. Then, in the fetal to 2-year-old samples, the linear
relation between mineral and tissue strain becomes nonlinear.
In the nonlinear region, the mineral strain plateaus around
0.44% in the fetal to 1-year-old cases and at 0.6% in the 2-year-
old case (Fig. 50). At the plateau, the mineral strain is constant
as the tissue deforms, which may indicate sliding within/
between fibrils or nonlinear deformation in the collagen matrix.

Discussion

During childhood and adolescence, the growth and develop-
ment of long bones involve longitudinal growth through
endochondral  ossification, changes in diameter through
periosteal/endocortical apposition/resorption, as well as bone
remodeling. Our aim was to investigate bone gquality and
mechanical differences during the longitudinal growth of
bones. Here, using the mid-femoral diaphysis at different
ages during formation and maturation of the tissue, we
investigated bone quality at a consistent skeletal site using
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high-resolution materials science-based techniques and find
that fetal/infantile bone tissue has an inferior bone quality and
mechanical resistance than bone from 2- to 14-year-olds.

As the pediatric skeleton grows, the quality and form of the
bone are shaped by ossification processes that grow the bone
in length and in diameter as well as continue remodeling the
existing structure. Fetal/infantile cases consisted of a porous,
disorganized patchwork of collagen fiber orientations, char-
acteristic of woven bone (Fig. 1L, M). Woven bone is known to
be present during longitudinal growth, bone fracture healing,
and bone modeling in adaptation to mechanical load.?*#4**
The woven tissue consists of patches of collagen fibers with the
same orientation, some oriented with the principal loading axis
and others not (Fig. 1L, M). Conversely, highly organized
lamellae found in secondary osteons were observed in the 2- to
14-year-old cases, which is a similar microstructural organiza-
tion as adult bone. Indeed, studies in the development of long
bones in mice show a similar porous scaffold-like cortex in
fetal/infantile tissue with further densification near the time of
walking.***” Thus, investigation of the bone tissue at the
femoral mid-diaphysis reflects that endochondral ossification
results in deposition of woven bone and that around the age of
one to 2 years (Supplemental Fig. S54, £), bone remodeling
processes replace the woven tissue with lamellar osteonal
bone. This is also reflected by a similar collagen orientation in
the age period of 2 to 14 years, possibly in response to changes
in biomechanical loading."****" Large differences in collagen
orientation were observed in the fetal/infantile cases (Supple-
mental Fig. S5G). The fluctuation of the collagen orientation is
linked to the disorganized nature of woven bone tissue and
possibly due to the lower degree of mechanical stimuli
experienced at this age.

The changes in bone quality during skeletal development
additionally entail differences in the mineralization distribution.
Specifically, the mean mineralization (Ca Mean) increased until
about 2 years and then remained fairly constant with age
(Fig. 2; Supplemental Fig. S6A). As a result, the 2- to 14-year-old
cases had a 10% greater Ca Mean and a 34% lower
heterogeneity than the fetal/infantile cases. Our data are in
agreement with a recent study that found constant bone
mineral density distribution in individuals between the ages of
1.5 to 23 years."? However, Currey et al.***" found that ash
content increased with age in children/adolescents. The bone
mineral density distribution measured with qBEI may follow the
same trends as the ash content.*? Nevertheless, a discrepancy
may be present due to the low number of cases tested in the
studies of Currey and colleagues. Although qBEI measures do
not inform about the mineral characteristics on a large three-
dimensional volume of bone tissue (as in ash content), the
main benefit is that spatial compositional data is provided and
thus, the distribution of mineral can be quantitatively assessed.
The differences in the mineralization distribution between the
fetal/infantile and 2- to 14-year-old cases may be related to the
collagen fiber organization. In our study, the 2- to 14-year-old
cases consisted of secondary bone (ie, remodeled osteons);
thus, it follows that the remodeling events may create a
balanced mineral distribution as tissue is resorbed and
renewed with age. Conversely, the fetal/infantile cases con-
sisted of patches of woven bone. This disorganized collagen
fiber structure incorporates less mineral than lamellar bone
and/or may have a shorter mineralization period due to its
rapid deposition. Correspondingly lower mineralization has
been measured in woven bone found in disease states such as

Paget’s disease of bone and also in the bony callus formed
during fracture healing.™*"*" Calow exhibits similar trends
with age as the collagen orientation (Supplemental Figs. S5G,
S6E). CaLow has a broad range of values in fetal/infantile bone,
whereas in the 2- to 14-year range, Calow is fairly constant.
This may represent the influence of mechanical loading (eg,
walking) on the bone composition and structure.**** After
remodeling processes commence (2- to 14-year-old cases),
which coincides with further biomechanical stimulation, the
bone quality parameters (bone volume fraction, collagen
orientation, mean mineralization, and mechanical properties)
remain constant with age.

These differences in bone quality at the mid-diaphysis of the
femur during pediatric growth translate into differences in
mechanical properties. Here, strength and stiffness increased
with age (Supplemental Fig. S8), such that the mechanical
resistance of the fetal/infantile bone tissue was found to be
significantly lower than the 2- to 14-year-old cases (Fig. SE, F).
Therefore, the fetal/infantile tissue is inherently weaker than
the 2- to 14-year-old cases. In terms of a mechanistic
explanation for the differences in mechanical resistance, we
used synchrotron SAXS/WAXD measurements to investigate
deformation in the collagen fibril and mineral, which are
responsible for generating bone strength and stiffness. Our
results show that the collagen fibrils deform similarly in all
cases but that the contribution of the mineral to deformation
increases with age (Fig. 5D, H; Supplemental Fig. $8); in the 2-
to 14-year-old cases, the mineral has a greater contribution to
deformation than in fetal/infantile cases (ie, greater mineral-
strain to tissue-strain ratio). Changes in bone quality due to
aging or disease are known to directly affect bone’s mechanical
resistance and ultimately fracture risk.”® Here, we observed
differences in bone volume fraction, collagen fiber orientation,
and mineralization distribution between the fetal/infantile and
2- to 14-year-old cases. Mechanistically, the fetal/infantile bone
tissue is inherently weaker because it consists of woven bone
tissue (rather than osteonal lamellar bone; Fig. 1), which has
overall a lower mean mineralization (Figs. 2F, 3E) and less
longitudinally oriented collagen fibers (Fig. 1K).

Lower mean mineralization in the fetal/infantile cases
translates into a lower modulus tissue (Fig. S5E). Previous
studies on pathologic or callus tissue, which consists of woven
bone, have shown a correspondingly lower modulus and
hardness than healthy lamellar tissue."***" Stiffness and
strength result from the bone's inherent resistance to
stretching and sliding of molecular level bonds. The “brittle,
reinforcing” mineral phase has a higher stiffness and strength
than the organic phase. Therefore, in bone, the stiffness and
strength increase as the density of mineral gradually in-
creases.

Even though differences in collagen deformation were not
observed with SAXS, the collagen fiber organization and
orientation are critical to mechanical resistance; in particular,
longitudinally oriented collagen is highly advantageous for
resisting tensile loads.”” Thus, even though similar deforma-
tion was observed in the collagen fibers at all ages (Fig. 5C), the
2- to 14-year-old cases have a higher percentage of collagen
fibers oriented longitudinally (Fig. 1K) and thus the bone in
these cases is better oriented to resist tensile deformation.
Furthermore, the lamellar interfaces in the osteonal microscale
structure of bone have been shown to resist crack growth by
deflecting and bridging cracks.?'?? However, areas of dis-
organized woven bone in Paget's disease of bone are unable to
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deflect and bridge cracks™ Thus, the lack of lamellar surfaces
in primary bone could limit the sacrificial bonding or
microcracking to absorb energy during loading."™™ Thus,
the micronscale bone structure of the fetalfinfantile bone tissue
has less mechanical resistance than the 2- to 14-year-old cases
because of the unorganized collagen structure present in
primary bone versus the highly oriented collagen fibers present
in the remodeled ostecns. Our mechanical data suggest a
transition in the mechanical behavior with age (Supplemenal
Fig. 58). The transition of the mechanical behavior seems to be
mainly driven by mineral distributicn (Supplemental Figs. S6E,
570, 58) and the collagen orientation (Supplemental Fig. 55G).
OW/BY and OtLcAr (Supplemental Fig. 558, £) do reflect the
metabolic reorganization of the tissue with respect to aging
and loading.

Our analysis used high-resolution materials science-based
methods to quantify changes in the structure and mechanical
properties of a rare pediatric cohort. However, the study design
is a cross-sectional comparizon of different individuals. There-
fore, unknown interindividual differences (eg, genetic, variable
growth/maturation, pre-/postpubertal growth stage, or envir-
onmental factors) may be affecting some of the observed
differences. Second, the exact timing of endochondral ossifica-
tion, modeling, and remodeling events as well as the specific
timing of the transition to superior bone quality cannot be
accurately assessed here due to the limited sample size and
imterindividual variability in young cohorts. Future work would
try to represent all phases of growth at the mid-diaphysis as
well as at the metaphyseal/epiphyseal ends near the growth
plate with both sexes to understand age- and maturity-related
variability.

In light of these limitations, our results show that the age of
one to 2 years is a critical time for building strength and
stiffness in the femoral mid-diaphysis. This change in bone
structure and bone guality between one to 2 vears of age
coincides with walking in humans, which creates new
mechanical demands on the femoral diaphysis of infants.
Indeed, in addition to the effects of genetic and hormonal
factors on skeletal development, mechanobiclogical signals
and muscular forces play a critical role in determining bone size
and shape./¥5%

Fracture incidence is high in children/adolescents and in the
elderly. Although fracture risk in the elderly occurs due to
imbalances in bone remodeling, a different mechanism may be
at play in children. In particular, the pubertal growth spurt in
humans coincides with a decrease in areal bone mineral
density (aBMD) and peak fracture incidence, with the most
commaon fracture site being the distal forearm; thus, it has been
suggested that the growth spurt may result in a transitory
weakness in the skeleton."" %7 G results suggest that
bone formed through endochondral ossification is mechani-
cally weaker than remodeled bone because of its woven bone
structure and lower mean mineralization. In particular, the high
incidence of distal forearm fractures in children/adolescents
could relate to the formation of low-gquality bone (ie, woven
microstructure, low bone volume fraction, low mean miner-
alization} adjacent to the growth plate, creating a mechanically
weak zone. However, further work here is needed to confirm
that primary bone at the distal ferearm persists in children and/
or adolescents, especially during peak growth periods, and
results in increased fracture incidence.

In summary, during skeletal growth, ossification, modeling,
and remodeling processes are actively elongating and shaping

the bones that will eventually compose the mature skeleton.
Here, at the fernoral mid-diaphysis, we observed differences in
bone quality; in fetalfinfantile cases, the bone tissue consists of
a scaffold-like structure of woven bone with high osteccyte
lacunar density and size produced by endochondral ossifica-
tion, whereas in the 2- to 14-year-cld cases, remodeling of the
bone structure results in a highly organized lamellar structure
with a greater mean mineralization and bone volume fraction.
We find that these dramatic changes in bone guality around
one to 2 years of age leads to greater mechanical resistance, as
collagen fibrils are better aligned to resist tensile forces and
more mineral is present to reinforce the collagen scaffold, Thus,
these results highlight the inherent low bone quality and
mechanical weakness of the fetal/infantile skeleton. Further-
more, endochondral ossification may produce a similarly weak,
low-quality bone structure at skeletal sites near growth plates
(ie, proximal/distal ends of long bones).
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ABSTEACT: Bone continnously adapts to its mechanical
environment by structural reorganization to maintain mechan-
ical strength. As the adaptive capabilities of bone are portrayed
in its nano- and microstracure, the existence of dark and bright
osteons with contrasting preferential collagen fiber orientation
(longitudinal and oblique-angled, respectively) points at a
required tissue heterogeneity that contributes to the excellent
fracture resistance mechanisms in bome. Dark and bright
osteons provide an exceptional opportonity to deepen our
understanding of how nanoscale tissne properties influence and ’ 2
guide fracture mechanismas at larger length scales. To this end, a }
comprehensive structural, compositional, and mechanical
assessment is performed using circolarty polarized light
microscopy, synchrotron nanocomputed tomography, focused iom beam/scamning electrom microscopy, quantitative
backscattered electron imaging, Fourier transform infrared spectroscopy, and nancindentation testing. To predict how the
mechanical behavior of osteons is affected by shifts in collagen fiber orientation, finite element models are generated.
Fundamental disparities between both osteon types are observed: dork osteons are characterized by a higher degree of
mineralization along with a higher ratio of inorganic to organic matrix components that lead to higher stiffness and the ability
to resist plastic deformation uwnder compression. On the contrary, bright osteons contain a higher fraction of collagen and
provide enhanced ductility and energy dissipation due to lower stiffness and hardness,

EEYWORDS: bone, osteon, collagen fiber orientation, mineral aggregates, biomechanic

wring bone remodeling, cortical bone is continuousky on the biomechanical function & postulated. The oollagen
reorganized in response to mechanical stimuli to fibers are reinforced by bone mineml particles to form a
ensure adequate bone quality on all hierarchical spatially related composite material where the mineral long axis

levels, ™™ In this process, osteoclagts remove bone tissue and : : : ' .
oaligned with the coll fibers tha vides b
void wvolimes are subsequently filled in by osteoblasts with new i R L T B i

bone matrix to form osteons,” Osteons are the basic structural
unit of cortical bone and consist of concentric lamellar

unique mechanical properties ™ More recently, the under
standing of mineral and collagen assembly has advanced with

structures surrounding a central Haversian cnal. While
osteons are predominantly oriented parallel to the long axis .
of the bone, the orientation of collagen fibers within individual hcoepted:
lamellae can differ considerably leading to a number of Published: January & 2021
proposed models over the years.*® While no universal model
for the colligen arrangement in bone exists, an impact of
preferentially aligned collagen fibers and bone mineral particles
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Figure 1. A, B) Femoral bone was obtained during autopsy, and cross sections were cut from the mid-diaphysis. () At the microstructural
level, femoral cortical bone & composed of secondary remodeled osteons surounded by interstitial bone (D) Preferential collagen fiber
onentation (CFO) remains hidden under brightield micmscopy but can be vsmalized using circubarly polarized light micmscopy (CPL):

ostenns ¢

sed of obligue odentated collagen fibers appear bright, while esteons composed of collagen fbers paralle]l with the osteon axis

appear dadk. {E—H) CPL was used to identify 20 osteons of contrasting preferential CFO for subsequent assessment. (1} Brightness of the
masked CPL images reflects the predominant colligen fiber orientation.

studies showing that bone minera & fractal-like and hierarchi-
cally assembled at the nanoscale'' and that localized
differences between the orientation of mineral nanocrystaks
and collagen fibrile exist within single lamellae that might add
an additional ]a}’er of mechanical adaptation toward
COmpressive ]m.d.mg.

During skeletal growth and throughowt life, the mechanical
behavior of bone is dosdy correlated to its structure and
composition, even though the mechanical properties in
juvenile bone are explained by different intrinsic properies
compared to aduk bone™™ In health, bone is able to
withstand complex physiological loading pattems by capable
fracture resistance mechanisms, both intrinsic and extrin-
sic.'™ " Many factors guide the fracture resistance of bone
including the structural integrity on the nano- and microscale,
the bone mineral density distribution, the mineral quality, and
the accumulation of microcracks,'™ ™ This extends to the
organic part of the matrix where alterations in collagen quality
have been shown to have an adverse effect on the medhanical
competence ™ ** The importance of collagen for fracture

redstance is emphasized by clinically challenging disorders like
osteogenesis imperfecta or Paget's disease, both of which are
characterized by impaired collagen formation and organization
leading to increased fracture susceptibility.”* " Additionally,
the orientation of collagen fibers is considered as an
contributor to bone's ahility to resist fracture. % When
viewed under polarized light, the predominant collagen fiber
ofentation (CPO) can be quantified; osteans composed of
oblique orientated collagen fibers appear bright, while osteons
composed of collagen fibers parallel to the osteon axis appear
dark ™ Structurally, bright osteons are characterized by
predominant CFOs of +45° with respect to the osteon axis,
whereas dark josteans are distinguished by longitudinal
collagen fibers.”

So far, most studies seized on the idea that dark osteons are
better able to resist tensile forces and bending while bright
osteons, assembled of obligue-angled collagen fibrils, @n
better withstand compressive forces and torsion™ ™ It was
proposed that the collagen fiber organization & an excellent
predictor of cortical bone strength and that the distribution

B b e ey 00 ettt Ot B
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Synchrotron Nano-Computed Tomography

Sub-Lamellar Thickness

8 © -

Hawuruian
el

Figure 2. (A) Using FIB-SEM, cylindrical bone volumes below the manoindentations (white armw) were extracted. (B) Using synchrotron
nanocomputed tomography with Zernike phase contrast the manoscale colbgen orientation is visualized. Structurally rather homogeneous,
colbigen fibers run predominantly parallel to the long avis in dod osteons, (C) In Bright osteons, a lamellar pattern of volumes being
composed of paralle] fibers (blue) and obligue-anged fibers (yellow) with respect to the osteon avis becomes evident. (D) Parallel-fibered
lamellae were found to be significantly thicker compared to lamelbe composed of oblique-angled fibems. (E, F) FIB-SEM imaging was wsed
to visualive the internal structure within dark and bright osteons. (E, H) Transversely oriented trenches were milled into the osteon to
expose an imaging phne with mdial-longitudinal orientation with respect to the Haversian cnal (G, H) Consistent with the tomography

findings, dark csteons are charactedzed by colbigen fbers munning predominantly
chamcteristic lamellar pattern with fibrils being oriented parallel [double-headed armws)

parallel to the long axis, (L J) Bright osteons disphy the
and oblique-angled to the analyzed phne

(asterisk). The sublamellar thicknesses conform with the vahes reported in (D).

pattern of both osteon types, neglecting the degree of
mineralization, corresponds to that of the loading forces ating
on the bone.™ ™ In guadrupedal mammalians, where
angulation of the joints leads to significant bending
stresses,”  the distribotion of derk and bright osteons
coincides with the distribution of tensile and compressive
stresses®™ ™+ The dependency of population densities of
distingt osteon types with specific loading modes suggests that
collagen fibers align acoording to ific strin modes and
serve different mechanical functons ™ However, in bipedal
human femoral bone, the diaphysis is primarly loaded in
compression with little impact of bending and tensile
forces.**™* In view of this rather uniform loading scenario,
spatial changes in the preferential CFO of osteons might serve
further mechanical fundions 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 owverall CFO
pattern appeared nonrandomly distibuted, no single pattem of
CFO was found to exst in the human diaphyseal femur,
suggesting that the microstructure & sensitive to individual
.':.ch.ptaﬁan.'m In this study, we aim to reinterpret the mle of
dard: and Bright osteons in bone that is predominantly under
compression to elucidate the necessity of both types to coexist
within the femoral diaphysis.

‘While the structural properties of dark and bright osteons
have been studied in the past, the compasition and its impact
on mechanical properties are still unknown. As bone derives its
strength and toughness from its hierarchical assembly, dark
and bright osteons provide an exceptional opportunity to
deepen our undestanding of how nanoscale tissue properties
influence and guide fracture mechanisms at larger length scales.
To this end, we applied synchrotron nanocomputed
tomography, quantitative backscattered electron imaging

Iﬂu{ﬂaﬁﬂﬂﬁm 1 i DO B
Nars X006, 85, 8548
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(qBEL), focused ion beam milling combined with scanning
electron microscopy (FIB-SEM), Fourier transform infrared
spectroscopy (FTIR), and nancindentation testing to amess
the structure, composition and biomecdhanical properties of 20
dark and bright osteons. In order to predict how the
preferential CFO affects the biomedhanical behavior of bone
on the overlying hierarchical levels, finite element models are
generated We hypothesize that osteons with contrasting types
of preferential CEQ (oblique-angled wersws longitudinal)
present with distinct differences in compositional and local
biomechanical properties. Despite the compression-dominant
loads present in the femur, this would indicate that individual
osteons are highly sensitive to their mechanical surrounding
and serve different mechanical functions providing bone locally
with more stifness or ductility where needed.

RESULTS AND DISCUSSION

As the adaptive capabilities of bone to the mechanical
environment are portrayed in its microstructure and
composition, the existence of dark and bright osteons with
contrasting predominant CFO types points at a required
heterogeneity of the tissue matrix beneficial for the unique
properties of bone To unravel the necessity of both types of
osteons to exist within the femoral diaphysis we comprehen-
sively assess the stmcture, composition, and mechanical
properties of dark osteons composed of collagen fibers running
parald to the long axis and bright osteons predominantly built
from oblique-angled fibers. In the luman femorml mid-
diaphysis, circubirly poladized light micoscopy (CPL) was
employed to identify and quantify the preferential CFO of
individual osteons that remains hidden under brghtfield
micmscopy (Figure 1A—D). Inmeasing brightmess correponds
to a shift in predominant CFO toward more oblique-angled
collagen fibers (Figure 1E—H) Quantitative analysis in
individual osteons exclhiding the Haversian canal area
consistently shows significantly higher brightness in bright
compared to dark osteons (67.22 + 931 vesws 16200 +
1017, p < 0001) (Figure 1) The marked differences in
brightness values obtained by CPL highlight fundamental
structural variations in terms of the predominant CFO
between different osteons within the same individual
Comparing undecalcified and decaldfied ground sections in
terms of CFL brightness, it was found that both samples
displayed similar brightness walues independent of the
mineralization state (Figure 51). This clearly shows that the
changes in CPL brightness are attributable to adentation shifts
of optically anisotropic collagen and are not affected by the
mineralization profile of individual osteons.

The changes in CF(), a5 detected by CPL, are verified using
synchmotron nanocomputed tomography with Zernike phase
contrast and FIBSEM imaging (Figure 2). Utliing phase
contrast, phase vadations of the beam propagating through the
bone spedmen can be visnalized allowing for the assessment of
the spatial organization of collagen fibers*™™ In the three-
dimensional visualization obtained, it was found that in dark
osteons collagen fibers indeed run paralld with the long axis of
the bone (Figure IB). Mo transiion between neighboring
lamellae i visible supporting the reported view that dark
osteons are structwrally rather homogeneous™ On the other
hand, Bright osteons display a considerable degree of
heterogeneity within its CPO. Here, a distinct lamellar pattern
with changing CFOQ is present similar to the proposed plywood
structural modek of osteons. (Figure 2C and Supporting

Information videos 1 and 2). An arching of collagen fibers is
observed with fiber angles ranging from +90 to =90° with
regpect to the long axis of the osteons where the longitudinally
oriented fraction of colligen fibers corresponds to the
darkened lamellae of the otherwise bright osteon under CPL.
The thickness of the lamellae composed of longitudinally
oriented collagen fibers was found to be significantly higher
compared to lamelae built from oblique-angled fibers (3.42 +
0.55 pm versus L79 + 0.27 pm, p < 111]}]} ( Figure 20) which
is oonsistent with previous smdies® The stmctural organ-
ization is further walidated by FIB-SEM imaging where
transversely oriented trenches were milled into the osteon to
expose the internal matrix organization (Figure 2E,F). Here, a
higher degree of CFO homogeneity was observed in dark
osteons with collagen fibers mnning predominanty parald to
the long axis. In agreement with the nanocomputed
m.cgml:h? findings and consistent with previously published
bright osteons are composed of lhimellae with obligue

a.ngled collagen fibers that are bordered by lamellie built from
parallel-oriented fibers (Figwe 2G=]). Interestingly, the
lamellar layout of bright osteons is also represented in
quantitative backscattered electron images (gBEIL) of trans-
versely sectioned osteons, where individual laimellae with a
thickness of ~6 pm are clearly visible whereas the lamellar
pattern is hardly evident in the dark csteons (Figure 3IAB).

Osteocyte Lacunae Characteristics

M Bright

Dark  Bright Dark  Bright

Figure 3. (A, B) Structumally, no lamellr pattern is visible in dork
osteons whereas bright osteons display a lamellar pattem with ~6
pim total thickness (white arows) amund osteocyte lacunae (c).
(C, D) The ostencyte hounar are is smaller in stee in dork osteons
and & characterized by a higher circularity index indicating a
rounder shape.

Here it is important to mention that the lhmellar thickness as
assessed in gBEL images mefers to the total thickness of a
repeating unit of lamelle.”* As viswlized by nanocomputed
tomography and FIB-SEM imaging, a lamellar unit contains
ong sublamellae of predominantly paralleloriented and one
sublamellie of cblique-angled collagen fibers. Significant
variations in osteocyte lacunar area and shape between both
osteon types were also measured from the acquired gqBEL

Bk b e oo 000 0 1 it Ch 0
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images. Osteocyte lacunar areas are smaller in size in derk
osteons compared to bright osteons (4117 + 592 pm® wraus
49.21 + 483 pm’, p < 0.001) and are characterized by a higher
ciraularity index (0631 + 0.059 versus 0536 + 0056, p <
0001 ) representative of a rounder shape (Figuwe 3C,D). As
osteablasts are aligned with the collagen fibers they lay down
during the formation phase,™ this supports the view that the
long axis of the osteocyte lacunae is aligned with the
preferential CFO.* No difference in osteocyte lacunar density
was measured between dark and bright osteons (0.00083 +
0.00024 versus 0.00091 + 0.00033 #/pm’, p = 0.588). Despite
the differences in osteocyte lacanar area and collagen fiber
orientation, the canaliculi were found to be aoriented
perpendicular to the osteonal lhimellae and extending radially
from the central Haversian canal in both osteon types (Figure
52 and Supporting Information videos 1 and 2).

The content of mineral between the two structurally
opposing types of osteors was quantified using gBEl where
lower brightness values signify a lower and higher brightness
values a higher mineral content (Figure 4AB). Both gBEI
histograms of dask and bright osteons present an inverse log-
normal frequency distribution, but the dork osteons ame
characterized by a higher peak and a smaller tai at the low-
cakium end (Figure 4C). Cuantitative analysis of the gBEI
histograms revealed significant differences in the mineral
distribution. A higher mean aldum content (Ca..) was
quantified in osteans with a predominant longitudinal collagen
fiber orientation. The Ca___ is 5.68% higher in dark osteons
compared to the bright ones (26.25 +0.32 versus 2484 + 034
Ca wt %, p < 0.001) (Figure 4D). The peak calcium content
(Caga) displays the same pattern with a 5.42% higher peak
mineralization in dark osteons (26,67 + 0.36 versus 2530 +
0.32 Ca wt %, p < 0.001 ) (Figure 4E ). In support of the higher
mean and peak aldum content, dork osteons have a higher

reentage of bone area eshibiting a high mineral content
%E.a,_l..p < 0.001) and a lower percentage of bone area with a
low mineral content (Ca,,, p < 0.001) (Figure 4FG)
compared to bright osteons. Overall, the gqBEI data shows a
higher bone mineral content in osteons with preferentially
longitudinal orented collagen fibers indicating a connection
between the CFO and degree of mineralization. Since osteons
undergo quick primary mineralization durng remodeling
followed by secondary mineralization that proceeds over
longer periods of time, cortical bone presents with a
heterogenecus mineralization profile. ™™ Consequently, a
higher mean caldum content usmlly points toward a higher
tissue age and maturation ™% From our findings regarding
the mineralization, this would infer that dark osteons are on
average older and more mature compared to bright osteons.
However, this seems unlikely as this would require a
continmous change in collagen fiber orientation from oblique-
angled to longitudinal over time.

To assess how the higher degree of mineralzation i
associated with changes in the organic phase, FTIR was
performed to assess the ratio of minemlto-matrix (MMR).
Here, the differences measured by gqBEl are supported by the
FTIR results: dark osteons are characterdzed by a higher MME
compared to bright osteons (3.21 + 0.17 versus 280 + 018, p
< 0.001 ) which corresponds to an incease of 14.77% ( Figure
5A=D). Morecver, the MMER positively correlates with the
mean caldum content showing that derk osteons indeed
contain more mineral (r = 0.7292, p < 0.001) (Figure SE).
Consistent with previous studies, "™ a ring of elevated MMR

Quantitative Backscattered Electron Imaging

i
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% ar § T
26 e 26
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Figure 4. (A, B) Using gBEI, the mineral density is quantified (C)
Histogram analysis reveals a higher mineralization in dark csteons
(D, E) Both mean and peak cakiom contents are increaved. (F, G)
Accordingly, a smaller percentage of bone area is regarded ax lowly
mineralied, and a higher percentage as highly mineralized

was measured toward the center of the Haversian canal, both
in dark and bright osteons. It was found that the thidiness of
the rng with elevated MME comelates positively with the
osteon wall thickness (v = 0681, p < 0.001) Calculating the
ratio of the high-MME ring thickness and the asteon wall
thickness reveded no statistical differences between dark and
Bright osteons (0.223 & 0.037 versus 0.2144 & 0.030 pm, p =
0.603) (Eigure S3). The higher MMR was accompanied by a
higher carbonate-to-phosphate ratio (CPR) in dark osteons
(001463 + 0.00044 versus 0. 01370 + 0.00018, £.79% higher, p
< 0001) which also comelated positively with the mean
cdlcium content (r = 0.4914, p < 0.001) (Figure SFG) The
higher amount of carbonate substitution for phosphate in the
mineral orystals is often linked to more mature and orystalline
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Figure 5. (A, B) Representative maps of the mineral-to-matrix mtio
(MMR) of derk and Bright osgeons where each pixel represents
individual spectra (C, D)} Differences measured by gBEI are
supported by the FTIR resulis: dork osteons are chamcerized by a
]I:ii]!:l.’ MME mmnlsu'\ul by Im'g’d ogeons, which cormlates
positively with the mean caldum content (E, F) Amount of
carbonate substitution for phosphate (CPR} in the mineral crystak
is increased and comehtes positively with the mean caldum
comtent.

mineral crystals. In general MME and CPR increase with
advandng age,"“’"q4 and regardless of developmental age, the
highest CPRs are present in the oldest bone ™™ However
CPR may ako be an indicator of mineralization speed and
secondary hypermineralization™ which points toward a
favored accelerated mineralization in dark osteons for
biomechanical purposes.

Taken together, our findings suggest that the bone matrix is
sendtive to structural and compositional adaptions on the
osteonal level which define its localized biomechanical
competence. As the inorganic mineral phase of the bone
matrix has a higher stiffness compared to the organic collagen
phase, the degree and quality of minemlization is also an
indicator for the mecharical competence of bone™ ™' We
speculate that the mevealed differences in mineral content
between dark and bright osteons are related to their specific
ultrastructure and play a functional role in providing
biomechanical competence rather than being a result of tissue
a

E]T]:LE-].i.l:liI{ the stmctural and compositional disparities of dark
and bright osteons to the local biomechanical properies,
nanoindentation testing was performed (Figure 6AB). In
agreement with the observed trends in the mineralization
pattern assessed by gqBEI and FTIR, both the hardness and
stiffness measured via nanoindentation are significantly higher
in dark osteons indicating a greater resistance to deformation
The eastic modulus was 31.05% higher in the dark osteons
(2528 + 112 GPa verms 1929 + 154 GPa p < 0.001)
{ Figure 6C L Correspondingly, the hardness was 33.33% higher
in dadk osteors compared to bright osteons (096 + 0.08 GPa
wersus 0.72 & 0.09 GPa, p < 001) (Figure 6D). The mean
calcium content correlated positively with the elastic moduhis
and hardness (r(E) = (L8835, rf{H) = 0.788, p < 0001 (Figure
6E,F) and the preferential CPO negatively (r(E) = 0.888, r(H)
= 0766, p < 0.001) (Pigure 6G,H).

Asg an interim summary, it can be noted that both types of
osteons are dearly distinguished in terms of their structure,
composition, and biomechanical properties. Dark osteons with
longitudinal CFO are characterized by a higher degree of
mineralization dong with a higher ratio of inorganic to organic
matrix components that lead to higher stiffness (higher elastic
modulus) and the ability to resist plastic deformation (higher
hardness). On the contrary, bright osteons with oblique-angled
CFO contain a higher fraction of collagen and could provide
enhanced ductility and energy dissipation due to lower stiffness
and hardness.

Since nanoindentation testing displays biomechanical
properties on the lamelar level of osteons, the mechanical
behavior of dark and bright osteons itself is not fully
represented To predict how changes in CFO on the nanoscale
affect the tissue-level biomechanical properties, finite element
models were genemted. The fundamental building blocks of
the matriz, namely the minerdized collagen fibris, were
modeled as representative volume elements (RVEs) taking into
account their orthotropic mechanical properties. The overlying
hierarchical levels (mineradized collagen fibers, osteonal
lamellae, and full osteons) were then modeled for different
onientations of the collagen fibiils leading to two key findings.
First, the implications of the observed structural and
compositional digparities between dark and bright osteons on
the mechanical properties as assessed by nanoindentation have
been validated by the outcomes of the FEM models. Shifting
the fiber orientation from 457 to 07 resulted in the effective

Bamgri e ey vy’ 0 0 1 s B B
AT Nare X000, 15, £55-45

86



ACS Nano

WWW.ACSRAN0LONG

MNancindentation Testing

@ _"“w,.

Dark

Bright

Dark  Bright

Indentation Correlations

©

By ..

1.2

& Curk
gﬂﬂ- » Brig s o Brighl -:
o i 2 1.0 'ql" L
E 25 . :ﬁ-: . ] oy
g § o .. ;" B
- &
=24 2y % #
i " L
W 154
0.4 3
- r - -
4 5 a6 v o4 il Fi] Fi
Cafeium Mean (wtS) ® Calcham Mesan (s
i A .
1.2 -
i i s
& R N -
525 & s & .ﬁ .
i ﬂ soel B i
E e ! e
204 . P . B
d 5;’5 .64 -
=2 & Dark & Durk
154 & Brigh 04 e
T T T i T T T
50 100 151 200 50 e s H
CPL Interisity {B-bif] CPL ety [B-bi)

Figure 6. (A) Local biomechanical properties were asessed by
nangindentation testing and (B} successful indents were verified
using electron micmsoopy (white arrow). (C, D) The elastic
moduhs and hardness are significantly higher in dork osteons (E,
F} Both paameters corebted positively with the mean caldum
content and (G, H) negatively with the predominant collagen
onentation.

modulus in the direction of indentation (E,) being inceased
26.70% for the lamellar level (Table 1) The FEM model
predicts an elastic modulus of 26.15 GPa for dork and 2064
zPa for bright osteons, which i in good agreement with the
experimentally measured values of 2528 + 1.12 and 1939 +
1.54 GPa, respectivdly (considering the nanoindentation
results being representative of the lamellar level). The detailed

engineering elastic constants of the coated fiber and lamelle
REVE are summarized in Table 1.

Second, the obtained elastic constants were used to predict
the effective elagtic modulus E of whole osteons (Table 2.
On the osteonal level, the influence of the higher mineralized
and, hence, stiffer interstitial bone on the mechanical
properties becomes evident: the higher the assumed elastic
modulus of the interstiial bone the higher the effective
modulis of the ostean BEVE. Still, a dear difference between
different types of collagen odentation i observed: for dark
osteons (07), Es is 14.38% higher compared to bright osteons
(45") (averaged ower equal assumed elastic modulus of
interstitial bone). When comparing dark osteons to osteons
with altemating CFO between neighboring lamellae, Es is
7.20% higher in derk osteons. However, dternating lamelbe
reanlts in 6.70% higher E . when compared to bright osteons.
This clearly shows the adaptive capabilities and biomechanical
implications of dark and bright osteons to either serve as a stiff
building blodk of bone or to conduce as an energy dissipating
module, both to prevent fractures on larger length scales.

Mlthough we are aware of the established view that CFO
pattern should reflect the loading history of the femur, with
dark osteons occupying volumes that are subjected to tensile
stress and bright osteons being present in areas under
compression, based on the composiional results obtained in
thiz smdy we propose an alternative view on the existence of
dark and bright osteons and their mechanical functions. We
postulate that dark osteons are predominanty found in regions
where a higher degee of stiffness is required since more
deformation is created in low stiffiess materials when they are
subjected to unimdal stress, either compression or tension
From a mechanistic point of view, it i benefidal for the human
fermur to have less lateral movement along the anterior and
postedor axis, thus a higher fraction of osteons with
longiudinally oriented collagen fibers with a higher mineral
content that provides additional stiffness.”™ (Oin the other hand,
regions that experience some bending stresses (while aill being
predominantly loaded in compresson) would benefit from
oblique-angled collagen fibers with a lower mineral content
and an improved ability to dissipate energy. In general nano-
and microscale heterogeneity of the bone matrix compostion
and mechanical properties is considered benefidal for the
mecharnical competence at larger langth scales™ " In healthy
bone, continuous remodeling processes maintain a constant
tissue heterogeneity for better damage resistance. Healthy
bone can hamper the initiation and propagation of microcracks
while enabling remodeling processes to repair the affected
bone wvolume. The mineralization profile of individual
osteons,” the higher mineralization and accumulition of
crosslinks in interstitial bone’® and the stifness mismatch at
cement lines” all contribute to tissue heterogeneity that guides
the toughening mechanisms of bone. Based on our findings, we
bdieve that structural heterogeneity at the osteonal level
extends to the organic phase of the matrix: bone tissue @n
react to changed loading modes to modulate its nanostructural
arangement in functional interaction with its compositional
properties to build more dark osteons in case of increased need
of stiffness (compressive /tensile loading) or bright osteons to
dissipate energy.

It can also be speculated that the osteon heterogeneity might
be another mechanism that preserves the mechanical
competence of bone. Rather than being considered “old”
tissug, the nanostructural heterogeneity could serve as a
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Table 1. FEM Calculated Elastic Moduli for the Coated Collagen Fiber and Osteonal Lamellar Level Assuming 0 and 45° of

Collagen Fiber Orientation”

RVE, orentation E, E; E; G2 Gy
coated fiber, 07 2640 11.42 a7 758 329
coated fiber, 45 2081 1174 951 536 451
Lmella, 0° 2615 1138 a7 753 327
Lamella, 457 2064 1170 945 534 448

“All modulus units are in GPa

Gy ay vy ¥ vy b v

190 025§ Q110 0306 [Ton) Q258 1S3
431 0201 all4 031 a1 0208 0168
189 0253 a1l 0306 [T 0258 1S3
429 0200 alls 031 a1l 0208 0168

Table 2. Effective Elastic Modulus of the Osteon RVE in the
Direction of Indentation for Different Lamellr CFO
Scenarios and Elastic Moduli of Interstitial Bone

CFO (deg) E(interstitial) (GPa) E(effective) (GPa)
0 30.07 257§
0 77.08 2466
0 874 2344
45 .07 2266
45 27.08 2157
4 B4 2035
0, 45, —4S .07 2410
0, 45, 45 27.08 2301
0, 45, —4S 3.4 219

remodeling regulator that guides the remodeling activity.
Previous studies have shown that osteons targeted by
osteoclsts have lower elastic moduli and hardness and are
characterized by a lower mineral quantity than nonresorbable
areas.”® Applying these findings to our study implicates that
osteons composed of longitudinally oriented collagen fibers
with a higher mineral content are considered more desirable in
certain loading scenarios and less prone to osteoclast-mediated
bone resorption. As a consequence, our data could be
indicative of the fact that osteoclastic resorption does not
proceed in a random manner and serves more functions apart
from the removal of microdamage. Additionally, the CFO and
compositional heterogeneity between dark and bright osteons
could promote the detection of microdamage; as deformation
can spread out over greater distances due to the nanoscale
heterogeneity of the bone matrix, the mechano-sensitive
osteocytes, residing inside the bone matrix and sampling
their mechanical environment might detect _ damage and
initiate remodeling processes more quickly.””

While our study used high-resolution techniques to asess
changes in the structure, composition, and mechanical
properties in individual osteons of contrasting orientation,
the osteons were selected from the femoral cross-section of
one individual Therefore, interindividual variations by genetic
predispaosition, environmental factors, and lifestyle choices may
have not been addressed However, the focus of this study was
to approach the compositional changes accompanied by
different collagen orientations. By confining to one individual,
we were able to focus and address these changes and eliminate
potential interindividual factors of influence. Also, CPL reflects
the predominant CFO without direct visualization of the
collagen fibers and, hence, provides only an average measure of
the CFO. However, in combination with phase-contrast
nanocomputed tomography and FIB-SEM imaging, the
variability in ultrastructural matrix organization was confirmed
in three dimensions and at high-resolution. It was shown that
CPL is an imaging modality that is able to indirectly visualize
variations in CFO at the nanoscale. Mareover, in order to

implement our spatially correlated analytical approach to
evaluate multiple bone quality parameters in the same plane of
selected osteons, the use of undecalcified bone specimen was
necessary. Hence, the mineral phase is also included in the
nanotomograms and contributes to the structural appearance.
However, it has been shown that the orentations of mineral
particles and collagen fibers are dependent on each other with
the crystallographic c-axes being aligned with the fiber axes, so
that the collgen fiber orentation can be inferred.’®*"*
Therefore, despite not resolving individua collagen fibriks,
phase contrast tomography provides sufficient resolution and
high sensitivity to mass density fluctuations that allows for the
assessment of the ultrastructural matrix organization. Finally,
the amount of collagen- and mineral-bound water could not be
directly assessed which is known to affect the mechanical
properties.**** It has been shown that the water content is
inversely correlated with the mineral content as colagen-
bound water is gradually replaced by hydroxyapatite.™ As we
quantified a lower mean and peak mineral content in bright
osteons, it can be inferred that these osteons contain a higher
amount of bound water. Previous studies have demonstrated
that bound water is a substantial contributing factor to the
mechanical behavior of bone as it provides collagen ductility
and postyield toughm “** This further supports our findings
that bright osteons provide the bone matrix enhanced ductility
and energy dissipating abilities. Further studies both i silico
and ex vivo are needed to elucidate the role of dark and bright
osteons on fracture mechanics on larger length scales and the
whole bone level.

CONCLUSION

It is commonly accepted that dark osteons are found in regions
of tensile stress and bright osteons in regions under
compression. Here, we have shown that these osteon types
show distinct structural and compositional differences
reflecting important mechanical characteristics that locally
adapt the bone matrix to its mechanical environment. In
particular, dark osteons with longitudinally oriented collagen
fibers and a higher degree of mineralization constitute to more
stiffness and the ability to resist elastic and plastic deformation
in tension and compression whereas bright osteons with
oblique-angled fibers provide ductility and the ability to
dissipate energy more efficiently where needed. Furthermore,
we show that beyond the change in preferential collagen fiber
orentation there are fundamental disparities between different
types of osteons that result in altered mechanical competence
potentially serving as an additional fracture resistance
m

METHODS

Sample Collection. Healthy fmoral bone was obtained during
at the Department of Forensic Medicine at the University
Medical Center Hamburg-Eppendorf (Hamburg, Germany) from a
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Hﬂyﬁn’nu mdmlur:in Lime with Pu'mu-um}grp'l.‘!].‘u]mcl Pu:ubum]:
[PV 3486)." Femoral cross sections fom the mid-diaphysis were cut
using 2 diamond saw I:EMKT Advanced Tedn'lu]os;iﬂ GmbH,
MNesdemtedt, Germany) znd fized in 3.7% formaldelypde for 3 days
Thereafter, the sumple was dehydrated in an increasing alcobol series
and embedded undecalcified in gycolmethacrybte (Technovit 7200,
Hemeus Kuber GmbH, Wehrheim, Germany). Uking an automatic
grinding machine (EXACT Advances Technologies GmbH, Morder-
stedt, G } the my e was ground to 2 thickneess of 100 pm.

Circularly Polarized Light Microscopy. Using circulady
pobirized light microscopy (CPL), the predominant (FO can be
visualized. When viewed under Po]::nzﬂl ]idrl, oabenns c-umPu!d of
oblique orientated collagen fibers appear bright, while osteons
cvnmPu!d of oo]]ar:rl fibseers Pa:]l:] with the osteon axis appear
dardk. An G‘]]III'I.PIB BX-61 T O e Eﬂl}mlpld- E.lﬂsln_. H:m.lrm's.
Gemany) eguipped with circularly polrising filter sets was wed to
discern dark and Er:r.'gﬂ osteons of different Pu'\cFemnti:] u:!]hgm
onentation. Prior to any other mezmrements, a total of 20 (10 dork
and 10 bright) fully remodeled osteons with an  uninterrepted
pedphery were selected unbizsedly from the anterolateral quadmnt of
the cross-section for subsequent structunl, compesitional and
mechanical analysis By adhering to one bone region a selection
bizs of osteons that m.'lg]rl: be lﬂ:jﬂ:bﬂl to varational mechanical
characteristics on a regional bone level is avoided. To exchude primary
osteons from the amalysis, osteons were selected only if they were
surround ed h}r at least two Pu:t:i:]]}r resorbed osteons. An
uninterrupted periphery in form of a hypermineralized cement line
was further verified s gy e nvtita bive: backscattered electron imaging,
In the analyred area, 14.59% and 1752% of all csteons that matched
the sdection citeria appeared fully dark and bright, cespectively.
Haversian canals and =1.u:m1.|n|‘|:ing interstitial bone were masked and
amigned a gray vahe of 0. The grayseale of the bone pizels in each
masked ostecn was measured and reported 25 the average brightoess
(based on gy levels 1-255). To confirm that the osteons induded
in the study were onented perpendicubr to the amalyzed cross-
sectional plne, microcomputed tomography was pedormed where
the orentation of the Haversian canal was asessed in the m:ﬂ:og.m:]
projections [ Figure 54). Finally, to verify that the brightnes varations
detected by CPL ane attributable to du:'?: in Pu'\d:cr\mti:] CFO and
to deconvolute the influence of localized differences in bone mineral
density; a control experiment comparing wndecalcified and decalcified
Pmlnd:ccﬁamhtmm:ofmlm'g}mu-wa Pﬂﬁmd.T}le
anterior quadnnt of a femoral cros-sotion was divided mto two
parts, and onehalf was decalcified in 20% EDTA for § days
Successful decaldification of the mmple was checked radiographically
using 2 cabinet Xoray system (Favitron, Inc, USA) Further smple
prepamtion toward ground sections was identical and a5 described
abaove.

Quantitative Backscattered Electron Imaging. Chuantitative
backscattered electron imaging I:qB\E!} was :PPH-HI to evaluate the
osteonal bone mineral density distbution (BMDD ) and morphology
of osteccyte lacunze The cophmar polished surdface of the bone
lPetimmwzﬂrbmﬂ:natﬂl,mﬂﬂumPszmbﬂdha
Scan ning, electron i crod cope [ GeminSEM, Zeis AG, Obediochen,
Gemany). The microscope was operated in backsattered electoon
maode at 20 keV andata md:mwmiingdidzm of 20 nm_lmafl
were acquired with 300X magnification The intensity of back-
scattered electrons correlates with the mean atomic number of the
:im!:d:i?'bﬂl materia] 4 Bcnﬂ'll:rlcn and contrast of the reconded 8-
bit images were calibrated wsing carbon and aheminum stan dards: the
gray values assigned to cabon and aleminum were 4.8 and 223,
respectively. As the gray value of unmineralized ostecid (<02 wt %
calcium) was mexsured to be 4.8 and that of pure hydroxyapatite
(35,68 wt % calcium ) was 255, the measurement accumcy was (L16 wt
% caldum.™ The obtained W\-a]ue: for ﬂl:]:Pci:m] Wwhere m:ﬂgﬂl to
provide 3 mean value for the full csteon. Osteonal areas were isolated
and !.lnmmding timue was exchuded from evalation The :El]]n'w:in!
cm'l.Pneiﬁmu] qﬂm paramebens were derived from the backscattered
electron images wsing a customemade MATLAB routine: Mean
caldum content of the BMDD (C—'I_L most frequent calcium

oomtent I:CJFI,_}, percentage of bone area which is mineralized below
the fifih percentile or above the 95th percentile (Capy and C.'q_‘h}.
Additionally, the area dml]:ﬁt‘r index and density of osteocyte
bcwnse were atsessed

Focused lon Beam-Scanning Electron Microscopy. Focused
ion beam-scanning electron microscopy { FIB-SEM)) imaging was wsed
to visualize the intermal structure within dork and bright ostecns
(Crombeam 340, Zeiss AG, Oberkochen, Germany).® Using the
secondary electron mode, jon milling was pedormed to expose
imaging plines with mdial-longituding] orientation with respect to the
Haversian camal A coarse trench was milled at 30 kV and 30 nA,
foll wed byPoli!hinsn:F'l‘]u u:Pumd :lm:g\e P]:rle at J0EV and 2 nA_
Finally, images were acquired at 2 kV (InlensDuo, Zeis) and
Pmt'mecned using 2 bm'lcl-Pm: filter to remove e faining artifacts ™

Fourier Transformmn Infrared Spectroscopy. Fourer transfomm
infraved spectroscopy (FTIR) in attemmted total reflection-mode was
Pﬂ'i'l:nnﬂl to aswess the omiPm:H:imaf‘t]uim‘liv:i&n] osteons.”” FTIR
spectra were collected with 2 FTIR Spotlight 400 (PerkinElmer,
Waltham, Masachusetts, USA) over an area of 750 ¥ 750 gm to
create a map, where each pixel represents individual spectra. For each
osteon, spectra were acquired at 2 625 pm spatial reschrtion over a
spectral range of 4000—570 cn ™ at a resolution of 4 an™' and with
lﬁz“PerP&JﬂIMaFd.Themmﬂu the curve of the amide 1
peak [ 1700—1600 cm"), the phosphate peak (1154—%00 can™") and
the ﬂﬂ:uﬂrrdnte Pﬂk fm—m cm_"} were :i:'rbera'tﬂl o measime
the minera-to-matix ratio (MMR) and mbm'ni:e%o—P]lmP]nte ratio
(CPRL™ To account for baseline shifts a local baseline has been used
for each :in‘besﬂ'bed Pe:.'l_ Twa bme_[unnh at local minima have been
selected for the carbonate peak (89— 800 cm™"), for the phosphate
peak (1182—800 cm™ } and for the amide 1 peak (1780—1182 cm™ ")
Only the enclosed area between the rspective local baseline and the
spectrum was used for imtegmation and caleubdion of the mtios.
Osteonal areas were isohted and sumounding tissue was exchuded
from eval uation

Manoindentation Testing. Mancindentation testing (G200,
Eeysight Technologies, Santa Rosa, CA) was used for biomechanical
asseament of the individual osteons ™ For each osbeon, four indents,
one per osteonal quadrant, were performed at half the distance
between the osteon center and PﬂiP]lﬂ"L Ulmg a dePﬂl-:mn'g
contimunes stiffness method, indentations with 2 pm depth wene
performed with a Berkovich tip preceded and followed by calibration
on fused silica. The hardness H and the chsic modulus E wen
calculated according to Oliver and Pharr with the NanoSuite software
provided by the mamubcherer.™

Synchmotron MNanocomputed Tomography. Synchrotron
mnocomputed tomography with Zemike phase contrst was
performed at the POS beamline™" operated by the Hemholtz
Zentrum Gessthacht (HZG) at the PETRA 10 storage ring of the
Gemman Electron Synchrotron (DESY) to viszalize the ultrstruc turnl
o g nization of 16 osteons I::n: =8 per S;I:m.lP} beneath the
naam pdnde bt ons i SD.‘W\"W The l.lm.Phl Were Pn?:md m:i::lg FIB-
SEM. The manoindentations were localized and cylindrical vohomes
with a dizmeter of 25 pm werne uh:cbedmd]_;h:ﬂlmacme-ﬂn?ﬂl
::n'l.Pk haolder esing a :'rL'il:l:mnliPuHm. A full feld transmisdon X-
my microscope equipped with a Fresnel Zone Plte of 130 pm
diameter, a bem:]nPinguPﬁr_'l ard Fermike Pa'n!: ringE, was used for
acquiring the tomograms at an energy of 11 keV. These optics wene
designed and mamdfactured at the Paul Scherer Institute. An X-ray
sMOS camera (Hamamatsu C12845—101U, 6.5 pm pixel size, 2048
» 2048 pixel, 16 bit image depth ) with a 10 gm Gad ox scintilbtor was
uned 25 2 detector. The effective pixel size of the system was 18.65 nn
and a bin'lingﬁ:t-urofz was :PP]:iﬂd. The resolution was determined
in 3D wsing Fourier Shell comrelations (FSCs ). By applying the 1/2-bit
criterion, the average FS3C-based spatial resolution was cakcubted to
be 777 nm. To ensure that the ultrstrnctunal orjpnization i not
affected by platic deformation below the nonoindent, the analyzed
volume of interest was chosen to start 5 pm below the ::m.Pk surface.

Finite Elerment Modeling. Te Pu'ﬂlid how the mechanical
properties of bone at different hierarchical levels are affected by
changes in the predominant CFO, multiscale modeling wsing the
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Finite Element Method (FEM) was applied ™™ Periodic boundary
conditions (PBCs) were applied to simulate the orthotropic
imeechandcal properties in different hierarchical levels i:r,r nml:]:ins
finite repretentative vohmme dlements [RVE: )™ Here, the hierarchical
levels of (i) mineral-cozted collagen fibers, (ii) osteonal lamelle, and
(i) remodeled secondsry csteons were modeled beted on two
different orientations of minemlied collagen fibrls (07 and 457) to

dark and bright csteons. The volume fractions of the coated
fiber level (87.4% mineralived collagen fibrl 126% extrafibrillar
hydrorpapatite ) and the orthotropic ehstic constants of mineralized
collagen fibrik were adapted from Hamed ef al™ The
hydronyapatite foam was assumed to be isotropic with the bulk and
shear moduhes being Ky, = 578 GPa and py, = 314 GPy
ruPud:w]ym Osteonal himellae were composed of the homogen-
ized coated fiber RVE (975% volume faction) interspersed with
ellipsoidal lacunar cavities (225%)° with 2 mean dze of 189 gm x
9.2 gm ¥ 48 pm"™ The characteristics for the osteon RVE were
extracted from the gBEl images (odteon dizmeter = 300 pm,
Haversian canal diameter = 90 pm, hmellr thickness = 6§ pm, number
of bmelhe = 11). Each bmeh was assigned a collagen fiber
onentation of 0F or 45°. Three scenarios of CFO were ©onsidered:
(1) all lamelbe contain collagen fibers with 0F orentation (dark
ogeon), (2} 2l lamellae contain fibers oriented 457 I:’Er.'mfd! osteon),
and fJ-} bmellhe dtemate in terms of CFO between 07 and 457
Thres eastic moduli were asumed for the stiffer :mmn'ld:irlg:
interstitial bone [+15% of eastic moduhs of osteons] bone with 07,
257, and 457 orientation mspmdrq to 30007, 2708, and 2374
GPa, regpe ctively )" Nine orthotropic material properties acconding
to the elstic material stoess—strain rebtion wene calculated at each
hierarchical level

ABAQUSCAE 6.14-4 was used to create the RVEs The General /
Static solver was employed for the computation and the mesh
independency has been checked for the solution to be converged.
11900 and 47421 ed linear brick elements with reduced
e g b [CADBR) were wed to mesh the coated fiber and osteon
RVE, respectively. The osteonal hmelle were meshed with 11983 10-
node quadratic tetrahedron elements (CID10). A python seript was
developed to calculate the average strem and strin components
within the model to numerically compute the mechanical properties
of the nined RVE.

Statisti Analysis. Nomality of the data wes amsemed by
Shapire—Wilk tests. To determine statistical differences between dark
and bright csteons independent { tests were pedformed Peamsen
Pmduct-n'm-ent correbtions were wsed to chedk for cormelations
between structural, compesitional, and mechanical properties.
Statistical bests were Pﬂfm‘n‘ld 'LmnﬁSPSS with a level ufﬁp:iflﬂru
of @ = (5.
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3D assessment of osteon orientation by coregistration of
micocmputed tomography scan and CPL micrograph,
CPL mioographs comparing undecalcified and decal-
cified ground sections, spatial assessment of canalicular
network by nanocomputed tomography, and spatial
distribution of high-MME zone (PD F?

Video of nanocomputed tomography stack obtained
from a dark osteon (MP4)

Video of nanocomputed tomography stack obtained
from a bright osteon (MP4)
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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 wahrend 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 konnen. Dennoch ist ein erhdhtes
Frakturrisiko nicht nur im Alter und bei Knochenkrankheiten dokumentiert, sondern
auch bei Kindern und Jugendlichen. Wahrend die zugrunde liegenden Mechanismen
der Frakturresistenz in vollentwickeltem Knochen weitestgehend erforscht sind, ist
unklar, wie sich die Knochenmaterialqualitat wahrend des skelettalen Wachstums
verandert. In gesunden Erwachsenen unterstreichen sekundare Osteone und
Schaltlamellen umfassende stattgefundene Knochenumbauprozesse.
Polarisationsoptisch betrachtet konnen Osteone sowohl dunkel als auch hell
erscheinen: in Abhangigkeit der vorrangigen Kollagenfaserorientierung (longitudinal
oder transversal). Die Existenz dunkler und heller Osteone weist auf eine
Heterogenitat 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 Fallen 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 primar
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 Anderungen begleitet. Hier weisen die 2 bis 14 Jahre alten Félle eine
erhdhte 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
hdéher mineralisiert und haben ein hodheres Verhaltnis von anorganischen zu
organischen Matrixbestandteilen, was zu erhdhter Steifigkeit fuhrt. Im Gegensatz dazu
sind helle Osteone lamellar aufgebaut, wobei sich die Kollagenfaserorientierung
zwischen benachbarten Lamellen verandert. Sie enthalten einen héheren Anteil an
Kollagen und kénnen durch ihre groRere Duktilitdt mehr Energy ableiten.

Die Ergebnisse dieser Arbeit zeigen, dass die Kollagenfaserorientierung im humanen
Knochen mit bestimmten Mineralisationsmustern gekoppelt ist, die die mechanische
Kompetenz malRgeblich beeinflussen. Die beiden Studien unterstreichen die Fahigkeit
der Knochenmatrix sich sowohl strukturell als auch kompositionell gegenuber
mechanischen Belastungen anzupassen und offenbaren wie das Frakturverhalten
durch Anpassungen auf der Nanoebene beeinflusst werden kann.
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