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Summary

As an individual ages, the skeleton becomes prone to fragility fractures pri-
marily due to a major reduction in its mass. Although physical activity is
a promising strategy to maintain skeletal mass and structure, its efficiency
seems reduced in elderly. The mechanisms behind age-related diminished
response of bone to mechanical loading is unclear. The aim of this thesis
was to investigate the relationship between local mechanical strains and bone
responses (formation/resorption) and how this is altered with age. To achieve
this aim an in vivo mouse tibia loading experiment in combination with an
in silico approach was employed.

The strains induced within the mouse tibia by means of an external load
decreased with increasing age. This phenomenon owed to changes in the bone
geometrical structure and mineral density with age. Analysis of the strain
magnitudes at sites of bone formation or resorption revealed that independent
of age, bone responded to additional mechanical loading with an increase in
the number of bone formation events and a decrease in the number of bone re-
sorption events, preferentially at regions under high strains. However, a clear
age-specific difference in the strain levels where (re)modeling events occurred
was observed. In young animals, additional loading resulted in enhanced
bone formation at all available strain magnitudes, while negligible resorption
could be detected. In adult animals, additional loading led to an inhibition
of resorption and an activation of formation at medium and high strain levels
with a narrow range of strains that elicited both formation and resorption.
In the elderly mice, formation/resorption were also activated/inhibited at
high strain levels; however, a greater range of medium strains elicited both
formation and resorption events. This study does not show an alteration in
the levels of the mechanical strains needed to induce a bone response with
age. But an age-related dysfunction in the specificity of the bone response
to certain strain levels was identified. This dysfunction of bone with aging
was observed to mainly occur at the endosteal bone surface in the cortical bone.

This data establishes the idea that with increasing age, there is a smaller
range of strains that specifically triggers formation or suppresses resorption.
In this sense, the mechanical control of bone (re)modeling is dysregulated with
aging. These results suggest that the dysregulation of mechanically controlled
bone (re)modelling observed with aging, along with biological changes in
the skeleton are contributing to age-related diminished response of bone to
mechanical loading.
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Zusammenfassung

Aufgrund einer deutlichen Senkung der Knochenmasse wird das Skelett mit
zunehmendem Alter anfällig für Frakturen. Obwohl körperliche Aktivität eine
vielversprechende Vorbeugungsstrategie ist um Knochenmasse und Struktur zu
erhalten, scheint die Wirksamkeit bei älteren Patienten begrenzt zu sein. Der
Mechanismus hinter der altersbedingten verminderten Anpassungsfähigkeit
des Knochens auf mechanische Belastung ist unklar. Das Ziel dieser Arbeit
war es, die Beziehung zwischen der lokalen mechanischen Belastung und
der daraus bedingten altersabhängigen Knochenbildung und -resorption zu
untersuchen. Dazu wurde eine experimentelle in vivo Belastungstudie mit
einem in silico Modell kombiniert.

Die durch externe Kräfte im Knochen induzierten Dehnungen waren
geringer mit zunehmendem Alter. Dieses Phänomen ist durch altersbedingte
Veränderungen der Knochengeometrie und Mineraldichte bedingt. Analysen
der Dehnungen in Maustibiae zeigten, dass Knochen in Regionen mit großen
Dehnungen, unabhängig vom Alter, auf zusätzliche mechanischer Belastung
mit einer erhöhten Neubildung und einer verringerten Resorption reagiert. Es
wurde jedoch ein deutlicher altersspezifischer Unterschied der Dehnungsampli-
tuden in diesen Regionen beobachtet. Bei Jungtieren führte eine zusätzliche
Belastung zu einer verstärkten Knochenbildung sowohl bei hohen als auch
niedrigen Dehnungsamplituden, während die Resorption vernachlässigbar
blieb. Bei erwachsenen Tieren führte zusätzliche Belastung zu einer Hemmung
der Resorption und zu einer Aktivierung der Knochenbildung bei mittleren
und hohen Dehnungen mit einem engen Bereich von Dehnungsamplituden in
dem sowohl Bildung als auch Resorption hervorgerufen wurde. In den älteren
Mäusen wurden bei hohen Dehnungen die Knochenbildung/-resorption eben-
falls aktiviert/gehemmt. Jedoch führte eine größere Bandbreite an Dehnungen
sowohl zu Bildung als auch zu Resorption. Obwohl keine Veränderung des
Schwellenwerts der Dehnungen, ab dem Knochenbildung bzw. Resorption im
Alter induziert wird, beobachtet wurde, wurde eine gestörte Regulierung des
Knochenumbaus in einem breiten Dehnungsbereich identifiziert. Diese Funk-
tionsstörung des Knochens im Alter wurde in erster Linie an der endostalen
Knochenoberfläche im kortikalen Knochen beobachtet.

Die hier gezeigten Ergebnisse lassen die Schlussfolgerung zu, dass die
gestörte mechanisch-sensitive Regulation von Knochenauf- und abbau im
Alter, einhergehend mit Veränderungen im Skelett, zu der verminderten
Anpassungsfähigkeit des Knochens im Alter beitragen.

xvi



Chapter 1

Introduction

1.1 Clinical motivation

Bone fragility fractures account for a significant cause of morbidity and mor-
tality in the elderly [1]. Health care systems around the world, specifically in
developed countries with rising lifetime expectancy, suffer from high costs of
bone fragility fractures. In addition to the medical concern, the quality of
life for such a patient reduces enormously which imposes additional costs to
the society. With increasing age, bone is prone to fragility fractures due to
a compromised strength [2]. Changes in bone macro-architecture (Fig. 1.1),
micro-architecture (Fig. 1.2) and material properties such as crystal structure
and matrix composition lead to a reduction in bone strength and consequently
high risk of fragility fractures [2–5].

Among the critical factors leading to age-related bone fragility is failure
to achieve optimal peak bone mass and strength during childhood and adoles-
cence [6, 7]. It has been reported that a low rate of childhood growth was a
significant determinant of hip fracture risk in late life [8]. Although peak bone
mass achieved in childhood is largely determined by genetic background [9–11],
it can also be substantially affected by lifestyle [12,13].

The other major factor behind bone fragility is associated with age-related
bone loss owing to accelerated bone resorption activities and an impaired
bone formation response during remodeling [2]. Age-related bone resorption
is reported to be less dependent on genetic background [14, 15]. A gradual
decrease in the bone capacity to form adequate amounts of new bone to
maintain bone mass during remodeling may begin shortly after peak bone
mass [16] which has been related to changes in local and systemic growth factor
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production [17,18]. Estrogen deficiency, in particular, at the menopause, but
also in older males, plays a substantial role in increasing bone loss [7, 19, 20].
Moreover, Calcium and vitamin D deficiency leading to secondary hyper-
parathyroidism are important [21].

Figure 1.1: Age-related macro-structural decay in mouse tibial proximal
metaphysis. In vitro µCT images of young, adult and elderly mouse tibiae
(10, 26 and 78 week old, respectively). Images were captured and analyzed in
this study.

Figure 1.2: Micro-structural decay in an osteoporotic cancellous bone. Low-
power scanning electron micrograph of bone architecture in the 3rd lumbar
vertebra of a 71 year old woman as being eroded by osteoclasts. Picture
courtesy of Prof Tim Arnett (with permission).
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Current therapeutic strategies to treat age-related bone loss include an-
abolic (constructive) and anti-catabolic (anti-destructive) agents (Fig. 1.3).
PTH therapy (parathyroid hormone analogues) is discussed as the main
anabolic agent which aims at rapid initiation and increasing of new bone
formation in the skeleton to reduce the risk of fragility fractures [2]. However,
hyperparathyroidism is associated with age-related bone loss [2] and as a
consequence PTH is held by two paradoxical viewpoints which either suggest
that it contributes to bone loss or that it helps to protect from bone loss.

Anti-catabolic agents rely on the inhibition of osteoclastic activity during
the bone remodeling activity, allowing osteoblast to function continuously.
Bisphosphonates, alendronate, risedronate, calcitonin and estrogen are among
examples of anti-resorptive agents which have been shown to result in an
increased BMD and significant reductions in incident fracture risk [22–32].
However, prolonged usage of anti-resorptive agents may result in microdamage
accumulation, fractures, and reduced bone healing [33, 34].

Figure 1.3: Different strategies to treat age-related bone loss. Plot depicts the
decrease in bone mass with age (green) and the rescue strategies using anabolic
(blue) and anti-catabolic (black) agents. Various agents (e.g. estrogen,
bisphosphonate, and calcitonin) can stop the ongoing age-related and post-
menopausal bone loss owing to anti-resorptive capacities. Anabolic therapies
such as PTH stimulate the osteoblastic activity to increase bone mass. It is
suggested that the increase in bone mass more effectively reduces fracture
risk than the use of an anti-resorptive agent alone (adapted after [2] with
permission).
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Apart from the suggested pharmacological therapies, exercise or inducing
specific mechanical stimulation within the bone, is known to increase bone
mass and consequently inhibit bone fragility [35]. Although pharmaceutical
interventions represent effective means of repressing age-related bone loss,
exercise is self-targeting and auto-regulated to the skeleton’s anabolism. Evi-
dence from pre-/clinical studies shows that physical stimulation influences
the quantity and quality of the skeleton by enhancing the osteoblatic and
suppressing the osteclastic activities. However, with age the effect of exercise
diminishes [2]. Earlier studies have shown that while in premenopausal women
high impact exercise increases cancellous bone mass [36–39], postmenopausal
women would only maintain [40–43] or marginally gain [44, 45] bone mass.
At this stage, identifying specific components of mechanical loading which
lead to specific anabolic and/or anti-catabolic responses in bone and in which
way this process is altered with age is key. Understanding the link between
physical signals and the skeletal tissue adaptation will help to translate this
information to the clinic, and enhance the potential of a non-drug-based
deterrent and/or treatment for age-related bone loss.
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1.2 Background

1.2.1 Bone Adaptation to Mechanical Loading

Bone tissue continuously adapts its structure to the mechanical demand
placed upon it. Biophysical input generated during normal physiological
loading as well as exercise driven stimulation lead to constant alterations in
the bone micro- and macro-architecture [46]. An interesting study has shown
that high-impact exercise in Olympic fencers lead to an increase in the cortical
bone diameter and thickness (at the mid-shaft of femur) in comparison to a
similar aged healthy group which routinely performed exercise [47]. Similar
results have been reported by other research groups which examined the
effects of exercise (e.g. playing tennis) in individuals [46,48–51]. Excessive
bone loss is reported in conditions where skeletal loading is decreased such as
in prolonged bed rest or in paraplegics [2]. In microgravity, astronauts loose
bone mineral content in the lower skeleton at a rate approaching 1.6% per
month [52]. This is a notable loss which is comparable in magnitude to the
yearly bone loss in post-menopausal women.

Remarkable adaptation of bone to changes in its mechanical environment
is obtained through the complex modeling and remodeling processes (referred
to as (re)modeling) [53–56]. Bone remodeling is a process by which bone
is initially resorbed by its resorbing cells (osteoclasts). This process is then
followed by deposition of new bone by osteoblasts at the same location. These
cells together with osteocyte or bone sensory cells are major cell types of the
cellular cascade - the basic multicellular metabolic unit (BMU) [57]. Bone
remodeling occurs throughout an individuals lifetime. Bone modeling, how-
ever, is particularly active during growth and results in changing bone size
and shape. Bone modeling is the process by which osteoblasts form bone
without prior bone resorption [2], i.e. actions of osteoblasts and osteoclasts
are independent during modeling.

Bone (re)modeling (modeling and remodeling) is known to optimize bone
mass and structure to meet the physical demands placed upon them while
minimizing bone mass, i.e. bone is formed where needed to maximize strength
and resorbed where not needed to minimize mass. This idea was initially
postulated by the German anatomist Julius Wolff (1836-1902) (Fig. 1.4) [58].
He suggested that bone architecture is determined based on the mechanical
stress placed upon it to obtain a higher efficiency of load bearing.
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Figure 1.4: Illustration of the correspondence between the cancellous bone
architecture at the femural head and patterns of principal stresses under an
assumed distributed vertical load. (a) the Culmann’s crane sketch with the
principal stress trajectories indicated. (b) Wolff’s depiction of the trabecular
architecture in a section through the proximal end of the human femur. (c) a
longitudinal cross-section of a human cadaver femur specimen demonstrating
the Julius Wolff Law. Both the femur and Culmann’s crane are loaded at
their cantilevered ends as illustrated in the insets at the lower part of each
sub-figure (ai, bi and ci) (modified after [58] with permission).

Bone (re)modeling during growth mainly aims at achieving peak strength
[2]. During adulthood, however, its purpose is to maintain bone strength [2].
With increasing age, bone (re)modeling becomes inefficient. It has been
reported that in aged individuals each time that a (re)modeling event occurs
more bone is resorbed than deposited and this negative bone turnover leads
to a progressive bone loss and structural decay [59]. In the bone (re)modeling
cellular cascade three major age-related changes are reported: 1) reduction
in bone formation at the BMU level [2, 16, 60], 2) an increase in bone re-
sorption [61–64] and 3) an increase in the net negative bone (re)modeling
rate [63]. The latter leads to an acceleration in the endocortical bone resorp-
tion and a deceleration in the periosteal bone apposition resulting in further
cortical thinning. There is evidence that this effect starts at a surprisingly
early age [65, 66]. It has been shown that women experienced 37% and men
experienced 42% of their total lifetime trabecular bone loss before age 50 [66].

Recently the notion that osteocytes - the most abundant of bone cells - are
the pivotal cells in the biomechanical regulation of bone mass and structure
is supported [67–70]. Evidence has been increasing steadily showing that the
flow of osteocyte canalicular interstitial fluid is the stress-derived factor that
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informs the osteocytes about the level of bone loading [67,70–76]. Osteocytes
form a network of gap junction-coupled cells. Reports show that connectivity
of the osteocyte network deteriorates with age which can lead to a loss of the
sensitivity of bone to mechanical signals [77].

Recently a great deal of research has been focused on understanding the
relationship between the bone’s response to its mechanical environment and
age-related loss in bone mass and structure. There is increasing evidence
that bone tissue is less responsive to mechanical stimuli as an individual
ages [77–90]. Loading regimes that result in bone gain in younger individuals
are not able to elicit the same beneficial responses in older individuals. Apart
from the biological factors described earlier in this chapter, alterations in
the structure and elasticity of the bone matrix with age [91, 92] possibly
contribute to an alteration in the transmission of mechanical stimuli to the
bone tissue matrix and consequently to the mechanical signal perceived by the
cells. While it is widely accepted that mechanical signals can be effectively
used to prevent the skeletal degradation with age, a thorough understanding
of both the mechanical environment generated by a physical activity and the
cellular responses to these signals is necessary [93].

1.2.2 Bone Tissue Mechanics

Bones are thought to provide protection for some internal organs and par-
ticipate in mineral homeostasis and hematopoiesis; however, the primary
role of the skeleton is to provide lever arms for locomotion [3]. To achieve
the latter purpose, bone has an exceptionally optimized structure which
bear the imposed forces without breaking or largely deflecting while hav-
ing minimum mass (e.g. hollowness in long bones). To understand the
mechanical environment induced within the skeleton during a physical ac-
tivity, aside from the type and magnitude of the internal forces generated,
an in-depth knowledge of the bone structure and material properties is needed.

Bone has a hierarchical composite structure, consequently, in describing
its material properties one could consider the mechanical properties of its
hierarchal levels (Fig. 1.5). At the organ level there are two main bone tissue
types: cortical and cancellous (or trabecular) bone (Fig. 1.5). Most of the
outer shell of a long bone is cortical bone. Cancellous bone forms the ends of
long bones and the interior of vertebrae. At a lower scale, most of a human
bone consists of a fundamental functional unit called osteon. Osteons consist
of concentric layers, lamellae, surrounding the haversian canal containing
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blood supply and nerves. Not all mammalian bones are osteonal, e.g. mouse
bone does not have osteons and its highest organization level is concentric
lamellae around their medullary cavity [94]. At the molecular level bone
is considered to be a composite of collagen, a fibrous protein, and calcium
phosphate crystals [3].

Figure 1.5: Bone hierarchical organization from organ to nano-scale level. (a)
longitudinal cross-section through a human femoral head, (b) cortical bone
region shown by backscattered electron imaging (BEI) demonstrating several
osteons, (c) further enlargement showing the lamellar material texture, (d)
the lamellae are formed by bundles of mineralized collagen fibrils, (e) sketch of
the mineralized fibril, and (f) the arrangement of mineral particles in collagen
fibrils (adapted after [95, 96], reprinted with permission).

Bone elastic properties are achieved by highly elastic collagen type I
stiffened by mineral particles. The degree of matrix mineralization and poros-
ity [4, 5, 97, 98] are known to highly influence bone elastic properties and
strength both in cortical [4, 5] and cancellous bone [99]. Strong evidence
exits that collagen fibril orientation and the arrangement of mineral particles
substantially contribute to the bone elastic characteristics [100]. In addition,
power-law relationships, predicting bone elastic properties with bone density
as the predictor variable, explain between 60% to 90% of the variation in the
modulus and strength of trabecular bone [101–108].

It is generally accepted that prior to yield1, both cancellous and corti-
cal bone behave as linear elastic materials (Fig. 1.6) [2, 3]. However, bone
is an anisotropic material, i.e. its mechanical properties depend on the

1The yield point was defined by the typical 0.2% off-set method in which the intersection
of the stress-strain curve and a line with slope equal to the elastic modulus but with an
x-intercept of 0.2% strain marks the yield point.
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direction [2]. It is generally stiffest and strongest in the primary loading
direction [109,110]. However, the degree of anisotropy varies with anatom-
ical site and function [111, 112]. For instance, the mid-shaft region of the
human femur has higher Young’s modulus in the longitudinal direction than
transverse direction [109,110], while cancellous bone from the iliac crest and
femoral head are closely isotropic [113,114]. Bone’s anisotropy strongly agree
with the concept that not only the degree of mineralization but also mi-
crostructural and compositional features - perhaps collagen fibril orientation
and the arrangement of the mineral particles - determine the bone elastic
parameters [2]. However, recent modeling approaches claim that incorporat-
ing the cancellous bone microstructure can account for its anisotropy [115,116].

Figure 1.6: Stress-strain curves of a high density trabecular bone specimen
(left) and cortical bone from the diaphysis (right [109, 110]) loaded in com-
pression. Cortical bone is loaded longitudinally. It is to note that a strong
anisotropy exists in cortical bone, i.e. specimens tested in the longitudinal
direction are significantly stronger than those tested in the transverse di-
rection [2]. Both types of bone, trabecular and cortical, do not exhibit a
well-defined fracture point under compression but rather continue to compact
in on themselves [2, 3]. Reproduced after [2] and [3] with permission.

Moreover, bone is a viscoelastic material; however, this effect in bone
largely depends on the strain-rate. It is suggested that viscoelastic behavior
in bone is negligible at strain rates associated with normal physical activi-
ties [2,117]. Similarly, the viscoelastic effect is insignificant at the quasi-static
strain rates in mechanical loading and at the ultrasonic frequencies used
experimentally [2, 117].
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With increasing age, it is reported that the mineralization of the bone ma-
trix increases, leading to stiffer, but more brittle material behavior [118,119].
However, contradicting evidence exists which indicate no age-related changes
in the degree of mineralization [120, 121]. Changes in the collagen cross-
linking [122] with age is also reported as a cause for age-related alterations
in bone elastic properties. Age-related organ-level bone material properties,
however, are suggested to be largely affected by an increase in porosity [123]
and deterioration in trabecular architecture [2]. Effects of age on trabecular
tissue indicate that the elastic modulus, yield stress1, and yield strain of tra-
becular tissue are higher in osteoporotic versus normal trabecular bone [124].

1McNamara et. al, reported to have performed tensile testing of single trabecula in which
the stress was calculated based on the recorded force and the approximate cross-sectional
area at the point of fracture taken under microscopy. For area calculations, specimens
were assumed to be elliptical and therefore both the major and minor diameters were
recorded [124].
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1.3 State of the art

1.3.1 Human exercise studies

Identification of the mechanism by which bone adaptation to physical activity
is reduced with increasing age requires accurate information regarding the
mechanical environment induced within the bone due to an external load, as
well as in-depth knowledge of the local bone response (e.g. occurrence of bone
formation or resorption). Exercise induces complex patient-specific loading
conditions within an individual’s skeleton which makes it hard to quantify the
specific internal mechanical environment being generated. During a controlled
exercise regime, parameters such as muscle insertion positions [125], accurate
prediction of joint centers and axes [126,127] and most importantly accurate
patient-specific anatomy [128] plays a crucial role in determining the internal
loading regimes. Moreover, earlier studies lacked a functional precision in
quantifying the bone micro-structural changes in humans (e.g. bone formation
and resorption sites) in response to mechanical loading. Therefore, the efforts
made to identify the reasons behind age-related reduced response of bone to
mechanical loading in human are elusive.

Only recently has a report demonstrated a successful usage of a novel im-
age processing method combined with relatively high resolution CT (isotropic
resolution of 82 mm) and FEA to determine the mechanical stimuli leading
to specific bone adaptation responses in postmenopausal women [115]. Even
so, the patient cohort ages ranged 59-80 years which restrained from drawing
concrete conclusions about the effect of age in the site-specific response of bone
to mechanical stimuli [115]. In addition, in this study it has been assumed
that bone morphology is a product of the loading history. Thus, to estimate
the internal loading within the distal radius and tibia (for implementing in the
FEA) authors have implemented an inverse Wolff’s law algorithm [115,129].
It remains to be determined the uncertainties associated with the usage of
this method, to further draw conclusions regarding the adaptation of a bone
to a given loading condition, when Wolff’s law is a priori ground.

1.3.2 Pre-clinical studies

While human exercise studies are severely restricted due to the unknown
nature of the internal physiological loading as well as difficulties in identifying
the bone micro-structural changes (e.g. an individual’s radiation exposure
limitations), in vivo animal experiments (pre-clinical studies performed in
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living animals) allow a controlled loading protocol to study the bone response
to an external load (e.g. high impact physiological-like loading or unload-
ing) [78–81,83,130–137]. Among these models, mouse tibia cyclic compression
loading is a model frequently used to investigate both cancellous and cortical
bone responses to mechanical loading [78,79,81,83,131,132,135–137]. Employ-
ing this model, it has been shown in female C57BL/6J mice that with age there
is a reduction in the bone adaptation to mechanical loading in both cortical
and cancellous bone [78,79,81, 83,136]. While young female C57BL/6J mice
exhibited a significant bone response after two weeks of in vivo tibia compres-
sion loading, adult mice only presented a moderate response [78,79,81,136]
which additionally reduced from adult to elderly [78]. However, drawing con-
clusions from these studies relies on acceding that a comparable mechanical
environment is induced within bones of different age groups. Even with a
controlled animal loading experiment, a comparable mechanical environment
within bones of different age groups is challenging. In an attempt to induce
the same mechanical strains across ages, previous studies have made used
of in vivo strain gauging techniques (prior to the loading experiment) and
scaled the external loading protocol accordingly [78,79,81,83,136]. Even so,
it has been shown that this technique does not ensure comparable mechanical
strains at all locations within the bone [78,79,83,136,138].

A number of studies applied similar load magnitudes across ages [78,79,
83,136]. In fact, considering the significant changes in both cancellous and
cortical bone morphology with increasing age, in these studies, a dissimilar
strain environment was expected to be induced between different age groups.
Changes in the cancellous bone morphology with age include reduction in
the trabecular number and connectivity accompanied by an increase in the
trabecular thickness [139,140]. Similar to humans [141], cortical bone mass
in C57BL/6J mice reaches a peak plateau during skeletal maturation and
declines afterwards with aging [21], resulting in a reduction in the cortical
thickness [142], the periosteal and marrow cavity expansion [142,143] and an
increased porosity [144]. To what extent these changes might lead to different
mechanical environments within the bone remains to be determined. More-
over, the local mechanical strains induced within the bone in response to an
external load depend not only on the bone morphology but also on its tissue
material properties. It is well known that human bone undergoes significant
alterations in its tissue mineral density with increasing age, reaching its peak
at around adolescent age (14-19 years old) and decreases thereafter [145].
Bone tissue material properties of C57BL/6J mice have been shown to rapidly
change during skeletal maturation, while remaining constant after reaching
adulthood [143,146].
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In this context, it is crucial to interpret the above-mentioned pre-clinical
findings in the light of the age-specific mechanical environment induced within
the bone. Consequently, characterizing the age-specific mechanical environ-
ment, e.g. strains, induced within the bone is essential.

1.3.3 Numerical methods

Mechanical environment within the bone

Finite element modeling is a powerful tool to characterize the mechanical
stimuli within the bone tissue. However, only a few number of pre-clinical
studies have employed FEA to predict and relate the local physical stim-
ulation to the adaptive micro-structural changes observed in bone within
a controlled loading experiment [83, 132]. These reports have taken into
account age-related changes in bone morphology (i.e. µCT-based FEA) while
implementing constant homogeneous linear elastic moduli for bones of dif-
ferent ages. Prior to the yield point (Fig. 1.6), both cancellous and cortical
bone can be approximated as linear elastic materials [2, 3]. However, bone is
heterogeneous and more importantly age is known to have an effect on the
bone tissue elasticity [146].

To date, the influence of age related alterations in the tissue material
properties on the strains induced within a mouse tibia by means of an external
loading has not been investigated. Recently, regional differences has been
reported in the mechanical strains induced within cortical bone in adult and
elderly mouse tibiae under the same compressive load [138]. This study,
however, overlooked the influence of age on the elastic properties which were
implemented in FEM [138]. In addition, despite the fact that this study
reported the effect of aging on the mechanical environment induced within
the bone, alterations in the mechanical strains during skeletal maturation
were not investigated.

Mechanical regulation of bone (re)modeling

The bone response to mechanical stimulation has been extensively investi-
gated during the last decades. A number of engineering approaches have
been used by Wolff, Roux, and Frost to describe the regulation of bone
mass in response to mechanical signals [58, 147–150]. In particular, Frost’s
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mechanostat theory suggests that bone mass increases or decreases when
reaching certain upper or lower strain thresholds [148, 149] (Fig. 1.7). The
response to loading has been postulated to include a ”lazy zone” in which bone
is not responsive to a range of intermediate strain and remains quiescent [151].

Figure 1.7: Mechanostat theory as postulated by Harold Frost in 1960s as a
refinement of Julius Wolff law (1836-1902). Schematic plots depict the stress
and strain relationship to the modeling and remodeling responses in skeletal
tissues. Bone turnover is shown in arbitrary units in which positive values
indicate bone gain and negative values indicate bone loss. Strain thresholds
were proposed at which bone gain/loss would initiate. This conceptual
mechanism between strains and bone responses were postulated to work
in humans and other mammals. Reproduced after [148] and [149] with
permission.

More recent, computer models have been used to estimate a structural
response due to mechanical stimulation and link these responses to cellular
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regulation [152,153]. All these formulations assume that bone is only formed
where it is mechanically needed (i.e. sites where mechanical strains are high)
and removed where it is not needed (i.e. sites where mechanical strains are
low) [154–156].

Although widely appreciated, a concrete quantitative formulation of this
so-called ”(re)modeling rule” [157] that describes the probability of bone
formation and resorption as a function of the local mechanical stimulation
is lacking. Furthermore, it remains unclear whether the ”(re)modeling rule”
holds true for bone fundamentally or is only valid within distinct age groups.
One reason for this uncertainty is lack of quantitative data describing the
relationship between mechanical stimuli and (re)modeling sites.

Recently, advanced imaging technologies have become available that allow
to detect and track changes in the local bone architecture (e.g. in an individ-
ual trabecula) in time, in an individual living animal [158,159]. By combining
in vivo µCT and 3D image registration (matching) software [160], the authors
were able to automatically match two image datasets using an optimization
criterion based on the mutual information in the image datasets. In this way,
they were able to track the resorption of some trabeculae and the increase in
thickness of other trabeculae, as well as the effects of growth at the growth
plate and the geometric changes of the lateral cortex in female rats [158,160].

Several studies have adequately implemented this technique to quan-
titatively assess the bone formation and resorption events in response to
mechanical stimulation [78, 79, 115, 161]. Using this technique in combination
with FEA, it has been reported, in cancellous bone in tail vertebrae of 15
week old mice [161] and in the distal tibia of postmenopausal women after
2-year follow-up [115], that sites of bone formation associated with higher
values of strain energy density compared with resorption sites. However, this
technique has never been employed to quantify the mechanical responsiveness
of different age groups. It is of high interest to determine whether forma-
tion/resorption events correspond to high/low mechanical stimulated sites
(as shown in Fig. 1.7) independent of age or alterations occur with increasing
age.
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1.4 Thesis Objectives

The mechanisms behind age-related reduction in the response of bone to
mechanical loading is unclear. It is not fully understood whether the impaired
response of bone to mechanical loading with age is due to changes in the
mechanical behavior of bone or whether it is due to a loss of the skeleton’s
biological capability to sense and respond to the mechanical signals. To close
this gap in knowledge, the thesis presented has been focused on investigating
(1) the mechanical environment induced within the bone tissue of different
animal ages in response to an external mechanical load and (2) in which way
the local mechanical stimuli within the bone (e.g. strains) relate to the sites
of micro-structural changes (e.g. formation and resorption) in different age
groups. The following aims have been pursued in this thesis:

1. Identifying age-related changes in the local mechanical environment
which are induced within the bone under an identical external load

2. Determining possible alterations in the bone formation or resorption
response to its local mechanical environment with increasing age

In order to achieve the first aim, mechanical environment within young,
adult and elderly mouse tibiae has been characterized by means of FEA.
The developed experimental-computational approach considers the differences
in the bone architecture as well as variations in the mineral density (as an
estimator of elastic properties) in female young (10 week old), adult (26 week
old) and elderly (78 week old) C57BL/6J mouse tibiae. In this context, the
following hypothesis has been tested:

Hypothesis 1

� Under the same external load, the mechanical strains induced within the
bone change with age: specifically both geometrical and tissue material
property alterations contribute to the induction of reduced strains with
age.

To achieve the second aim an in vivo/in silico approach has been employed
which combines time-lapse in vivo µCT and finite element calculations to
answer the question how the responsiveness of bone to mechanical stimulation
(in terms of bone formation or resorption) changes with increasing age. In
mice of different ages (young, adult and elderly), the left tibia was subjected
to additional in vivo compressive loading for two weeks while the right tibia
underwent only physiological loading. It is evaluated then, the site-specific
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strain magnitudes at which each single bone formation or resorption event
took place. With this approach, the probability of a mechanical strain that
undergoes a (re)modeling response was quantified in each age group. The
following hypothesis has been tested for its contribution to age-related reduced
responsiveness of bone to mechanical loading:

Hypothesis 2

� Bones of different animal ages respond differently to certain strain
magnitudes induced within the bone with external loading. Specifically,
bone loses the ability to perceive and respond to certain mechanical
stimulation levels with increasing age.

1.5 Thesis Outline

� Chapter 1 explains the motivation and objectives of this thesis as well
as giving a brief introduction to the background and recent approaches
about this subject in the field.

� Chapter 2 describes the methodology used in this work. I partici-
pated in the experimental measurements (Section 2.1) performed by
Dr. Bettina Willie’s research group in Julius Wolff Institute in Charité
Berlin. These core experimental findings are reported in [78, 79, 136].
Sections 2.2 and 2.3 describe the numerical methodologies which were
developed and performed by myself.

� Chapter 3 presents the results of this work, which has been divided into
six major parts. The bulk of the findings in this thesis constitutes five
papers: the first (sections 3.1, 3.2 and 3.3) [162], the second (section A.2)
[163] and the third (section 3.4) [164] paper are in press. The fourth
(section 3.5) and the fifth (section 3.6) manuscripts are in preparation.

� Chapter 4 gives a brief discussion of the observed results, conclusions
and future outlook.
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Chapter 2

Materials and Methods

To achieve the main objectives of this thesis a combined in vivo animal
experiment and a numerical approach has been employed. The present chap-
ter describes the details of these two methods and the way they have been
combined. Prior to those descriptions, an introduction to the anatomical
terminologies used along this thesis is provided in the following.

All animal experiments were carried out according to the policies and
procedures approved by the local legal research animal welfare representative
(LAGeSo Berlin, G0333/09).

Tibia anatomical terminology

Figure 2.1 illustrates the mouse tibial anatomical terminology which are
used within the thesis.

Metaphyseal regions in mouse tibia are referred to as regions in the
proximity of the articular joint surfaces which are composed of both cancellous
and cortical bone (Fig. 2.1). Tibial proximal metaphysis neighbors the knee
while the distal metaphysis is close to the ankle joint. Diaphyseal regions
are considered as the main portion of the bone middle region extending
between proximal and distal metaphysis (Fig. 2.1). Similar to metaphysis,
proximal diaphysis is close to the knee and distal diaphysis is close to the
ankle. Mid-shaft is defined along this thesis as the middle section between
the distal and proximal articular centers (50% of bone length, Fig. 2.1). Mid-
TFJs is defined as the mid-point between the proximal and distal tibiofibular
junctions. Endosteal and periosteal surfaces are inner and outer cortical
bone opposing surfaces.
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Figure 2.1: Definitions of the anatomical terminology used within the thesis.

2.1 Experimental investigations

2.1.1 In vivo loading device

An in vivo loading device was previously developed in the institute [136]
which allowed application of a controlled axial compression in mouse tibia
(Fig. 2.2). The foot and the knee of mouse were secured in concave cups and
cyclic loads were applied to the tibia at the foot using an electromagnetic
linear displacement actuator controlled by Win-Test software. Applied loads
were measured with a load cell at the knee in series with the tibia and actuator
providing a feedback loop to maintain consistent load magnitudes. The setup
used for this study was a commercially available mechanical testing apparatus
(Testbench ElectroForce LM1, Bose, Minnesota, USA).
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Figure 2.2: In vivo loading machine used to apply controlled axial compression
load in mouse tibiae. (a) mouse tibia is shown while mounted within the
loading device in vivo and (b) schematic illustration of the mouse hind-limb
within the knee and ankle cups in the loading machine.

2.1.2 Strain gauging experiment

In order to identify the load-strain relationship in bone, in vivo strain gauging
experiments were performed on the right and left tibiae in young (10 week
old, n= 7), adult (26 week old, n= 7) and elderly (78 week old, n= 7) female
C57BL/6J mice. A single element strain gauge was attached to the surface of
the antero-medial mid-shaft of right and left tibiae in each mouse (Fig. 2.3).
The antero-medial mid-shaft region of tibia provides a sufficient flat surface
as well as easy accessibility in vivo without significant disruption of muscle
attachments.

Figure 2.3: Mounting position of the in vivo strain gauge on the antero-medial
surface of the mid-shaft mouse tibia.

Each animal was anesthetized (2% isoflurane, 1.0 L O2) and an incision
made over the medial surface of the tibia. Mounting of the strain gauge was
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performed following scraping the tibial periosteal surface and degreasing it
using methylethylketone [165]. A single element strain gauge (EA-06-015LA-
120, prepared dimensions: 0.6mm× 2.3mm, Micromeasurements) was aligned
to the long axis of the bone and bonded at the antero-medial region of tibia
mid-shaft using adhesive substance. Triangle waveform loads were applied at
4Hz and characterized by 0.15 sec of symmetric active loading/unloading with
a 0.10 sec rest insertion between load cycles [136] (Fig. 2.4). A pre-load of -1
N was maintained during the ’rest’ phase. A range of dynamic compressive
loads (-3, -6, -9, -12N) were applied to each tibia and the load and strain
data were recorded simultaneously at 2.5 kHz, while the mice was under
anaesthesia. The duration of each load trial was dependent upon the time to
reach repeatable peak strains (typically 0.30 s). No tibia were registered with
fracture during this procedure within the peak loading range tested.

2.1.3 Strain gauging analysis

A previously developed [136,165] MATLAB program (MATLAB 2009b,The
Mathworks, Inc. Natick, MA, USA) was used to analyze the strain gauge
data. Stiffness for each load level was calculated as the change in load (∆N)
over the change in strain (∆µε) during the loading portion of the waveform
and averaged across four consecutive load cycles (Fig. 2.4).

Figure 2.4: Measurement of tibial stiffness: Sample data from four successive
peak loads (left) applied cyclically to the tibia and the corresponding tibial
deformation recorded by the strain gauge (right). Compressive loads are
shown in negative sign. Adapted after [165] with permission.

The program takes an average pre-load value between four consecutive
pre-load pairs. Similarly, the average max-load and delta-load is determined
between mean max-load and mean pre-load. The delta-strain is determined
by subtracting the mean pre-strain from mean max-strain. Bone stiffness

21



is calculated by dividing the delta-load by delta-strain. Using the stiffness
in each animal age group, the average max-load leading to +1200µε was
determined.

2.1.4 In vivo loading experiment

Two weeks (5 days/week, M-F) of in vivo cyclic compressive loading were
performed on the left tibia in twenty-five female C57BL/6J mice (10 week
old: n=6, 26 week old: n=10, 78 week old: n=9). The right tibia served
as an internal control. The in vivo strain gauging experiment demonstrated
that a peak load of -11N was required to engender a strain of approximately
+1200 microstrain (µε) at the antero-medial surface of the tibia mid-shaft
in both 10 and 26 week old mice [136]. To engender the same strain at the
tibia mid-shaft in 78 week old mice, -9N was required [78]. Therefore, the
in vivo loading protocol consisted of 216 cycles applied at 4 Hz, delivering a
triangular waveform between a force of -1 (pre-load) and -11N for the 10 and
26 week old mice and -1 to -9N for the 78 week old mice.

2.1.5 Identifying sites of bone formation and
resorption

Adaptive changes in the bone microstructure in response to two weeks of
mechanical loading have been characterized with distinctly different patterns
for resorption and formation in cortical bone located at the mid-shaft. This
data has been previously published [78] and is used as input dataset in this
thesis for further analysis. In brief, patterns were determined by performing in
vivo µCT at an isotropic voxel resolution of 10.5µm (55 kVp, 145 µA, 600ms
integration time, no frame averaging) at days 0, 5, 10 and 15 of the in vivo
loading experiment. The region of interest in µCT was centered at the tibia
mid-shaft extending 5% of the bone’s length (Fig. 2.5).

Figure 2.5: Cortical region of interest scanned during animal experiment in
the in vivo µCT for determining the adaptive (re)modeling pattern.
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To monitor bone (re)modeling, differences in the two consecutive images
acquired at two different time points were evaluated by mapping and trans-
forming the image of the later time point onto the reference image (at day 0)
using 3D rigid registration [78]. Images were Gaussian filtered and binarized
using a global threshold of 4413HU (813mgHA/cc) to exclude background
voxels. The threshold was determined based on the grey value distribution
of the bone. Image voxels were then classified into formed, resorbed or
quiescent as follows: voxels which only existed in the earlier measurement
were considered resorbed bone volumes, while voxels which existed in the
later measurement correspond to formed bone volumes. Quiescent bone was
defined as the voxels, which existed in both data sets (Fig. 2.6). More detailed
description of the method is given in [78].

Figure 2.6: Schematic description of the methodology to acquire (re)modeling
patterns in bone following two weeks of mechanical stimulation [78]. (a) the
in vivo CT images of the reference dataset captured at day 0 (reference) and
the dataset capture at a later time point following the mechanical stimulation
(day-x), (b) mapping of the day-x and the reference datasets, and (c) output
results of the image processing step identifying resorption (red), formation
(blue) and quiescence (grey) bone sites. This dataset has been used as input
to identify the mechanical strains which lead to a given (re)modeling event
(e.g. formation or resorption).
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2.2 Numerical investigations

2.2.1 Overview of finite element models

Local mechanical strains (e.g. principal strains) induced by the external
mechanical loading within the mouse tibiae were predicted using individual
(n= 5/age) 3D finite element modeling. Models were created in Abaqus/CAE
6.12 environment (Dassault Systemès Simulia, RI, USA) using the geometrical
information obtained from µCT images (section 2.2.2). FEA requires a consti-
tutive law, i.e. definition of the relationship between stress and strain. Several
studies assumed that bone behaves similar to a linear elastic material, prior
to the yield point [83,132,136,138,166]. Moreover, some nonlinear material
models have been proposed and applied to solve problems such as softening
of the trabecular bone under large compression [167] or damage modeling
in bone [168]. In this thesis, linear elasticity was assumed and implemented
using available tools in a commercial software as described in the following
(Abaqus/Standard 6.12, Dassault Systemès Simulia, RI, USA). In addition,
trabecular and cortical bone tissue properties were assumed to be similar, and
to correlate with the local bone density as described in sections 2.2.4 and 2.2.5.

2.2.2 Acquiring bone morphology

To acquire accurate bone morphology and an estimate of bone tissue mineral
density, ex vivo µCT was performed on tibiae of female 10, 26, and 78 week old
C57BL/6J mice (n= 7/age). µCT was performed on the entire bone length of
the previously strain gauged mice. Prior to scanning, the strain gauge cable
was removed from the mouse tibia while leaving the position of the strain
gauge visible on the bone surface. Bone samples were positioned in 1000 µL
tubes in a reproducible set-up in order to minimize the scanning systemic
errors including e.g. beam hardening effects (Fig. 2.7). µCT was performed
with an isotropic voxel resolution of 9.91 µm (Skyscan 1172, Kontich, Belgium;
100 kVp, 100 mA, 360°, 0.3° rotation, 1200 ms exposure time, 3 frames averag-
ing). The x-ray source was fixed and the specimen rotated counter-clockwise
from 0° to 360°. The scan settings led to a field of view (FOV) smaller than
the specimen length (Max mouse tibial length≃ 19 mm) and consequently
scans were performed in two segments (over-sized scan). The first scan was
performed by imaging the tibial ankle side. The second set of images were
captured after the sample holder moved the sample elevation down to roughly
50% of the sample length. Flat field correction and median filtering were
performed automatically by the scanning controller software. Reconstructions
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of the captured images were performed on a reconstruction cluster using the
software provided by the manufacturer (NRecon, Version 1.6.8.0, Skyscan,
Kontich, Belgium). Reconstruction parameters included: no smoothing, no
numerical correction of beam hardening effects and reducing ring artifact by
an intermediate factor (30 units). Reconstructed CT images (approximately
2000 images per scan) were exported from NRecon in greyscaled 16-bit bytes
tagged image file format (Tiff).

Figure 2.7: Ex vivo scanning set-up of a mouse tibia. (a) schematic repre-
sentation of the mouse tibia scanning set-up, and (b) a radio-graph of the
mouse tibia in the scanning tube. The CT scan was performed without
any liquid in the scanning tube to reduce scattering and movement artifacts.
Polyurethane foam was placed above the bone to adjust and fix its position
during scanning.

Additional scans were performed to estimate the effect of using a poly-
chromatic beam (desktop CT) on the predicted bone tissue mineral density.
Synchrotron micro-computed tomography (SR- CT) was performed on a tibia
from one 26 week old mouse (ESRF, European Synchrotron Radiation Facility,
Grenoble, France; 19 keV, 5.05 m isotropic voxel resolution). Image recon-
struction has been performed in ESRF using PyHST (High Speed Tomography
in python version). The results were compared with a corresponding scan of
the same specimen from the in house desktop CT.

Geometrical information was extracted from CT images (from both desk-
top and SR- CT) following the segmentation of bone using MATLAB as
described in section 2.2.3. Discretization of the bone geometry segmented
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from the µCT images was performed using ZIBAmira (Zuse Institute Berlin
(ZIB), Berlin) as described in section 2.2.3. The software features a compre-
hensive set of mathematical toolkits developed in tcl/tk to perform image
processing. Quantification of the linear attenuation coefficient (µ, which
corresponds to the mineral density information), in the µCT images was per-
formed using a program developed in MATLAB (as described in section 2.2.4).

2.2.3 Segmentation and discretization of the bone
geometry

Tomographic images of previously strain gauged mouse tibiae were used to
create finite element models (FEM) of the entire tibiae. To acquire the model
geometries, bone tissue has been segmented from the background in the µCT
images and then the bone volume has been discretized. A description of the
corresponding procedures is given in the following paragraphs.

Bone segmentation

The linear attenuation coefficient, µ, derived from the µCT images was
used to segment the bone tissue from the background. The segmentation
has been performed by determining a threshold grey value (µ) above which
all pixels in a given µCT image were bone and below which all pixels in the
image belonged to the background. Thresholding has a direct impact on
the bone volumetric structure [169]; however, so far, visual inspection is a
preferred method to verify the threshold value [170]. In this study a similar
approach has been performed prior to further analysis.

A global threshold value was defined following the guidelines given by [170]
and the algorithm used by [83, 132] in all age groups. Schematic distribution
of µ in a mouse tibia scan sample is shown in figure 2.8. If the bone is cleared
from surrounding tendons, muscles and other soft tissue, the histogram is
composed of two peaks: 1) background (e.g. bone marrow, air, polyurethane
tube, etc.) and 2) bone. The algorithm suggests that background peak can
be approximated with a Gaussian distribution. Therefore, the threshold
value (µthreshold) is defined by mirroring the minimum µ (µmin) about the
background peak µ (µb) (in Fig. 2.8). As a result, a global threshold of 0.0105
1/cm (µ) was applied to exclude bone region from background and soft tissue
voxels in all age groups. This procedure has been performed by means of a
routine developed in MATLAB.
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Figure 2.8: Schematic histogram of the linear attenuation coefficient captured
in CT images of a given mouse tibia. Abscissa represents the linear attenua-
tion coefficient and ordinate is the pixel counts. The threshold value (µthreshold)
is defined by mirroring the minimum µ (µmin) about the background peak µ
(µb).

Bone volume discretization

Micro-computed tomographic images of mouse tibia acquired at isotropic
voxel resolution of 9.91 m adequately captures detailed information on the
structure of the trabecular bone in the mouse tibia. However, when dis-
cretized, such high resolution images may lead to very large datasets. For
instance, one 26 week old mouse tibia consists of approximately 20 × 106

voxels. Although direct conversion of voxels into mesh elements (voxel-based
mesh) is method-wise convenient, as mentioned, it notoriously increases the
computational cost and numerical errors. Hence, substantial reduction in the
model size while maintaining the geometrical fidelity is essential. To achieve
that, as described in the following, a step-wise approach was developed and
performed in an aim to respect the geometrical fidelity and reaching below
2× 106 element counts.

As a result of segmentation, each pixel was labeled as either bone or
non-bone. Following the segmentation, the outer and inner bone surfaces (i.e.
entire endosteal, periosteal and trabecular surfaces) were triangulated follow-
ing the application of a smoothing filter by means of an ad hoc ZIBAmira
module. This method identified the interface between bone and non-bone
regions in the CT images with interconnected 3-nodes surfaces. The smooth-
ing filter algorithm secured that the bone interface is not modified, i.e. any
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two voxel centroids with different labels (e.g. bone and non-bone) were sep-
arated by the surface generated. Even so, the surface which was generated
encompassed a large number of triangular faces (approximately 7× 106). In
multiple hierarchical steps (mainly to maintain fidelity), the number of faces
was reduced with further implementation of best isotropic vertex placement
to achieve a feasible surface size (approximately 0.25× 106) with high triangle
quality [171]. The enclosed bone surfaces were filled with volumetric four-
noded tetrahedral elements (C3D4). The procedure led to varied tetrahedral
element sizes relative to the structure volume sizes, e.g. trabecular bone mesh
element sizes were approximately half of that of the cortical bone. Meshing
was performed using ZIBAmira (Fig. 2.9).

Figure 2.9: 3D visualization of (a) the triangulated trabecular (yellow) and
cortical (blue) bone surfaces and (b) the corresponding discretized trabecular
bone volume (yellow). Images depict the perspective view of the proximal
tibia in a 10 week old mouse.
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Following a visual inspection, fifteen tibiae µCT image sets which had
intact bone tissues were chosen to create finite element models (n= 5 FEM/age
group). Table 2.1 lists the detailed information of the models. In addition,
the influence of several mesh densities on the strains predicted within the
mouse tibia has been presented in appendix A.1.

Table 2.1: FEMs information

Mouse Tibia length Tibia volume No. of elements No. of nodes
Age Code (mm) (mm3) (106) (105)

10 I 16.08 15.49 1.54 3.25
10 II 16.36 17.65 1.51 3.10
10 III 16.16 16.05 1.56 3.29
10 IV 16.04 15.79 1.54 3.23
10 V 16.23 16.45 1.59 3.36
26 I 17.93 17.66 1.75 3.58
26 II 17.62 19.94 1.75 3.73
26 III 17.18 17.63 1.79 3.44
26 IV 17.45 19.12 1.50 3.16
26 V 17.53 20.33 1.65 3.42
78 I 17.82 21.10 1.73 3.53
78 II 17.85 18.97 1.91 3.87
78 III 17.96 18.60 1.89 3.88
78 IV 17.87 19.51 2.00 4.02
78 V 17.71 18.51 1.88 3.79

2.2.4 Evaluating bone mineral density

Bone tissue mineral density is thought to be a reasonable estimate for elastic
modulus [3,5,172] and has been implemented in various modeling approaches
[166, 173–175]. Several studies have reported power-law relations, which
allow estimating bone elastic modulus from ash mineral density [176–178].
The general relationship between the bone elastic modulus and ash mineral
density [176] is shown in Eq. 2.1:

E = k ραash + C0 (2.1)

where E is the Young’s modulus (in GPa), ρash is ash mineral density (in
mg/cm3), k and C0 are constants. The exponent of this power-law relationship,
α, is reported to range between 1.5 and 3.0 for bone specimens taken from
various anatomical sites and species [176]. In addition, it is suggested that the
strong anisotropy in bone mechanical properties (as discussed in section 1.2.2)
imposes a direction-dependency for this exponent (α in Eq. 2.1) [179]. However,

29



an accurate magnitude for this exponent for different directions in long
bones, i.e. mouse tibia, is yet to be determined. Recent studies have shown
that assigning orthotropic versus density-based isotropic material properties
to a FEM of a human femur does not appear to have a significant effect
on the model results [180, 181]. Thus, in this study a conservative and
isotropic relationship between elastic modulus and ash mineral density has
been considered (α=1.5). In addition, C0 is suggested to be negligible by
various authors [176–178]. Therefore, the relative Young’s moduli of two
arbitrary regions of interest (ROIs) in one bone, a and b, can be written as
in Eq. 2.2:

EROIa

EROIb

=

(
ρasha

ρashb

)1.5

(2.2)

The linear attenuation coefficient µ derived from the µCT images is related
to the ash mineral density according to the following description. Initially,
additivity rule is applied to relate the total linear attenuation coefficient µ(e)
at a certain energy level e to the attenuation coefficient µe of its constituents,
where fi is the relative mass fraction of the ith constituent [182,183]:

µ(e)

ρ
= Σfi

µi(e)

ρi
(2.3)

Considering bone, a mixture of three basic components: water, collagen
and hydroxyapatite (the ash mineral component). For a given energy e,
the attenuation coefficient of water, collagen and mineral components are
constant, therefore, Eq. 2.3 becomes:
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µ(e) = ρfwater

(
µ(e)

ρ

)
water

+ ρfash

(
µ(e)

ρ

)
ash

+ ρfcollagen

(
µ(e)

ρ

)
collagen

(2.5)

And fi =
mi

m
in which m is the total mass and mi is the mass of the ith
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Defining ci =
mi

v
as concentration of the ith constituent, Eq. 2.6 becomes:
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)
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)
ash
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(
µ(e)

ρ

)
collagen

ccollagen (2.7)

It has been previously stated that at an average mineralization level in
bone (e.g. mouse tibia) the amount of mineral content has counter effect on
the water content [3]. Taken the latter and assuming a similar contribution
of collagen at various regions of mouse tibia in a given age, we can define:
(µ(e)/ρ)collagen ccollagen = A and cwater + cash = B, in which A and B are
constant; Eq. 2.7 becomes:
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Replacing B
(
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water

with a constant, Eq. 2.9 becomes:
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Therefore, µ(e) is proportional to cash and consequently to ρash. It can thus be
concluded that ash mineral density is linearly related to the linear attenuation
coefficient, therefore Eq. 2.2 becomes:

EROIa

EROIb

=

(
µa

µb

)1.5

(2.11)

in which µa and µb are average linear attenuation coefficients in ROIa and
ROIb, respectively. Therefore, knowing the E in one region allowed knowing
E in another region if the attenuation ratios are known. Using Eq. 2.11 and
µ from ex vivo µCT images, for each age group, variable regional Young’s
moduli (averaged in n=7/age) were obtained as described in section 2.2.5.

In addition, in this study, linear attenuation coefficients (µ; as bone
mineral density predictors) have been analyzed to determine changes in the
bone mineral density between different age groups. µ was natively extracted
from the reconstructed µCT images and then the maximum µ was scaled to
the µ of hydroxy-apatite reported [184]. Average and standard deviation in µ
were determined in each bone transverse cross-sectional image captured by
µCT after exclusion of the background and soft tissue using a threshold value
as described in section 2.2.3.
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2.2.5 Material properties assignment

An isotropic linear elastic material is fully characterized by two independent
elastic constants: Young’s modulus (E) and Poisson’s ratio (ν). Bone material
is approximated as an isotropic linear elastic material in this study. Young’s
modulus (E) and Poisson’s ratio (ν) were defined as described in below.

Young’s modulus

Tissue mineral density is thought to be a reasonable predictor for the
elastic modulus of bone as discussed in the previous section 2.2.4. Variations
in the bone tissue mineral density along the mouse tibial length were thus
used as estimators for regional differences in the bone tissue elastic properties.
Using Eq. 2.11 and µ from µCT images, age-specific variable regional Young’s
moduli were obtained. A set of Young’s moduli along the tibial length were
determined for each age group (averaged in n=7/age). For 20 regions along
the tibia length (each extending 5% of the bone length), different Young’s
moduli were derived using Eq. 2.11 (Fig. 2.10). The fibula was analyzed sepa-
rately from the tibia.

Despite the inconsistency in the literature on the topic of changes in the
mineral density with age, in this study the maximum µ across age groups was
not significantly different. Equation 2.11 predicts Young’s moduli in a given
region of interest relative to a region with known Young’s moduli. Based on
previous reports [185], a maximum Young’s modulus of 17 GPa was assumed
to reasonably represent the upper bound of the elastic modulus for murine
tibiae. This value was therefore assigned to the regions of the tibia exhibiting
the highest µ in all age groups, from which E in all other remaining bone
regions was calculated. Since the linear attenuation coefficient distributions
were similar in 26 and 78 week old mouse tibiae, the material properties were
also distributed similarly in these two ages (Fig. 2.10). In the final models,
the average Young’s moduli assigned to the tibiae from 10 and 26/78 week
old mice were 13.8 and 14.3 GPa, respectively. The Young’s modulus in the
fibula was found to only slightly vary between ages, so a Young’s modulus of
5 GPa was assigned to this bone region in all ages.

A second set of models was created to investigate the effect of the changes
in the bone morphology with age on the bone tissue strains induced due to
an external loading (separate from the effect of changes in the tissue material
properties with age). These models used the same bone morphology as the
models mentioned above, however, employed uniform homogeneous material
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properties. In these models, a Young’s modulus of 17 GPa was assigned to
every region in all three age groups.

Figure 2.10: Assigned Young’s moduli along tibia length in (left) 10 week old
and (right) 26 and 78 week old mouse tibiae. For 20 regions along the tibia
length (each extending 5% of the bone length), different Young’s moduli were
derived using Eq. 2.11 and average µ in each region per age (n=7/age).

Poisson’s ratio

As mentioned earlier, even for a linear constitutive equation, a second
parameter is needed to define the material, e.g. Poisson’s ratio (ν). Few
studies described experimental determination of Poisson’s ratios of bone tissue.
An early study assumed transverse isotropy of bone, and used extensometers
to measure strains in two orthogonal directions concurrently [110]. They found
Poisson’s ratio values which ranged between 0.29 and 0.63. More recent studies
reported values between 0.27-0.45 [186], 0.12-0.29 [187] (using an ultrasonic
method) and 0.09-0.19 [188] (determined by speckle interferometry). Despite
this wide range of reported values (0.09-0.63), many studies, especially finite
element analyses, often use values in the range of 0.28-0.33. However, all
these studies reported values for either human or large animals such as horse.
To date, an accurate estimation of the Poisson’s ratio in mouse bones is not
available. Thus, in this study, similar to previous finite element analyses in
mouse bone [185], a homogeneous and isotropic Poisson’s ratio of 0.35 was
assigned to all the models.

2.2.6 Boundary conditions

Boundary conditions in the FE models were set to reproduce the in vivo
loading experiments as described in section 2.1.4. To achieve that, bone
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alignment (which influences the load trajectory) and load insertion sites (i.e.,
joint contact sites) were identified as described in the following sections.

Bone alignment

An estimate of the bone orientation relative to the load direction was de-
termined by performing static x-rays of mouse tibiae (n=4, 26 week old)
while positioned in the loading machine. Radiographs were taken in two
modes 1) under -1N pre-load and 2) under -11N and used to determine the
approximate load trajectory. Static x-ray demonstrated that the orientation
of the mouse tibia within the loading machine is not entirely aligned with the
loading axis but it is at approximately 10 as shown in figure 2.11.

Figure 2.11: (a) Static radiograph of mouse tibia while mounted in the loading
machine, and (b) schematic illustration of the bone alignment in the in vivo
experimental set-up.

In order to assign consistent bone alignment and loading trajectory be-
tween models, bone main axes were defined as follows. The tibial longitudinal
axis (proximal-distal axis: PD) was defined as the axis passing through the
mid-points between the medial and lateral eminences of the upper tibia (on
the sides of tibial tuberosity), and the medial and lateral malleouli (Fig. 2.12
and 2.13). A medio-lateral (ML) axis was defined as the axis passing through
the medial and lateral eminences of the upper tibia (Fig. 2.12 and 2.13). The
load direction was matched to the experiment by rotating the simulation
models by 10 around the ML axis in the sagittal plane (through PD axis
and perpendicular to ML axis) (Fig. 2.13).
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Figure 2.12: Mouse tibia anatomical landmarks. In order to assign consistent
bone alignment between different models, bone-specific longitudinal and
mediolateral axes were defined using the landmarks such as medial and lateral
eminences of the proximal tibia, and medial and lateral malleouli.

Figure 2.13: Mouse tibia main axes defined to identify consistent load tra-
jectory between models. (a) Proximal-distal (PD) and mediolateral axes of
mouse tibia (ML), and (b) the load direction was matched to the experiment
by rotating the simulation models by 10 around the ML axis in the sagittal
plane.
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Joint contact surfaces

Mouse tibial joint contact sites in neither the knee joint (where distal femur
meets the proximal tibia) nor the ankle joint (the talus-tibialis joint) are
known in vivo. Human cadaver studies demonstrated that the entire joint
surfaces are not in contact during a physical activity [189, 190]. Similar to
the concept which is proposed in human, in this study, joint contact surfaces
in mouse tibia were assumed to be limited to the more exposed joint surfaces.
In addition, the joint contact surfaces at the knee and ankle sides depend on
the load direction. In fact, at high flexion angles as in the current loading
experiment it is expected that at the knee joint, the surface at the proximal
tibia which is in contact with the distal femur would encompass the most
exposed surfaces more towards the posterior regions (Fig. 2.11-b). Based
on the mentioned considerations, the tibio-femoral and talus-tibialis contact
surfaces were selected as shown in figure 2.14.

Figure 2.14: Knee and ankle joint contact sites chosen for assigning boundary
conditions in the FEMs (shown in red). Load was applied through the surface
selected at the knee side replicating the contact areas at high flexion angle
activities. On the ankle side, the boundary selected joint contact surface was
fixed. In addition, the surface selected at the knee joint were constraint from
movement in the perpendicular plane.
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Load was applied through the contact surface selected on the knee side. In
addition, the surface selected at the knee joint were constraint from movement
in the perpendicular plane. On the ankle side, the talus-tibialis were fixed
from translation and rotation at the contact surface nodes. It is worthy
to note that the loading experiment in this thesis is a mechanical ’contact’
problem. Based upon current techniques available, solution to such problems,
especially in bone tissue, would be achieved with complexity. However, an
attempt has been made to vary the contact surfaces and study the gradual
increase as would occur in a contact problem. These results are presented in
appendix A.2. Lastly, the mechanical interaction between the tibia and the
fibula at the tibiofibular joint (proximal) in the model was set based on the
exiting mineralized tissue connecting these two bones (as shown by the µCT
image).

Loading conditions

Two set of FEMs with specific loading conditions were created for two
purposes:

1. To investigate the influence of increasing age (during maturation and
with aging) on the mechanical strains induced within the bone, an
identical external load (-11N) was applied to FEMs of the three ages.
These results are described in section 3.3.

2. To determine the mechanical environment engendered within the loaded
limbs during the experiment and relate that to sites of bone (re)modeling
events, -11N were applied to 10 and 26 week old and -9N to 78 week
old mouse tibiae. These forces (-11N and -9N) were chosen following
the analysis to identify the applied load that engendered +1200 µε
at the strain gauge position in each mouse age group as described
in section 2.1.3. The results described in sections 3.4, 3.5 and 3.6
correspond to this loading condition. Heterogeneous elastic properties
have been implemented in these models.

2.2.7 Verification of the boundary conditions in
FEMs

Finite element is a powerful tool to characterize the mechanical stimuli in-
duced by an external load within the bone tissue which ideally attempt to
replicate the experimental set-up. However, generating a predictive finite
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element model of any given biological tissue like bone encounters aspects
that are inevitably unclear which might significantly influence the results. In
particular, when modeling the in vivo axial compression loading of the mouse
tibia, the alignment of the bone within the loading machine and the degrees of
freedom at the joint surfaces are associated with certain assumptions. Due to
the nature of bone being encapsulated in the soft tissue and muscles, and also
being in contact with other neighboring bones, accurate estimation of bone
alignment within every single experimental set-up is difficult. In addition, for
a given physical activity, experimental measurement of the contact surfaces
at the knee and ankle joints through which the load is being transferred is a
challenge in vivo.

Prior to addressing the main research questions raised in this thesis,
the models were verified for the possible influence of variations in the bone
alignment, the joint contact surface and the displacement constraint on the
predicted strains. Despite the possible inter-dependency between the men-
tioned parameters, e.g. bone alignment certainly influences the joint contact
surfaces, these parameters have been assumed to be independent for simplifi-
cation purposes. Therefore, their influence has been investigated separately
by isolating one factor at a time. Analysis of the modification of boundary
conditions and their influence on the results are given in the supplemental
data (Appendix A.2). Only a brief overview of the results is given in this
section.

Verification of the predicted strain environment against uncertain model-
ing parameters (as described earlier in this section) revealed that the general
strain state induced within the mouse tibia due to compressive loading is
not affected by these uncertain parameters. For instance, high tensile strains
occurred at the anterior site and high compressive strains at the posterior site
of the mid-diaphyseal region in all the models investigated. Moreover, strain
magnitudes at the cortical mid-diaphyseal region of the tibia were not largely
influenced (≤10%) by the alterations in the joint contact surface. Changing
the bone alignment with respect to the load trajectory by 10° introduced a
150 µε increase in the longitudinal strain at the strain gauge position while
had a smaller effect on the strains predicted at the mid-shaft region. The
assignment of the displacement constraint resulted in ≤20% variation in the
strains predicted at the mid-shaft region. Considering these results, it can
be concluded that the strain states presented in the section 3.3 using the
parameters shown in the section 2.2 are not subject to large changes due to
the presented modeling assumptions.
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2.3 Identifying local strains at bone

(re)modeling sites

The main aim of this thesis was to find a quantitative relationship between
the local mechanical strains at specific sites of formation, resorption, and
quiescence which occurs in bone in response to mechanical loading as a func-
tion of age. This will help to identify age-specific mechanoregulation of the
adaptive bone formation and resorption events.

In order to achieve that, it not only requires an accurate determination of
the local mechanical environment and sites of bone formation and resorption
but also relies on the precise association of these two information. To be
specific, it is necessary to find the neighboring mechanical stimulus which
has led to a given (re)modeling activity. Ideally, the strain induced within
the bone due to the loading experiment could be identified by performing
mouse-specific FEA, i.e. the mouse for which the (re)modeling patterns could
be determined using time-lapsed imaging. Unfortunately, due to the limited
speed of currently available in vivo µCT scanners, a full tibia scan within
the limited anesthesia period in mouse could not be obtained. Therefore,
representative tibiae for each age group were chosen to create representative
FEMs (n=1 per age and per limb side). Details of the FEMs are given in
section 2.2. Thereafter, the (re)modeling pattern of various animals that
underwent two weeks of loading experiment (described in section 2.1.4) were
mapped onto the corresponding FEM as described below.

As a consequence of using different image datasets for FEA (than the
(re)modeling pattern) and inherent to performing FEA in other coordinate
system than the (re)modeling image dataset, the results of FEA and the
(re)modeling patterns are not in the same coordinates and need to be mapped
onto one another (Fig. 2.15). To achieve this, an algorithm was developed
which aimed at finding the closest neighboring point in the FEM for each
(re)modeling activity, i.e. formation, that occurred at the bone surface. The
approach considered the FEM as the reference dataset and the (re)modeling
patterns, since it covers only 5% of bone length, as the model dataset. An iter-
ative optimization algorithm was used to compute a transformation matrix for
3D affine mapping of the (re)modeling patterns to the FEM. The strategy was
to map the (re)modeling dataset (surface) onto the FEM surface. To acquire
higher precision in mapping the two datasets, raw µCT data of the cortical
mid-shaft (taken at day 0 of the loading experiment which includes the fibula,
Fig. 2.16) was used as intermediate template to be mapped onto the FEM. In a
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second step, the (re)modeling patterns were mapped on the day-0 CT images.

Figure 2.15: The results of FEA (left) and the (re)modeling patterns (right)
are not natively in the same coordinates. It is necessary to map one dataset
onto the other.

The following algorithm was used to achieve an accurate mapping of the
two datasets. Steps of this mapping algorithm are shown in figure 2.16.

Step 1: In order to circumvent the issue associated with mapping a 4-
noded tetrahedral grid (as in FEM) onto a voxel-based dataset (as in day-0
CT images), outer surfaces in both datasets were extracted as triangulated

surfaces and the mapping was performed on the surfaces (Fig. 2.16).
Step 2: Day-0 cortical bone surfaces were registered to the FEM surface by
iteratively minimizing the root mean squared distance between the points in
the two datasets (rms<0.0001; Fig. 2.16).
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Step 3: To map the (re)modeling patterns to the day-0 image data, a step-
wise strategy was applied, starting by aligning the principal axes and centers
of the two datasets, then matching a coarser re-sampling of the two datasets
and proceeding to finer resolutions to reach rms of 0.0001. The similarity
measure used was the normalized mutual information and the optimization
approach was the line search algorithm. Background and soft tissue noise
were excluded from the histogram range to reduce the computational cost and
accelerate the convergence. Using this algorithm, the (re)modeling dataset
with voxels labeled as formation, resorption or quiescence was mapped onto
the day-0 CT dataset of the cortical ROI (Fig. 2.16).
Step 4: The transformation matrix of the later registration was used and
applied to all the labels of the (re)modeling dataset, taking them into the
same coordinates as the FEM grid (Fig. 2.16).

Figure 2.17: The relationship between the strain values predicted and the sites
within the bone identified as formed, resorbed or quiescent was determined
by finding the closest point in the FEM grid for every surface point (surface
triangle centroid) in the (re)modeling dataset.

Inner-cortex volumes were excluded from the analysis by extracting the
surface geometry of the (re)modeling patterns using the triangular approxima-
tion algorithm. The (re)modeling patterns at the surface was re-written for
triangle centroids. The relationship between computed strain values and the
cortical ROI labels was determined by finding the closest point in the FEM
grid for every surface point (surface triangle centroid) in the (re)modeling
dataset (Fig. 2.17). This was performed using a MATLAB routine developed
based on nearest neighborhood algorithm which searches for local minima
per node. The inclusion criterion for the minima was to be less than 50 m
distant. An algorithm developed in ZIBAmira was used to perform all the
image processing, i.e. extracting surfaces and registrations.

42



2.4 Data presentation

2.4.1 Bone morphological parameters

Bone morphological parameters were calculated and presented in n=7 tib-
iae/age using ex vivo µCT data. Tibia length was measured as the average
distance between the distal articular center (the middle of the talar trochlear
facet) and the mid-point between the two proximal articular centers (medial
and lateral eminences of the upper tibia) using the reconstructed µCT images.
Cross-sectional morphology (CSA, bone region excluding the medullary cav-
ity) was determined and presented along the tibial length. In addition, CSA
was compared between different age groups at three regions along the tibiae:
1) at the bone mid-shaft (between the distal and proximal articular centers),
2) at the mid-point between the proximal and distal tibiofibular junctions
(mid-TFJs), and 3) at the tibia’s largest cross-section (max CSA; located in
the proximal metaphyseal region in all ages). The principal area moments of
inertia (Imin, Imax), and the bending moment arm of the axial load (distance of
the centroid to the loading axis) were determined at mid-shaft and mid-TFJs.
Cross sectional area and bending moment arm of the load were calculated
using µCT data and a routine written in MATLAB. Principal area moments
of inertia was determined using a semi-automated image processing software
(BoneJ; ImageJ, NIH, Bethesda, MD). The analysis was performed following
a rigid mapping of all tibiae onto a reference tibia to avoid the influence of
scanning misalignment on the estimated morphological parameters. Results
are presented in mean± standard deviation.

2.4.2 FEA results

Thirty FEMs (n=5 homogeneous and 5 heterogeneous FEMs/age) were built
and presented in this study. Strains along the long axis of the bone were
calculated for each of the 20 regions for which the properties were assigned in
the FEMs. The principal strain reported for any point in each element in the
FEMs represents the largest absolute value of the maximum and minimum
principal strains. This strain is termed ’Largest Absolute Principal Strain’
along this thesis. Throughout this thesis, maximum principal strain has a
positive value thus it is termed ’tensile strain’. Similarly, minimum principal
strain has negative value and is termed ’compressive strain’.

Longitudinal strain at the strain gauge position was determined by two
methods:
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1) Strain components were calculated for a selection of elements at the
position of the strain gauge (Fig. 2.18a) using the local coordinates of the
strain gauge. For instance, εxx is the strain component in the longitudinal
strain gauge direction. Average εxx per FEM was reported.

2) strain was calculated between two points chosen at the gauge surface for
each FEM as shown in figure 2.18b (points A and B). A and B were chosen to
be aligned with the strain gauge longitudinal axis. Strain was calculated based
on the deformation of bone between these two points. Euclidean distance
between the two points were determined before deformation (D0) and after
application of the load (D1). Strain was calculated by: ε = D1−D0

D0
.

Consequently, the experimentally measured strain gauge values could be
compared to strains predicted at the gauge position in corresponding FEMs.
The location of the strain gauges, with respect to the load axis and its distance
to the proximal bone end (the knee) was determined using the CT data and
3D models. Results are presented in mean± standard deviation.

Figure 2.18: Strain at the strain gauge position has been determined by two
methods shown in (a) where strain was averaged on a selection of elements at
the gauge sites and (b) where strain was calculated based on the deformation
of bone between two points (A and B) by applying the external load.

Cancellous bone segmentation has been performed in the FEMs by manu-
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ally contouring out the cortex using a slice-by-slice approach. Following the
segmentation of the metaphyseal cancellous bone, age-related changes in the
induced strains in the cancellous and cortical metaphyseal bone were identified.

2.4.3 Mechanical stimuli at (re)modeling sites

For each (re)modeling event, maximum (tensile) and minimum (compressive)
principal strains were determined. In addition, the strain energy density
(SED) was determined as an alternative scalar value characterizing the local
loading environment.

Occurrence frequency of a given (re)modeling event (formation, resorp-
tion or quiescence) was defined as the number of that specific event which
was spotted at a certain strain magnitude relative to the total number of
occurrences in a given mouse tibia. This way, the sum of the occurrence
frequencies of formation, resorption and quiescence sites for a given mouse
limb was counted to be 100%. The following equation (Eq. 2.12) describes the
sum of all occurrence frequencies of (re)modeling events in a representative
mouse tibia. In Eq. 2.12, F, R and Q stand for formation, resorption and
quiescence, respectively.

∑
(Fc +Rc +Qc)Compression +

∑
(Ft +Rt +Qt)Tension = 100% (2.12)

Probability of a given (re)modeling event was defined as the number of
that specific event which was spotted at a certain strain magnitude relative
to the availability of that strain magnitude at that surface, i.e. the number
of e.g. formation spots at a certain strain magnitude divided by the the total
number of spots available at that specific strain magnitude.

2.4.4 Statistical analyses

For all tibial morphological and FEA outcome measures, a general linear
model analysis of variance (ANOVA) was performed to test for an effect of age
between subjects and for an effect of regions within subjects. Sub-analyses
were also performed using paired or unpaired Student’s t-tests, as appropriate.
Maturation was referred as the period between 10 and 26 weeks of age and
aging to be between 26 and 78 weeks of age.
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A repeated measures ANOVA was performed to investigate the effect of
age (10, 26, 78 week old) and (re)modeling event (formation, resorption, qui-
escent) on average strain magnitudes. ANOVA was followed by paired t-test
sub-analyses between average strain magnitudes at formation vs. quiescence
sites and at quiescence vs. resorption sites, in the additionally loaded limbs.

Statistical analyses to understand the relationship between strain and
(re)modeling sites have been performed by evenly dividing the total avail-
able strain (both strain modes, tensile and compression) for each age into
low, medium and high strain ranges. A repeated measures ANOVA was
performed to investigate the effect of age, loading and strain magnitudes
(low, medium and high) on the number of (re)modeling events (formation and
resorption). Thereafter, paired t-tests were performed between the number of
(re)modeling events in physiologically loaded and additionally loaded groups
(in corresponding strain ranges, i.e. low, medium and high), for each age group.

Similar analyses were performed for the probability of (re)modeling events.
A repeated measures ANOVA was performed to determine the effect of age
(10, 26, 78 week old), strain magnitude (low, medium, high) and (re)modeling
response (formation, resorption) on the number of (re)modeling events. There-
after, paired t-tests were performed between bone formation and resorption
probabilities (in corresponding strain ranges) in the additionally loaded limbs,
for each of the age groups. Unless otherwise indicated all results reported
were significant, p≤ 0.05, and presented as mean± standard deviation. All
statistical tests were performed with SAS 9.4 (SAS Institute Inc., NC, USA).
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Chapter 3

Results and Discussion

3.1 Age-related Variations in Mouse Tibia

Morphology

In this section changes in the structure of the mouse tibia during maturation
(from 10 to 26 week old mice) and aging (from 26 to 78 week old mice) are
presented (n=7/age). This information is gathered by evaluating the ex
vivo µCT images as described in section 2.2.2. Mouse tibia has a hollow
thin-walled curved beam shape with inhomogeneous transverse cross-sectional
areas (CSA). Hence, it can reasonably be approximated as a curved beam
in bending [191] in which the mechanical strains induced under compression
increases by smaller transverse CSA, smaller area moment of inertia (around
the neutral axis) and larger bending moment arm. To identify the influential
structural entities in the mouse tibia, which would translate into changes in
the mechanical environment, the parameters mentioned were evaluated and
compared between three ages in mice (young: 10 week old, adult: 26 week
old and elderly: 78 week old).

Tibial cross-sectional area

The largest transverse cross-sectional area of the tibiae (CSAmax) occurred
at the proximal metaphyseal region in all ages (Fig. 3.1). A second peak of
transverse CSA occurred at the distal metaphyseal region in all age groups.
In the diaphyseal region, CSA gradually decreased from the proximal to the
distal side in all ages. CSAmax was significantly larger in elderly than in adult
mice (20% percent difference, p<0.01) and in adult was significantly larger
than in young animals (20% percent difference, p<0.01) (Fig. 3.2). At the
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bone mid-shaft (at 50% of bone length, between the distal and proximal ar-
ticular centers, Fig. 2.1) adult and elderly animals had similar CSA, while the
CSA in young animals was significantly smaller than in adult (20%, p<0.01)
and elderly (20%, p<0.01) (Fig. 3.3). Contrary to the other bone regions,
CSA at the mid-TFJs was significantly larger in adult than in young (7%,
p<0.01) and in elderly animals (13%, p<0.0001).

Figure 3.1: Tibial transverse cross-sectional areas (CSA) along the bone
longitudinal axis in three ages of mice (young, adult and elderly; n=7/age).
CSA along the bone length has two peak values occurring at the proximal
and distal metaphyseal regions in all ages.

In general, increasing age had a significant effect on the bone transverse
cross-sectional area (Fig. 3.3). During skeletal maturity, bone mass increased
as indicated by larger CSA along the bone length shown in figures 3.1, 3.2 and
3.3. Aging, however, had a heterogeneous effect on the transverse CSA along
the tibial length. Cross-sectional area in elderly animals had a reducing trend
compared to young and adult at the proximal (from 20-40% of bone length)
and distal (from 60-80% of bone length) diaphyseal region (Fig. 3.1); the
statistical evidence at the mid-TFJs is given in figure 3.3. However, during
aging period, CSA at the mid-shaft was maintained.

48



Figure 3.2: Age related changes in the maximum cross-sectional area in
the mouse tibia. Maximum tibial cross-sectional area (CSA) occurs at the
proximal metaphyseal region in all age groups (presumably near the proximal
growth plate). Data for 10, 26 and 78 week old mouse tibiae are presented
(n= 7/age). The right graphs show the proximal metaphysis, where the largest
CSA occurred, in a representative specimen of each age group.

Area moments of inertia

The area moments of inertia differed significantly with age (Fig. 3.3). At
the bone mid-shaft, the area moments of inertia around the principal axes of
the tibia were significantly greater in elderly than in adult animals (differences
in Imax=15% and Imin=20%, p<0.01) and were also significantly greater in
adult than in young animals (differences in Imax=30% and Imin=25%, p<0.01).
However, at the mid-TFJs, elderly animals exhibited similar area moments of
inertia compared to adult mice, but significantly smaller compared to young
animals (difference in Imin=20%, p<0.01).
During maturation and with aging, principal area moments of inertia had
an increasing trend at the mid-shaft, while was mainly maintained at the
mid-TFJs (Fig. 3.3). Interestingly, the transverse CSA was maintained at
the mid-shaft which suggests that the increase in the area moments of iner-
tia is linked to a rearrangement of bone material in the transverse cross-section.

Bending moments arm

The moment arm (distance from the load axis to the centroid, Fig. 3.3)
also differed with age at the mid-shaft and the mid-TFJs. At the mid-TFJs,
elderly animals showed a significantly larger moment arm than adult (10%,
p<0.05) and young animals (12%, p<0.001). At the mid-shaft, young animals
had a significantly smaller moment arm than adult (10%, p<0.01) and elderly
animals (10%, p<0.001).
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3.2 Age-specific Distribution of Mineral

Density in Mouse Tibia

Changes in the distribution of bone mineral density along the tibial length
were reflected in the variations of the linear attenuation coefficient (µ) cap-
tured in the µCT images. µ was extracted from the reconstructed µCT
images and scaled to the hydroxy-apatite µ reported to achieve the value in
1/cm [184]. This information was gathered by evaluating the ex vivo µCT im-
ages of the mouse tibia during maturation (from 10 to 26 week old mice) and
aging (from 26 to 78 week old mice) as described in section 2.2.4 (n=7/age).
Since the variation within each transverse µCT image was calculated to
be 0.23% (standard deviation), for each specimen mean µ (µmeani

) in each
transverse slice (i) along tibia length was considered. Data shown in figure
3.4 are averages and standard deviations of seven specimens in each age group.

Independent of age, the minimum and maximum µmean occurred at the
proximal metaphysis and mid-diaphysis, respectively (Fig. 3.4). Minimum
µmean occurred at the close proximity of the growth plate in all ages (∼ 10%
of bone length). Thereafter, a gradual increase in µmean (+55%, +40% and
+35% in young, adult and elderly, respectively) was observed until reaching
the peak value. The maximum µmean increased by only 2% between young and
adult/elderly. However, the position at which this maximum µmean occurred
was shifted between age groups; this value occurred at 55% and 70% of the
tibial length in young/adult and elderly animals, respectively. Following the
peak µmean, a gradual decrease was observed which was steepest in young
animals compared with the adult and the elderly (70-100% of bone length,
Fig. 3.4).

Age highly influenced the average bone cross-sectional mineral density
values (µmean). The largest difference between ages was seen at the proximal
(5-20% of bone length, Fig. 3.5) and distal (80-100% of bone length, Fig. 3.5)
metaphyseal regions. The difference in µmean in the proximal and distal meta-
physeal regions between young animals and either adult or elderly animals
exceeded 20%. Along the tibial length, the difference in µmean between adult
and elderly animals did not exceed 5%.
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Figure 3.4: Average linear attenuation coefficient along the mouse tibial
length with age. Data presented are averages (solid green line) and standard
deviations (grey area) of 7 specimens in young, adult and elderly animals.
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Figure 3.5: Differences in the average linear attenuation coefficient between
age groups are shown along the tibia length (n=7/age). The differences are
in µmean in each transverse section between two given age groups.

Beam hardening artifacts are known to influence the attenuation of the
X-ray beam which passes through a sample and is then captured by the
detector. These artifacts alter the attenuation coefficient values in the sense
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that structures with similar density but different size will have different linear
attenuation coefficient. It is known that when a wide-spectrum energy beam
passes through a relatively larger volume it loses a portion of its lower energy
spectrum already in the outer material layers; thus when it reaches the inner
regions, it only includes its high energy spectrum [184]. Consequently, atten-
uation coefficients captured for inner structures will be only of higher energy
beam, i.e. higher density. This artifact is more discussed in the context of
cone polychromatic beam in the desktop CT (lab-based) as it encompasses a
broad energy spectrum. Since the tibia cross-sectional area largely varies along
the long axis (shown in Fig. 3.1), it is expected that beam hardening influences
the predicted density of the inner tibia structures. In this study, it has been
attempted to circumvent this type of experimental artifact by averaging µ in
each bone cross-section. Furthermore, the resolution and contrast has been
sacrificed and a high X-ray source voltage (100 keV) has been selected while
filtering low energies, using both aluminum and copper filters. In addition, a
second analysis has been performed using monochromatic synchrotron X-ray
source on a single mouse tibia of 26 week old mouse. The results are shown in
figure 3.6. It is observed that in a substantial part of the tibial length, such as
diaphysis and distal metaphysis, there is a good agreement between the two
CT scanning data. The analysis of the difference between laboratory CT to
that of a SR- CT showed that the mean error due to the lab instrument did
not exceed 1.5%.

Figure 3.6: Average linear attenuation coefficient captured by laboratory CT
(green) versus SR- CT (black) along the tibia length (a 26 week old mouse
tibia).
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3.3 Characterizing the Mechanical

Environment within Mouse Tibia of

Different Ages

In this section, the mechanical strains induced within the mouse tibiae
(n=5/age) in the loading experiment (as described in section 2.1.4) are
presented. Finite Element Analyses (FEA) were performed to calculate the
mechanical strains induced under the same external load in mouse tibiae of
different ages (as described in section 2.2.1).

In the following section (3.3.1), the strains predicted at the gauge position
were compared to the corresponding experimental results. In addition, to
identify if age-related alterations in the bone morphology (as described in
section 3.1) or the elastic moduli (as shown in section 3.2) was the primary
contributor to the strain state observed in different ages, another set of data
are presented in which elastic properties are kept similar across ages (as
described in section 2.2.5).

3.3.1 Agreement between the strains predicted at the
gauge position and experimental results

Data associated with the in vivo strain-gauging experiment has been reported
elsewhere [79,136] and are only mentioned here for comparison purposes. The
experimental and predicted strain values at the strain gauge site for each
specimen and the corresponding FEM are listed in Table 3.1. At the gauge
position, FEM predicted the strain values within 9.7± 6.5% of the measured
value for mice of all ages (compared with B, Table 3.1). Although this value is
captured on a limited region of the bone surface and is not an indicator of the
strain state within the bone tissue - when repeated between many samples
(n=15) - it essentially confirms the relevance of the estimated magnitudes
within the mouse tibia by FEM. It was observed that the site where strain
gauges were positioned in vivo varied within the age groups examined. This
is reflected in the standard deviation of the distance between the strain gauge
site and the knee joint in figure 3.7. Within a given age group (e.g. 78
week old), the position of the strain gauge varied up to 5.6% of the bone
length. In addition, the strain gauge position varied across the age groups
examined. While in young and adult animals the strain gauges were mounted
approximately at the mid-shaft (i.e., 50% bone length), in elderly animals
the strain gauges were 10% closer to the knee. This type of inconsistency is
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expected within any given surgical approach in living individuals.

Table 3.1: Strains predicted at the gauge site versus experimental values.
FEA predictions with/without material influence are shown in (A) average
longitudinal strain of the elements at the gauge site and (B) the strain
calculated between two points along the gauge length at the gauge surface

Mouse Age Experimental Predicted Strain (µε)
No. (wks) Strain (µε) with material influence w/o material influence

A B A B

I 10 1128 980 1298 985 820
II 10 1281 1074 1326 1013 1251
III 10 n.a. 1142 1235 866 941
IV 10 n.a. 1039 997 1041 905
V 10 1304 1353 1298 924 620
I 26 1089 785 1041 638 858
II 26 1452 893 1146 704 914
III 26 1246 1148 1025 475 688
IV 26 1109 1084 1059 793 759
V 26 n.a. 1022 1291 647 865
I 78 1320 1400 1466 935 934
II 78 1337 1285 1380 552 525
III 78 1236 1156 1373 747 933
IV 78 1370 1108 1192 370 590
V 78 771 698 884 360 512

Figure 3.7: The position of the in vivo strain gauges mounted in 10 week old
(left; A-A axis), 26 week old (middle; B-B axis) and 78 week old (right; C-C
axis) mouse tibiae (n=7/age). The position is calculated using the ex vivo
µCT images and is the distance between the middle-point of the strain gauge
and the proximal tibial articulation surface (knee; shown by P-P axis).
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3.3.2 Reduced mechanical strains within the bone
tissue with increasing age

The axial compression loading induced sites of high compression and tension
in the mouse tibia in all age groups (Fig. 3.9). This effect can be partly due
to the tibia’s curved structure, but it can also be amplified by the off-axis
nature of the external loading (Fig. 2.11). Regions of high compression were
found at the posterior side of the tibial mid-diaphysis as well as the anterior
side of the distal diaphyseal region in all ages (see the lateral view in Fig. 3.9).
High tensile strains were induced at the anterior tibial mid-diaphysis as well
as the posterior side of the distal diaphysis (see the medial view in Fig. 3.9).
With increasing age, the magnitude of the compressive and tensile strains was
reduced; however, the nature of them and the regions where they occurred
were maintained (Fig. 3.9). Strain gauges were positioned at the tensile region
(as confirmed by the in vivo experimental results) but at the proximity of
the neutral axis where strain values were small compared with other sites in
the corresponding transverse cross-section (Fig. 3.8). For instance, in young
animals distant from the strain gauge mounting position, strains up to 2000 ε
larger were predicted.

Figure 3.8: Strain magnitudes induced within the tibia cross section at the
strain gauge site with age using age-specific heterogeneous elastic moduli.
Color-coded plots illustrate the largest absolute principal strain in one repre-
sentative specimen for 10 week old (left), 26 week old (middle) and 78 week
old (right) mouse tibiae.
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Figure 3.10 depicts the average largest absolute principal strains (Largest
Abs. Princ.) induced along the tibia length with age (n=5/age). Average
strains were calculated in 20 regions along the tibia length (each extends 5%
of bone length) for each specimen. Data presented in Fig. 3.10 are averages
and standard deviations of 5 specimens in each age group examined. Between
each two corresponding regions analyzed along the tibial length, adult ani-
mals exhibited 15± 5% larger strains compared with elderly animals. This
reduction was 20± 15% between young and adult animals, and consequently
35± 15% between young and elderly animals. The region of highest strain in
adult and elderly mice occurred at 40% of the tibial length. Regardless of the
overall larger strains induced in adult animals, the average maximum strains
in these two age groups were the same (approximately 1800 ε); moreover,
the variation of strains in that cross-section, as characterized by the standard
deviation (1400 ε) was similar. Maximum strain in the young animals was
2280± 620 ε which was 20% higher than in adult and elderly mice.

Figure 3.10: Average strain magnitudes induced along the tibia length with
age while implementing age-specific heterogeneous elastic moduli. Plot depicts
the age-specific mean (dashed line) ± standard deviation (filled area) of the
average largest absolute principal strains calculated in 20 regions along tibia
length (each extends 5% of bone length) for each specimen (n=5/age).
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Differences between the strain state induced within the three age groups
were site-specific. Two regions of interest (ROIs) within the mouse tibiae
could be identified where large differences in the strains existed between
the three ages (i and ii, Fig. 3.10). At 5-20% bone length (i), young mice
exhibited larger strains than adult (40%) and elderly (50%) mice. At 45-55%
bone length (ii), young mice had greater strains than adult (20%) and elderly
(32%) mice. At both sites (i, ii), adult animals exhibited approximately 10%
higher strains than elderly animals. In addition, two regions could be identi-
fied where the strains were similar in the three age groups: in the proximal
diaphysis (30-35% bone length, mid-TFJs) as well as in the distal diaphyseal
region (70-85% bone length) (Fig. 3.10). This is a very interesting observation
which suggests that these regions - specifically the distal diaphysis - could
be the region where adaptation studies across ages could be performed with
no need for scaling up/down the external load (i.e., identical external loading).

Figure 3.11: Largest absolute principal strains induced within the cancel-
lous bone at the proximal metaphyseal region in three ages of mice. A
representative bone from each age groups is chosen for presentation.

In the cancellous bone (at the proximal metaphyseal region, 5-20% of
bone length, see Fig. 3.11), strains were higher in the young than in the adult
and elderly mice. This region exhibited a wide range of strains (from high
tension to high compression) across ages; young mice exhibited approximately
two times higher strain magnitudes than adult and elderly mice. The adult
and elderly animals had a similar range of strains induced in the cancellous
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bone. Moreover, metaphyseal cancellous bone exhibited higher peak strain
magnitudes than either diaphyseal or metaphyseal cortical bone in mice of
all ages. Despite the fact that age-specific regional elastic moduli have been
implemented in FEMs, within each region, i.e. in every 5% bone length,
the elastic moduli were constant. This implies that within the cancellous
bone (which covers ∼5% bone length) at the proximal tibia in each age, a
constant elastic modulus has been assigned (within each age group). Thus, it
is expected that implementing a heterogeneous as well as anisotropic elastic
moduli would significantly alter these results.
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3.3.3 Age-related alterations in bone morphology
substantially influence the strains

Differences observed in the strains induced within the bone tissue with age
(section 3.3.2) could be attributed to changes in the bone morphology and/or
elastic properties with age. A set of homogeneous FEMs was developed to
study the effect age-related geometrical changes on the strains induced within
the bone. In the homogeneous FEMs, similar deformation patterns were
observed in all age groups which was comparable to the strain state predicted
with the heterogeneous FEMs (Fig. 3.12). This data suggests that the strain
state is mainly governed by the shape of the mouse tibia. Even so, clear
differences existed in the strain magnitudes with age (Fig. 3.12). Following the
changes in the bone morphology with age, the homogeneous FEMs predicted
a decrease in the strain magnitudes, especially during maturation. Differ-
ences were largest at sites of large deformation, e.g. anterior and posterior
mid-diaphyseal regions (Fig. 3.12).

In the homogeneous FEMs, the average strains of the tibial transverse
cross-section at the mid-diaphysis (45-55% of bone length, see ii in Fig. 3.13)
were 25% and 40% higher in young animals compared with adult and elderly
mice, respectively. The reduction of strain with age at the mid-diaphyseal
region was maintained in the homogeneous model suggesting that age-related
changes in the morphology were the main contributor to this effect which
is perhaps amplified by the bone misalignment in all age groups (Fig. 3.13).
Figure 3.14 shows the influence of implementing heterogeneous versus homoge-
neous elastic moduli in FEMs. It can also be observed in this figure that little
change occurred in average strain in the homogeneous and heterogeneous
FEM at the mid-diaphysis in all age groups (Fig. 3.14).

On the contrary, at the proximal metaphysis (cancellous and cortical bone
in 5-20% of bone length, see i in Fig. 3.13), a large portion of the reduction
with age (observed in figure 3.10) disappeared suggesting that at this region,
elastic properties were influential for the reduced strain state within the bone
with age. This can also be observed in figure 3.14, where large differences were
determined in the average strains between homogeneous and heterogeneous
FEM at the proximal metaphysis in all age groups. Even so, at this region (i),
the homogeneous FEMs predicted higher strains in younger animals than in
adult and elderly mice (25% and 35%, respectively). In the distal diaphysis
(80-100% of bone length, Fig. 3.13), principal strains were comparable in all
ages.
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Figure 3.13: Average strain magnitudes induced along the tibia length in
young (10 week old), adult (26 week old) and elderly (78 week old) mice
(n= 5/age). This figure is calculated by implementing identical homogeneous
elastic moduli in all age groups. Plot depicts the age-specific mean (dashed
line) ± standard deviation (filled area) of the average largest absolute principal
strains calculated in 20 even regions along tibia length (each extends 5% of
bone length) for each specimen.

Variations in the strains predicted in a single representative FEM by both
heterogeneous and homogeneous elastic moduli are presented in figure 3.14A.
As expected from the distribution of the elastic moduli in the heterogeneous
models (Fig. 2.10), e.g. softer bone exists at the proximal and distal meta-
physeal regions, the difference was largest at the proximal and distal regions
while it was little in the middle region of bone (50-70% bone length, Fig. 3.14).
The influence of heterogeneous elastic moduli was notable in young ani-
mals where smaller Young’s moduli led to a larger variation between different
specimens in this age group (as noted by the standard deviation in Fig. 3.14B).
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Figure 3.14: (A) Effect of implementing heterogeneous elastic moduli (black
line, hatched area) along the tibia length versus a homogeneous elastic
modulus (blue line, filled area) in the strain induced along tibia length in
a representative sample for each age group. (B) Average (in n=5) strains
predicted using a homogeneous (blue line, filled area) and heterogeneous
(black line, hatched area) elastic moduli along tibia length are presented for
each age group.
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3.4 Local Mechanical Environment Relates

to the Adaptive Changes in Bone

Structure in All Ages

Local mechanical strains which resulted in specific adaptive morphological
changes at the cortical bone surfaces (tibial mid-shaft) were identified using
the method described in section 2.3. In brief, (re)modeling sites in response
to mechanical loading, i.e., newly formed, resorbed and quiescence bone (as
reported in [79]) were mapped to age-representative FEM. FEMs corresponded
to day 0 of the loading experiment, i.e. strains which were induced at the
beginning of the loading experiment. For each mouse, left tibia underwent
mechanical loading additionally to daily physiological activities while right
tibia only underwent daily physiological activities.

Figure 3.15: Methodology applied to identify the mechanical regulation of
(re)modeling activities. Following the determination of the mechanical strain
at individual (re)modeling events in each tibia, the average strains for each
(re)modeling event per tibia, per age group were used to compare inter-tibial
and intra-tibial age-related changes in the bone formation and resorption
responses to mechanics.
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The strain distributions in the mouse tibia induced due to the daily
physiological loading is unclear. However, the information available in the
right limbs could help to identify the background (re)modeling activities in
the left limbs. Therefore, data analyzed in the right limbs were only used
to determine the spatial information of the sites where background activity
was present in the left limb. Surface (re)modeling activities counted to be
approximately 2 × 105 data points per mouse and limb side. As shown in
figure 3.15, in the following, the average strain at which a given (re)modeling
activity occurred in each age (section 3.4.1), the average strain at which a
given activity occurred in each tibia (per age) (section 3.4.1), the frequency
of a given activity occurring at a specific strain level (section 3.4.2) and the
probability of a given activity to occur at a specific strain level in each age
are presented (section 3.4.3).

3.4.1 Bone formation/resorption occur over a large
range of strains: preferential to high/low levels

The response of bone to mechanical loading is thought to include bone for-
mation in regions where bone is mechanically needed (regions under high
strain) and resorption where not needed (regions under low strain). In this
section, the average strain levels which elicited a given (re)modeling event
are presented. These results correspond to the final (re)modeling activities
determined at day 15 of the loading experiment.

After two weeks of in vivo mechanical loading, average mechanical strains
at formation sites were significantly higher than at quiescence sites in all
age groups (Fig. 3.16). In addition, independent of age, average mechanical
strains at resorption sites were significantly lower than at quiescence sites
(Fig. 3.16). These results were valid in terms of largest absolute principal
strains (Largest Abs. Princ., Fig. 3.16), compressive principal strain (min.
principal strain, Fig. 3.16) as well as strain energy density (SED, Fig. 3.16).
But in terms of max. principal strain or tensile strain, age had an influence on
the results observed. In adult and elderly animals, the average strain at which
resorption occurred was significantly lower than quiescence sites. This effect
was not observed in young animals; perhaps due to the fact that resorption
had only few occurrences in young animals. In none of the age groups, max.
principal strains at formation sites were higher than at quiescence sites.
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Figure 3.16: Average strain magnitudes at (re)modeling sites in the tibial
mid-shaft in additionally loaded mice. Averages were calculated for each age
group (10 week old: n=5, 26 week old: n=10, 78 week old: n=9). Strain
values presented are largest absolute principal strain (1st column, from left),
minimum principal strain (2nd column, from left), maximum principal strain
(3rd column, from left) and strain energy density (4th column, from left).
(Re)modeling events were determined after 15 days of the loading experiment.
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Figure 3.17: Average strain magnitudes at (re)modeling sites in each tibial
mid-shaft in additionally loaded mice. Averages were calculated for each
mouse (10 week old: n=5, 26 week old: n=10, 78 week old: n=9). Strain
values presented are largest absolute principal strain (1st column, from left),
minimum principal strain (2nd column, from left), maximum principal strain
(3rd column, from left) and strain energy density (4th column, from left).
(Re)modeling events were determined after 15 days of the loading experiment.

Analysis of every (re)modeling event in each mouse tibia showed that on
average formation and resorption events occurred at higher and lower strain
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levels compared with quiescence sites, respectively. However, mice of all ages
showed formation and resorption sites at locations under a wide range of
strain levels as demonstrated by the large standard deviations in figure 3.17.
This variability was highest in young animals, especially for bone formation,
and lowest in elderly animals, especially for bone resorption.

This observation is interesting in the sense that a large portion of the
available strains are nonspecific for occurrences of bone formation and resorp-
tion, independent of age. However, it remains unclear whether background
or non-targeted (re)modeling is occurring at the strain levels which seem
to be nonspecific for formation or resorption. At this point it is essential
to investigate which portion of a given (re)modeling activity is occurring
at specific strain levels in response to mechanical loading, i.e. to determine
whether the (re)modeling activities at a given strain level are associated
with the background and non-targeted (re)modeling, or those are in response
to mechanical loading. For that purpose, a quantification of how much a
(re)modeling activity would occur at a certain spot associated with a cer-
tain strain level in response to background physiological loading (and to the
non-targeted (re)modeling) is needed. In the next section, the occurrence
frequencies of bone formation, resorption and quiescence at specific strain
levels in response to additional external loading in comparison to what would
occur at those spots in the background are presented.

3.4.2 Mechanical loading inhibits bone resorption at
medium and high strain levels

Despite the trend shown in the previous section (3.4.1) that bone forma-
tion/resorptions are regulated by local mechanical strains in all ages, it
remained unclear whether a large portion of the available strains at the bone
surface is nonspecific for (re)modeling events.

The other factor which helps to understand the effect of age on the
mechanoregulation of bone adaptation is to distinguish between the adap-
tive bone formation/resorption in response to additional loading from the
background response, i.e. the ’targeted (re)modeling’ due to physiological
loading and the ’non-targeted (re)modeling’. While the background response
in the additionally loaded limbs (left limbs) was not known, the informa-
tion in the control limbs (right limbs) who only underwent physiological
daily activities was assumed to be a good estimate of what would occur as
background (re)modeling in the additionally loaded limbs. Thus the strain
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environment induced within the bone due to the additional loading was used
as spatial information to determine what (re)modeling activity occurred at
a given location in the control limb. Technically, the (re)modeling events in
the control limb (right tibia) were mapped to the strains in the additionally
loaded limb (left tibia underwent in vivo loading and physiological loading).
In this way, it could be identified for a given strain in the additionally loaded
limb, which portion of the (re)modeling event was already present in the
physiologically loaded limb and consequently the effect of additional loading
could be distinguished.

Figure 3.18: Formation occurrence frequencies at specific largest absolute
principal strains in physiologically loaded (dashed line) and additionally
loaded (solid line) limbs in 10 (n=5), 26 (n=10), and 78 (n=9) week old
mice. Formation sites were determined following 15 days of the loading
experiment. Plots show mean (line) and standard deviation (shaded area
along line).

Figures 3.18 and 3.19 show the number of occurrences of formation and
resorption events at largest absolute principal strains normalized to the total
number of (re)modeling events (resorption + formation + quiescence) which
occurred at both inner and outer bone surfaces (endosteal and periosteal).
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Considering the area under the curves, it can be concluded that in young
and adult animals, the additional loading had a greater effect on stimulating
formation (Fig. 3.18) than on suppressing resorption (Fig. 3.19). In elderly
animals, the additional loading had a similar effect on stimulating formation to
suppressing resorption (6.5% and 7.5%, respectively). Formation frequencies
in relation to strain levels in the additionally loaded limb had a similar pattern
to the control limb in all age groups; however, the additional loading resulted
in an increase in the formation occurrences at all strain levels. In adult and
elderly animals, additional loading led to suppression of resorption at high
strain levels. In young animals, the number of resorption events were too
small to be evaluated; therefore, in the occurrence frequency plots, no trend
can be observed (Fig. 3.19).

Figure 3.19: Resorption occurrence frequencies at specific largest absolute
principal strain levels in physiological loaded (top, dashed line) and addition-
ally loaded (bottom, solid line) limbs in 10 (n= 5), 26 (n= 10), and 78 (n= 9)
week old mice. Resorption sites were determined following 15 days of the
loading experiment. Plots show mean (line) and standard deviation (shaded
area along line).

External loading induced sites of compression and tension within the
mouse tibial mid-diaphysis (described in section 3.3). Data presented in
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figures 3.18 and 3.19 are combined results of compression and tension sites,
i.e. largest absolute principal strains could be either the largest negative
eigenvalue (compressive principal strain) or the positive (tensile principal
strain). Compressive strains spread over a larger strain range compared with
tensile strains at the mouse tibial mid-diaphysis. This effect could be deduced
from figure 3.8. Therefore, it is probable that occurrence frequencies at low
strain levels in figures 3.18 and 3.19 occurred at relatively high tensile strain
magnitudes. In this context, to better understand the assignment between
strain levels and (re)modeling activities, (re)modeling events were separately
investigated at specific sites of compressive or tensile strain at bone surfaces.

(Re)modeling events at sites of compression and tension

In young animals, 63±3% of the (re)modeling events (formation, resorption
and quiescence) occurred at sites mainly under compression (defined as sites
where the minimum principal strain was higher than the maximum principal
strain, i.e. the largest eigenvalue is negative) while 37±2% occurred at
sites mainly under tension (Fig. 3.20). Similarly, 70±7% and 65±5% of the
(re)modeling events occurred at sites mainly under compression in adult and
elderly animals, respectively; the rest of the events occurred at sites mainly
under tension.

Figure 3.20: Frequencies of total (re)modeling events (sum of formation,
resorption and quiescence) at minimum (compressive, shown in hatched) and
maximum (tensile, shown in filled grey) principal strains levels induced in
additionally loaded limbs in 10, 26 and 78 week old mice. Minimum principal
strains are shown in absolute values. The area between the two curves is
defined by the standard deviation from n=5, 10 and 9 animals in 10, 26 and
78 week old mice, respectively.
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As mentioned earlier, compression was found to include a larger range of
strain magnitudes (Fig. 3.20 and 3.8). In young animals compressive strains
were as high as 5000 µε, while tensile strains were below 3000 µε. For a wide
range of strains that existed in both tensile and compression strain modes,
the total amount of (re)modeling events at sites mainly under tension was
lower than at sites under compression. For example, in adult animals more
(re)modeling events occurred at sites under 1000-2000 µε compression than
tension strain.

In this context, minimum principal strains (compressive) and maximum
principal strains (tensile) were differentiated, since not only the strain magni-
tude, but also the strain mode (compressive or tensile) is likely essential for a
biological effect. In addition, by separating these two strain modes, it could
be possible to determine a separate effect at sites where the magnitudes of
tensile and compressive strains were similar (Fig. 3.20).

In the following, occurrences of formation/resorption events at sites which
has been 1) mainly under compression (compressive principal strain exceeded
the tensile) and 2) mainly under tension (tensile principal strain exceeded the
compressive) has been presented separately. In these results, ’(re)modeling
occurrence frequency’ refers to the number of formation/resorption occur-
rences normalized to the the total number of (re)modeling events (resorption
+ formation + quiescence) which occurred at both inner and outer bone
surfaces (endosteal and periosteal).

In addition, statistical analyses to understand the quantitative relationship
between strain and (re)modeling sites have been performed by evenly dividing
the total available strain (both modes) for each age into low, medium and
high strain ranges.

Sites mainly under compression

In young animals, additional loading resulted in a significant increase in
the frequency of bone formation sites at all three strain levels (compared
with physiologically loaded limbs) (Fig. 3.21). However, in adult and elderly
animals, additional loading led to a significantly higher frequency of formation
events at medium and high strain values (Fig. 3.21). At low strain levels,
the frequency of formation events was similar between the additionally and
physiologically loaded limbs in adult and elderly animals (Fig. 3.21). The
bone resorption response to additional loading in adult and elderly animals
was substantially different than the background bone resorption response.
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In adult and elderly animals, a significant decrease in the number of bone
resorption sites (compared with physiologically loaded limb) was found at
medium and high strain levels (Fig. 3.21).

Figure 3.21: Formation (blue) and resorption (red) occurrence frequencies at
specific minimum (compressive) principal strain levels in physiological loaded
(top, dashed line) and additionally loaded (bottom, solid line) limbs in 10
(n=5), 26 (n=10), and 78 (n=9) week old mice. (Re)modeling events were
determined following 15 days of the loading experiment. Plots show mean
(line) and standard deviation (shaded area along line).

Sites mainly under tension

In young animals, similar to compression sites, formation was enhanced at
all strain levels at sites mainly under tension (Fig. 3.22). In adult animals in
response to additional loading, similar to compressive strains, bone formation
frequency increases above a certain strain level; however, a strong reduction is
observed in the formation frequencies above a certain strain level (Fig. 3.22).
In elderly animals in the additionally loaded limb, formation frequencies were
similar in all tensile strain levels and similar to the control limb. The effect
of the additional loading on resorption frequencies were comparable to the
response in terms of compressive strains in all ages (Fig. 3.22).
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Figure 3.22: Formation (blue) and resorption (red) occurrence frequencies
at specific maximum (tensile) principal strain levels in physiological loaded
(top, dashed line) and additionally loaded (bottom, solid line) limbs in 10
(n=5), 26 (n=10), and 78 (n=9) week old mice. (Re)modeling events were
determined following 15 days of the loading experiment. Plots show mean
(line) and standard deviation (shaded area along line).

In this section, the actual occurrence frequencies of specific (re)modeling
events were presented elative to the total number of spots observed per spec-
imen. The frequencies were determined relative to the total (re)modeling
activities which occurred at the surfaces of any given mouse tibia, i.e. forma-
tion, resorption and quiescence frequencies counted to be 100%. Now, it is
important to know how much of the bone surface is available under a specific
strain level and to relate that to the observation of (re)modeling frequencies
at specific strain levels. This means that, if at a given strain level a specific
(re)modeling event occurs, it needs to be determined how much of the bone
surface is actually available at that strain level. In other words, how probable
is that a spot under a given strain level undergoes formation or resorption.
Therefore, in the next section, probability of formation and resorption events
to occur at a certain strain are presented which are calculated relative to the
amount of specific strain levels available at the bone surface.
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3.4.3 The specificity of medium strain levels to
(re)modeling events is lost with age

In this section the probability that a site at a given strain level undergoes a
particular (re)modeling event (formation, quiescence, or resorption) is pre-
sented. ’Probability of occurrences’ was determined by dividing the number of
a (re)modeling event at a specific strain level to the total number of available
spots at the surface under that specific strain level.

Sites mainly under compression

Figure 3.23 shows the probability of formation and resorption events at
compression strains at both limbs with age. In mice of all three ages in
response to the additional loading, the highest probability of bone formation
and resorption events occurred at sites under high and low strain levels,
respectively (with the exception of resorption in young animals, where the
number of resorption events was too small for evaluation, Fig. 3.23).

In young animals, formation occurred at all available strains with an
increase in its probability with increasing strain (from 30% at low strains
to 85% at high strains). In adult and elderly animals the sum of formation
and resorption was approximately constant over the whole strain range (with
values of 33±6% for adult and 27±5% for elderly) with resorption events
preferentially occurring at low strain levels and formation events at high
strain levels.

In the adult animals, it can be observed that at medium strain levels
the probability of resorption events became very small. In elderly animals,
however, in a medium range of strain levels, the probability of resorption
events only decreases. Similar trend has been observed in terms of formation
events in both ages. In adult animals, a clear threshold at medium strain
levels could be observed above which the probability of formation events
largely increases. But in elderly animals, the probability of formation events
slightly increased over a range of medium strain levels and reached highest at
high strain levels.

While in adult animals for all strain levels either a significant formation
or resorption response could be observed, in elderly animals there was a
range of strain levels (800 to 1600 µε) where the probability of formation and
resorption events were similar. Therefore, a major difference between adult
and elderly mice can be observed in the nature of the transition between
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strain levels at which formation probability exceeded resorption, or vice-versa.
Within a range of medium strain levels the relationship between local strains
and the initiation of formation or resorption became unclear from adult to
elderly animals.

Figure 3.23: Percentage of formation (blue) and resorption (red) events at
each available compressive strain (minimum principal strain) in additionally
loaded (solid lines) and physiologically loaded (dashed lines) limbs in 10
(n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific strain
level, the sum of formation, resorption and quiescence frequencies is 1 (i.e.,
100%). (Re)modeling events were determined following 15 days of the loading
experiment. Plots show mean (line) and standard deviation (shaded area
along line).

Sites mainly under tension

The probability of (re)modeling events at sites mainly under tension
were similar to compression sites in young animals; with an increase in the
probability of formation events with increasing strain levels (Fig. 3.24). In
adult animals, a reduction in the probability of resorption events at low and
high strain levels and an increase in the probability of formation events at
low strain levels occurred but the pattern between formation/resorption and
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strain levels were similar to the control limb (Fig. 3.24). In elderly animals,
the probability of formation events was hardly influenced by additional
loading (Fig. 3.24). The probability of resorption events in elderly animals
decreased with increasing strain levels; which was comparable to the response
in compressive strain sites (Fig. 3.23).

Figure 3.24: Percentage of formation (blue) and resorption (red) events
at each available tensile strain (maximum principal strain) in additionally
loaded (solid lines) and physiologically loaded (dashed lines) limbs in 110
(n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific strain
level, the sum of formation, resorption and quiescence frequencies is 1 (i.e.,
100%). (Re)modeling events were determined following 15 days of the loading
experiment. Plots show mean (line) and standard deviation (shaded area
along line).

In this section, the mechanoregulation of bone formation and resorption ob-
served in each age groups was derived from considering the total (re)modeling
events at both inner (endosteal) and outer (periosteal) bone surfaces. Never-
theless, previous studies hypothesized that the biological osteogenic capacity
of these two surfaces to respond to mechanical loading is varied [192]. In
addition, due to larger area moments of inertia at the periosteum compared
with the endosteum, the mechanical strains is expected to vary between these
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two surfaces. Thus, in the next chapter, in an aim to characterize a detailed
mechanoregulation in bone, the probability of formation/resorption events at
specific strain levels were separated for endosteal and periosteal surfaces and
has been compared with each other.
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3.5 Endosteum dictates the age-related

dysfunction in bone mechanoregulation

In the interest of finding out whether the age-specific relationship between
the probability of bone formation/resorption and local mechanical strains
(discussed in section 3.4.3) holds true independent of site, this chapter presents
a sub-analysis of bone (re)modeling probabilities at specific strain levels when
separating the two cortical bone opposing surfaces: endosteum and periosteum.
A potential influence of two biologically different bone surfaces, endosteal
and periosteal, on the dysfunction observed in the mechanoregulation of bone
formation and resorption with age (section 3.4) is tested.

Mechanical strains at the endosteal and periosteal surfaces

At the inner (endosteum) and outer (periosteum) surfaces of cortical bone
at the tibia mid-diaphysis, the mechanical strains induced were different.
FEM predicted larger principal strains (largest absolute) at the periosteal
bone surface compared with the endosteal surface in all age groups. The
differences between the average strains at the periosteum and endosteum were
44% in young, 45% in adult, and 31% in elderly. In addition, the distribution
of the principal strain at these surfaces showed that up to ∼20% of the
periosteal surface were under larger deformation compared with the endosteal
surface, in all three ages (Fig. 3.25).

Figure 3.25: Percentage of endosteal (blue) and periosteal (hatched) bone
surfaces under specific largest absolute principal strain levels in 10, 26 and 78
week old mouse tibiae. Data shown are taken from a representative FEM per
age group.

As discussed earlier in section 3.4, mouse tibia mid-diaphysis can be
divided into sites mainly under tension or compression, where either of the
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compressive or tensile principal strains dominate the other. In the following,
using a similar approach to section 3.4, (re)modeling probabilities were deter-
mined at endosteal and periosteal surfaces for sites mainly under tension and
compression, separately.

Sites mainly under compression

In young animals, additional loading resulted in an increase in the proba-
bility of formation events with increasing strain levels at both endosteal and
periosteal surfaces (Fig. 3.26). In this age group, additional loading resulted
in a significant increase in the formation probability at all strain levels (low,
medium and high) at the endosteum which reached ∼95% maximum chance.
At the periosteum, the formation probability significantly increased at medium
and high strain levels which reached ∼85% maximum chance. The average
formation probability was higher (∼10%) at the endosteal surface compared
with the periosteal surface at each given strain level in young animals. In the
contra-lateral limbs undergoing physiological loading, a similar difference in
the average formation probability between endosteal and periosteal surfaces
was observed at medium and high strain levels (Fig. 3.26).

In adult animals, additional loading resulted in an increase in the proba-
bility of formation events at both endosteal and periosteal surfaces. At both
surfaces, formation probability significantly increased at medium and high
strain levels (Fig. 3.26). The probability of formation events at the periosteal
surfaces were significantly smaller than at the endosteum at medium and high
strain levels. Moreover, in response to additional loading, an increase in the
formation probability at high strain levels at the periosteum was observed
(Fig. 3.26) which could explain the double-peak observed in the formation
probability in figure 3.23.

In elderly animals, additional loading resulted in an increase in the prob-
ability of formation events at medium and high strain levels at both bone
surfaces (Fig. 3.26). In the both contra-lateral limbs, the formation proba-
bility at the endosteum was not significantly higher than at the periosteum
(Fig. 3.26).
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Figure 3.26: Probability of formation events at each available compressive
strain (minimum principal strain) at endosteal (solid line) and periosteal
(dashed line) surfaces in physiologically (top) and additionally (bottom) loaded
limbs in 10 (n=5), 26 (n= 10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies at
each surface (endosteum or periosteum) is 1 (i.e., 100%). (Re)modeling sites
were determined following 15 days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

Resorption events in young animals, as mentioned earlier (section 3.4),
were too few to be evaluated (at both surfaces and both limb sides). In
adult animals, additional loading resulted in a significant decrease in the
probability of resorption events at medium and high strain levels at the
endosteal surface (compared with physiologically loaded limb; Fig. 3.27). At
the endosteal surface, the average resorption probability in the physiologically
loaded limbs was ∼50% at all strain levels, this chance was sharply reduced
in response to additional loading at medium and high strain levels (Fig. 3.27).
At the periosteal surface, a significant reduction in the resorption probability
is response to additional loading could not be observed; however, in both
contra-lateral limbs at all strain levels, the probability of resorption events at
the periosteum was significantly smaller than at the endosteum.
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Figure 3.27: Probability of resorption events at each available compressive
strain (minimum principal strain) at endosteal (solid line) and periosteal
(dashed line) surfaces in physiologically (top) and additionally (bottom) loaded
limbs in 10 (n=5), 26 (n= 10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies at
each surface (endosteum or periosteum) is 1 (i.e., 100%). (Re)modeling sites
were determined following 15 days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

In elderly animals at the endosteal surface, additional loading resulted in
a significant decrease in the probability of resorption events at the medium
and high strain levels (Fig. 3.27). However, at medium strain levels at the
endosteum, additional loading could only partially and not fully suppress the
resorption probability.

In addition to the above-mentioned observations, in the additionally loaded
limbs in adult animals, a significant difference was observed between forma-
tion and resorption probabilities at all strain levels at the endosteum, i.e. at
the endosteum a significantly higher resorption probability compared with
formation was observed at low strain level and a significantly higher formation
probability compared with resorption was observed at medium and high strain
levels (Fig. 3.26 and 3.27). In elderly animals, however, only at low strain
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level at the endosteum significantly higher resorption probability compared
with formation probability was observed (in additionally loaded limbs).

In this sense, a clear bone response, e.g. either formation or resorption,
at the medium strain levels could be observed in adult animals at the endos-
teum while elderly animals showed similar probability of bone formation and
resorption at medium strain levels. In addition, it was observed that at the
periosteum in adult and elderly animals, the probability of formation and
resorption events at medium strains were not significantly different.

Based on these observations, the dysfunction of elderly animals to elicit a
clear formation or resorption response at the medium strain levels (described
in section 3.4.3) is essentially an effect which can be seen at the endosteal
surfaces and not the periosteal. Considering that these results show the prob-
ability of the (re)modeling events in relationship to strain, it is now crucial to
know how often formation/resorption occurs at a strain level at each of these
two surfaces, i.e. the percentage of the spotted formation/resorption events at
each of these two bone surfaces. It could then be revealed which percentage
of the mechanoregulation observed in each surface is actually contributing to
the responsiveness of bone to loading with age.

For sites mainly under compression, table 3.2 lists the percentage of the
sum of the occurrence of each (re)modeling event at the endosteal and pe-
riosteal surfaces, i.e. the formation spots are shown in percentage relative to
the total spots available at both bone surfaces. Additional data regarding
this table is given in Appendix B.1 (Fig. B.1).

In young animals in the additionally loaded limbs, the sum of the total
occurrence frequency of formation events at the periosteal surface (20%) was
larger compared with the endosteal surface (15.6%), (Table 3.2). Considering
that a larger surface area at the periosteum is mainly under compression
(36.5%) than endosteum (24%), the relative effect is inverse, i.e. the endosteal
surface in young animals show more anabolic response to strains than the
periosteum.

In adult and elderly animals in the additionally loaded limbs, the sum
of total occurrence frequencies of formation events at both surfaces were
comparable (8%: endosteal and 7%: periosteal in adults, and ∼5%: endosteal
and periosteal in elderly). The sum of occurrence frequencies of resorption
events in both additionally and physiologically loaded limbs were larger at the
endosteal surface compared with the periosteum in adult and elderly animals.
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This data shows that a pivotal difference in the probability of formation
events between young and adult animals occurred at the periosteum and at
low strain levels of the endosteal surface. Between adult and elderly, however,
a strong reduction in the probability of formation events was observed at the
endosteal surfaces.

Table 3.2: Sum of the total (re)modeling occurrences (formation, resorption
and quiescence) at compressive strain sites in both limbs. Average values are
given in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice.

Mouse Limb (Re)modeling probabilities
Age Side Endosteal Periosteal

Form Resorb Quies. Total Form Resorb Quies. Total

10 L 15.6% <1% 8.5% 24.2% 20.0% <1% 16.5% 36.5%
10 R 6.8% <1% 20.0% 27.0% 3.6% <1% 19.4% 23.6%

26 L 8.0% 5.0% 13.0% 26.0% 7.0% <1% 34.0% 41.0%
26 R <1% 12.4% 16.4% 29.6% 1.1% 1.2% 30.1% 32.6%

78 L 5.4% 7.3% 20% 32.7% 5.1% 2.0% 27.4% 34.5%
78 R 2.5% 13.5% 19.6% 35.6% <1% <1% 32.0% 33.4%

Sites mainly under tension

In the section 3.4, a dissimilar mechanoregulatory behavior was observed
at sites which were mainly under tension compared with sites mainly under
compression. Specifically, it was shown that in adult animals a strong decrease
in the formation probability occurred at high tensile strain levels but not
at high compressive strain levels (shown in figure 3.24). In this section, the
mechanoregulation of bone at sites mainly under tension at the endosteum
and periosteum is presented.

In young animals in response to additional loading, the formation proba-
bility at both bone surfaces surface significantly increased compared with the
background response (similar to the compression strains; Fig. 3.26 and 3.28).
However, unlike compression sites, formation events at the endosteum in the
additionally loaded limb did not reach ∼100% maximum chance at highest
strain levels. Perhaps, this effect owed to the smaller tensile strains induced
at the endosteum compared with the compressive strain levels at that surface
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and to the background response observed in the physiologically loaded limb
(Fig. 3.26 and 3.28).

Figure 3.28: Probability of formation events at each available tensile strain
(maximum principal strain) at endosteal (solid line) and periosteal (dashed
line) surfaces in physiologically (top) and additionally (bottom) loaded limbs
in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies at
each surface (endosteum or periosteum) is 1 (i.e., 100%). (Re)modeling sites
were determined following 15 days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

In adult animals, additional loading resulted in a significant increase in
the probability of formation events at medium and high strain levels at the
endosteum (compared with the physiologically loaded limb). Interestingly, the
formation probability in adult animals in response to additional loading at the
endosteal surface was comparable with young animals (inter-limb differences,
Fig. 3.28). At the periosteal surface, a response to additional loading was not
observed in this age group (Fig. 3.28). In elderly animals additional loading
lead to an increase in the formation probability at all strain levels at the
periosteum; however, no specificity between the local strain level and the
formation probability could be observed (i.e. similar formation probability at
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all strain levels).

Additional loading resulted in a decrease in the resorption probability
above a certain strain level at endosteal surfaces in adult animals (Fig. 3.29).
In elderly animals, a similar effect at the endosteal surface could not be
observed (Fig. 3.29). Likewise the anabolic responses, a major dysfunction
in the mechanoregulation of the resorption probability between adult and
elderly animals occurred at the endosteal surfaces.

Figure 3.29: Probability of resorption events at each available tensile strain
(maximum principal strain) at endosteal (solid line) and periosteal (dashed
line) surfaces in physiologically (top) and additionally (bottom) loaded limbs
in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies at
each surface (endosteum or periosteum) is 1 (i.e., 100%). (Re)modeling sites
were determined following 15 days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

The amount of endosteal and periosteal bone surfaces undergoing for-
mation/resorption activities is an important factor to explain the above-
mentioned observations. For sites mainly under tension, table 3.3 lists the
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sum of the occurrence of each given (re)modeling event at the endosteal and
periosteal surfaces, e.g. the formation spots are shown in percentage relative
to the total spots available at the bone surface. Aditional information regard-
ing this table is given in figure B.2 in the supplemental data (Appendix B.1).

In young animals, the total sum of the formation occurrence frequencies
in response to additional loading were larger at the periosteum (12%) than
at the endosteum (7%) (Table 3.3). But relative to the larger surface under
tension at the periosteum (25%) than endosteum (14%), it can be concluded
that the formation occurrence frequencies at both surfaces in response to
additional loading were comparable. Negligible portions of resorption events
occurred at the periosteum compared with endosteum under tension in both
adult and elderly animals (Table 3.3). These data reconfirm the observation
that endosteal surfaces are in charge for a dysfunction in the mechanical
response with age.

Table 3.3: Sum of the total (re)modeling occurrences (formation, resorption
and quiescence) at tensile strain sites in both limbs. Average values are given
in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice.

Mouse Limb (Re)modeling probabilities
Age Side Endosteal Periosteal

Form Resorb Quies. Total Form Resorb Quies. Total

10 L 7.0% <1% 5.9% 13.0% 12.0% <1% 12.5 24%
10 R 3.6% <1% 11.6% 15.6% 4.5% <1% 28.0% 32.5

26 L 3.0% 1.5% 5.6% 10% 1.7% <1% 21.7% 23.4%
26 R 1.5% 4.2% 8.5% 14.2% 1.2% 1.2% 21.2% 23.6%

78 L 1.5% 5.1% 6.8% 13.0% 1.9% 1.1% 16.6% 19.6%
78 R 1.1% 4.0% 5.4% 10.5% <1% 1.3% 17.0% 18.5%

Based on these results, it can be concluded that with age a separation
between strain levels which lead to bone formation or resorption responses
to mechanical loading becomes unclear and that this dysfunction mainly
occurs at the endosteal surface. Up to this point, the relationship presented
between (re)modeling sites and local strain magnitudes were determined after
15 days of the loading experiment. Thus, it remains to be determined how
this dysfunction develops over the course of time in animals of different ages.
A specific question addressed is whether elderly animals respond to loading
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in a de-controlled manner at different time points during the experiment. To
achieve that, in the next section the probability of bone formation/resorption
events is presented at specific strain levels at day 5, 10 and compared with
day 15 of the loading experiment.
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3.6 Time dependency of bone (re)modeling

responses at specific strain levels

Understanding the mechanoregulation of bone (re)modeling responses over
the course of time helps to identify when and how the adaptation process the
dysfunction in the response to mechanics occurs with age. Previous studies
showed that a significant response in bone (re)modeling parameters such
as bone formation or resorption volume/surfaces does not occur in elderly
animals before day 15 of the loading experiment [78]. However, unknown
remains when in the adaptation process the regulation between sites of bone
formation/resorption and local strain levels is lost. In this chapter, time
dependency of bone formation and resorption responses to local strain levels
are investigated. Relationship between (re)modeling events and strain levels
at day 5, 10 and 15 are presented and compared. (Re)modeling events at
days 5 correspond to bone responses between day 0 and day 5 of the loading
experiment and similar definition applies for day 10 and 15.

Sites mainly under compression

In young animals in the additionally loaded limbs at the endosteal surface,
the formation probability at low strain levels reached its maximum, ∼50%,
at day 10 of the loading experiment (Fig. 3.30). At medium and high strain
levels, however, maximum chance in formation at endosteum occurred at day
15. At the periosteum, an increase in the formation probability at medium
and high strain levels was observed at day 10 and 15. Although in young
animals in both contra-lateral limbs at day 5 a clear relationship between
the formation probability and strain levels could not be observed at neither
of endosteal and periosteal surfaces, the average formation probability was
∼10% larger at the endosteum than the periosteum at all strain levels. This
difference increased at day 10 (Fig. 3.30) and at the same time it could be
observed in the physiologically loaded limbs (Fig. 3.30).

Interestingly in adult animals at the endosteal surface in the additionally
loaded limbs, formation events showed a higher probability at high strain
levels than low/medium strain levels already at day 5 (Fig. 3.30). A strong
increase in the formation probability at medium and high strain levels at
the endosteum occurred from day 10 of the loading experiment. At the
periosteum, an increase in the formation probability at high strain levels
could be observed only at day 10 which was maintained at day 15 (Fig. 3.30).
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Elderly animals, at both endosteal and periosteal surfaces, only showed a
clear relationship between local strain levels and the formation probability at
day 15 of the loading experiment (Fig. 3.30).

Figure 3.30: The probability of formation events at each available compressive
strain (minimum principal strain) in physiologically and additionally loaded
limbs in 10 (n=5), 26 (n= 10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies is 1
(i.e., 100%). Formation sites were determined following 5 (dotted line), 10
(dashed line) and 15 (solid line) days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

By determining the time dependency of the bone formation probability at
specific strain levels, it can be concluded that during skeletal maturity (from
10 to 26 week old) a progressive reduction in the anabolic response to strains
occurred over the course of time. This effect can be observed by comparing
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the formation probability between the corresponding time points in young
and adult animals (Fig. 3.30). At both opposing bone surfaces, endosteal
and periosteal, ∼10% less formation chance at day 5 developed to ∼50% less
chance at day 15 in adult compared with young animals (Fig. 3.30). During
aging (from 26 to 78 week old) a clear dysfunction in the anabolic response
was evident after 5 days of the loading experiment. Elderly animals only
showed a response to additional loading between day 10 and 15 of the loading
experiment.

Figure 3.31 depicts the resorption probability at available compressive
strains at endosteal and periosteal surfaces over the course of time. At all
time points, resorption events in young animals at both bone surfaces, and
similarly in adult and elderly animals at the periosteal surface, were too few
to be evaluated (Fig. 3.31). In adult animals at day 5 at the endosteal surface,
a reduction could be observed in the resorption probability at most of the
strain levels available in response to additional loading (Fig. 3.31). At day 10
at the endosteal surface, the chance of resorption events at medium and high
strain levels was negligible in response to additional loading in this age group.
Interestingly, at day 15 in the additionally loaded limbs, the probability of
resorption events at medium and high strain levels was maintained negligible
while the probability of resorption increased at low strain levels in adult
animals. This increase in the resorption probability at low strain levels with
time was similar in physiologically and additionally loaded limbs.

In elderly animals at the endosteum, already at day 5 a reduction in the
resorption probability at medium/high strain levels could be observed in the
additionally loaded limbs compared with the physiologically loaded limbs
(Fig. 3.31). The effect of additional loading on suppressing the resorption
probability in elderly animals reached its maximum at day 10, i.e. no further
reduction in the resorption probability was observed after day 10 (Fig. 3.31).
However, the increase in the resorption probability from day 10 to 15 in the
physiologically loaded limb, and negligible change in the resorption probability
from day 10 to 15 in the additionally loaded limb, suggests that indeed at the
endosteum additional loading actively suppressed the probability of resorption
at medium/high strain levels in the sense that it stopped additional increase
in the resorption probability as would occur in the background.
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Figure 3.31: Percentage of resorption events at each available compressive
strain (minimum principal strain) in physiologically and additionally loaded
limbs in 10 (n=5), 26 (n= 10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies is 1
(i.e., 100%). Formation sites were determined following 5 (dotted line), 10
(dashed line) and 15 (solid line) days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

Sites mainly under tension

Considering the effect of time, formation and resorption probabilities in
all age groups behaved similar at sites mainly under tension and compression
(Fig. 3.32 and 3.33). In young animals in the additionally loaded limbs, the
formation probability at the endosteum reached its maximum value, ∼40%,
at low strain levels at day 10 of the loading experiment (Fig. 3.32). At
medium/high strain levels, a progressive increase with time was observed with
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maximum probability at day 15 in the additionally loaded limbs; likewise at
the periosteum.

Figure 3.32: Percentage of formation events at each available tensile strain
(maximum principal strain) in physiologically and additionally loaded limbs
in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies is 1
(i.e., 100%). Formation sites were determined following 5 (dotted line), 10
(dashed line) and 15 (solid line) days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).

In adult animals at the endosteum, a strong increase in the formation
probability at medium/high strain levels occurred progressively from day 5
to 10 and day 10 to 15 of the loading experiment in the additionally loaded
limbs. Elderly animals, only at the endosteum showed a relationship between
strain levels and the formation probability and yet not before day 15 in the

95



additionally loaded limbs. In adult and elderly animals, at the periosteum no
clear relationship between strain levels and the formation probability could
be observed. By comparing the formation probability between corresponding
time points in 10 and 26 week old animals, it can be observed that a progressive
reduction in the formation probability occurred at all strain levels beginning
at day 5 (Fig. 3.32). During aging (from 26 to 78 week old) a clear dysfunction
in the anabolic response was evident after 5 days of the loading experiment.

Figure 3.33: Percentage of resorption events at each available tensile strain
(maximum principal strain) in physiologically and additionally loaded limbs
in 10 (n=5), 26 (n=10), and 78 (n=9) week old mice. At each specific
strain level, the sum of formation, resorption and quiescence frequencies is 1
(i.e., 100%). Formation sites were determined following 5 (dotted line), 10
(dashed line) and 15 (solid line) days of the loading experiment. Plots show
mean (line) and standard deviation (shaded area along line).
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Figure 3.33 depicts the resorption probability at available tensile strains
at the endosteal and periosteal surfaces over the course of time. Resorption
events in young animals were too few to be evaluated (Fig. 3.33). In adult
animals, a progressive reduction in the resorption probability from day 5 to
10 and day 10 to 15 could be observed at most of the available strain levels
in response to additional loading (Fig. 3.33). In elderly animals, at day 5 a
reduction in the resorption probability at medium/high strain levels could
be observed in the additionally loaded limbs compared with physiologically
loaded limbs (Fig. 3.33). The effect of additional loading on suppressing the
resorption probability in elderly animals halted at day 10. Similar to the
compression sites, no further reduction in the resorption probability was
observed after day 10 in the additionally loaded limbs (Fig. 3.33). Additional
loading resulted in suppression of the resorption probability at high strain
level at the periosteum in elderly animals.

To summarize, it has been observed that during skeletal maturity (from
10 to 26 week old) a progressive reduction in the anabolic response to strains
occurred over the course of time at both opposing bone surfaces, endosteal
and periosteal. During aging (from 26 to 78 week old), however, a clear
dysfunction in the anabolic response was evident at day 5 of the loading
experiment. In addition, the maximum decrease in the chance of resorption
events in response to additional loading occurred at day 10, with no further
reduction between day 10 and 15 of the loading experiment. However, it was
observed that comparing to the physiological loading, the additional loading
inhibited resorption at medium/high strain levels in elderly animals at all
time points.
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Chapter 4

Conclusions

This thesis is an attempt to understand the mechanisms behind age-related
bone loss (i.e., accelerated negative bone turnover) by shedding some light on
how bone response to physical stimulation is impaired with increasing age.
The work undertaken was to test the hypothesis whether bones in different
age groups respond differently to certain strain magnitudes brought about by
additional loading (e.g., training exercise). Specifically, it was tested if bone
loses the ability to recognize and respond to certain mechanical strain levels
with increasing age. Until now, bone (re)modeling theories largely ignored
the effect of aging, thereby assuming a lack of an age-specific regulation of
formation and resorption by mechanical strain. In this work, the way in which
maturation and aging influence the mechanical regulation of bone adapta-
tion to a controlled loading regime has been investigated. Local mechanical
strains induced within the bone tissue have been identified and related to
micro-structural changes occurring at the bone surface in response to external
loading.

Findings from this work show that the mechanical strains induced within a
mouse tibia by an identical external load decreased with increasing age. This
phenomenon was due to significant changes in the bone geometrical structure
and mineral density with age. It has been observed that changes in the bone
shape with age substantially influences the age-related reduction in the strains
induced within the bone. For instance, at the cortical mid-diaphyseal region
geometrical differences lead to a reduced strain with increasing age. However,
during maturation a large increase in the bone mineral density at proximal
and distal regions lead to a strong decrease in the strain induced at those
sites. As a consequence at the metaphyseal cancellous bone region mineral
density contributed to the reduction in strain observed with increasing age.
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Independent of age, bone responded to additional mechanical loading with
an increase in the number of bone formation events and a decrease in the
number of bone resorption events, preferentially at regions under high strains.
Although no other studies have examined the relationship between the local
strain environment and (re)modeling events in cortical bone for different age
groups, the results from the current study are in accordance with a previous
report on trabecular bone in mechanically loaded tail vertebrae from 15 week
old mice [161]. They reported that mean strains at formation sites were
significantly higher than at quiescent sites and that mean strains at resorption
sites were significantly lower than at quiescent sites.

Although a relationship existed between local mechanical strains and bone
(re)modeling responses in all age groups, the nature of this response varied
during skeletal maturation and aging. A clear age-specific difference was
observed in the strain levels where (re)modeling events occurred after two
weeks of in vivo loading. In young animals, additional loading resulted in
enhanced bone formation at all available mechanical strain magnitudes, while
negligible resorption events could be detected. In adult animals, additional
loading led to an inhibition of resorption and an activation of formation at
medium and high strain levels. This difference, observed between young and
adult animals, can be explained by the ongoing growth occurring in the young
mice that drives much of the (re)modeling response, as skeletal maturity is
reached at approximately 20 weeks of age [143].

This thesis does not support Frost’s mechanostat theory that suggests
that formation and resorption responses occur at completely distinct strain
levels (Fig. 4.1). However, in agreement with the mechanostat theory, an
inverse relationship between the probability of formation and resorption
and mechanical strains was observed in both adult and elderly animals, i.e.
formation increased and resorption decreased from low to high mechanical
strains. Similar to two previous studies on trabecular bone [115, 161], an
evidence of a lazy zone of inactivity - as postulated by Carter [151]- was
not observed in any age group examined. In adult and elderly animals, the
ranges of strains at which formation and resorption took place overlapped,
contradicting the existence of a lazy zone (Fig. 4.1).
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Figure 4.1: Frost’s theoretical demonstration of the mechanostat (left) ver-
sus the experimental quantification observed in the present study (right).
Schematic drawings for experimental data are shown in dashed lines for 10
(blue), 26 (green) and 78 (red) week old mice. Positive and negative values of
bone turnover correspond to formation and resorption, respectively.

An interesting observation has been made by comparing the mechanoreg-
ulation in adult and elderly animals. In adult mice a narrow ’transition zone’
in the range of strains that elicited both formation and resorption existed
(Fig. 4.1). It has been observed that age has a substantial influence on this
’transition zone’. This ’transition zone’ was much broader in the elderly
mice, indicating that a greater range of strains elicited both formation and
resorption events (Fig. 4.1). The existence of this ’transition zone’ suggests
that bone (re)modeling processes are not purely strain-driven, but are likely
influenced by other biological factors. This data does not confirm the sug-
gested proposal that age leads to a shift in the level of mechanical strain
that triggers bone formation or suppresses bone resorption [193,194]. Instead,
it has been observed that with increasing age, there is a smaller range of
strains that specifically trigger either formation or resorption. In this sense,
the mechanical control of bone (re)modeling is dysregulated with aging.

This dysfunction which occurred in the mechanoregulation of bone during
aging (i.e. from adult to elderly animals) was observed to be essentially an
effect at the endosteal bone surface in the cortical bone (Fig. 4.2). To be
specific, it has been shown that the dysfunction in the mechanoregulation at
the periosteal surface already took place in the skeletal maturation period
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(i.e. from young to adult animals). From adult to elderly, the (re)modeling
probability at the periosteal surfaces was invariable (Fig. 4.2). Thus a major
dysfunction in the anabolic and catabolic responses from adult to elderly
animals was observed to occur at the endosteal surface. This means that in
elderly animals, loss in the bone response to mechanical strain is dictated by
lack of sensitivity of the endosteal surface to strain.

Figure 4.2: Experimental quantification of the mechanostat theory for en-
dosteal (left) and periosteal (right) surfaces. Schematic drawings for experi-
mental data are shown for 10 (blue), 26 (green) and 78 (red) week old mice.
Positive and negative values of bone turnover correspond to formation and
resorption, respectively.

Lastly, by tracking the mechanoregulation of bone anabolic and catabolic
responses over the course of loading experiment, it has been observed that
during skeletal maturity (from 10 to 26 week old) a progressive reduction in
the anabolic response to strains occurred with time at both opposing bone
surfaces, endosteal and periosteal. During aging (from 26 to 78 week old),
however, an evidence of impaired association between local strain levels and
the anabolic response was observed after 5 days of the loading experiment.
Over the course of time, this effect was only partially recovered. In addition,
in elderly animals the probability of resorption events at specific strain levels
was maintained after 10 days of additional loading. It can be concluded that
there exist an interrupting mechanism which avoids continuous inhibition of
the catabolic response of bone to mechanical strains in elderly.
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Final remarks

To summarize, this work provides evidence that with age the mechanical
signal loses its specificity to activate osteoblastic formation or inhibit osteo-
clastic resorption activities. External mechanical loading leads to a variety
of events at the level of the cell including changes in hydrostatic pressure,
direct cell strain, fluid flow, and electric fields resulting from electro-kinetic
effects accompanying fluid flow [195]. Either form of the mechanical signals
engendered are transformed into anabolic/catabolic agents through biochem-
ical signal transduction processes called ’mechano-transduction’. Findings
from this work pose the question of where in the ’mechano-transduction’
information cascade does the perception of the mechanical information is
obscured which results in a de-controlled (re)modeling in aged animals.

The dysfunction observed in the mechanoregulation of bone can be already
in the sensing of the mechanical stimulus by the osteocytes, in the transport
of the biochemical signal to the bone surface, or in the reception of the
biochemical signal by osteoblasts and osteoclasts. Since it has been observed
that increasing age influences formation and resorption in a similar way, the
last possibility seems less likely. As skeletal aging is remarkably similar in
human and mice [196], it is likely that the core conclusions from this study
can be extrapolated to humans. Thus, to efficiently target age-related bone
loss this work suggests an immediate need to reveal the biological details of
the physical and/or biologic basis of how mechanical signals are transformed
into anabolic/catabolic agents for bone.

A number of future steps can improve this work: A crucial first step
revolves around the material property assignment in FEA of the bone. Al-
though in the present work, density-based heterogeneous material properties
were implemented in the models, aspects such as bone anisotropy were not
considered. In addition, microscopic level material properties, e.g. provided
by nano-indentation studies, could be implemented to investigate the effect
of a more detailed material property definition on the strain environment
induced within the bone tissue of different ages.

A major next step is then to understand how the local deformation of bone
tissue is transferred to the lower scales within the bone matrix and at the lower
level, into the fluid flow through the canalicular network and deformations of
the osteocyte membrane. Such models would require a multi-scale approach
where processes within the canalicular network (in nm scale) are linked to
strain magnitudes occurring at the tissue level (in micro scale).
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A limitation of this study is that the predicted induced strain values at
day 0 were mapped to (re)modeling events occurring over a 15 day period. It
remains to be determined, whether morphological changes occurring over the
course of the experiment have a significant effect on the strain magnitudes
that are induced within the bone during this time period and how they relate
to the (re)modeling events; i.e. strain values at day 10 with (re)modeling
events between day 10 and day 15.

As mentioned earlier skeletal aging in mice is similar to humans, thus
the information presented in this study is envisioned to apply to humans.
This data could essentially help predict how bone in patients of different
ages adapts to the altered mechanical environment. Such alterations in the
mechanical environment could occur after incorporation of orthopaedic joint
prostheses. An in-depth knowledge in the prediction of the micro-structural
changes occurring as a result of a joint implant within the host bone has
the potential to provide a tool for a pre-clinical testing of prostheses to opti-
mize the prosthesis design. Furthermore, based on the presented findings a
proposed direction of the future research could be to implement these informa-
tion into computer models which aim at predicting the bone micro-structural
changes in various environments. So far, the influence of age is overlooked in
these simulation algorithms. These findings can be utilized to develop more
efficient algorithms by inclusion of the effect of age which can in turn help to
better predict the morphological effect of various pharmaceutical therapies as
well as diseases.
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Appendix A

FEA Supplemental data

A.1 Influence of mesh density in FEMs

In this section it is shown whether the variations in the mesh density would
alter the strains predicted within the mouse tibia by FEA. Eight FEMs with
different number of mesh elements (4-noded tetrahedrals (C3D4)) were inves-
tigated. Details of the meshing procedure has been given in sections 2.2.2 and
2.2.3, and are only briefly described in this section. µCT images were used to
acquire accurate bone morphology as described in section 2.2.2. Following
segmentation (section 2.2.3), bone surfaces were defined using a triangular
approximation algorithm. The enclosed bone surfaces were filled with volu-
metric tetrahedral elements (4-noded). Eight models with different number
of mesh elements were created in which the minimum mesh density aimed at
respecting the geometrical fidelity while the maximum mesh density reached
the maximum computational resources (Table A.1).

Table A.1: Number of elements in FEMs with varied mesh densities

Models Number of elements
Total (106) Strain gauge site Cortical mid-shaft (104)

a 0.72 1511 1.89
b 0.97 2391 2.60
c 1.23 2582 3.26
d 1.40 3052 3.88
e 1.48 2972 4.23
f 1.53 3303 4.42
g 1.89 3520 4.97
h 2.18 4731 5.72
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Results are shown in figures A.1 and A.2. As can been seen from figure A.1,
very small changes are introduced to the strains induced within the tibia by
varying the mesh density. With increasing mesh density, a small amplifica-
tion of the compressive strains can be observed at the distal and proximal
diaphyseal tibia as shown in the insets and pointed by arrows in figure A.1.
Varying the mesh density from 0.72× 106 to 2.18× 106 mesh elements resulted
in approximately 2% difference in the mean principal strains induced at the
mid-diaphyseal region of the bone. At the strain gauge position, the longitu-
dinal strain changed by 7% by varying the mesh density from 0.72× 106 to
2.18× 106 mesh elements. In the cancellous bone (shown in Fig. A.2), however,
larger changes occurred from a relatively coarse mesh (0.72× 106) to the finest
mesh (2.18× 106). However, these changes were very localized and limited to
small regions. Perhaps, increasing the mesh density helps to more accurately
capture the complicated geometry of bone at the proximal region (especially
in the proximity of the growth plate) and thus resulting in a modified strain
environment in that region.

Figure A.2: Principal strains predicted within the cancellous bone at the
proximal tibia using minimum (0.72× 106, a) and maximum (2.18× 106, h)
mesh densities. Color-coded plots demonstrate largest absolute principal
strains.
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A.2 Influence of boundary and loading

conditions in FEMs

Linear elastic FEA was performed using a single representative geometry
(78 week old) discretized with approximately 1.5 × 106 linear tetrahedral
mesh elements as described in section 2.2.3. To investigate the differences
in the mechanical strains induced within the bone when varying boundary
and loading conditions, an identical external load (-11 N) was applied to all
FEMs. Unless otherwise stated, the following parameters were considered in
the FEMs:

Load was applied through a contact surface selected on the knee side.
Displacement constraints were applied at the ankle side to the talus-tibialis
contact pressure surface. In order to compare the influence of boundary
condition variations on the strain state within the bone tissue, bone was
assumed isotropic and homogeneous. According to the literature [185], mouse
bone was assumed to be linear elastic with homogeneous isotropic Young’s
modulus (E) of 20 GPa and a Poisson’s ratio of 0.3.

Alterations in the strains induced within the bone as influenced by the
boundary conditions were investigated by comparing the strains in two regions
of interest: 1) at the strain gauge position (Fig. 2.3) and 2) at the cortical mid-
diaphysis (5% of bone length) in the FE models (Fig. 2.5). Strain components
for the elements at the position of the strain gauge (seen in the ex vivo µCT
scan of bones) were calculated in the local coordinates of the strain gauge so
that εxx is the strain component in the longitudinal strain gauge direction.
Average and standard deviation for all elements at the strain gauge location
are reported. In addition, average and ranges of minimum (compressive)
and maximum (tensile) principal strains at the cortical mid-shaft region are
reported for different models.

A.2.1 Boundary conditions

An uncertain parameter in finite element modeling of the mouse tibial com-
pression model relate to the boundary conditions, both in terms of point of
application and degrees of freedom. Finite element studies of the in vivo
mouse tibia loading model have assumed different contact surfaces [138,197].
To what degree predicted mechanical strains are influenced by the joint con-
tact areas remains unknown. In addition to the contact surfaces, it remains
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known how much the bone can move in the transverse plane perpendicular
to the loading axis. The concave cup and platen are designed to hold the
tibia in place; however, small movements could be present. In this study the
influence of joint contact surfaces and displacement constraints on the strain
state within the mouse tibia is investigated.

1. Joint contact surfaces:

The joint contact pressure sites at knee and ankle joints were modified by
changing the surface at which boundary conditions were assigned (Fig. A.3).
In addition, two single points at knee and ankle joints were selected to assign
boundary conditions (A1B1). In these models, the axial compression load
was inserted with 0 tilt angle with respect to the tibia longitudinal axis (the
description of this axis can be found in Fig. 2.12 and 2.13) and surface nodes
at ankle side were fixed in all degrees of freedom while surface nodes at the
knee side were fixed in translation at perpendicular directions to the load
(constraint 1: described in the following section).

Figure A.3: Joint contact sites studied for their influence on the strains
predicted. Regions highlighted in red at knee (A1 to A5) and ankle (B1 to
B5) joints were selected for assigning load and boundary conditions in FEMs.
Contact sites were selected to approximate a range of possible occurrences,
i.e. from a minimum to a large contact surface between proximal tibia and
distal femur.

Variations in the joint contact surfaces resulted in a maximum of 6% and
10% difference in the average compressive and tensile principal strains induced
at the tibia mid-diaphysis. This difference was observed between applying
the boundary conditions to the entire surface at both knee and ankle joints
(A5B5) and to the single points at joints (A1B1), Fig. A.3. This variation was
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also reflected in the longitudinal strains predicted at the strain gauge position
(6% variation in longitudinal strains between models). In addition, up to 70%
difference (occurred in A5B5) was calculated in the longitudinal strain at
the gauge site compared with in vivo measurements, +1400 ε. However, it
should be noted that the effect of heterogeneous elastic properties are ignored
in this analysis. Changes in the joint contact surfaces led to variations in the
distribution of strains (Fig. A.4). Specifically higher strains were observed at
proximal and distal tibia regions when applying the boundary conditions to
single nodes compared to larger contact surfaces (Fig. A.4). However, at the
distal diaphyseal region higher strains were predicted when implementing the
boundary conditions at the entire knee and ankle surfaces (Fig. A.4).

Figure A.4: Resultant strain state within the mouse tibia by varying joint
contact sites. Plots demonstrate largest absolute principal strains induced
within the mouse tibia while implementing the boundary conditions at single
points (A1B1) and four different contact surface conditions at ankle (proxi-
mally) and knee (distally) side (A2B2 to A5B5). Circles and arrows point to
regions with large differences between models.

Alterations in joint contact surfaces where the boundary conditions are
applied have shown to have a small effect on the general strain state within the
bone diaphyseal region, e.g. high tension at the anterior and high compression
at the posterior sites of the mid-diaphyseal region. However, larger variations
were observed at closer proximity to the boundary, i.e. proximal and distal
metaphyseal regions (Fig. A.4).
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It is a realistic assumption that a limited region of a joint surface is in
contact with neighboring bones or soft tissues to transfer the internal loads.
In addition, it has been suggested in an earlier study of human cadaver, that
when the knee joint is in a high flexion activity, a limited surface of the tibia
is in contact with the femur [189,190]. Thus for pursuing the main objective
of this thesis, i.e. the determining the strain environment within the mouse
tibia, the contact surface was chosen to be similar to A4B4 (described in
section 2.2). Making this assumption, the results from this study (e.g. strain
levels and the general strain distribution pattern as in A4B4 model) are in
agreement with previous reports [197,198].

2. Displacement constraints

In addition, the displacement constraints at the boundaries were modified
in three modes:

� Constraint 1: Surface nodes at ankle side were fixed in all degrees of
freedom, surface nodes at the knee side (where load was inserted) were
fixed in translation at perpendicular directions to the load.

� Constraint 2: Surface nodes at ankle side were fixed in all translational
degrees of freedom and free for rotational moments, surface nodes at
the knee side were fixed in translation at perpendicular directions to
load.

� Constraint 3: Surface nodes at ankle side were fixed in all degrees of
freedom, no displacement constraint was applied at surface nodes at
the knee side.

In these models, the axial compression load was inserted with 0° tilt angle
with respect to the tibia longitudinal axis (Fig. 2.12 and 2.13) and knee/ankle
contact surfaces were set as shown in A4B4, Fig.A.3. The choice of A4B4
contact surface aimed at replicating a similar condition which was suggested
earlier in human cadaver studies [189, 190] and has been implemented for
pursuing the main objective of this thesis (section 2.2).

Modifying the displacement constraints resulted in large differences in
the strains induced at the cortical mid-diaphysis of the tibia (Fig. A.5). The
largest differences in maximum and minimum principal strains induced at the
cortical mid-shaft occurred between displacement constraints 2 and 3 (20%
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and 10%, respectively) (Fig. A.5). In addition, restraining the foot and ankle
and leaving the knee free resulted in higher compressive and tensile principal
strains at the anterior and posterior sides of the distal tibia (respectively)
compared to conditions where the knee was partially restrained of movement
(constraints 1 and 2) (Fig. A.5). The influence of the boundary conditions was
more evident in the strain predicted at the strain gauge site. Longitudinal
strains increased by 150% and decreased by 120% between displacement con-
straints 2 and 3, and between displacement constraints 1 and 2, respectively.
Compared to the in vivo measurements (+1400 ε), predicted strains at the
gauge site in constraint 1, 2 and 3 were 70%, 66% and 28% lower, respectively.

Figure A.5: Resultant strain state within the mouse tibia by varying displace-
ment constraints. Plots demonstrate largest absolute principal strains induced
within the mouse tibia while implementing different boundary conditions at
A4B4 contact surfaces. Plots show longitudinal section through the tibia.
Arrows point to regions with large differences between models.

Assigning displacement constraints might seem trivial. The general con-
sensus is to fix displacement in all degrees of freedom at one joint and insert
the loading conditions in the other joint. In addition, a displacement constrain
in the direction perpendicular to the load axis is introduced allowing only
axial movement to the corresponding joint. However, it is likely that the
bone moves within the cup and platen while the animal is within the loading
machine, since there are no restraints to avoid small movements. Similar to a
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previous report [197], a large influence was shown by the FEM of this study
between allowing and completely restraining the displacement of the knee
side in the transverse plane perpendicular to the load (between constraint
1 and constraint 3). These results show that proximal constraints largely
affect the induced strain magnitudes within the mouse tibia (Fig. A.5). This
variation is also markedly reflected in the strains predicted at the gauge site.
However, for pursuing the main objective of this thesis, i.e. the determining
the strain environment within the mouse tibia, a more realistic assignment of
the displacement constraints (constraint 2) was implemented (described in
section 2.2). This displacement constraint was also suggested in the previous
studies [197,198].

A.2.2 Bone orientation

A recent finite element study has shown that in order to predict the location
of the neutral axis in the mouse tibial loading model, the loading conditions
should include both the compressive load, being applied during the experi-
ment, plus an extra lateral force, which is not included in the experimental
protocol [138]. This indicates that the mouse tibia in the loading machine is
probably not completely aligned. Radiographic analyses of the mouse tibia
mounted in the loading machine along this thesis have also confirmed that a
misalignment in bone direction within the loading machine existed (shown
in Fig. 2.11). Another in situ study has also confirmed this by removing the
soft tissue from the mouse hindlimb. They have shown that the mouse tibia
exhibits a tilt angle in the loading machine [197]. Despite these observations,
the effect of limb alignment on the strains predicted is unclear. Therefore,
the influence of various bone alignments on the strains predicted within the
mouse tibia is investigated in this study.

The bone alignment with respect to the loading machine was modified
by rotating the tibia longitudinal axis (PD) around the perpendicular axis
passing through the lateral and medial knee tuberosities (ML axis) from 0° to
20° (description of the tibia main axes is given in section 2.2.6)(Fig. A.6). This
is a feasible range within which the mouse tibia is visually accommodated by
the knee cup and ankle platen. To perform the comparison between different
load directions, surface nodes at the ankle side were fixed in all degrees
of freedom and surface nodes at the knee side were fixed in translation at
perpendicular directions to the load (constraint 1). Joint contact pressures
were assigned according to A4B4 (Fig.A.3).
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Figure A.6: Distribution of largest absolute principal strains within the mouse
tibia (i: longitudinal cross-section of the tibia, ii: anteromedial perspective
of the tibia) while modifying the bone axis with respect to load trajectory
from 0 (left) to 10 (middle) and to 20 (right). Arrows point to regions
with large differences between models. Variations in the bone alignment is
demonstrated on the top left.

The general strain state within the mouse tibia, e.g. high tension at the
anterior and high compression at the posterior sites of the mid-diaphyseal re-
gion, was not largely affected by introducing the misalignment angle between
the bone axis and the load direction (Fig.A.6). However, by increasing the
bone misalignment both compression and tension sites (anterior and posterior
diaphysis, respectively) were under larger strain magnitudes compared with
the aligned model. In addition, increasing the angle between the bone axis
and the load direction resulted in a shift towards higher strain values at the
cortical mid-shaft of the mouse tibia (Fig. A.6). The effect of bone misalign-
ment was also evident in the predicted strain at the strain gauge position. By
changing the misalignment angle from 0 to 20 , FEM predicted a +300 ε
increase in longitudinal strains at the strain gauge position. Compared to
the in vivo measurements (+1400 ε), strains at the gauge site were 40% to
60% lower for 20 to 0, respectively.

In the mouse axial compression loading experiment, it has been shown that
the initial misalignment of the tibia is not affecting the strains induced within
the bone since it is automatically adjusted during the loading experiment to
the axial loading position [199], likely due to the geometry of the fixtures
holding the knee and foot in place. However, it remains unclear how the
knee and foot are situated within the holders after this initial automatic
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adjustment. The findings presented in this section show that the general
strain state induced within the tibia, e.g. high tension at the anterior and
high compression at the posterior sites of the mid-diaphyseal region, was not
affected by introducing a tilt angle; however, since changing the load direction
leads to changes in the bending moment in mouse tibia, strain induced within
mouse tibia varied with bone orientation. This effect was studied in the
anticipated range of misalignments; from 0° to 20°, since higher tilt angles
would be visually obvious or intolerable in the machine fixtures.
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Appendix B

Bone (Re)modeling
Supplemental data

B.1 Number of the (re)modeling sites

occurred at specific strain levels at the

endosteum/periosteum

This section provides supplemental data to section 3.5. Figures B.1 and B.2
depict the occurrence frequencies of formation/resorption at specific com-
pression and tension sites in which the sum of the area under the curves for
all (re)modeling events (formation+ resorption+quiescence) at the endos-
teum/periosteum are 100% (in both tensile and compressive sites).

The following equation (Eq.B.1) describes the data presented in figures
B.1 and B.2. In eq.B.1, F, R and Q stand for formation, resorption and
quiescence, respectively. E and P stand for endosteal and periosteal surfaces.
The sum of all spots at the endosteal and periosteal bone surfaces identified
as either formation, resorption or quiescence which were at sites mainly under
compression or tension is counted to be 100%.

∑
(FE +RE +QE + FP +RP +QP )Compression +∑

(FE +RE +QE + FP +RP +QP )Tension = 100% (B.1)
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Figure B.1: Occurrence frequencies of formation (top) and resorption (bottom)
events at each available compressive strain (minimum principal strain) at
endosteal (solid line) and periosteal (dashed line) surfaces in physiologically
and additionally loaded limbs in 10 (n=5), 26 (n=10), and 78 (n=9) week
old mice. (Re)modeling sites were determined following 15 days of the loading
experiment. Plots show mean (line) and standard deviation (shaded area
along line).
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Figure B.2: Occurrence frequencies of formation (top) and resorption (bot-
tom) events at each available tensile strain (maximum principal strain) at
endosteal (solid line) and periosteal (dashed line) surfaces in physiologically
and additionally loaded limbs in 10 (n=5), 26 (n=10), and 78 (n=9) week
old mice. (Re)modeling sites were determined following 15 days of the loading
experiment. Plots show mean (line) and standard deviation (shaded area
along line).
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