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Abstract

Osteoporosis (OP) is a progressive bone disease characterised by significant reduction of bone

mineral density (BMD) due to loss of bone matrix and changes in bone tissue properties.

OP is regarded as a worldwide health issue and identifying novel treatments is of central

clinical importance. Daily injections of parathyroid hormone (PTH) and exercise have been

proven to have an anabolic effect on bone, i.e., are capable of restoring bone mass. In this

thesis, the anabolic action of PTH drug treatment and mechanical loading was investigated

using in silico modelling and high-resolution imaging techniques.

Novel drugs are continuously developed to reduce the risk of bone fractures in osteoporotic

patients. PTH peptides such as PTH(1-34) are the first anabolic agents approved to treat

severe OP. Despite its success to restore bone mass, PTH mechanism of action on bone

cells is still unclear. Recently, the understanding of OP pathophysiology has considerably

improved. Biomarkers reflecting bone physiology have been identified at cellular, tissue and

organ levels. Cellular biomarkers reflect the dynamics of bone remodelling on a short time

scale, whereas tissue and organ scale biomarkers show changes of BMD on a larger time

scale. Computational modelling is a novel approach that allows to quantitatively characterise

the effect of a drug treatment on the disease progression integrating physiology, disease

progression, drug treatment and biomarker data in a comprehensive mechanism-based in

silico model. In this context, part of this work was focused on the development of a full

time-dependent mechanistic pharmacokinetic-pharmacodynamic (PK/PD) model of the

action of PTH(1-34) on bone modelling and remodelling. This model was applied to rat

models of OP to shed light on the inter-cellular and tissue scale mechanisms involved in

the action of PTH(1-34) on bone cells. This in silico model has the potential to predict

the long-term effects of drug treatments on clinical outcomes and provide a means for

patient-specific estimation of bone fracture risk.

Furthermore, it is well known that bone adapts its mass and structure in response

to stresses and strains induced by an external mechanical load. The most extensively

used animal model to test hypotheses related to mechanical loading is the in vivo axial

compression of the mouse tibia. Common outcome measures of these models are bone

geometric dimensions and bone mineral density using high-resolution imaging techniques,
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i.e., micro-computed tomography (micro-CT). In this thesis, end-point micro-CT imaging

data were analysed to quantify the local adaptation response of bone to both mechanical

loading and PTH(1-34) drug treatment in the mouse tibia loading model. An innovative

image post-processing algorithm was developed to quantify the cortical thickness locally

along the periosteum. Furthermore, an algorithm was developed to estimate stresses, strains

and strain energy density (SED) on periosteal surfaces of the tibia, combining micro-finite

element analysis and beam theory to compute animal-specific SED. Bone adaptation to

mechanical loading was variable along the periosteum. Results suggest that bone adaptation

is higher in regions with higher SED. Moreover, mechanical loading and PTH induce a

combined anabolic adaptation effect on bone suggesting that the association of PTH(1-34)

administration and exercise may be an effective treatment for OP.
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Chapter 1

Introduction

The aim of this chapter is to provide the background for the research

work presented in this thesis. At first, an introduction on bone structure

and function is provided, with focus on bone hierarchical organization

and multi-scale material characterisation. Successively, the concepts of

bone quality and fracture risk are introduced and linked to the mechanical

properties of bone. From the biological point of view, a description of bone

as dynamic living tissue continuously adapting its mass and structure is

provided. Bone modelling and remodelling processes are described, with

focus on anabolic and catabolic cell signalling pathways and the association

of bone remodelling with bone mineralisation. Subsequently, osteoporosis

as degenerative bone disease is presented, with focus on postmenopausal

osteoporosis in women and the current methodologies used to assess the

progression of the disease. Finally, anabolic treatments to increase bone

mass are discussed, such as drug treatments and mechanical loading.

Current methodologies to investigate these anabolic effects are reviewed,

such as computational modelling and imaging techniques.

1.1 Bone structure and functions

Bone is a hard, dense, connective tissue that provides support to muscles and tendons in

the body. Together with ligaments, tendons and cartilage1, bone forms the skeletal system,

a major constituent of the human body. Bone is also a reservoir of minerals and provides

calcium for calcium homeostasis. Furthermore, bone is a highly dynamic and porous tissue

continually adjusting its composition and architecture to respond to physiological changes

in its micro-environment. The physiological changes can either be biochemical, i.e., due to

1semi-rigid connective tissue covering bone surfaces to assure flexibility and smoothness during movements
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hormonal changes and drug treatments, or mechanical, i.e., induced by mechanical loading

and bone cell stimulus.

From a structural point of view, bone is a complex multi-scale material having different

characteristic structures at different size scales, ranging from centimetres for bone at the

organ scale, to nanometers for collagen and mineral. Bone tissue is a hierarchically-organized

material structured as a fibre-reinforced composite. As such, it is anisotropic, having different

mechanical properties in different orientations [164]. This property is highly functional,

for example, in long bones such as the femur most of the loading happens along the shaft,

consequently the longitudinal direction is the strongest direction, whereas the circumferential

and the radial ones are weaker, although functionally adequate. The hierarchical structure

of bone is highly complex and it is believed to drive its mechanical properties. It can be

divided into the following seven levels of organization (Fig. 1.1): (i) organ level, representing

the whole bone (cm); (ii) trabecular and cortical bone (from mm to µm); (iii) osteon and

single trabecula (from 10 to 500 µm); (iv) lamella (µm); (v) fibril array (from 1 to 10 µm);

(vi) mineralised collagen fibril (500 nm); (vii) basic material component (from 1 to 10 nm)

[220]. These seven levels of organization can be organized into five structural levels:

Macro-structure: cortical and trabecular bone (from mm to µm).

Micro-structure: osteons and trabeculae (from 10 to 500 µm).

Sub-microstructure: lamellae and single trabecula (from 1 to 10 µm).

Nanostructure: fibrillar collagen and embedded mineral (from 100 nm to 1 µm).

Sub-nano structure: molecular structure of mineral, collagen, and non-collagenous organic

proteins (<100 nm).

1.1.1 Material characterisation: organic/inorganic

Bone is a living tissue composed of a family of materials with different structural motifs, but

all having in common the mineralised collagen fibril as the basic building block [295, 300].

These materials have evolved to fulfil a variety of mechanical functions for which the structures

are fine-tuned and adapted. The basic building block of bone is the mineralised collagen

fibril, composed of three major components. The first component is the organic part, mainly

formed by Type I collagen in the structural form that is also found in skin, tendons and

other soft tissues. Collagen constitutes the main component of the osteoid matrix (with

proteoglycans and non-collagenous proteins forming additional constituents) into which the

mineral forms. It represent the 20-25% of bone weight [164]. The second component is bone

mineral, which represents the inorganic part of bone tissue. It is composed of dahllite, also

known as carbonate-hydroxylapatite (Ca5(PO4,CO3)3(OH)) and it represents the major
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Figure 1.1: Hierarchical structure of bone: from whole organ scale (cortical and cancellous
bone) to cylindrical arrangements in osteons and features of bone quality (composition and
arrangement of mineralised collagen fibrils, size of bone mineral crystals, collagen molecules
and non-collagenous proteins). Figure from [283].
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component of bone weight, about 65%. Water represents the third component, about 10%

of bone weight. During the biological process of bone remodelling (described in detail in

Section 1.3.1), osteoblasts and osteocytes assemble these three components into an ordered

structure known as mineralised collagen fibril.

1.1.2 Cortical and trabecular bone

From a macroscopic point of view and based on morphological structure, mechanical properties

and metabolic functions, two types of bone can be distinguished: cortical bone and trabecular

bone (Fig. 1.1) [164]. Cortical (or compact) bone forms the outer shell of bones. It consists

of layers of bone, known as lamellae, organized around a central canal where blood vessels,

nerves, connective tissue and lymphatic vessels are located. This functional unit is referred

to as Haversian system or osteon. Osteons are cylindrical tissue structures having a diameter

of about 100-200 µm, long up to 10 mm and aligned with the main loading direction. The

outer surface of cortical bone is the periosteum, the inner surface in the proximity of the bone

marrow cavity is the endosteum. Cortical bone is dense, with a porosity varying between 5%

and 10%. It contains three types of macroscopic pore spaces: (i) Haversian canals, aligned

to the longitudinal axis of the bone and containing capillaries and nerves; (ii) Volkmann’s

canals, short transverse canals connecting the Haversian canals together and outside the

bone surface that can contain blood vessels and nerves; (iii) resorption cavities, temporary

spaces created by osteoclasts during the bone remodelling process.

On the other hand, trabecular (or cancellous) bone consists of an interconnected network

of struts and plates, know as trabeculae, forming a highly porous structure with porosity

ranging between 75% and 95%. The pore spaces within this network are filled with blood

vessels, nerves and bone marrow. The average thickness of the trabeculae is 100-150 µm

[164] and the dimension of the voids is approximately 800 µm [205]. Trabecular bone is

found at the distal end of long bones, in short bones, at the inner surfaces of flat bones and

in irregular bones such as the vertebrae. Approximately 80% of the skeletal mass is cortical

bone, the remaining 20% is trabecular bone. Even though trabecular bone represents a small

percentage of the total bone mass, it is metabolically more active than cortical bone. As

a consequence, the fraction of skeletal turnover (i.e., total volume of bone that is resorbed

and formed over a certain period of time, expressed in %/year) can be equally distributed

between the two bone types [193].

1.1.3 Lamellar and woven bone

From a microscopic point of view, both trabecular and cortical bone present two types

of tissue: lamellar bone and woven bone [164]. Lamellar bone is a slowly formed and

well-structured tissue formed by parallel plate-like structures (lamellae) made of mineral
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crystals and collagen fibres. Each lamella is 3 to 7 µm thick [58]. Within the same lamella,

fibres are approximately parallel, whereas between adjacent lamellae the axes of the fibres

can be rotated up to 90°. Woven bone, on the other hand, is a quickly formed and poorly

organized tissue. Due to its structure, woven bone is weaker than lamellar bone, however,

to mechanically compensate the lack of structural organization, woven bone can be more

mineralised than lamellar bone.

Most protocols investigating the adaptation response of bone promote lamellar bone

formation. Woven bone formation, in contrast, may indicate increased levels of microdamage.

Turner et al. defined woven bone formation as an imprecise process that hardly reflects the

precision of bone adaptation [289]. In their study they defined the woven bone formation as

an all-or-nothing response because the amount of woven bone formed seemed independent

upon the magnitude of applied strain. Lamellar bone formation, in contrast, was highly

sensitive to the magnitude of the applied load.

1.1.4 Primary and secondary bone

Cortical bone tissue can be further categorised as primary bone and secondary bone [164].

Primary bone is new bone deposited on an existing surface, such as the bone laid down

on the periosteum during growth. Secondary bone instead, results form the remodelling

process. Two types of primary bone can be distinguished: (i) circumferential lamellar bone,

characterized by lamellae parallel to the bone surface and circular lamellae surrounding

blood vessels to form primary osteons and primary Haversian canals; (ii) plexiform bone, a

mix of woven and lamellar bone obtained from a fast formation process in which a trabecular

network is continually formed and the gaps are filled.

On the other hand, secondary bone derives from the replacement of existing bone with new

lamellar bone during the remodelling process. It is characterised by cylindrical structures of

about 200 µm in diameter, known as secondary osteons or Haversian systems. The boundary

between the osteon and the surrounding bone is referred to as cement line and can be either

highly or poorly mineralised. The cement line can act as a weak interface between the osteon

and the rest of the bone able to trap cracks and increase tissue toughness and fatigue life.

The majority of cortical bone in adult humans is secondary bone. Trabecular bone is also

mostly secondary bone, already from an earlier age due to the faster turnover characterising

trabecular bone. Generally, the remodelling of trabecular bone does not generate an osteon,

but a hemi-osteon. This is due to the fact that the average diameter of a trabecular is

100-150 µm, not big enough to contain an entire osteon.
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1.2 Bone mechanical properties, bone quality and fracture

risk

Cortical bone is a dense calcified tissue with high resistance to bending and torsion. It

provides mechanical strength and protection to vital internal organs and bone marrow. It

also forms the basis for muscle attachment supporting locomotion. On the other hand,

trabecular bone is less dense and composed of thin trabeculae which form a robust 3D

structural framework with elastic properties. Furthermore, trabecular bone contributes to

the provision of mechanical support, particularly in bones such as vertebrae, femoral head

and neck. Due to its high turnover rate, trabecular bone has a major function in metabolic

processes, serving as a reservoir of calcium and phosphate for the maintenance of mineral

homeostasis. Cortical bone instead, is involved in metabolic processes only in situations of

severe or prolonged mineral deficit [151, 251, 100].

In order to establish bone biomechanical functions, mechanical testing is commonly

applied. Traditional mechanical testing provides detailed information on the mechanical

properties of the whole bone, together with the properties of the matrix material, but it does

not reveal local failure characteristics. High correlation has been established between the

elastic properties of bone and its density [48]. The use of multiscale modelling techniques

based on micromechanics permits the linking of individual bone constituents in a hierarchical

way so that anisotropic elastic properties of bone can be predicted [102]. A correlation

has also been shown between bone strength and bone density [48], however, computational

prediction of bone strength is challenging due to the non-linear and inelastic material

behaviour of bone tissue. Bone failure is a complex process which depends on the following

conditions: (i) applied loading regimen, i.e., uniaxial or multiaxial; (ii) loading rate, i.e.,

static or dynamic; (iii) structural and material properties. When exposed to a slow and

monotonically increasing loading condition, bone initially deforms elastically. After reaching

the yield limit, the deformation becomes inelastic. Close to the ultimate load (maximum

structural load), high local deformations occur, together with local growth and propagation

of microcracks eventually leading to a macroscopic failure [177]. An important quantity

characterising bone resistance to failure is bone toughness, which represents the ability

of bone to absorb energy and plastically deform without fracturing (i.e., integral of the

stress-strain curve in the post elastic regimen) [224]. During ageing, bone becomes brittle

due to the loss of ultrastructural water in the bone matrix, which significantly reduces bone

toughness [186]. In addition, the use of anti-resorptive drugs has also been associated with

increased brittleness of bone [256]. Although work has been done to clarify the characteristics

of bone failure, fundamental knowledge on how failure originates within trabecular and

cortical bone is still lacking. To be able to estimate the fracture risk of a specific patient,
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however, a detailed understanding of bone failure is essential.

Bone strength and fracture risk are generally assessed by measuring bone mineral density

(BMD), i.e., the amount of mineral contained in the bone tissue (see Section 1.4). The

emergence of accurate and precise bone densitometry techniques over the last two decades

resulted in bone density becoming a primary target in the diagnosis and monitoring of

osteoporosis (OP). Although a strong correlation between bone density and bone mechanical

properties has been demonstrated in large population studies [250, 278], bone mechanical

properties also depend on the architecture and the intrinsic material properties of the tissue

[39]. The risk of fracture in a 75 year-old woman, for example, is 4 to 7 times higher than

the risk of fracture in a 45 year-old woman having the same bone mass [113], indicating that

bone fragility is not determined by bone mass only. In agreement with this, it was recently

observed that all the anti-resorptive treatments for OP have about the same fracture efficacy,

although there is a seven-fold difference in their effect on the BMD. As a consequence, it

is difficult to accurately assess bone fracture risk in a clinical environment only based on

bone densitometry. Other factors such as bone microarchitecture, bone turnover, microcrack

and microdamage distributions and bone matrix material properties also have important

roles. All these factors, together with BMD, are often referred to as bone quality [39]. In

the following, two factors of bone quality, i.e., bone turnover and degree of mineralisation of

bone tissue, are discussed in the context of bone physiology and pathology.

1.3 Bone physiology

Bone has multiple functions within the body. Among these, an important one is to enable

locomotion by providing support to muscles, ligaments, tendons and joints. To carry out this

function, bone needs to preserve its structure and strength with minimal weight. Bone also

provides a readily accessible reserve of calcium to support calcium homeostasis. Furthermore,

bone provides a protected environment for bone marrow, it supports the haematopoietic stem

cell niche [43], and it acts as an endocrine organ regulating energy metabolism potentially

via osteocalcin [52].

1.3.1 Bone modelling and remodelling

To accomplish all its functions, bone requires several cellular mechanisms. To meet the

biomechanical demand, for example, bone needs a control system able to detect mechanical

quantities such as bone strain, hydrostatic pressure, fluid flow, and microdamage. Signalling

systems are also needed to induce a reparative response, i.e., to activate bone resorption and

remove the damaged bone, and then to activate bone formation and deposit new bone [128].

The main processes by which bone is able to continuously adapt and renew in response to
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biomechanical and metabolic demands are bone modelling and bone remodelling2. Bone

modelling is a process characterised by bone formation and bone resorption occurring at

spatially distinct sites [117, 9]. It shapes skeletal elements and ensures the acquisition of

the appropriate bone morphology and mass during growth. Bone modelling occurs at a low

rate throughout life. It is required for both bone repair and bone adaptation to mechanical

loading, being the latter in control of the size, structure and shape of bones.

On the other hand, bone remodelling refers to the process of bone renewal in which bone

resorption and bone formation occur, spatially, at the same site and turn bone tissue over

at regular time intervals. In remodelling, bone resorption and bone formation are coupled,

occurring in packages of cells along specific sites on the same bone surface. This implies

that sites of pre-existing old bone are resorbed and replaced with new bone. While bone

modelling predominantly occurs during growth, bone remodelling occurs throughout life.

Moreover, bone remodelling was suggested to regulate calcium and phosphorus homeostasis

and to repair microcracks. To translate local mechanical signals and autocrine/paracrine

biochemical signals into a tailored bone remodelling response, certain requirements need to

be fulfilled. During times of high calcium demand, for example, less structurally important

bone are targeted for calcium mobilization [159].

1.3.2 Bone cells in (re)modelling

Three principal bone cell types can be distinguished in bone microenvironments:

Osteoclasts are large multinucleated cells of haematopoietic origin able to resorb bone.

Adhering to bone surfaces, they secrete acid to demineralise bone and proteolytic

enzymes to break down the collagenous bone matrix [33, 279]. Osteoclasts are typically

unable to respond directly to pro-resorptive hormones and require the presence of

osteoblasts to locally regulate their differentiation and activity.

Osteoblasts are cells of mesenchymal origin which line the surface of bone. They form bone

by progressive bone matrix deposition and subsequent mineralisation. Cells of this

lineage have receptors for parathyroid hormone (PTH), 1,25-dihydroxyvitamin D, and

a number of local regulatory factors [229]. After completing the bone formation process,

these cells can either undergo apoptosis (i.e., cell death), remain on the newly formed

bone surface and become lining cells, or be trapped in the bone matrix and further

differentiate into osteocytes.

Osteocytes reside within the bone matrix and communicate to adjacent osteocytes via a

dense and interconnecting canaliculi network. Osteocytes orchestrate the detection

2Following the notation used by L. Lanyon, (re)modelling will be used to denote both modelling and
remodelling.
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and the response to microdamage, fracture and changing bone strain. They represent

about 90% of all bone cells [142].

The communication between osteocytes, osteoblasts and osteoclasts enables a spatio-temporal

coordinated response to both physiological and pathological demands via the integration of

multiple catabolic and anabolic signals. Changes of bone mass (or bone volume) are directly

associated with osteoclast and osteoblast activities, and the action of a large number of

regulatory factors involved in the (re)modelling process. In bone remodelling, bone cells are

organised in clusters named basic multicellular units (BMUs) by Frost, who was the first to

describe them as the basic functional unit of the remodelling process [85, 86, 75]. In a normal

adult skeleton, there are about 1.7 ⋅ 106 BMUs [87, 294]. At the front of a BMU, osteoclasts

dissolve the bone matrix creating a resorption cavity, also known as a cutting cone. Towards

the rear of the same BMU, osteoblasts secrete osteoid, the organic matrix of collagen fibres

gradually refilling the resorbed cavity. This organic matrix gradually mineralises forming new

bone (Fig. 1.2). The mineralisation process of the osteoid is believed to be partly regulated

by osteoblasts and osteocytes. In cortical bone, the BMUs proceed through the bulk of the

tissue leaving new secondary osteons in their wake [143, 269, 270]. In trabecular bone instead,

the BMUs proceed along the surface of plates and struts, forming hemi-osteons or trenches

of new bone tissue about 60-70 µm deep [269]. Since trabecular bone remodelling operates

on the surface of the bone, it can be associated with either negative bone balance (net bone

loss) or positive bone balance (net bone gain). In cortical bone, on the other hand, the bone

balance depends on the mode of remodelling: if a new Haversian canal (type I osteon) is

created, the remodelling process always implies net bone loss; if a pre-existing Haversian

canal (type II osteon) is used, net bone gain occurs if the diameter of the Haversian canal is

reduced by the passage of the BMU [192, 228]. The exact proportion of type I over type

II osteons in cortical bone remodelling is controversial because vascular channels increase

with age [192], but age-related bone loss is mainly due to increased pore area rather than

increased pore density [281].

Dynamic histomorphometry techniques, such as tetracycline labelling and radionuclide

imaging, have considerably helped in the elucidation of kinetic properties of matrix apposition

and cell development within BMUs [116, 115, 195]. Whilst trabecular bone exhibits the same

sequence of surface activation, resorption and formation, its three-dimensional organisation

is difficult to visualise from two-dimensional histological sections. Latest imaging techniques

apply synchrotron radiation (SR micro-CT) to visualize the morphology of 3D osteonal

structures ex vivo [54]. To visualize osteonal structures in vivo, phase-contrast agents have

been used in combination with SR micro-CT [101].
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Figure 1.2: Schematic representation of the bone remodelling process and a BMU on a
trabecular bone surface: bone lining cells retract from bone surfaces and form a closed
canopy over the remodelling site (activation phase), osteoclasts remove bone (resorption
phase), bone surface is prepared for bone formation (reversal phase), osteoblasts form bone
matrix (formation phase) and eventually either undergo apoptosis, become enclosed in bone
to develop into osteocytes or differentiate into lining cells (return into a quiescent phase).
Figure from [283].
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1.3.3 Bone cell signalling pathways and regulatory factors

Catabolic pathway: RANK-RANKL-OPG

Bone resorption is regulated via the integration of multiple pro- and anti-resorptive stimuli

with output converging into a dominant mediating pathway. Cells of the osteoblast lineage

integrate hormonal, mechanical and pathological signals that change their expression of the

cytokine receptor activator of nuclear factor kappa-B ligand (RANKL) [305, 137] and its

inhibitor osteoprotegerin (OPG) [264, 286]. RANKL can either be expressed as a membrane

bound cytokine or released in a soluble form by cells of the osteoblast lineage. Osteocytes,

osteoblasts and osteoblast precursors can all express RANKL, and currently there is some

controversy regarding which predominates. Apparently, selective knock-down of RANKL in

osteocytes produces a moderately severe osteopetrosis in mice, indicating that osteocytes

have a significant role as source for RANKL [181]. RANKL binds to its receptor receptor

activator of nuclear factor kappa-B (RANK) expressed on the surface of osteoclast precursor

cells. The RANKL-RANK binding induces intracellular signalling pathways which drive

the differentiation into an osteoclast phenotype, activate osteoclastic bone resorption and

increase osteoclast survival (Fig. 1.3a) [180]. OPG is a decoy receptor for RANKL, naturally

secreted by cells of the osteoblast lineage and involved in the regulation of the resorption

process. OPG binds to RANKL to prevent its association with RANK. As a consequence,

osteoclast differentiation and activity are inhibited and osteoclast apoptosis is promoted

(Fig. 1.3b). The RANK-RANKL-OPG pathway is the primary regulatory system of the

osteoblast-osteoclast coupling [165, 14]: if RANKL expression exceeds OPG expression, bone

resorption is promoted; vice versa, if OPG exceeds RANKL, bone resorption is inhibited.

Pro-resorptive hormones such as PTH and calcitriol bind to their receptors on osteoblasts

activating signalling pathways leading to an increased RANKL expression, they also decrease

OPG expression, promoting bone resorption. On the other hand, bone protective agents

such as estradiol and testosterone tend to increase the expression of OPG with respect to

RANKL, reducing bone resorption [110, 173]. Local regulatory factors such as PTHrP, IL-1

and TNF-α increase the expression of RANKL on cells of the osteoblast lineage in case

of pathological bone loss related to cancer (PTHrP) or inflammation (IL-1 and TNF-α)

respectively. Local regulatory factors such as mechanical signals, on the other hand, alter

RANKL and OPG expressions in a spatially restricted manner. Reduced bone strain and

the presence of either micro fractures or fatigue damages increase the RANKL/OPG ratio,

whereas increased bone strain tends to decrease the RANKL/OPG ratio via osteocytes [136].

While RANKL-RANK signalling is necessary and dominant in the regulation of bone

resorption, other modulating molecules can directly signal osteoclasts to magnify or diminish

their response to RANKL. Inflammatory cytokines, for example, can enhance the osteoclast
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Figure 1.3: Role of the RANK-RANKL-OPG pathway in osteoclastogenesis: osteoblasts
express RANKL on either cell surface or in soluble form (shown here). (a) Osteoblasts promote
osteoclastogenesis via the RANKL-RANK binding, which induces osteoclast precursor cells
to differentiate into active osteoclasts. (b) Osteoblasts inhibit osteoclastogenesis via the
production of OPG, which blocks RANKL-RANK interactions [33]. Figure from [283].
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response [138]. In contrast, the systemic hormone calcitonin inhibits (reversibly) the osteoclast

response via the activation of the calcitonin receptor on mature osteoclasts [49]. In addition,

there are other sources of RANKL in bone that tend to contribute to the regulation of bone

resorption during disease. Activated T-cells, in particular, secrete RANKL and can induce

bone resorption during infection or chronic inflammation [280].

Anabolic pathway: Wnt signalling

The Wnt family of growth factors, together with their receptors, co-factors and inhibitors

represents one source of regulation for both mesenchymal stem cell lineage commitment

and osteoblast precursor population. There is evidence indicating that mature osteoblasts

secrete Wnt, that in turn acts on early mesenchymal precursors to induce differentiation in

the osteoblast lineage [9]. However, understanding the Wnt action can be complicated, due

to the presence of 19 Wnt ligands, 10 Wnt receptors and multiple Wnt receptor co-factors

and inhibitors [125]. Another contribution to lineage commitment for osteoblast precursors

may come from bone morphogenetic proteins (BMPs), a group of growth factors produced

by osteoblast lineage cells and sequestered in the bone matrix [1]. However, it is difficult to

separate this action from their differentiation activity. Furthermore, in the presence of an

inflammation condition during a fracture repair process, the transient exposure to TNF-α

may also influence the commitment of mesenchymal stem cells to the osteoblast lineage [162].

1.3.4 Association between bone remodelling and bone mineralisation

The measurement of the degree of mineralisation of bone (DMB), also referred to as tissue

mineral density (TMD), is relatively recent compared to the assessment of the bone vascular

porosity. The most accurate way to assess TMD is microscopically at the bone matrix

level, using high-resolution imaging techniques (see also Section 1.4.4). With this approach,

the coefficient of linear X-ray attenuation for a given beam energy is translated into grey

values in a 3D reconstructed micro-CT or SR micro-CT image [185, 232]. The X-ray

attenuation depends on the material composition and in a bone sample is related to the

mineral component. The amount of mineral per unit volume of bone matrix in a bone

sample is measured in g/cm3 and can be estimated using calibration techniques based on

phantoms of known compositions. These calibration phantoms can either be solid and

made of different concentrations of calcium hydroxyapatite (CaHA) or liquid and made

of homogeneous solutions of water and different concentrations of dipotassium hydrogen

phosphate (K2HPO4) [182]. The grey level distribution within different regions of interest

(ROIs) is obtained from a histogram of the bone images normalised by the total volume

(TV).

TMD has been directly associated with bone mechanical properties, both at the bone
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structural unit level [251, 271] and at the whole bone tissue level [63, 79, 62], and with

the bone remodelling activity [4]. According to the model recently developed by Bala

and co-authors (Fig. 1.4a), an increase in bone remodelling leads to an increase of BMUs

birthrate, and a decrease in TMD related to the lower probability to complete the secondary

mineralisation, being the latter a slow phase of mineralisation which can take up to several

years, with a large fraction completed within one year [239, 240, 24, 5]. In the case of

hyperparathyroidism, for example, the proportion of bone structural units (BSUs) undergoing

primary mineralisation increases, the mean TMD decreases and its distribution broadens

(Fig. 1.4b). The opposite occurs when the remodelling activity is low or reduced due to

pathologies and drug treatments. In this case, BSUs have time to completely mineralise

before being resorbed in a further remodelling event [25]. As a consequence, the proportion of

bone highly mineralised maximally increases and its distribution becomes more homogeneous,

the mean TMD increases and its distribution narrows (Fig. 1.4b) [27, 233]. This conceptual

model has been widely validated with observation of pathologies and drug treatments altering

the remodelling activity.

In normal bone the evolution of TMD with age has been widely studied and, overall,

results indicated no correlation with age. More generally, it was found that TMD mean

was age, sex, race, bone site and bone envelope independent, and that the inter-individual

variation was low [11, 26, 231, 18, 80]. However, some studies revealed a positive correlation

between TMD and age [231, 277, 84]. This discrepancy may derive from several causes.

Among these, one could be that most of the samples were collected during autopsy or drawn

from anthropologic collections, with few medical history details and including specimens from

populations of the ninetieth century (not representative of the modern one) [18]. Another

cause of discrepancy could be the age classification because classes are often not well balanced

having fewer individuals in the youngest and the oldest category. Furthermore, most of the

samples were collected from the iliac crest (easier to collect) and even if data suggest that

changes in the iliac crest can be correlated to changes in other bone sites with a mixture of

cortical and trabecular bone (e.g., femoral neck and vertebrae) [68, 216], extrapolations to

the femoral shaft are limited due to the striking differences between the two bone sites. In

particular, the femur is a weight bearing bone, entirely cortical and a site of osteoporotic

fracture, all characteristics that are absent in the iliac crest. Discrepancy could also derive

from the fact that most of the studies considered cortical bone as a homogeneous bulk,

masking the radial and circumferential regional inhomogeneities. However, a recent study

highlighted that DMB assessed at the femoral midshaft using SR micro-CT decreased from

the periosteal to the endosteal surface [243].
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Figure 1.4: Bone mineralisation and bone turnover: (a) TMD is regulated by the bone
turnover rate such that higher turnover rate leads to lower TMD and vice versa. (b) Bone
diseases characterised by a high turnover rate (e.g., primary hyperparthyrodism) lead to a
decreased TMD, anti-catabolic drugs (e.g., Alendronate) inhibit bone turnover resulting in
an increased TMD. Image modified from [4].
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1.4 Osteoporosis as a degenerative disease

Bone diseases in the elderly are associated with high morbidity and increased mortality. OP,

in particular, is the most common degenerative bone disease impacting both the quality of

life of the ageing population and the costs of the health care system. OP is characterised by

a long-term loss of bone mass, mainly due to the increased macroscopic porosity causing

a decay of bone structural and material properties. The degradation of cortical bone is

characterised by an increased intra-cortical porosity and trabecularisation of endocortical

bone regions. Trabecular bone, on the other hand, loses connectivity between struts and

plates. OP also changes the mechanical properties of the bone matrix as a consequence of

the increased mineralisation that induces bone to behave more as a brittle material. These

structural and quality changes increase bone fragility and, consequently, the fracture risk

[297]. OP is generally diagnosed only after a fracture occurs, for this reason it is referred to

as a silent disease. The most frequent manifestations of OP fractures are at the hip, wrist

and spine.

Different types of OP can be distinguished: postmenopausal (PMO); age-related; idio-

pathic and juvenile; derived from other diseases, such as hypogonadism, endocrine states,

diabetes; derived from a condition in the mechanical environment, such as immobiliza-

tion; derived from vitamin D and calcium deficiencies or medications (e.g., corticosteroids)

[223, 221]. Among all, age-related OP and PMO are the most frequent ones. It is now well

established that normal ageing leads to trabecular and cortical bone loss in both women

and men. This bone loss starts from the fourth or fifth decade of life onwards, with a more

pronounced effect in women after menopause (between 50 and 65 years of age), as shown

in Fig. 1.5. Due to this accelerated bone loss, the prevalence of OP and the probability

of fractures beyond the age of 50 are about 3 times higher in women than in men [123].

In women, age-related bone loss starts approximately 10 to 15 years before menopause

occurs [208], affecting primarily trabecular bone. A study measuring BMD using dual-energy

X-ray absorptiometry (DXA) (see Sections 1.4.3 and 1.4.4) suggested that cortical bone is

not damaged until menopause [3]. However, some doubts regarding this finding have been

raised due to the limited resolution of the DXA scans. Latest technologies such as high

resolution quantitative computed tomography (HR-pQCT) (see Section 1.4.4) permit the

better investigation of intra-cortical bone loss and also how this is affected by the oestrogen

level [96, 38]. The higher rate of bone loss due to menopause (compared to the normal

age-related bone loss) is mainly observed in trabecular bone due to its higher turnover rate

and the larger surface area. Recent research indicates, however, that cortical bone might also

be strongly affected during this phase and characterised by cortical bone trabecularisation

[6]. This accelerated phase of bone loss in women is followed by a slower phase characterised
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Figure 1.5: Bone mass variation with age in men and women: during growth bone mass
increases both in men and women. It reaches a peak (higher in men than in women) around
30 years of age. At around 40-45 years of age, the loss of trabecular and cortical bone starts
in both men and women as part of normal ageing (same rate of bone loss). This phenomenon
is more pronounced in women for about 10 years due to the onset of menopause around the
age of 50 (in this phase the rate of bone loss is higher in women than in men). From 60 years
of age onwards, the rate of bone loss in men and women returns similar. Figure from [283].

by a rate of bone loss similar to the one observed in men (Fig. 1.5).

1.4.1 Association of osteoporosis with the remodelling process

OP, as with other bone disorders, is associated with an unbalanced bone remodelling process

and an alteration of the RANK-RANKL-OPG pathway [107, 230, 33]. The long-term bone

loss is caused by bone resorption exceeding bone formation in the remodelling process.

The factors believed to influence the age-related bone loss are: reduced bone formation,

calcium and vitamin D deficiency, reduced physical activity, lack of mechanoresponsiveness of

osteocytes and reduced gonadal function [242]. Calcium and vitamin D deficiencies have been

associated with the increased osteoclast activity due to the action of PTH [194]. In particular,

to react to low levels of calcium in blood, the parathyroid gland secretes PTH in excess

(secondary hyperparathyroidism) inducing a calcium release from bone via osteoclastic bone

resorption, and a variation of OPG and RANKL concentration. On the other hand, OPG

serum concentration has been shown to increase with age, both in men and women [126].
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Although unexpected, this OPG increase does not exclude the possibility of a site-specific

increase of RANKL concentration inducing bone resorption.

Oestrogen concentration has also been correlated to the remodelling process. With

the onset of menopause the reduction of the oestrogen level due to the inactivity of the

ovaries significantly enhances bone turnover and the negative bone balance, resulting in

a thinning of bone structures. A positive correlation was shown between oestrogen level

and both OPG concentration and BMD, whereas an inverse correlation was shown between

oestrogen level and bone turnover markers (BTMs3) [126]. In addition, RANKL has been

positively correlated with BTMs, whereas OPG is negatively correlated with the bone turnover

[107, 126]. In women, a higher risk of fracture has been associated with the accelerated bone

loss observed in the 10-15 years following menopause, period of time characterised by a rapid

decline in oestrogen concentration, an increase in the BTM concentration and a decrease in

BMD [218].

1.4.2 Risk factors for osteoporosis and osteoporotic fractures

Peak bone mass is a major determinant of the risk of osteoporotic fractures [208]. It is

usually reached in the third decade of life, as shown in Fig. 1.5, and is strongly governed

by environmental factors during growth, with physical activity and nutrition playing major

roles. Once the peak is reached, bone mass stays constant until the forth to fifth decade of

life, and after that bone loss commences. Since women have a lower peak bone mass and

an accelerated phase of bone loss due to menopause, bone fracture risk is higher in women

compared to men [123]. In general, peak bone mass and the rate of bone loss during life

are influenced by both genetic and environmental aspects [297], including non-modifiable

and modifiable risk factors. Some examples are: age, race, sex, life expectancy, menarche,

early menopause, family history of OP or fractures, history of fragility fractures, diseases,

medications, physical activity, nutritional status, low bodyweight, lifestyle, smoking, excessive

consumption of alcohol [208, 297, 121, 122, 123]. Bone mass, quality and (consequently)

strength are determined by the combination of these risk factors. In turn, bone strength and

mechanical loading determine the fracture risk. To estimate the mechanical load acting on

the bone, either quasi-static loading conditions, such as for the lumbar spine, or dynamic

loading conditions, such as frequency and direction of falls for femoral fractures, can be used.

The evaluation of the individual contribution of each genetic and environmental factor

on the overall fracture risk can be difficult [121, 123]. Considering the complex interactions

of these factors in OP, one should distinguish between patient-specific diagnosis of OP and

population-specific fracture risk assessment, the latter not being a very accurate measure

3BTMs are non-site specific markers used to assess the activity of bone cells in the entire body measuring
the concentration of bone molecular products in blood or urine (see Section 1.4.3)
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of the fracture risk for a specific person [297]. To this end, the World Health Organization

(WHO) endorsed a tool named FRAX® to be used to predict the 10-year risk of osteoporotic

fracture in men and women taking into account all the risk factors mentioned above.

A link to this tool and other programs that calculate cost effectiveness and quality of

life can be found on the website of the International Osteoporosis Foundation (https:

//www.iofbonehealth.org). It is worth mentioning that FRAX® is far from accurate

and the development of more sophisticated tools based on bone disease system analysis is

required.

1.4.3 Bone biomarkers and osteoporosis

To characterise both OP and the therapeutic interventions, several clinical quantities are

commonly used. These quantities are referred to as bone biomarkers and can be divided

in two groups: specific and non-specific biomarkers. Specific biomarkers, such as BMD,

trabecular thickness (Tb.Th) and trabecular numbers (Tb.N), provide a means to assess

bone mineral density and bone quality at a particular bone site (e.g., femoral neck, lumbar

vertebra, wrist) using X-ray imaging technologies. They reflect the effect, at a specific bone

site, of either the disease or a certain treatment as the change over time of the BMD and

the bone microarchitecture. An example of specific bone biomarkers associated with OP is

shown in Fig. 1.6a where micro-CT reconstructions of biopsy specimens of the iliac crest at

the baseline (left) and after three years of OP progression (right) clearly show that, for an

untreated patient, both cortical and trabecular bone become thinner and connectivity is lost

with the progression of the disease [251].

On the other hand, non-specific biomarkers, also known as bone turnover markers (BTMs),

reflect bone remodelling activities in the whole skeleton and, as such, they are not specific to

a particular bone site. As a consequence, the effectiveness of a particular treatment based on

BTMs needs to be evaluated carefully. BTMs characterise the dynamic activity of bone cells

via measurements of their biochemical concentrations in blood, serum or urine. They can

be distinguished in three different types according to their relation to the bone remodelling

activity: (i) collagenous bone resorption markers, (ii) bone formation markers, (iii) markers

of osteoclast regulatory proteins [253, 59, 151]. An overview of BTMs in relation to their

origin and function is provided in Fig. 1.6b and Table 1.1 [208]. Collagenous resorption

markers are degradation products of bone collagen and their concentrations reflect the rate

of bone resorption [253, 59]. Bone formation can be measured based on the enzyme activity

of osteoblasts, on the bone protein composing the bone matrix and on the pro-collagen

markers. Osteoclast regulatory proteins are divided into markers reflecting the rate of

osteoclastogenesis and the osteoclast numbers. Measurement of calcium and phosphate

concentrations provides additional information on bone turnover and reflect the net balance
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between bone resorption and bone formation in the whole body [178]. However, it is worth

mentioning that calcium balance studies are expensive, time consuming and difficult to

perform [194].

The use of BMD as biomarker to monitor OP presents some limitations, such as the

need of a long time interval between two consecutive BMD measurements (6 to 9 months

are necessary to be able to detect changes in BMD), limited access to the DXA machine and

elevated cost of the imaging technology, low correlation between the BMD monitoring and

the fracture risk estimate. A recent review pointed out that bone resorption and formation

BTMs may offer an alternative OP monitoring strategy to BMD as they are non-invasive,

relatively cheap and can detect changes in bone turnover rates earlier (after 3 to 6 months

of therapy, in some cases already after 2 weeks) [103]. However, the disadvantage of a high

within- and between-patient variability needs to be taken into account when using BTMs.

Moreover, their ability to predict fracture risk has yet to be established.

In order to use bone biomarkers in the diagnosis and treatment of OP, it is important to

understand the dynamics and the variability of BMD and BTMs due to both technical and

biological causes. From the technical point of view, the variability in the BMD measurements

depends on the type of device used (e.g., lunar or hologic DXA scanners). The precision of a

measurement can vary due to device errors, technician variability, intra- and inter-observer

variability and between-centre variations [71, 23]. Nevertheless, the overall reproducibility

of DXA measurements has been proven satisfactory with phantom measurements [259]. To

overcome the issues of comparing BMD measurements obtained from different scanners,

each device manufacturer provides the user with a reference distribution that provides

the basis by which an individual BMD measurement can be normalised with respect to

the peak bone density of a healthy young adult. This normalised parameter is known as

T-score and represents the number of standard deviations (SDs) of the BMD measurement

above or below the BMD of a healthy 30-year-old adult of the same sex. The use of the

T-score allows a better comparison between measurements taken with different scanners.

To evaluate the precision error, repeated scans are performed on a set of patients and the

reproducibility is characterised. Generally, this characterisation takes place over a short

period of time (about 2 weeks) so that no real change in the BMD is expected [71] and the

short term precision error can be quantified. The BMD precision error can be expressed

either as coefficient of variation (CV), which is the ratio between the SD and the mean of

the measurements expressed as a percentage, or as SD, measured in g/cm2. Studies have

shown that the short-term precision error in SD for lumbar spine and total hip is constant

and ranges from 0.01 to 0.15 g/cm2, corresponding to a CV between 1 and 1.5%, with 1

g/cm2 taken as reference value [299]. This implies that CV increases when BMD decreases.

As a consequence, when assessing for significant changes in BMD, it is common practice
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Figure 1.6: Biomarkers reflecting bone physiology: (a) micro-CT reconstructions of biopsy
specimens of the iliac crest at baseline (left) and after 3 years of OP progression (right)
allow to measure specific biomarkers such as BMD, Tb.Th and Tb.N. Figure modified from
[251]. (b) Non-specific biomarkers of bone turnover in relation to their origination during
the remodelling process. Figure from [283].
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Table 1.1: Non-specific biomarkers of bone turnover [208].

Marker Sample Remarks

Bone resorption

Collagenous bone resorption markers
CTx Urine and

serum
Bone degradation products reflecting resorption and
composition rates

NTx Urine and
serum

Bone degradation products reflecting resorption and
composition rates

ICTP Serum Bone degradation products reflecting resorption and
composition rates

PYR/DPD Urine and
serum

Bone degradation products reflecting resorption and
composition rates, derived from mature type I collagen

Bone formation

Enzyme activity marker
BSAP Serum Osteoblast products, related to osteoblast and os-

teoblast precursor activity, involved in bone miner-
alisation

Bone protein marker
OCN Serum or

plasma
Non-collagenous protein of bone matrix, osteoblast
products, bone degradation product, correlated to his-
tomorphometric measurements

Pro-collagen marker
PICP/PINP Serum or

plasma
Osteoblast and fibroblast proliferation, released from
newly synthesized pro-collagen, PINP correlates to
histomorphometric measurements

Osteoclast regulatory proteins

Markers of osteoclastogenesis
RANKL Serum Active osteoblasts and activated T-cells products
OPG Serum Osteoblasts products

Markers of osteoclast numbers
Cathepsin K Serum or

plasma
Type I collagen degradation enzyme

CTx = C-terminal cross-linked telopeptide of type I collagen; NTx = N-terminal cross-
linked telopeptide of type I collagen; ICTP = C-telopeptide pyridinoline cross-links
of type I collagen; PYR = pyridinoline; DPD = deoxypyridinoline; BSAP = bone-
specific alkaline phosphatase; OCN = osteocalcin; PICP = C-terminal pro-peptide
of type I collagen; PINP = procollagen type I N-propeptide; RANKL = receptor
activator of NF-kB ligand; OPG = osteoprotegerin.
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to use SD rather than CV. The reproducibility of a measurement can also be quantified

measuring the smallest detectable difference (SDD), representing the minimum meaningful

BMD change that can be detected with a certain device. SDD is measured using the Bland

and Altman’s 95% limit of agreement method [71, 22]. SDD is generally preferred to CV

because it is expressed in absolute units (i.e., g/cm2) and independent of the BMD level. It

has been shown that in older subjects, the measurement error increases for the spine and

total hip. Also, the long-term precision error increases by 6.5-9.2% with each additional

year of monitoring [241]. From the biological point of view instead, the variability reflected

in BMD measurements arises from the effect that factors such as age, sex, demographics,

seasonal variation, recent fractures, drug treatment, disease, mobility and lifestyle (including

diet and vitamin D intake) have on the underlying bone physiology [253, 151].

BTMs, on the other hand, exhibit high within- and between-individual variability.

Technical causes for this are determined by the type of marker measured (e.g., resorption

markers are often a mixture of molecular entities) and the type and precision of the assay

used to detect a specific marker (typically, CV for the inter- and intra-assay variability are

within 10%) [151]. Other technical sources of variability are: the inter-laboratory variation,

the mode of sampling (e.g., 24-hour or second morning void for urinary markers), the timing

of sampling (e.g., diurnal variation), the type of sample taken (e.g., urine or serum), the

status of the subject before the sample collection (e.g., fasting, exercised). To control all

these factors it is necessary to have an appropriate study design, a specimen collection

protocol and to use standardised assays and working protocols [253, 254]. The biological

causes of variability in the measures of BTMs instead, are more difficult to control. These

are the same factors mentioned previously for BMD measurements, such as age, sex, recent

fractures, drugs, disease, lifestyle, temporal variability (e.g., diurnal variation, menstrual

rhythm) [253, 59]. However, in contrast to BMD, the influence of several of these factors on

BTM concentrations can be observed on a daily to monthly basis. In general, the variability

in BTMs increases with age and after menopause.

Mechanistic models (see Section 1.6.1) can be used to compare the effect of OP and

therapeutic interventions based on these heterogeneous set of biomarkers. These models can

capture the underlying dynamics of the data independently of the measured markers and

the assay used. Furthermore, the difference in BMD values due to different devices used to

take the measurements can also be included in the mechanistic models.

1.4.4 Imaging technologies to assess osteoporosis

Imaging technologies are essential to evaluate bone and joint diseases. In this context, many

studies were conducted in order to find non-invasive analytical techniques to quantify the

changes occurring in bones and joints over time, both in health and disease [177]. Several
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methods are used to measure BMD at different skeletal sites, such as ultrasound, radiographic

absorptiometry, dual photon absorptiometry, quantitative computed tomography (QCT),

quantitative ultrasound, and DXA [60, 298, 123]. The application of a particular technique

depends on the accessibility of a particular bone site. In particular, latest high resolution

QCT (HR-pQCT) techniques can only be applied at sites of the peripheral skeleton, such as

wrist and proximal tibia.

The gold standard in clinical practice for the assessment of BMD is DXA, which measures

the mineral content of bone per unit area (g/cm2
) using a low radiation exposure. The

most relevant sites for the clinical assessment of the fracture risk using this technology are

spine (predominantly trabecular), hip (mixed trabecular-cortical), and wrist (predominantly

cortical), which are routinely assessed to monitor the change in BMD [297, 298]. One

major drawback of DXA is that cortical and trabecular bone cannot be distinguished. DXA

calculates BMD using a projected areal density (i.e., 2D image) and it does not measure

a true density [268]. Hence, the quantification of bone structure, material composition or

cortical porosity is not possible with this technology.

On the other hand, HR-pQCT is an imaging technique that provides a means to better

understanding bone and joint diseases at the microarchitectural level. It provides high

resolution 3D images (82 µm3 isotropic voxel size) using a relatively low radiation dose

(3-5 µSv) compared to total body CT scans [96]. With this technology, properties and

microarchitecture of cortical and trabecular bone can be analysed separately. It also allows

the in vivo assessment of the spatial distribution and dimension of cortical bone erosions.

Furthermore, micro-finite element analysis (micro-FEA) (see Section 1.6.2) can be performed

on HR-pQCT data to calculate bone mechanical properties at the distal sites of the skeleton

(i.e., distal radius and distal tibia). HR-pQCT can also be used to evaluate patient specific

drug effects on bone.

1.4.5 Current diagnosis of osteoporosis and whole bone strength

BMD accounts for 60% to 85% of bone strength. For this reason, BMD is considered the

best single predictor of bone strength [208] and OP is generally diagnosed based on BMD

measurements [296, 297, 298]. Following the classification based on the T-score provided by

the WHO, four diagnostic categories for women can be identified: (i) normal, T-score > −1;

(ii) osteopenia, −1 < T-score < −2.5; (iii) osteoporosis, T-score < −2.5; (iv) severe osteoporosis,

T-score < −2.5 in the presence of at least 1 osteoporotic fragility fracture [297]. Nevertheless,

these categories are considered arbitrary thresholds strongly dependent on the reference

population characteristics, such as race and demographics [161].

Despite the strong connection between BMD and bone strength, it is important to

recognise that low BMD alone accounts for a maximum 44% of the fracture risk [273]. This
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is due to the fact that clinical scientists have exclusively focused on the material side of

bone, neglecting the loading conditions. In an attempt to improve the prediction of the

individual risk of OP and osteoporotic fractures, it has been suggested to augment the BMD

value taking into account other bone material properties which contribute to the whole bone

strength, such as shape, geometry, microarchitecture, bone tissue composition, mineralisation,

microdamage and rate of bone turnover. All these properties are summarised with the term

bone quality [31, 39]. There have been many discussions regarding the suitability of the term

bone quality in the context of bone fracture risk assessment. As pointed out by Sievänen and

co-workers, bone quality is an imprecise term that should be avoided due to the difficulty

of quantitatively include all the factors in a bone strength model and translate their effect

into anti-fracture efficacy [260]. However, it is worth mentioning that BMD measurements

also account for bone mineralisation and consequently it is not possible to separate BMD

from bone quality. More quantitative approaches to estimate bone strength and fracture

risk have continuously been developed by the biomechanical community. They result form

the combination of micro-CT or HR-pQCT imaging data and multiscale modelling using

micromechanical models and finite element (FE) simulations [306] (see Section 1.6.2). Based

on biomechanical arguments, the concept of bone quality has been further discussed. In

a review, Hernandez and Keaveny stated that, since a bone fracture can be considered

a mechanical event, all the clinically relevant modifications of bone quality are likely to

affect bone mechanical performance (i.e., strength) relative to bone mass (i.e., BMD) [105].

Based on this consideration, Hernandez proposed a comprehensive hierarchical framework

to quantify the biomechanical effect of changes in bone quality parameters at different

scales. In particular, this framework has been used to investigate how bone turnover could

independently influence fracture risk [104].

1.5 Anabolic treatments to increase bone mass: drug treat-

ment and mechanical loading

The most efficient anabolic strategies to increase bone mass are based on physiological

loading, either via pharmaceutical intervention, such as daily administration of teriparatide,

or directly through mechanical loading, such as physical exercise. In the following, the

state-of-the-art of these two approaches is discussed in detail.

1.5.1 Drug treatment

The primary aim of a drug treatment for OP is to reduce the frequency of bone fractures,

particularly vertebral and hip fractures which are the main cause of the morbidity associated

with the disease. Drug treatments can be divided in different categories according to the
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following characteristics: (i) mechanisms of action; (ii) sites and modes of action; (iii) route

of administration (oral, intravenous, subcutaneous, nasal); (iv) dosage regimens; (v) degrees

of efficacy and effectiveness [53, 21]. With regard to the mechanism of action, current bone

therapeutic guidelines use BMD and BTMs as classification criteria to distinguish the drugs

in two categories: anti-catabolic4 and anabolic [222]. According to the terminology used

by Riggs and Parfitt, anti-catabolic drugs, such as bisphosphonates (BPs) and denosumab,

act to reduce bone turnover (i.e., to reduce the bone remodelling process), inducing an

increase in bone strength. These drugs are also associated with a moderate increase of bone

mass resulting from the increased mineralisation of the existing bone matrix. On the other

hand, anabolic drugs, such as teriparatide (or PTH(1-34)) and sclerostin antibody, strongly

increase bone mass, and consequently bone strength, by increasing bone remodelling (i.e.,

inducing high bone turnover). Currently, the majority of the drugs used to treat OP act to

decrease bone resorption (i.e., anti-catabolic treatments), some drugs act to increase bone

formation (i.e., anabolic treatments), others have been reported to have both actions [51].

As introduced in Section 1.3, in the remodelling process the actions of osteoblasts and

osteoclasts are coupled: osteoblasts are necessary to activate osteoclasts and osteoclasts

secrete regulatory factors stimulating osteoblast activity. Due to this coupling, anti-catabolic

drugs inhibiting bone resorption, also inhibit bone formation to a certain extent, resulting in

a reduced concentration of bone resorption markers, followed by a decreased concentration

of bone formation markers (BP in Fig. 1.7). In contrast, anabolic drugs stimulating bone

formation, also stimulate bone resorption, resulting in an increased concentration of bone

formation markers, followed by an increased concentration of bone resorption markers (PTH

in Fig. 1.7). The first months of anabolic treatment with PTH(1-34) have been referred to as

anabolic window, indicating a time interval in which bone formation exceeds bone resorption,

leading to an increased BMD. According to the conceptual model illustrated in Fig. 1.8a, the

anabolic window (grey area) is due to a delay between bone formation and bone resorption

marker kinetics. When resorption markers catch up with formation markers, the effect of

the anabolic treatment appears to wear off [46, 20]. It was pointed out, however, that a

better representation of the anabolic effect of PTH is the one shown in Fig. 1.8b where the

anabolic dominance (grey area) is narrower but longer in time compared to the one showed

in Fig. 1.8b [148, 197].

The different effect of a treatment with an anti-catabolic drug (risedronate) and a

treatment with an anabolic drug (teriparatide) on bone microarchitecture is shown in

Fig. 1.9. The micro-CT reconstructions of iliac crest biopsy specimens clearly show that the

anti-catabolic agent acted to maintain bone structure, whereas the anabolic agent acted to

promote bone deposition and thickening on both cortical and trabecular sites.

4anti-catabolic drug were previously referred to as antiresorptive.
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Figure 1.7: Effects of anti-catabolic and anabolic drug treatments on bone biomarkers: BTMs
following a treatment with either PTH(1-34) (continuous lines) or BP (dashed lines). Thick
curves (blue) indicate bone formation BTMs. Thin curves (red) indicate bone resorption
BTMs. Figure from [283].

(a) (b)

Figure 1.8: Anabolic effect induced with daily subcutaneous injections of PTH(1-34): (a)
Anabolic window (gray area) wearing off after a certain period of time. Figure modified
from [46]. (b) Narrower but longer in time anabolic dominance (grey area). Figure modified
from [197].
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Figure 1.9: Effects of anti-catabolic and anabolic drug treatment on bone microarchitecture:
microstructural changes from micro-CT reconstructions of iliac crest biopsy specimens at
baseline (left) and after 18 months of treatment with either risendronate (right, top) or PTH
(right, bottom). Modified from [251].
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For completeness of information, a description of the different drugs currently available

to treat OP is provided in the following sections (i.e., anti-catabolic, anabolic and combined

therapies). However, particular attention was given to the anabolic treatment with daily

subcutaneous injections of teriparatide and to the dual action (i.e., catabolic and anabolic)

exerted by PTH on bone cells, being the assessment of the anabolic effect of PTH the focus

of the research work presented in this thesis.

Anti-catabolic drug therapies

In clinical practice the most prescribed anti-catabolic drugs are BPs and denosumab. Nitrogen-

containing BPs bind to bone surfaces and inhibit the mevalonate pathway in osteoclasts,

resulting in osteoclast apoptosis. Zoledronate and alendronate are known as long-acting BPs

because their effect persists in time after the cessation of the treatment [98]. Denosumab

is a fully human monoclonal antibody that binds to RANKL with high affinity, mimicking

the action of OPG and inhibiting osteoclast differentiation and activation. The inhibition of

osteoclast activity ceases within 1 year after the discontinuation of the treatment, depending

on the drug dose administrated [174]. Other anti-catabolic drugs commonly used to treat OP

are oestrogen, selective oestrogen receptor modulators (SERMs), calcitonin and cathepsin-K

inhibitors [76].

Alendronate, risedronate, zoledronate and denosumab have a broad spectrum of fracture

prevention, the risk of vertebral fractures can decrease by more than 50%, whereas the risk of

non-vertebral fractures decreases by 20-25%, and the risk of hip fractures decreases by 40-50%

[179, 249, 12]. The reduced remodelling rate induced by the treatment with anti-catabolic

drugs has several positive effects on bone strength. In particular, the birth of new BMUs

is suppressed, the resorption cavities are filled, and BMD is increased. Furthermore, since

the remodelling process is slowed down, a more complete mineralisation of the tissue is

obtained. The newly formed has time to reach the secondary mineralisation and the older

bone continues to mineralise instead of being removed as if the remodelling was higher [167].

It was shown that, although the resorption-formation process in a BMU takes up to 4 to 6

months, BMD increases also after this period of time, starting to plateau after approximately

2 to 3 years. A possible explanation for this was found in the secondary mineralisation

process, where newly formed osteons slowly increase from 70% to full mineralisation without

synthesising additional matrix [222].

Although BPs are known to be effective in preventing bone fractures, the long-term

suppression of bone remodelling associated with the treatment raised some concerns. It was

shown that the action of BPs tends to increase bone brittleness and reduce its toughness,

making it more inclined to microdamage [263]. In addition, the suppression of bone turnover

reduces the ability to fix microdamage which accumulate in the bone structure increasing
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the risk of fracture. Atypical fracture at femur have been associated with anti-catabolic

treatments due to microdamage accumulation. For this reason, and given that the anti-

fracture efficacy of BPs lasts also after the treatment is stopped, a drug holiday is generally

advised after few years of treatment based on patient-specific assessments of risk and benefit

[69].

Anabolic drug therapies

When at the beginning of a drug treatment the structure of bone is already significantly

deteriorated, for example severe loss of trabecular connectivity has already occurred, an

anti-catabolic drug treatment might be not strong enough to effectively reduce the risk of

fracture. In this particular situation, a treatment with an anabolic drug might be more

effective [197]. FORTEO® teriparatide, or recombinant human PTH(1-34), is the first

anabolic drug in a new class of agents inducing bone formation [72]. Teriparatide is approved

by the US Food and Drug Administration (FDA) and the European Medicines Agency

(EMA) as treatment for severe osteoporosis (Section 1.4.5), particularly in women with PMO

at high risk of fracture. Having the same structure of the 34 N-terminal amino acids of the

human PTH, teriparatide binds to the PTH receptors expressed on bone cells with the same

affinity as the human PTH.

In the treatment of PMO, teriparitide is administered daily, with single subcutaneous

injections (20 µg/day) [73]. The elevated cost of the treatment and the inconvenience of

daily injections, make teriparatide a drug reserved for patients with severe bone disease.

The duration of the treatment is generally between 18 and 24 months, with the anabolic

action believed to be stronger during the anabolic window (Fig. 1.8). After 18-24 months,

bone resorption appears to catch up with bone formation and the newly formed and lowly

mineralised bone is quickly lost [8, 20]. To preserve the new bone and allow further

mineralisation, the established protocol requires the administration of an anti-catabolic drug

at the cessation of the treatment with teriparatide after 18-24 months. In patients with

severe PMO, 18 months of daily subcutaneous injections of teriparatide reduced the risk of

vertebral fractures by 65% and the risk of non-vertebral fractures by 53% [183, 157].

The increase in BMD that follows the anabolic treatment was proven to be strongly

dose dependent [183]. In trabecular bone, teriparatide increases BMD and trabecular

thickness [119], in cortical bone instead, teriparatide increases endosteal bone remodelling

and periosteal bone formation [30]. Studies showed that the anabolic effect of PTH(1-34)

has two components: one related to the remodelling process (volume of bone resorbed and

formed in the BMU) and the other one related to the modelling process (new bone formed on

quiescent bone surfaces) [163, 166]. The increased bone turnover in cortical bone temporarily

leads to increased resorption spaces (that might suggest bone loss), however, these are likely
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to be refilled upon termination of the treatment. In trabecular bone, teriparatide appears to

overfill the previously resorbed sites inducing a positive remodelling balance [163].

Anti-sclerostin monoclonal antibodies are a new category of anabolic agents representing

a potential treatment for OP. In animal studies, the use of anti-sclerostin monoclonal

antibodies appeared to directly stimulate bone formation via bone modelling (or at least in

part independent of the remodelling process and the activation frequency) [8]. In addition,

these antibodies stimulated the production of OPG, resulting in decreased bone resorption

and uncoupling of the bone formation and the bone resorption processes. Subcutaneous

injections of the anti-sclerostin antibody romosozumab were studied in phase I and II trials

[169, 191]. In postmenopausal women with low bone mass, a 12-month treatment with a

monthly dose of 210 mg of romosozumab was associated with a significant increase in BMD

(11.3% at the spine, 4.1% total hip and 3.7% at the femoral neck), greater than the ones

obtained with a weekly dose of alendronate or a daily dose of teriparatide.

Combined drug therapies

Despite the development of new therapeutic treatments for OP in the past decades, currently

approved drugs are not able to completely restore bone integrity in the majority of osteoporotic

patients. To increase the therapeutic efficacy, latest OP treatments combine anabolic and

anti-catabolic drugs. Clinical trials showed that the effect of the combined therapy on BMD

depends on the timing of the anabolic drug administration (i.e., before, during or after the

administration of the anti-catabolic drug), on the specific drugs used, and on the particular

bone site analysed [77, 55]. The most consistent effect of the combined therapy is a greater

BMD increase at the hip compared to the treatment with the anabolic agent alone, in

particular when teriparatide is combined with BPs or denosumab [55]. On the contrary,

no benefit of the combined therapy was shown on the BMD at the spine. Recent studies

on postmenopausal women using DXA suggested a possible additive effect on BMD when

denosumab and teriparatide therapies are combined [285, 148]. Similar results were found

measuring the volumetric BMD using HR-pQCT scans, together with improved peripheral

cortical and total bone density and cortical microarchitecture [284].

In the case of patients treated with BPs only who still develop bone fractures or lose

BMD, switching to a treatment with teriparatide is advocated. The continuation of the

anti-catabolic treatment when starting the administration of teriparatide resulted in a better

response of the BMD at the hip [56]. As already pointed out, the administration of an

anti-catabolic drug at the end of a treatment with teriparatide is recommended in order to

preserve the increased bone architecture and enhance bone mineralisation. The combined

therapy might represent a better choice for patients at a very high risk of bone fracture.
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Dual action of PTH on bone

PTH is essential for the maintenance of calcium homeostasis, in part achieved via regulation

of the bone remodelling process. At the cellular level, PTH stimulates both bone resorption

and formation. The net bone loss or gain depends on the duration and the periodicity of

the exposure of the body to PTH, linked to the activation of either catabolic or anabolic

regulatory pathways [261]. Receptors for PTH are found on osteoblast precursor cells, active

osteoblasts, lining cells and osteocytes [35]. It is well-known that a chronic increase in

the secretion of PTH by the parathyroid glands (i.e., hyperparathyroidism) and a constant

infusion of PTH lead to a catabolic action on bone remodelling, enhancing bone resorption

[15]. On the other hand, the daily administration of PTH was proven to be an effective

anabolic treatment for OP, both in humans and animals [274, 244]. Despite its efficacy at

restoring bone mass, however, the mechanism responsible for this dual action on bone cells

remains unclear.

The PTH-induced increase in bone resorption is mediated, in vivo, by the increased

osteoclast activity. However, both in vitro and in vivo studies indicate that PTH does

not directly activate osteoclasts, instead it enhances bone resorption indirectly, acting on

osteoblasts and osteocytes via the RANK-RANKL-OPG pathway [170, 304, 107]. Continuous

infusion of PTH modulates the RANK-RANKL-OPG pathway increasing the RANKL/OPG

ratio, thereby influencing the osteoclastogenesis and inducing a catabolic action on bone

[150, 111]. Similar to continuous PTH exposure, treatments with intermittent PTH lead to

an increased bone turnover. When administered intermittently, however, PTH directly acts

on osteoblasts to promote osteoblastogenesis, reduce osteoblast apoptosis and re-activate

quiescent lining cells, inducing an anabolic action on bone [118, 129, 293].

One of the first discovered mechanisms by which daily injections of PTH induce the

anabolic action on bone is the reduction of the osteoblast apoptosis, observed at both

femoral and vertebral sites in mice [16]. This anti-apoptotic action involves phosphorylation

and inactivation of the pro-apoptotic protein Bad, increased expression of survival genes

like B-cell lymphoma 2 (Bcl-2), increased expression of Runt-related transcriptor factor

2 (Runx2), downregulation of the apoptosis inducer Cell Cycle and Apoptosis Regulatory

Protein (CARP-1) and increased DNA repair [16, 248, 258]. Mechanistic studies showed that

PTH quickly activated anti-apoptotic signalling pathways involving the cAMP-mediated

activation of protein kinase A (PKA) and subsequent phosphorylation of response element-

binding protein (CREB) and phosphorylation and inactivation of the pro-apoptotic protein

Bad, as well as increased transcription of survival genes (Bcl-2) [118, 16].

The differentiation of lining cells into active osteoblasts can also explain, at least in

part, the PTH-induced increase in osteoblast number. Studies involving rats treated with

intermittent PTH reported an increased number of osteoblasts on the bone surface, associated
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with a decreased fraction of lining cells, without indication of increased osteoblast proliferation

[147, 70, 44]. In agreement with these observations, a recent lineage tracing study in mice

has confirmed that PTH can re-activate lining cells [129]. The results showed that, in

PTH-treated animals, labelled cuboidal cells (active osteoblasts) could be detected on the

periosteal surface of bone, whereas in vehicle-treated mice, labelled cells appeared flat (lining

cells).

Recent studies have identified the action of PTH on the canonical Wnt/β-Catenin sig-

nalling pathway via sclerostin as another explanation of the anabolic effect of PTH. Sclerostin

is a secreted glycoprotein primarily produced by osteocytes and acting as bone formation

inhibitor [207, 57]. Mouse studies investigating both the deletion and the overexpression of

SOST gene (encoding for sclerostin) showed high bone mass and OP respectively [219, 154].

In humans, genetic diseases such as van Buchem’s disease and sclerosteosis are characterised

by progressive overgrowth of bone and sclerosis of the skeleton associated with the reduced

concentration of sclerostin [7, 160]. Sclerostin inhibits bone formation by antagonizing

the Wnt/β-Catenin anabolic signalling pathway, modulating osteoblast proliferation, dif-

ferentiation and survival [132, 97]. PTH is believed to reduce sclerostin concentration and

consequently reduce its inhibiting effect on bone formation [127, 46, 188].

Wnt binds to a dimeric receptor complex formed by the Frizzled receptor (Fz) and

the Low-density lipoprotein receptor-related protein 5 or 6 (LRP5/LRP6), stimulating

the canonical Wnt/β-catenin signalling. Sclerostin inhibits the canonical Wnt/β-catenin

signalling by binding to LRP5/LRP6 [133, 255]. It has been shown that in the absence of

Wnt signalling, β-catenin is phosphorylated by the protein complex of Axin, Adenomatous

polyposis coli (APC) and Glycogen synthase kinase 3 (GSK-3). In the presence of Wnt

instead, the cytoplasmic protein disheveled (Dsh) is activated, which disrupts the Axin-APC-

GSK-3 complex from phosphorylating β-catenin. As a result, β-catenin translocates to the

nucleus, forms a complex with T-cell factor/Lymphoid enhancer factor (TCF/LEF), which

then regulates the transcription of Wnt target genes [42]. The activation of the Wnt/β-

catenin pathway is crucial for the differentiation of mesenchymal cells into the skeletal lineage

and for the differentiation of osteoblasts [66, 57]. β-catenin also increases OPG expression,

thus reducing the RANKL/OPG ratio and consequently the osteoclastogenesis [134]. In

addition, studies showed that, besides SOST gene, PTH also regulates the expression of

other Wnt signalling antagonist [133].

1.5.2 Mechanical loading

One of the most important functions of the bones in the skeleton is to provide support to

muscles and tendons during locomotion. To accomplish this mechanical function, each bone

has specific structure, shape, size and material properties. To maintain bone mass, the
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application of functional loading on the skeleton is of fundamental importance [215]. As

already mentioned in Section 1.1, bone is a dynamic living tissue capable of adapting its

mass and structure to respond to stresses and strains induced by an external mechanical

load [93]. This adaptation process aims at reducing the strains in the tissue and at the same

time minimising the tissue mass [190]. This auto-regulatory characteristic of bone could

be linked to the tendency of every system to reach a state of minimum energy dissipation.

Bone removal in case of mechanical disuse for example, allows the skeleton to maintain a

structure sufficient to protect bone against fractures without being exaggerated, so that no

energy is wasted in maintaining unnecessary bone [61].

Given this adaptation property of bone, physical activity could be adopted as drug-free

anabolic agent. Peak bone mass and bone density were proven to be positively affected by

intense loading conditions applied to the skeleton, as well as by brief mechanical signals of

high frequency and low intensity [184]. Exercise was proven to directly influence the activity

of osteoblasts and osteocytes and also bias mesenchymal stem cells to differentiate into

osteoblasts instead of undergoing adipogenesis. In addition, other non-mechanical factors

such as sex, genetics, age and diet also affect the adaptation response of bone to a mechanical

stimulus [190].

Wolff’s law and Frost’s mechanostat

In 1892, Wolff showed that bone can adapt its mass and structure to respond to mechanical

loading. He developed the concept later referred to as Wolff’s law according to which bone

mass in healthy humans and animals increases when mechanical loading is applied, and

decreases in case of mechanical disuse [88]. In agreement with this law, studies showed that

professional tennis players, as an example, have more bone (up to 35%) on the dominant

arm compared to the non-dominant one [120]. Astronauts instead, can lose up to 2% of bone

density at the hip every month spent in the microgravity environment [139].

It is still a matter of debate which stimuli induce bone cells to respond with formation

and resorption activities. Possible candidates are the interstitial fluid flow and the cellular

strain [114]. Independently of the specific mechanical stimulus, however, these activities

can be assumed to derive from the tissue deformation. Adopting this reductionist approach,

the mechanical strain can be used as the reference quantity when discussing the effect of

mechanical loading on bone. From a mathematical point of view, the mechanical strain (ε)

is a dimensionless quantity obtained as the ratio of the tissue deformation and the tissue

initial length, being the deformation the difference between the new tissue length and the

initial one. A common approach it to use µε as the unit of measurements of the strain in the

bone, meaning that the actual ε is multiplied by 10−6 and expressed in µε. Lanyon was the

first one to recognise the strain as the controlling factor for bone adaptation and accurately
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Figure 1.10: Frost’s mechanostat model: εSP is the set point strain related to the habitual
load, MU is the mechanical usage. The orange dashed line represent the feedback loop.
Factors such as hormones, drugs, disease and genetics act on the regulation of εSP . Figure
modified from [202].

assess it in vivo [145, 140, 144]. Important was also the quantification of the habitual bone

strains in animals and humans. Studies showed that most animals have walking peak strains

between 200 and 1000 µε, whereas in the case of intense activities peak strains range between

2000 and 3200 µε [145]. Similarly in humans, peak strains depend on the intensity of the

activity performed and vary between 500 and 2000 µε [40].

The findings discussed so far led to the hypothesis that bone adaptation depends on the

peak strain induced in the bone tissue. Under this assumption, Frost defined the concept

of mechanostat [89, 91], later referred to as the Utah paradigm [92]. According to Frost’s

theory, bone adaptation happens as consequence of the coordinated action of bone modelling

and remodelling induced by a mechanism, the mechanostat, that monitors both bone mass

and bone mechanical usage. The analogy between the mechanostat and the thermostat

used by Frost suggests that there is a physiological feedback capable of switching on and off

bone responses depending on the peak strain sensed in the tissue. The conceptual model

of Frost’s mechanostat is shown in Fig. 1.10. The feedback loop indicates that bone gain

is induced when the mechanical load is increased compared to the habitual load (set point

strain). On the other hand, when mechanical loading is reduced, bone loss is caused. To stop

the adaptation process, a new equilibrium needs to be reached. Hormones, drugs, disease

and genetics act as biological regulatory factors that can change the set point strain.

To describe the physiological responses of bone to mechanical loading, Frost defined four

windows of bone mechanical usage (Fig. 1.11). These windows were based on the peak strain,

assumed to go from zero to the fracture strain (i.e., 25000 µε). Each window was defined by

specific strain or MES (minimum effective strain) intervals, and the thresholds separating

one interval to the other were respectively: (i) the remodelling MES, approximately equal

to 0.5% of the fracture strain (i.e., 50-100 µε); (ii) the modelling MES, about 6% of the

fracture strain (i.e., 1500 µε); (iii) the microdamage MES, about 12% of the fracture strain

(i.e., 3000 µε) [88]. With reference to Fig. 1.11, the four windows can be described as follows:
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Figure 1.11: Mechanical usage windows defined by Frost: (i) disuse window, (ii) adapted
window, (iii) mild overload window, (iv) pathological window. MES stands for minimum
effective strain. Figure modified from [92, 202].

� Disuse window characterised by peak strains below the remodelling MES. In this

window, bone resorption is induced by the reduced tissue peak strain due to mechanical

disuse. In particular, bone perceives its mass as excessive according to the mechanical

usage and activates the remodelling process aiming at inducing bone loss (particularly

close to the marrow). The remodelling process in this strain interval is characterised

by higher BMU activation frequency, resorption exceeding formation in the BMUs and

reduced bone formation in the BMUs close to the marrow. The bone modelling process

is not activated, so that no new bone formation is induced other than the remodelling

one. Moreover, bone microdamage does not occur. In the long term this condition

induces osteopenia.

� Adapted (or physiological) window characterised by peak strains ranging between

the remodelling MES and the modelling MES. In this window, bone formation and

bone resorption are in equilibrium, indicating that bone has already adapted to the

mechanical stimulus. Bone remodelling acts normally with the aim of maintaining

bone mass. The BMU activation frequency is much lower than the one in the disuse

window, with formation equating resorption. Similarly to the disuse window, bone

modelling is not activated, whereas minor micordamage events can occur in this strain

interval.

� Mild overload window characterised by peak strains between the modelling MES

and the microdamage MES. In this window, overload induces bone formation. In

particular, bone senses a mild overload and activate the remodelling process to maintain

bone mass. The same bone turnover as in the adapted window is maintained and
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resorption and formation are in equilibrium in the BMU. In addition, the modelling

process switches on to induce new bone apposition aiming at widening cortical bone

and increasing trabecular thickness. Easily repairable microdamage also occur in this

window.

� Pathological window characterized by peak strains above the microdamage MES.

In this window, strains induce bone damage that might lead to bone failure. The

remodelling process acts to maintain bone mass. However, due to the increased micro-

damage, BMU activation frequency is higher, as well as bone turnover, consequently

bone bulk stiffness is reduced and microdamage increased. In this strain interval woven

bone formation can occur in the marrow cavity and on the periosteum.

It is worth mentioning that although the concept of mechanostat is widely accepted, some

researchers do not recognise the existence of a physiological or adopted window, also known as

lazy zone. As an alternative hypothesis they assume that bone has a genetically determined

minimum mass depending on the disuse condition, and that the adaptation process is

essentially linear and dependent on the strains induced by the mechanical loading [237, 275].

Other factors driving bone adaptation

The use of peak strain as the driving variable for bone adaptation is a good approximation,

however, it is important to mention that bone adapts its structure not only to reduce the

strain in the tissue, but also to induce preferential strain distributions and reinforce the tissue

in specific directions [141, 19]. In addition, bone adaptation is not the same in all bones, but it

is site-specific. Other than the magnitude of the peak strain induced by the mechanical load,

bone adaptation also depends on the strain gradient and rate, as well as loading duration

and frequency, number of loading cycles and repetitions, and rest time between loading

cycles [187, 226, 272]. Studies showed that high strain rates (1000-200000 µε/s) appear more

anabolic than low strain rates (< 4000 µε/s) [290, 265] and animal studies showed that the

direction of application of the load is of minor relevance [266]. Skerry incorporated all the

characteristics related to the strain in the term customary strain stimulus (CSS) which is

also influenced by sex, specific bone site, genetics and pharmacology [267].

The turkey ulnar loading model reported in Fig. 1.12 shows that bone homeostasis (i.e.,

maintenance) is defined via a non-linear relation between the peak strain and the number

of daily loading cycles. Bone can be maintained with several combinations of peak strain

and cycle number, such as a few very high-magnitude strain events (e.g., 4 cycles per day

of 2000 µε), or many low-magnitude strain events (e.g., hundreds of thousands cycles per

day of 10 µε). Above the maintenance curve, a region of bone formation can be identified

(anabolic action of mechanical loading on bone). Below the maintenance curve, there is a
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Figure 1.12: Relation between peak strain and loading cycles in the turkey ulna model: the
non-linear relation between µε and number of daily loading cycles defines bone homeostasis
(maintenance curve). Bone is lost in the region below the maintenance curve. Bone is formed
in the region above the maintenance curve. Figure re-used with permission from [190].

region of bone resorption (catabolic action of mechanical loading on bone) [190, 215].

Turner described the adaptation response of bone to mechanical loading defining three

rules: (i) the mechanical load has to be applied dynamically, (ii) the mechanical stimulus

has to be applied for a short time, (iii) bone is able to adjust to an habitual load becoming

less responsive [287]. Subsequently, these rules were further extended by Skerry [267] who

stated that the number of cycles becomes irrelevant in the adaptation process once a certain

threshold is reached. This means that bone formation induced via a higher number of cycles

of the same magnitude and waveform is limited by an upper threshold [238]. Furthermore,

rest periods between loading cycles were proved to increase the adaptation response of bone,

but similarly to the number of cycles there is a threshold in the length of the rest time above

which the rest period becomes irrelevant in terms of induced bone formation [272]. Studies

also showed that dividing a saturating number of load cycles in shorter intervals separated

by rest periods (e.g., 360 cycles divided into 2× 180 loading events) enhances bone formation

[226].
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Mechanostat and bone cells

As already mentioned, bone adapts its mass and structure via bone modelling and remodelling

events, for this reason osteoclasts and osteoblasts are fundamental cells in the adaptation

process. Recent evidence however, shows that osteocytes also have a key role in the bone

adaptation response to mechanical loading. Being cells embedded in the bone matrix and

connected to each other forming a dense network, osteocytes are able to communicate with

each other and with other bone cells and detect changes in the mechanical environment

[29]. Both modelling and remodelling responses to the changing mechanical environment

appear to be related to the activity of osteocytes. In bone modelling, when an habitual

load is applied to the bone, a sufficient strain stimulus is sensed by the tissue, osteocytes

stay alive and bone mass is maintained (i.e., bone homeostasis). When the mechanical

stimulus goes below the threshold of resorption, osteocytes undergo apoptosis and bone is

resorbed (i.e., bone loss). When the mechanical stimulus is higher than the habitual loading

instead, osteocytes induce bone formation (i.e, bone gain). In bone remodelling, osteocytes

undergo apoptosis and remodelling is activated in the case of disuse. In the case of overload

instead, the accumulation of bone microdamage induces osteocyte apoptosis and triggers the

remodelling process in order to repair the damage [112].

Osteocytes are known to be a primary source of RANKL (Section 1.3.3). In vivo studies

showed that they act as mechanosensors and regulate the action of osteoclasts and osteoblasts

in the remodelling process modulating the expression of RANKL [181]. In particular, when

high strains are sensed in the bone matrix, bone resorption is inhibited via the action of

osteocytes [136]. In vitro studies showed that mechanical loading of osteocytes enhances

OPG levels, consequently reducing the RANKL/OPG ratio and inhibiting the differentiation

of osteoclast precursors into active osteoclasts [136].

Furthermore, the action of mechanical loading on bone has been linked to two mechanisms

involving osteocytes, specifically the production of nitric oxide (NO) and the reduction of

sclerostin. On one hand, mechanical loading was proved to increase the production of

NO in osteocytes, consequently promoting the reduction of the RANKL/OPG ratio and

downregulating osteoclast precursor differentiation [176, 202]. On the other hand, osteocytes

were proven to adjust the sclerostin level according to the mechanical signal sensed. In

particular, increased mechanical loading induced a reduction of sclerostin and consequently

an upregulation of osteoblast precursor proliferation removing the canonical Wnt/β-catenin

inhibition (Section 1.5.1) [227, 175, 28]. In addition, in vivo studies in mice showed that

loading strongly reduces sclerostin expression in osteocytes, mainly in sites with higher strains

[227], and that the amount of bone formation induced via the loading was proportional to

the reduction of sclerostin expression in osteocytes. On the contrary, SOST expression was

increased in mice exposed to unloading [175].
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1.6 Current methodologies to investigate the anabolic effect

on bone mass

As discussed in Section 1.5, PTH drug therapies and mechanical loading are efficient anabolic

treatments for bone. Several methodologies are available to investigate and quantify their

anabolic effect. In this research project, the attention was focused on the use of computational

modelling and high-resolution imaging technologies. In the following sections, a review of

computational models is provided, starting from conventional parmacokinetic-pharmadynamic

(PK/PD) models, to the more sophisticated mechanistic PK/PD models. Furthermore, the

use of animal models in combination with advanced imaging technologies and micro-FEA is

also reviewed.

1.6.1 Computational modelling: application to drug treatments

Conventional PK/PD models

Originally, computational modelling was used to investigate drug treatments with the aim

of characterising the effect of a drug over time and optimising the dosing regimen and the

delivery profile. Recently, however, computational models have also been applied in the

development of new drugs [209, 65]. With reference to the definitions of pharmacokinetics and

pharmacodynamics provided by Holford and Sheiner who described pharmacokinetics as what

the body does to the drug, and pharmacodynamics as what the drug does to the body, these

computational models are referred to as conventional pharmacokinetic-pharmacodynamic

(PK/PD) models [109]. A PK model is a mathematical description of the change over

time of the drug concentration in the body fluid (i.e., blood, plasma or serum5) after the

administration of a certain drug dose. It is used to simulate the rate of drug absorption,

distribution and elimination in order to describe and predict the drug concentration over

time. A PD model, on the other hand, is used to describe the intensity of the drug effect in

relation to its concentration in the body fluid. The combination of a PK model with a PD

model is known as PK/PD model of a drug (Fig. 1.13) and allows to describe the effect of

the drug over time [172].

The drug pharmacokinetics is commonly described using a compartment-based PK model

[257]. According to this model, the drug is assumed to enter, distribute and leave an

hypothetical compartment containing a volume of fluid that equilibrates with the drug. This

hypothetical compartment is not an anatomical structure, but it represents all the tissues

with similar blood flow and drug affinity that equilibrate with the drug in a uniform way.

5It is important to distinguish between blood, plasma, and serum. Blood includes fluid, white and red
cells and platelets; plasma is the fluid portion of blood including only soluble proteins; serum is the plasma
without the soluble protein.

40



Ch. 1 Introduction 1.6 Methodologies to investigate the anabolic effect on bone

Figure 1.13: Combination of a PK model and a PD model in the PK/PD modelling process
(AUC indicates the area under the curve). Figure from [283].
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In the case of a one-compartment PK model, the drug is assimilated in and eliminated

from a single compartment (also denoted as central compartment) representing the plasma

and all the highly perfused tissues. In the case of a two-compartment PK model, the

central compartment communicates with a second one (tissue compartment) and the drug

disposition is related to the exchange between the two. The one-compartment PK model for

an intravenous (IV) injection is the simplest mathematical way used to describe the process

of drug distribution and elimination. In this model, the following assumptions are made: the

drug is injected all at once, the distribution is instantaneous and homogeneous throughout

the central compartment, and the drug elimination starts immediately after the injection.

To describe the change over time of the drug concentration in the compartment after

the injection of a certain dose, two primary PK parameters are used, i.e., the volume

of distribution of the compartment and the clearance of the drug [257]. The volume of

distribution is a proportionality factor that correlates the amount of drug in the body to

the drug concentration measured in the biological fluid. Although it has the dimensions

of a volume, it is not a physiological measurable quantity, therefore it is often referred to

as apparent volume of distribution. The volume of distribution is linked to the dose of the

administered drug and to the plasma drug concentration by means of the following equation:

D = VD ⋅Cp, (1.6.1)

D is the drug dose expressed in mg, VD is the volume of distribution in mm3 and Cp is the

plasma drug concentration in mg/mm3. A drug dose is generally proportional to the volume

of distribution, i.e., the larger the volume of distribution, the larger the dose has to be to

achieve the target concentration. In an adult, approximately 60% of the total body weight is

water made up of intracellular fluid (35%) and extracellular fluid (25%). The extracellular

fluid includes plasma (4%) and the interstitial fluid surrounding the cells outside the vascular

system (21%). According to this partition, a low VD indicates that the drug is distributed

only in the extracellular fluid. A VD close to the total body water (≈40 l) indicates that the

drug distribution involves the total body water. When VD is larger than the total body water,

the drug is probably concentrated in the tissues outside the plasma and in the interstitial

fluid, resulting in a low plasma concentration.

Drug concentration is also regulated by the amount of drug eliminated per unit of time.

For most drugs, the elimination process is assumed to be a first-order reaction, meaning that

the elimination rate is directly proportional to the amount of drug in the system6:

dD

dt
= −k ⋅D, (1.6.2)

6In some cases, the amount of drug is assumed to decrease at a constant rate and the elimination process
is defined as a zero-order reaction.
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dD
dt is the elimination rate expressed in mg/h and k is the first-order elimination rate constant

[257]. The change over time of the amount of drug in the body is obtained from integration

of Eq. (1.6.2):

D =D0 ⋅ e
−k⋅t, (1.6.3)

D0 is the initial drug dose. The same considerations can be done in terms of drug concentra-

tion:

dCp

dt
= −k ⋅Cp , (1.6.4)

Cp = Cp0
⋅ e−k⋅t, (1.6.5)

Cp is the concentration of the drug in µg/ml and Cp0
is the initial drug concentration. The

time required for a certain drug concentration to decrease by one half is a characteristic

parameter of the drug pharmacokinetics defined as drug half-life, generally expressed in h.

In case of first-order elimination, the half-life (t1/2) is constant and equal to:

t1/2 =
0.693

k
. (1.6.6)

The drug clearance (CL) is another fundamental PK parameter used to describe the drug

elimination process. It is defined as the volume of either plasma or blood cleared from the

drug per unit of time, measured in ml/h. It consists of a constant parameter related to the

volume of distribution and to the elimination rate constant as follows:

CL = k ⋅ VD. (1.6.7)

When the drug is not administered intravenously (e.g., oral administration or subcuta-

neous injection) the process of drug absorption from the site of administration in the plasma

has to be included in the model. Most PK models for extra-vascular drug administration

consider the absorption process as a first-order reaction described via a rate constant. Com-

monly, the drug absorption process is faster than the elimination process. It is important

to mention that the elimination process begins as soon as the drug enters the plasma and

starts to be distributed in all tissues, also if the absorption process is not complete. In

the absorption phase, the drug absorption rate is greater than the drug elimination rate.

When the plasma drug concentration reaches its peak, the rate of drug elimination equals

the rate of drug absorption (i.e., the amount of drug in the body does not change). In the

post-absorption phase, the elimination rate is higher than the absorption rate. As soon as

the amount of drug at the absorption site is null, the absorption rate equals zero and the

system is described by the elimination phase only.
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The exposure of the body to the drug after the administration of a certain drug dose can

be quantified measuring the area under the curve (AUC) of the plasma concentration vs.

time curve (Fig. 1.13). In clinical trials, the plasma, blood or serum drug concentration in a

patient is measured at several time points and used to create the patient specific profile of

the drug concentration over time, which is then used to estimate the AUC. Mathematically,

the AUC is defined as the integral of the drug concentration vs. time curve and is generally

expressed in µgh/ml. It is dependent on the drug elimination and absorption rate and the

administered drug dose. For drugs following linear kinetics, the AUC is directly proportional

to the dose and inversely proportional to the clearance. In particular, the higher the clearance,

the shorter the time that the drug spends in the systemic circulation and the faster the

reduction of the drug concentration. Consequently, the exposure of the body to the drug is

shorter and the AUC is smaller. Following an intravenous injection, the dose administered is

assumed to entirely enter the systemic circulation in an active form. In the case of extra-

vascular administration instead, only part of the dose reaches the systemic circulation in an

active form. Following this consideration, the AUC is used to define the drug bioavailability,

representing the fraction of the administered dose entering the system circulation in an active

form. By definition, a drug administered intravenously has 100% bioavailability. Numerically,

the bioavailability of a certain dose of a specific drug is computed as the ratio between the

AUC corresponding to an extra-vascular administration and the AUC corresponding to an

intravenous administration. Often, volume of distribution and clearance are given as function

of the bioavailability.

Taking into account absorption, elimination and bioavailability of the drug, the rate of

drug variation in the body and the drug concentration can be expressed as follows:

dD

dt
= ratein − rateout = F ⋅ ka ⋅D0 ⋅ e

−ka⋅t − k ⋅D, (1.6.8)

Cp =
F

VD
⋅
ka ⋅D0

(ka − k)
⋅ (e−k⋅t − e−ka⋅t), (1.6.9)

F is the bioavailability and ka is the absorption rate constant expressed in 1/h. As previously

mentioned, at the peak plasma concentration the rate of drug absorption equals the rate of

drug elimination. This assumption provides a means to compute the peak time (tmax), i.e.,

the time required to reach the peak drug concentration, generally expressed in h:

tmax =
ln(ka/k)

ka − k
. (1.6.10)

It should be noted that the peak time is a drug parameter that is independent of the

administered dose.

Once the mathematical description of the drug concentration over time in the body
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fluid is completed, a PD analysis is used to quantify the relationship between the drug

concentration and its effect. It should be noted that, ideally, the drug concentration should

be measured at the effect site, i.e., the site where the drug interacts with its receptor. In

the case of OP, for example, it should be at the bone site of interest. However, since this

is generally not possible, it is common practice to use either the plasma or the blood drug

concentration and to assume that, under PK steady-state conditions, the concentration

in plasma or blood is in equilibrium with the pharmacologically active and unbound drug

concentration at the effect site [172]. The effect of the drug can be evaluated by measuring

the variation of physiological parameters. In OP, for example, changes in bone resorption

and formation activities are monitored. Several PD models have been developed so far, such

as fixed effect, linear, log-linear, Emax and sigmoid Emax models. Among these, the Emax

and the sigmoid Emax are the most commonly used (Fig. 1.13). In the Emax model, the effect

of the drug is expressed as function of the intrinsic activity of the drug (i.e., maximum effect

possible) and the potency of the drug (i.e., concentration that causes 50% of the intrinsic

activity) as follows:

E = E0 ±
Emax ⋅C

E50 +C
, (1.6.11)

C is the drug concentration, Emax is the intrinsic activity, E50 is the potency and E0 is the

baseline effect existing in the absence of the drug [172, 257]. The baseline effect can be either

stimulated (+) or inhibited (−) by the effect of the drug. The Emax model describes two

key features of the pharmacologic response: (i) the hyperbolic pharmacologic response vs.

drug concentration curve, and (ii) the max response induced by a certain drug concentration,

beyond which no more increase in the response is obtained. The sigmoid Emax model is an

extension of the Emax model describing the pharmacologic response vs. drug concentration

curve for s-shaped rather than hyperbolic drugs. The effect is calculated as:

E = E0 ±
Emax ⋅C

n

En50 +C
n
, (1.6.12)

n is a parameter denoting the steepness of the curve. Theoretically, n should be related to

the number of drug molecules that combine with each receptor; however, it is mainly used

as a phenomenological factor that allows a good fit with the experimental data. The larger

n, the steeper the linear phase of the plasma concentration (log) vs. effect curve.

The conventional PK/PD models described so far are characterised by a descriptive

approach which is empirical and driven by a large amount of data. As a consequence, they

cannot predict a clinical response beyond the data which they are based on. To overcome

this limitation, more sophisticated models have been developed, taking into account both

the underlying mechanisms of the disease and the action of the drug [210, 247, 65]. These

models are referred to as mechanism-based or mechanistic PK/PD models and are described
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in detail in the following section.

Mechanistic PK/PD models of bone remodelling

One of the limitations of conventional PK/PD models is the assumption of a constant

system baseline. This approach is not realistic when describing a degenerative disease such

as OP or when the drug treatment specifically aims at modifying the progression of the

disease. Mechanistic PK/PD models, on the other hand, include a disease progression

analysis to account for the changes in the system due to the progression of the disease [209,

50, 108]. Furthermore, mechanistic PK/PD models aim at characterising the intermediate

processes between the drug administration and its effect relying on biomarker data, such as

receptor binding and activation and feedback pathways. A specific feature of these models is

the distinction made in terms of drug-specific and system-specific parameters, the former

describing the properties of the drug (e.g., affinity and target activation) and the latter

describing the properties of the biological system [209, 65].

When referring to the development of a computational model of bone remodelling in the

case of diseases such as OP, the complexity of the process needs to be taken into account.

Since it is not feasible to create a complete mathematical model that includes all cell types

and regulatory factors involved in the biological process, the aim of a comprehensive model

is to include only sufficient details to address the scientific problem at hand. Computational

mechanistic models of bone remodelling include several developmental stages of bone cells,

therefore they are often referred to as bone cell population models (BCPMs). This section

describes the disease progression models commonly used, the receptor-ligand binding reaction

formulation and the state-of-the-art of BCPMs, which represent fundamental components

of the mechanistic PK/PD model of the dual action of PTH(1-34) on bone modelling and

remodelling presented in this thesis.

Disease progression models Clinical pharmacology can be described in terms of disease

progression (i.e., changes in the disease status over time) and drug action (i.e., effect of the

drug on the disease progression) [50]. Disease progression can be analysed at different levels

of the pathophysiology (Fig. 1.14) [209]. Healthy bone remodelling state, for example, can

initially be perturbed at the molecular level (level 1) where the interactions between genetic

and transcription events and receptor-ligand binding reactions take place. The result of

these molecular changes may affect the behaviour of bone cells regulating bone resorption

and bone formation events (level 2). In turn, these changes regulate bone tissue properties

such as porosity and bone quality (level 3). At the clinical endpoint, these changes may

eventually result in bone fractures. At each of the mentioned levels, disease progression

and pharmacodynamic effect are combined to produce a certain outcome on the disease
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behaviour over time. The level at which the disease behaviour is described in the disease

progression analysis depends on the available information.

The aim of the drug treatment is to either reduce, stop or reverse the natural process

of a disease. According to how the drug affects the disease status, its effect can be defined

either symptomatic or protective. A symptomatic treatment effect improves the severity of

the symptoms without modifying the disease progression. A protective treatment effect,

on the other hand, involves a modification of the underling disease progression, leading to

an improved disease status. A combination of both symptomatic and protective effects is

also possible [50]. In general, the action of the symptomatic effect is faster compared to

the protective effect. Similarly to the use of drug concentration in a PK model and drug

effect in a PD model, the disease status is used in a disease progression model to identify the

disease pathway [108]. A simple disease progression model can be described by the following

equation:

S(t) = S0 +
Emax ⋅Ce(t)

E50 +Ce(t)
, (1.6.13)

S(t) is the time course of the disease status determined by both the underlying disease and

the drug action, S0 refers to the baseline disease status and Ce is the drug concentration at

the effect site [108]. The downside of this model is that it does not account for a time course

of the disease status independent of the drug effect. Even though it could be reasonable

to use this model when the observation time is short, modelling the changes of the disease

status over time independently of the drug effect is necessary. From this prospective, Chan

et al. [50] and Holford et al. [108] proposed two models of natural disease progression7, one

linear and one asymptotic. The linear model is expressed as follows:

S(t) = S0 + α ⋅ t, (1.6.14)

α is the constant slope of disease progression. In contrast, in the asymptotic model the

worsening of the disease status is considered exponential and approaching to a steady state

as follows:

S(t) = S0 ⋅ e
− ln(2)⋅t

TP + Sss ⋅ [1 − e−
ln(2)⋅t
TP ] , (1.6.15)

TP indicates the half-life of the drug and Sss is the maximum burnt-out disease status.

According to the type of treatment simulated (i.e., symptomatic or protective), model

parameters reflecting the action of the drug are conveniently modified. In particular, in

the case of a symptomatic drug effect, the parameters describing the underlying disease

progression (i.e., α in the linear model, TP and Sss in the asymptotic model) do not

change. When the treatment is stopped, the natural disease progression pattern is followed.

7Natural meaning without taking into account the drug effect on the disease progression
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Figure 1.14: Stages of OP: bone biological function within the homeostatic state of remodelling
may be disturbed at level 1 or 2, resulting in an imbalance of bone resorption and bone
formation. This imbalance can be observed at the bone tissue level (level 3) as an increase in
porosity and/or variation in bone quality. At the clinical endpoint, these changes may result
in bone fractures. The 3 stages of the disease represent the combined outcome of disease
progression and pharmacodynamic effect.
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Consequently, the symptomatic effect E(t) is generally included in the disease progression

model as an additive term. In a linear model for example:

S(t) = S0 + α ⋅ t +E(t). (1.6.16)

In the case of protective effect, the treatment benefit continues also after the drug effect has

ceased. The action of the drug influences the rate of disease progression and it is described

as a change in the slope of the disease progression curve. In a linear model:

S(t) = S0 + [α +E(t)] ⋅ t. (1.6.17)

In an asymptotic model instead, the protective effect can act either on TP (resulting

in a change of the curvature of the natural disease progress model), on Sss or on both.

Sometimes the ability to distinguish between symptomatic and protective effects can be

challenging and both the effects may occur together. In this case, the total effect is defined

as symptomatic + protective and, in a linear model for example, can be described with an

additive term and a change of the slope of the disease progression model:

S(t) = S0 +E0(t) + [α +Es(t)] ⋅ t. (1.6.18)

The application of these disease progression models to PMO is discussed in the following,

taking into account symptomatic and protective effects acting to either reduce or slow

down the bone loss. BMD and BV/TV are the clinical parameters commonly monitored in

osteoporotic patients. In general, BMD in OP decreases over time (Fig. 1.5). In particular,

PMO in women induces a BMD decline at a rate of up to 2 %/year. As already pointed out,

the loss of BMD is largely linked to the increased bone porosity, for this reason, either BMD,

BV/TV or porosity itself can be used to describe the disease status. Assuming a linear

disease progression model, the BMD variation over time in PMO is reported in Fig. 1.15.

The dashed curves represent the natural PMO progression, whereas symptomatic, protective

and combined treatment effects are shown as solid lines in the top, middle and bottom

panels respectively. It is worth noticing that comparing the natural disease progression curve

reported in Fig. 1.15 with the schematic curve representing PMO in Fig. 1.5, it is evident

that the change in bone loss rate is not well represented with a linear model. Assuming

an asymptotic disease progression model, the BMD variation over time is represented in

Fig. 1.16. The dashed curves represent the natural PMO progression, whereas the treatment

effects are shown as solid lines. The asymptotic model is able to well represent the natural

disease progression of PMO, which is characterised by a rapid BMD reduction in the first 5

years of disease followed by a relatively linear progression thereafter. A symptomatic effect

is shown in the top panel of Fig. 1.16a, whereas different protective effects are shown in the
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Figure 1.15: Disease progression and drug intervention in PMO: PMO status (e.g., BMD
change) vs. time in a linear model. The dashed curves represent the disease progression
without the drug intervention. The solid curves represent respectively the symptomatic (top
panel), the protective (middle panel) and the combined symptomatic + protective (bottom
panel) treatment effects.

middle and bottom panels of Fig. 1.16a and in the top panel of Fig. 1.16b. The bottom

panel of Fig. 1.16b shows a combined treatment effect. Due to the slow changes in BMD

over time, however, it is not clear how to estimate when the full treatment effect is reached

and how to distinguish between protective and symptomatic effects.

A more consistent way to represent the action of a drug on the disease status is to take

into account the time required for a drug to exert its effect (wash-in) and the time required

for the drug to lose its effect (wash-out) [108]. The drug wash-in represents the time delay

between the starting point of the treatment and the achievement of a constant drug action.

This delay might be due to the drug absorption process, to its distribution to the effect site

and to binding reactions with its receptors. On the other hand, the drug wash-out is the

time needed to completely remove the drug effect after the withdrawal of the treatment. The

BMD change over time in a linear disease progression model taking into account the wash-in

and the wash-out of the drug is shown in Fig. 1.17. The dashed curves represent the natural
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(a)

(b)

Figure 1.16: Disease progression and drug intervention in PMO: PMO status (e.g., BMD
change) vs. time in an asymptotic model. The dashed curves represent the disease progression
without the drug intervention. The solid curves represent respectively the symptomatic
treatment effect (a, top panel), the protective treatment effect acting on TP (a, middle panel),
the protective treatment effect acting on Sss (a, bottom panel), the combined protective
treatment effect TP and Sss (b, top panel), the combined symptomatic + protective TP and
Sss treatment effect (b, bottom panel).
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Figure 1.17: Disease progression and drug intervention in PMO: PMO status (e.g., BMD
change) vs. time in a linear model taking into account the drug wash-in and wash-out. The
dashed lines represent the disease progression without the drug intervention, the solid curves
represent respectively symptomatic (top panel), protective (middle panel) and combined
symptomatic + protective (bottom panel) treatment effects.

PMO progression model, whereas symptomatic, protective and combined treatment effects

are shown as solid lines in the top, middle and bottom panels respectively.

Receptor-ligand binding reactions and signalling One of the biggest challenges in

bone biology is to understand the mechanisms behind the cellular response to changes

happening in both the biochemical and the biomechanical environment. Learning how the

activity of the cells is regulated over time and how this regulation affects the bone remodelling

process can improve the understanding of both OP progression and drug treatment effects.

It is well known that cells respond to an external stimulus via extracellular and intracellular

signalling pathways. With reference to cell surface receptors [252, 146], the first step in

the signalling process is the extracellular binding of a ligand to its receptor to form a

complex. This binding reaction is based on principles of physical chemistry, specifically mass

balance and mass action kinetics. The extracellular binding activates intracellular reactions
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which are linked to the activity of the cells. At the core of any mechanistic models of bone

pathophysiology is how various regulatory factors govern cell behaviours. When dealing with

extracellular ligands that bind to their specific receptors on a cell surface, the behaviour of

the cell is modulated by the activation of specific intracellular signalling pathways initiated by

the receptor-ligand binding. These intracellular pathways induce an overall cell response that

can be either cell differentiation, proliferation and apoptosis or the expression of signalling

molecules and receptors.

To model the extracellular binding reaction between a free receptor and a free ligand

to form a complex, the assumption of one-state receptor model is generally adopted, i.e.,

receptors and complexes are assumed to have only an active state8. In this case, it is possible

to refer to the following reversible reaction scheme:

↓

↓

↓

↓
	
←
	 0 

 
R is the number of free receptors per cell, L is the concentration of free ligand, and R̂L is the

number of receptor-ligand complexes per cell. PR and PL are the production rates of R and

L respectively. DR, DL and DRL are the degradation rates of R, L and R̂L respectively. The

parameters kf and kr represent forward and reverse reaction rate constants [146]. At chemical

equilibrium, R, L and R̂L are correlated through the equilibrium dissociation constant KD

as follows:

KD = kr/kf,

R̂L =
R ⋅L

KD
.

A small KD corresponds to a large association equilibrium constant KA (being KA = kf/kr =

1/KD) and indicates strong affinity between ligand and receptor. Assuming first-order

reaction rates and following the law of mass action, the binding reaction is mathematically

described as follows:

dR̂L

dt
= kf

RLR ⋅L − k
r
RLR̂L −DRL ⋅ R̂L, (1.6.19)

dR

dt
= PR −DR ⋅R + k

r
RLR̂L − k

f
RLR ⋅L, (1.6.20)

8Note that more complex receptor-ligand models exist, such as the two-state receptor model which
assumes that receptors and complexes can have either an active or an inactive state. More details about the
two-state receptor model are provided in Chapter 5.
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dL

dt
= PL −DL ⋅L + k

r
RLR̂L − k

f
RLR ⋅L. (1.6.21)

In the case of one-to-one receptor-ligand bindings (i.e., one receptor binds only to one ligand)

and under the quasi-steady state assumption for binding reactions9, Eqs. (1.6.19) to (1.6.21)

can be re-adapted as follows:

R =
PR

DR +
DRL

kRL
⋅L
, (1.6.22)

L =
PL

DL +
DRL

kRL
⋅R
, (1.6.23)

R̂L =
R ⋅L

kRL
. (1.6.24)

When competitive bindings occur (i.e., one receptor binds to multiple ligands) and under

the quasi-steady state assumption, the system of algebraic equations becomes the following:

R =
PR

DR +∑L
DRL

kRL
⋅L
, (1.6.25)

L =
PL

DL +∑R
DRL

kRL
⋅R
, (1.6.26)

R̂L =
R ⋅L

kRL
. (1.6.27)

It is worth specifying that kRL =
krRL+DRL

kfRL

, if DRL is zero, kRL equals the dissociation rate

constant.

As already mentioned, the extracellular binding reaction induces an intracellular signalling

process, that in turn promotes a certain cellular response. In bone, this mechanism was

firstly recognized by Lemaire et al. [152]. Later, Pivonka et al. correlated the response of

bone cells to an input signal via phenomenological relations between the strength of the

input and the model parameter representing a certain cell response [203, 201]. Following the

one-state receptor model, they assumed the input signal equal to the receptor occupancy

(i.e., fraction of receptors on the cell bound to a ligand) as follows:

ν =
R̂L

RTOT
=

R̂L

R + R̂L
=

R⋅L
kRL

R + R⋅L
kRL

=
L

kRL +L
, (1.6.28)

RTOT is the total number of receptors on the cell, both free and bound. Considering that

9Under the steady-state assumption, receptor-ligand bindings are assumed to occur on a faster time scale
compared to the characteristic time of action of bone cells. Consequently, receptor and ligand concentrations
quickly converge to a quasi-steady state. Based on this assumption, analytical expressions for receptor, ligand
and complexes can be derived, allowing faster computations.
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the input signal can either activate or repress a certain cell response, the phenomenological

functions were defined as either activating functions or repressing functions and were expressed

as follows:

πL
act (ν) =

ν

α + ν (1 − α)
, (1.6.29)

πL
rep (ν) = 1 − πact (ν) =

α (1 − ν)

ν + α (1 − ν)
, (1.6.30)

α represented a shape parameter (always > 0). In case of linear relation (α = 1) activating

and repressing functions have the following structure:

πL
act (ν) =

L

kRL +L
, (1.6.31)

πL
rep (ν) =

kRL

kRL +L
=

1

1 + L
kRL

. (1.6.32)

Bone cell population models (BCPMs) The first BCPM of bone remodelling was

proposed by Lemaire and co-authors [152]. It accounted for the coupling between osteoblast

and osteoclast activities, as well as for significant regulatory factors involved in the remodelling

process, such as the catabolic effect of continuous administration of PTH, the catabolic

action of RANKL and the action of OPG on the RANK-RANKL regulation. Successively,

Pivonka et al. proposed a more refined model of the remodelling process taking into account

key features of the known physiology of bone remodelling, including the most significant

biochemical and biomechanical regulatory mechanisms. In particular, the model accounted

for a mathematical formulation of the bone volume variation, the action on osteoblasts and

osteoclasts of the TGF-β released from the bone matrix, and the action of the catabolic

RANK-RANKL-OPG pathway [203, 204]. In a later development of the BCPM they also

included the concept of Frost’s mechanostat10, due to the importance of the biomechanical

feedback in the remodelling process [245].

The BCPM developed by Pivonka and co-authors was used as a starting point for the

development of the BCPM included in the mechanistic PK/PD model of the dual action of

PTH on bone presented in this thesis. For this reason, it seemed appropriate to provide a short

description of the mathematical formulation of the initial model. The bone cell populations

considered were: uncommitted osteoblast progenitors (OBu), osteoblast precursors (OBp),

active osteoblasts (OBa), osteoclast precursors (OCp) and active osteoclasts (OCa). It is

worth mentioning that said parameters will be referred to through out the thesis using the

10According to the mechanostat mechanism, bone overloading leads to increased bone formation responses,
whereas bone underloading leads to increased bone resorption responses. This feedback warrants that, after
sufficient time, bone reaches an equilibrium [88].
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abbreviation reported in parenthesis. The progression of osteoblasts and osteoclasts along

various developmental stages (i.e., OBu → OBp → OBa and OCp → OCa) was implemented

considering regulatory mechanisms which either activated or repressed a certain cellular

function. As mentioned above, the regulatory factors taken into account were the RANK-

RANKL-OPG pathway controlling the differentiation of osteoclasts via the osteoblast lineage,

and the effect of TGF-β on OBu, OBp and OCa. The governing equations of the BCPM were

formulated as cell balance equations describing flows of cells in and out from the respective

cell pools. Three ordinary differential equations (ODEs) were used to describe the changes

in OBp, OBa and OCa concentrations respectively (Eqs. (1.6.33) to (1.6.35)). In addition,

an ODE was used to describe the change in the bone matrix volume fraction (Eq. (1.6.36))

computed as the difference between the amount of bone resorbed and formed:

dOBp

dt
=DOBu ⋅ π

TGF-β
act,OBu

⋅OBu −DOBp ⋅ π
TGF-β
rep,OBp

⋅OBp, (1.6.33)

dOBa

dt
=DOBp ⋅ π

TGF-β
rep,OBp

⋅OBp −AOBa ⋅OBa, (1.6.34)

dOCa

dt
=DOCp ⋅ π

RANKL
act,OCp

⋅OCp −AOCa ⋅ π
TGF-β
act,OCp

⋅OCa, (1.6.35)

dfbm

dt
= −Kres ⋅OCa +Kform ⋅OBa, (1.6.36)

OBu, OBp, OBa, OCp and OCa represent concentrations of OBu, OBp, OBa, OCp and

OCa respectively. DOBu , DOBp and DOCp are differentiation rates of OBu, OBp and OCp

respectively. POBp denotes the proliferation rate of osteoblast precursors. AOBa and AOCa are

respectively the apoptosis rates of OBa and OCa. Kres and Kform are respectively the bone

resorption and bone formation rates. All the π functions represent the regulatory functions,

activating or repressing, introduced in the previous paragraph (Eqs. (1.6.31) and (1.6.32)).

Computational models of the dual action of PTH on bone cells

Many studies have addressed the dual action of PTH on bone cells due to its importance

in the treatment of OP, however, no comprehensive picture of the mechanisms responsible

for this clinical paradox has been provided yet [214, 206]. Several mathematical models

have been developed to address this differential response, nevertheless, most of them did not

introduce detailed biochemical pathways in the model structure. Furthermore, most models

have not been tested against a large number of experimental data. In the following, a brief

review of these models with respect to model features is provided.

The first (temporal) model simulating the dual action of PTH using a set of delayed

differential equations was proposed by Kroll [135]. Cell types considered in this model

where osteoblast precursors, active osteoblasts and osteoclasts. While osteoblast precursors
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and active osteoblasts showed an oscillating behaviour following to some extent the PTH

pulses, the osteoclast population followed continuous changes. Interestingly, oscillations

were also observed for continuous administration of PTH. This type of model was showed

to be very sensitive with respect to numerical stability. Later, Rattanakul et al. used

non-linear differential equations to model PTH concentration and active osteoclast and

osteoblast populations [217]. The equations were constructed such that PTH had the fastest

dynamic, osteoclasts had an intermediate time scale and osteoblasts a slow one. The model

reproduced a non-linear chaotic behaviour which was suggested to represent clinical data.

Komarova et al. also proposed a model based on non-linear differential equations including

PTH, osteoblasts and osteoclasts [131]. Unlike the model of Rattanakul et al., however,

non-linearity was introduced via exponential coefficients on the cell populations. These

coefficients were calibrated via parametric studies such that the dual action of PTH could be

reproduced. A different approach to describe the dual action of PTH was taken by Potter et

al. who investigated the effect of PTH on its receptor (PTH1R) expressed on osteoblasts

[211]. Using a two state receptor model, they accounted for the sensitised and desensitised

states of PTH1R and its complex. An activity function was suggested to distinguish between

intermittent and continuous PTH administration regimens. However, this model only looked

at receptor-ligand binding reactions without including the bone cell responses. Hence, it was

not able to predict either bone formation or bone resorption responses.

At a later stage, Peterson and Riggs [200] and Ross et al. [234] proposed two models for

the dual action of PTH based on the BCPM of Lemaire et al., both including a dependence

of the apoptosis rate of active osteoblasts on PTH. The apoptosis regulatory function

was constructed such that it could distinguish between slow and fast dynamics of PTH

administrations. While Ross et al. used a set of two ODEs representing two abstract regulatory

factors, Peterson and Riggs used a set of three ODEs representing three intracellular regulatory

factors of the apoptosis pathway (i.e., Runx2, CREB and Bcl-2 discussed in Section 1.5.1).

It is worth noticing that in the model of Ross et al., active osteoblasts and osteoclasts

exhibited oscillatory behaviour, while the osteoblast precursor population changed slowly.

The model of Peterson and Riggs, instead, included the simulation of calcium homeostasis,

which required the inclusion of several organ systems such as kidney, gut and bone. As

a consequence, a large number of regulatory factors were taken into account. The model

resulted in a system of 28 ODEs containing a very large number of model parameters. The

bone model was a sub-component in that system and was not tested in full detail with

respect to model sensitivity.

Given the state-of-the-art reported above, one of the objectives of this thesis was to

establish and quantify various regulatory mechanisms responsible for the differential response

of bone modelling and remodelling to continuous and intermittent PTH administrations,
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having as a final aim the assessment of the anabolic action of PTH drug treatment on

bone. To this end, a computational model of the dual action of PTH on bone cells has been

developed. A detailed description of the newly developed model is provided in Section 2.1. It

consists of a mechanistic PK/PD model that includes the following parts: (i) a PK model of

the drug (Section 2.1.2); (ii) the characterisation of the receptor-ligand binding reactions and

signalling pathways driving the modelling and remodelling processes, as well as the action of

the daily injections of PTH (Sections 2.1.3 and 2.1.4); (iii) a newly developed BCPM taking

into account both bone modelling and remodelling (Section 2.1.4); (iv) a disease system

analysis component (Section 2.1.5). The results of the model simulations are presented in

Section 3.1 and discussed in Section 4.1.

1.6.2 Imaging techniques to assess anabolic responses of bone

Use of animal models to investigate bone adaptation

Numerous animal models involving in vivo loading of the skeleton have been developed over

the past years to help researcher in investigating and understanding the process of functional

adaptation of bone to mechanical loading [225]. Among these, the mouse loading model

has become the most commonly used, in particular the mouse strain C57BL/6 [275]. All

the animal models investigating the relationship between the mechanical loading and bone

biological responses involve the application of forces and moments to the bone to induce

deformations in the tissue. Different approaches can be used to apply the mechanical load

on the limb, such as exercise, surgical intervention, or using external loading systems such

as mechanical actuators. Independently of the loading model used, every study needs to

include a sham operated control group in order to demonstrate that the adaptation response

measured in the bone is actually driven by the loading procedure.

Animal models can be divided into intrinsic models and extrinsic models. In the first case,

the bone loading is generated by the animal activity (e.g., via exercise). These models can be

either invasive, if surgical interventions are performed to remove parts of the bone and induce

a modification of the local mechanical environment, or non-invasive [225]. Models involving

exercise (such as running and swimming) or limb suspension were developed [83, 95, 235].

These models showed that growing bone responds with significant bone apposition (i.e.,

periosteal expansion and endocortical contraction) to low and moderate levels of exercise

[82], whereas intracortically the remodelling space and the porosity are reduced [168]. In

the adult skeleton, on the other hand, the effect of loading preserves bone, but does not

increase bone mass [82]. A major downside of the models using exercise as the loading

procedure was the high variability of the results obtained from different studies, mainly

due to the difficulty of controlling and quantifying the real load applied to the bone. This

limitation led to the use external loading systems to accurately monitor the magnitude and
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the frequency of the load applied to the limb. These loading models are defined extrinsic

and require the use of mechanical actuators to apply the mechanical solicitation to the bone.

Similarly to the intrinsic models, the extrinsic models can be either invasive or non-invasive,

depending whether or not pins planted in the limb are used to apply the force directly to

the bone. In the non-invasive models the load is transmitted through the soft tissues [225].

Extrinsic animal models extensively applied in the past decades were the loading of the

turkey ulna and the loading of the rat ulna developed by Lanyon et al. [236, 237, 238, 282].

These models involved surgical procedures being performed in order to isolate the bone being

analysed. The use of strain gauges during the controlled loading experiments allowed for the

measurement of in vivo the strains in the bone and show that only a few loading cycles were

necessary to induce bone formation and that saturation was reached very quickly. In order

to avoid the surgical intervention, Turner found a way to apply mechanical strains in vivo

using a four-point bending device [288]. The same models were successively adapted also to

mice [149].

It is worth mentioning that many of the methods used to study bone adaptation to

mechanical loading caused periosteal formation of woven bone as a primary response to the

load [236]. In general, woven bone represents a quick response of the bone tissue to a very

high applied load in order to induce rapid cross-sectional growth, but it is not an adaptation

response proper of healthy adults [291, 41]. In the four-point bending model, lamellar

bone formation could be induced at the endocortical and periosteal surfaces, depending on

the mechanical loading conditions [289]. Forwood further improved the four-point-bending

system, however, the periosteal response remained variable at low loading magnitudes, with

the formation of lamellar bone quickly changing into woven bone for strains higher than

1000 µε. Due to the woven bone formation induced, only the endocortical surface could be

used as a reliable region to investigate the adaptation response of bone. This represented a

limitation in terms of translating the results of the studies in humans given that the same

region in humans is associated with bone remodelling instead of bone modelling [81]. To

overcome this limitation, other animal models where developed, including a cantilever model

used to generate bending moments in the mouse tibia [99]. With this approach the periosteal

woven bone formation was avoided, however the model was still not capable of reproducing

physiological loading. In response, Torrance et al. developed a model to induce bending in

the rat ulna via the application of an axial compression to the bone, representing a loading

condition much closer to the physiological one [282]. This ulna loading model has been

widely used to investigate the adaptation response of bone to mechanical loading particularly

due to its non-invasive nature and the similarity between the stress fracture induced and the

one found in humans. In this model, a repetitive cyclical load is applied to the bone until an

increase in the displacement between 10% and 40% is observed, inducing microcracking in
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the bone and a small non-displaced fracture in the ulna diaphysis [17, 292, 128]. Currently,

another extrinsic, non-invasive loading model largely used is the axial compression of the

mouse tibia adopted to investigate the cortical bone adaptation in the tibia diaphysis, as

well as the trabecular adaptation in the tibia metaphysis due to the application of the load

at the tibia plateau [67, 276, 275].

Sciatic nerve neurectomy is commonly used in combination with the axial compression of

the mouse tibia model in studies investigating bone adaptation to mechanical loading as

a means of separating the mechanical loading of bone due to the action of muscle forces

from the mechanical loading of bone due to the action of the loading device [275]. In other

words, loading tests performed on neurectomised animals allow to remove the component of

the loading due to the muscle activity and correlate the adaptation response of bone to the

external load applied in the loading device, which is easily measurable and controlled. When

studies investigate the effect of different peak loads on bone adaptation, neurectomy sets a

common baseline for all the animals. Successively, different mechanical loads can be used to

investigate the adaptation response of bone to mechanical loading removing the confounding

effect due to muscle forces. Furthermore, sciatic nerve neurectomy is also used to investigate

the adaptation response of bone to mechanical disuse [171]. Since neurectomy minimises the

habitual loading of bone due to the muscle forces during normal locomotion, it can be used

to simulate conditions of low strain regimens associated with disuse.

One limitation that it is worth mentioning in relation to the use of rodent models is that

these animals do not have intracortical Haversian bone. As a consequence, a translation to

the human context might be difficult. To overcome this limitation, Baumann et al. developed

an ulnar loading system for rabbits [13]. In this model it was found that the activation

of lamellar bone formation required higher strains compared to rodents, however, strains

above 5000 µε induced the formation of woven bone at the periosteum. Also, rabbits showed

intracortical remodelling, but it was not clear if it was a response to the mechanical loading.

Nevertheless, the rabbit model might represent a useful preclinical model for humans [202].

Micro-CT analysis of bone

The analysis of the 3D structure of bone has become fundamental in the assessment of bone

quality, particularly given the recent advancement in the research field of bone diseases and

treatments. Micro-computed tomography (micro-CT) is a non-destructive imaging technology

that permits the analysis of the 3D structure of bone using X-ray. In particular, the bone

sample is positioned in the micro-CT scanner between a micro-focal X-ray tube emitting

X-rays, and a 2D charge-coupled device recording the attenuation of the X-rays passing

through the bone. During the scanning procedure, the bone sample is rotated and projections

are collected at each rotation step. Successively these projections are reconstructed into
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a 3D image of the bone, representing the distribution of the linear attenuation coefficient

determined by the energy of the X-ray source and the material composition of the bone

sample [64].

Micro-CT is currently the gold standard for assessing the effect of mechanical loading on

bone structure, mainly due to the very high resolution achievable with this technology (voxel

size down to 1 µm) [32]. In animal models, the scans are generally performed ex vivo after

sacrificing the animal at the end of the in vivo experiments, in order to assess the effect of

the loading procedure on bone. These studies are referred to as end-point imaging studies.

Micro-CT images of cortical bone exposed to mechanical loading qualitatively showed that

bone adaptation occurs locally at the periosteal surface [275]. However, it is common practice

to quantify the adaptation response of bone using bone variables of the entire cross-section,

such as total cortical area, total marrow cavity, total bone volume (i.e., global quantities)

and statistically compare the loaded limb with the contralateral one (i.e., control). With

this approach however, the local bone adaptation response is not assessed. As an alternative,

the micro-CT imaging procedure can be performed in vivo during the loading procedure,

permitting the monitoring of the changes in the bone micro-structure spatio-temporally.

The latter approach is referred to as longitudinal imaging. With this approach the changes

are measured on the same bone over time with results normalised to the baseline values

removing the variability due to the initial differences in the animal structure [262]. The in

vivo micro-CT imaging method is often coupled with imaging co-registration techniques to

improve the precision of the measurements of the bone parameters [45]. Nonetheless, the

excessive exposure of the animals to radiation and anesthesia, the motion artefact and the

large amount of data accumulation represent downsides of this methodology. The voxel size

that can be reached with the in vivo micro-CT is 9 µm, however in order to reduce the

scanning time, and consequently the radiation dose, the scans are generally performed at

higher resolution (between 9 µm and 15 µm). In the ex vivo approach instead, the resolution

generally used ranges between 1 µm and 5 µm [64, 276].

The micro-CT analysis is composed of three stages: (i) physical scan of the bone, (ii)

reconstruction of a stack of cross-sectional images representing the 3D image dataset, (iii)

quantification of bone parameters from the image dataset. Compared to DXA scans, micro-

CT imaging collects more information on the structure of bone. Two types of analysis can

be performed, being the morphometric analysis and the density analysis. The first one is

related to the computation of trabecular and cortical bone parameters in common with

histomorphometry such as, relative bone volume (BV/TV), trabecular thickness (Tb.Th),

cortical thickness (Ct.Th), trabecular separation (Tb.Sp) and trabecular number (Tb.N),

but based on 3D imaging data. Other parameters instead, are only available from the 3D

analysis of bone, such as the structure model index (SMI) indicating the relative prevalence
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of plates and rods in trabecular bone, the index of trabecular connectivity and the degree of

anisotropy (DA). To perform a morphometric analysis, two steps of analysis on the stack

of cross-sectional images are necessary, being the image binarisation and the selection of

the volume of interest (VOI) [36]. The image binarisation (or segmentation) process is used

to convert a greyscale image into a binary (BW) image. In particular, the greyscale image

produced with the images reconstruction consists of voxels having 256 levels of grey (for 8-bit

images), whereas the binarised image is a 1-bit image with only white and black colors, the

first one representing bone and the second one representing voids. Global thresholding is the

most commonly used binarisation method, consisting of the setting of a single threshold grey

level value for the density such that every voxel having an equal or higher grey level value is

represented as white, whereas voxels with lower grey level values are represented as black.

On the other hand, when performing a density analysis, it is necessary to take into account

the influence of three micro-CT imaging artefacts on the density measurements: (i) the

partial volume effect, (ii) the beam hardening effect and (iii) the thickness of the surrounding

material [36]. The first effect is related to the fact that in objects with a thickness close to

the minimum resolvable thickness, such as trabecular bone for example, the density might

be under-estimated. Accurate measurements from micro-CT images require the application

of a correcting methodology. The beam hardening effect instead, artificially increases the

density of the bone surface being scanned, particularly with large areas of solid material

such as cortical bone. This artefact is due to the passage of the mixed polychromatic energy

forming the X-ray through the scanned object causing the removal of the low energy photons

from the X-ray beam and the shift of the energy spectrum of the remaining beam higher11.

Synchrotron-CT can exploit monoenergetic X-rays and avoid the beam hardening effect.

Lastly, the effect of the surrounding material is related to additional X-ray filtration that

causes a different density measurement when the same bone is scanned with no surrounding

material or with a thick surrounding material. This effect is due to the algorithm behind

the mathematical reconstruction of a CT image which is based on the assumption that

the attenuation of the X-ray through the sample is the same and that the signal from any

voxel does not depend on the the X-ray path. In the presence of the beam hardening effect

however, this assumption is no longer valid and different density measurements are obtained.

All these artefacts can be significantly reduced with proper experimental procedure. To

allow proper measurements of bone mineral density from micro-CT images, the use of the

calibration phantoms of known density is very important (Section 1.3.4).

11Hard means high-energy when referred to X-ray.
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Micro finite element analysis (micro-FEA) of bone

The finite element analysis (FEA) was initially developed to solve complex problems related

to the elasticity and the structural analysis of engineering structures. In the last few decades

however, the FEA has been largely used in biomechanics [74]. The application of the finite

element method (FEM) to bone structures in order to define the stresses induced in the

tissue started about 50 years ago when the method was recognised as a promising tool to

compute the stresses in the skeleton. Nevertheless, the disparity between the type of models

that could be solved with the FEM and the clinical applications was too big, mainly due to

the lack of an accurate way to reproduce in the FE model the complex 3D geometry and

the material properties of bone, as well as the appropriate loading conditions [306]. Later,

the availability of CT images permitted the generation of FE models based on the bone

anatomy [213]. In particular, the micro-FEA is a numerical tool currently used in bone

research to compute the bone mechanical properties based on the combination of the FEM

and the high-resolution micro-CT images. Since micro-CT images are divided into small

volumes (i.e., voxels), a convenient approach is to convert the 3D medical image of the bone

into a 3D FE model of the same bone and use the FEA to analyse the bone mechanical

behaviour [47]. Furthermore, despite the fact that the development of subject-specific FE

models of bone using micro-CT data is still a challenge, it represents a promising tool to

measure the stresses and strains in the bone tissue and assess the fracture risk in humans

using a non-invasive approach [246].

In order to combine the FEM with the micro-CT images several steps are required: image

segmentation, definition of the model mesh, assignment of bone material properties, definition

of the boundary conditions, definitions of the loading conditions, solution of the model and

post-processing of the results [47]. Each one of these steps influences the final results. As

mentioned in the previous section, the image segmentation is used to obtain the geometry of

the bone from the 3D stack of images, then used to create the FE model. Successively, a

mesh of the model is developed. Based on the geometry, the bone is divided into smaller

elements connected via nodes and forming the mesh itself. Different shapes can be assigned

to the elements, however, since the voxels forming the micro-CT image are cubic bricks,

voxel-based meshes are often used obtained from the direct conversion of the voxels into

hexahedron shaped elements [205]. Depending on the type of analysis performed, elements

can be merged to reduce the dimension of the mesh, increasing the voxel size. Alternatively,

tetrahedral elements are also commonly used having the advantage of creating a smoother

cortical bone surface. Once the mesh of the model has been created, bone material properties

are assigned to each element, defining how the elements deform under the application of a

mechanical load. With the mesh and the material properties defined, boundary conditions

are applied to the model representing the constraints to the model deformation applied to
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the mesh nodes. Successively, external mechanical loads, such as forces and pressure, are

applied on the bone model either on the nodes or on the element surfaces. The combination

of boundary conditions and external loads is used to simulate physiological loading conditions

of bone. Once the micro-FE model is complete the computational step is performed to solve

the model and determine the nodal displacements as well as the stress and the strains in each

element. Moreover, according to the material properties and the type of loading condition

simulated, the solving step can either be performed in one step, i.e., linear model, or in an

iterative way, i.e., non-linear model. The final step is the post-processing of the micro-FEA

outputs and the visualisation of the results.

Orientation of the load and bone adaptation measurements in previous studies

As mentioned in the previous section, in the micro-FEA of bone the simulation of an external

load applied on the micro-FE model allows the computation of stress and strain distributions

in the bone. The results of the simulation, however, are influenced by the orientation of the

applied load. In this section, an overview of the direction of application of the load defined in

previous studies analysing the adaptation response of bone in the in vivo axial compression

of the mouse tibia loading model is presented. In addition, a review of the quantities used to

measure the adaptation response of bone is also provided.

The in vivo axial compression of the mouse tibia is one of the animal models most

commonly used in the investigation of the bone adaptation response to a dynamically applied

load. The setup of the in vivo loading experiments is the one shown in Fig. 1.18, used by

De Souza et al. in a study aimed at measuring the strains in the bone tissue following a

non-invasive application of mechanical load [67]. In this study, the strain measurements were

performed using two single strain gauges attached on the bone lateral and medial surfaces,

in the bone longitudinal direction. The loading direction was assumed to coincide with the

axis of the loading machine (indicated with a blue line in the figure). Similarly, Sugiyama et

al. used the same setup to investigate the anabolic effect of mechanical loading and PTH

drug treatment on bone and defined the direction of applied load based on the position of

the animal limb in the loading machine cups and the axis of the loading device, as shown

in Fig. 1.19. Later, Moustafa et al. used the setup shown in Fig. 1.18 in a study aiming at

characterising the normal strain distribution in the tibia using a micro-FE model [175]. The

micro-FE model they developed had a voxel size of 40 µm and was created from a stack of

micro-CT images by direct conversion of the image voxels into mesh elements successively

merged to increase the voxel size of the mesh. Homogeneous, linear and isotropic material

properties were assigned to the bone (i.e., Young’s modulus of 17 GPa and a Poisson’s ratio

equal to 0.3). The direction of the application of the load in the micro-FE model is shown in

Fig. 1.20, together with the computed strain distribution in the entire mouse limb (left) and
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Figure 1.18: Setup of the in vivo axial compression of the mouse tibia loading model (blue
line indicating the direction of the applied load) [67].

in the proximal cross-section of the tibia (right) defined as the cross-section at the 37% of

the limb length from the proximal end of the tibia. The results of the study showed that: (i)

the strain distribution in the cross-section can be divided into five different regions parallel

to the null axis; (ii) the lateral side of the tibia is in compression, with its central part being

at about −1800 µε for an applied peak load of 13.5 N; (iii) the medial side of the tibia is in

tension presenting strains having lower intensity compared to the compression side.

In a different study, Sugiyama et al., used the same loading setup to investigate the bone

adaptation following the application of different peak loads [275]. According to their results,

the strain at the centre of the lateral side of the same cross-section analysed by Moustafa et

al. was higher, being around −2300 µε under a 13.5 N applied load. For a 10 N peak load the

strain measured on the lateral surface of the 37% cross-section was about −2000 µε. Under

a peak load of 14 N instead, the estimated peak dynamic strains on the medial, lateral and

posterior surfaces were respectively about 2000 µε, −5000 µε, −5000 µε, in agreement with

the results presented by Moustafa et al. (Fig. 1.21). The same setup was used by Pereira

et al. in a recent study. However, they defined the direction of the application of the load

differently, based on microfocal CT images showing the knee joint during the application of

a 9 N peak load. These images reported a narrowing of the joint space between the femur

and the tibia more marked on the lateral compartment than in the medial compartment

[212]. Their results show a strain distribution varying between −5000 µε on the lateral side
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Figure 1.19: Direction of application of the load on the mouse limb in the in vivo axial
compression of the mouse tibia model (Fig. 1.18) [276].
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Figure 1.20: Direction of application of the mechanical load in the micro-FE model and
resulting strain distribution in the entire mouse limb (left) and in the proximal cross-section
of the tibia (right) [175].

Figure 1.21: Relation between the strain measured on the lateral surface of the 37% cross-
section from the proximal end of the tibia and the peak dynamic load applied in the in vivo
experiments, according to Sugiyama et al. [275].

67



Ch. 1 Introduction 1.6 Methodologies to investigate the anabolic effect on bone

Figure 1.22: Micro-CT images of 37% cross-sections of a control limb (left) and a loaded limb
(right) in the in vivo axial compression of the mouse tibia (peak load 10 N): the adaptation
response is more localised in specific regions of the periosteum (orange boxes).

and 5000 µε on the medial side of the 37% cross-section, for a 12 N peak load applied [199].

As indicated at the beginning of the thesis, the same image dataset analysed in this

thesis was used in the study conducted by Sugiyama et al. introduced above [275]. The

type of analysis they conducted aimed at investigating the adaptation response of bone

to mechanical loading in terms of cross-sectional global (i.e., organ-scale) quantities. In

particular, the adaptation was quantified in different sites along the longitudinal direction

of the tibia as the relative difference in terms of cross-sectional area between loaded and

control limbs. Furthermore, in order to correlate the adaptation response of bone with the

mechanical environment, they looked for a relationship between the change in the cortical

area and the external peak load applied. Nevertheless, micro-CT images of cortical bone

undergoing mechanical loading show that bone adaptation occurs locally on the periosteal

surface (Fig. 1.22). With the approach used in previous studies, however, the local bone

adaptation cannot be quantitatively assessed.

In their study, Pereira et al. quantified the adaptation of cortical bone locally. They

measured the thickness in the cross-section in terms of minimum endosteum-periosteum

distance and quantified the adaptation response as the relative difference in the thickness

between control and loaded limbs [199]. The results were reported using polar coordinates

with measurements of the thickness averaged over a 2° angle. Even though they quantified

the adaptation response using local quantities, their study had several limitations which

affected the accuracy of their measurements. In particular, the presence of a misalignment

between loaded and control limbs caused large standard deviations in the analysis of multiple

animals. Moreover, the minimum distance between endosteum and periosteum was used to
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define the thickness in all the cross-sections, independently of shape of the tibia cross-sections

in different positions along the longitudinal direction (Fig. 1.19).

Based on the state-of-the-art discussed so far, the second aim of this thesis was to quantify

the local adaptation response of bone to mechanical loading (in the in vivo axial compression

of the mouse tibia loading model) and to drug treatment with PTH along the periosteum,

as opposed to previous studies that evaluated this response as an average across the bone

cross-section. Previous methodologies quantified the adaptation of bone in terms of global

morphological variations such as volume, area or thickness changes. However, high resolution

micro-CT images show that the adaptation response is not homogeneous within the same

cross-section, instead it is site-specific. Therefore, a novel algorithm was developed to perform

the local quantification of the thickness changes along the periosteum and indicate which

regions of the periosteal surface present a significant adaptation response. The relationship

between the adaptation of bone and the mechanical load applied was investigated using tissue

scale quantities such as stresses, strains and SED along the periosteum. In particular, the

SED was considered a plausible local mechanical stimulus, based on its inherent properties,

such as being a scalar quantity, easily interpretable, which comprises the contribution of all

the components of the stress and strain tensors. Furthermore, SED has been already used

in previous studies as mechanical stimulus driving the bone adaptation [198]. Furthermore,

the individual and the combined effects of mechanical loading and PTH drug treatment on

the local adaptation response of bone were investigated. In particular, this latest analysis

was performed with the aim of understanding whether the adaptation response of bone to

the two anabolic treatments was similar, and whether or not a combined enhanced effect

deriving from the association of the two treatment was possible.

The novel algorithm was developed to automatically segment a large dataset of micro-CT

images and compute the local thickness at each periosteal point of several cross-sections

relevant to the analysis. The algorithm was developed taking into account the different shape

of the cross-sections investigated in the measurement of the cortical thickness. MATLAB

R2016a (MathWorks, Massachusetts, USA) scripts were developed to align the thickness

measurements between loaded and control limbs and perform different thickness comparisons.

A customised method to measure the thickness along the periosteum was included in

the algorithm, taking into account the different shapes of the cross-sections analysed and

the anatomical landmarks. Local thickness changes were computed (Section 2.2.2) and a

statistical analysis was performed to identify the positions along the periosteum where the

adaptation of bone was statistically significant (Section 2.4). Moreover, to correlate the

adaptation response of cortical bone with the mechanical environment, a micro-FE model

of the mouse limb was developed (Section 2.3.1) and a customised algorithm combining

the results of the micro-FEA and the beam theory was developed to compute the SED at
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the periosteum of the cross-sections of interest in the entire animal dataset (Sections 2.3.2

and 2.3.3). The results of this study are presented in Sections 3.2 and 3.3, and discussed in

Section 4.2.
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Chapter 2

Methods

In this chapter several methods developed to investigate the anabolic

response of bone to PTH drug treatment and mechanical loading are

presented, including computational modelling, high-resolution imaging

analysis and micro-FEA in combination with the beam theory. Firstly,

a novel computational model of the dual action of PTH on bone cells

is presented and applied to a rat model of OP. Secondly, a customized

algorithm is developed allowing the analysis of micro-CT images of bone

and the quantification of the local adaptation response to drug treatments

and mechanical loading in the in vivo axial compression of the mouse

tibia model. Thirdly, a methodology combining micro-FEA and beam

theory developed to analyse the local stress and strain distributions in

the mouse tibia is presented. Lastly, a short description of the statistical

methods used to analyse the significance of the results is presented.

2.1 Mechanistic PK/PD model of the dual action of PTH:

rat models

2.1.1 Experimental data on PTH treatments

Published data regarding the effects of PTH on trabecular bone volume were used as

references in this study. The proposed computational model was calibrated using the results

of a study conducted by Li et al., investigating the dual action of intermittent and continuous

PTH(1-34) administration in healthy rats [153]. The animals used in the study were 3-

month-old, Sprague-Dawley, female rats, weighing about 220-250 g. The drug used was

synthetic human PTH(1-34). The administration was performed over 14 days with either

71



Ch. 2 Methods 2.1 Mechanistic PK/PD model of the dual action of PTH

daily subcutaneous (SC) injections of 80 µg/kg of drug (referred to as intermittent case) or

continuous infusion of 40 µg/kg/day (referred to as continuous case). The BV/TV (bone

volume per tissue volume) change was measured using micro-CT scans in both control and

treated animals. Calibration data are summarized in Table 2.1.

Table 2.1: Data used for the model calibration. BV/TV values [%] for intermittent (SC
injections) and continuous (Continuous infusion) administration of PTH(1-34) in healthy
rats: baseline (Control) and following 14 days of either SC injections or Continuous infusion
(PTH(1-34)) [153].

SC injections
(80 µg/kg/day)

Continuous infusion
(40 µg/kg/day)

Control 23.8±2.35 20.56±1
PTH(1-34) 29.1±2.79 14.78±1

The model was validated on data from a rat model of OP, i.e., OVX animals. Several

studies looking at different drug doses and treatment starting points were used for this

purpose. Validation data are summarized in Table 2.2. The OVX no PTH study by Wronsky

et al. [301] looked at the reduction of BV/TV over 100 days following rat ovariectomy. The

OVX with PTH study by Liu et al. [158] looked at the BV/TV variation induced by PTH

treatments starting immediately after animal ovariectomy and investigated two different

drug doses. The OVX followed by PTH study by Wronski et al. [302] investigated the

variation of BV/TV induced by the PTH treatment when the treatment starting point

was 28 days after ovariectomy. All the mentioned studies were conducted on 3-month-old,

Sprague-Dawley, female rats, weighing about 220-250 g, in agreement with the data used for

the model calibration.

Table 2.2: Data used for the model validation. BV/TV values [%] for intermittent adminis-
tration of PTH(1-34) in OVX rats: baseline (Control, OVX no PTH), following immediate
treatment for 35 days (OVX with PTH), following delayed treatment, i.e., 28 days after
OVX, for 35 days (OVX followed by PTH).

OVX no PTH
[301]

OVX with PTH
[158]

OVX followed by PTH
[302]

Control 27.3±5 25.2±1.6 22.6±2
OVX 5.5±3 12.6±1.8 9±1.8

PTH(1-34) - 60.2±2.9* 70.1±2.3* 27±3.8

* Two drug doses tested, respectively 80 µg/kg/day and 160 µg/kg/day.
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2.1.2 PK model of PTH(1-34) and patterns of administration

As mentioned in Section 1.5.1, teriparatide, or recombinant human PTH(1-34), is the first

anabolic drug used to treat patients with severe OP, particularly women with PMO at high

risk of fracture. It is administered daily, with single subcutaneous injections (20 µg/day).

In animal studies using rats weighing about 250 g, the dose generally administered is

80 µg/kg/day, equivalent to the 20 µg/day used to treat PMO in women.

The first step in the development of the mechanistic PK/PD model reproducing the

dual action of PTH was the implementation of a PK model [65] of the drug (i.e., human

PTH(1-34)) in MATLAB R2016a (MathWorks, Massachusetts, USA). Further to the results

of previous works showing no significant difference between the use of a one-compartment

and a two-compartment PK model for PTH(1-34) [244, 274], a one-compartment PK model

was adopted. A schematic representation of the implemented PK model is shown in Fig. 2.1b.

The one compartment, also referred to as central compartment, represents the blood and

all the highly perfused tissues that rapidly equilibrate with the drug. The concentrations

used in the model are serum concentrations. Since PTH(1-34) is generally administrated

via subcutaneous injection, the PK model was implemented to account for both a drug

absorption process (from the subcutaneous site into the blood stream) and a drug elimination

process (from blood to outside the body), as shown in Figs. 2.1a and 2.1b. Absorption and

elimination were both assumed to be first-order reactions. The PK model was calibrated

using data from single dose (80 µg/kg/day), pharmakokinetic studies on rats [274]. The

following pharmacokinetic parameters were included in the PK model: (i) 95% absolute

bioavailability (i.e., % of the administered drug reaching the systemic circulation) following

the subcutaneous injection of the drug; (ii) time interval of 40 minutes to reach the maximum

concentration in the compartment independently of the dose administered [274]; (ii) half-life

(i.e., period of time required for a certain drug concentration to decrease by one half) of 59

min following the subcutaneous injection1 [73, 274]; (iii) maximum time interval of 6 hours

from the injection time (depending on the dose administered) for the drug to be no longer

detectable in the blood stream and for the PTH serum concentration to return to the basal

level. In addition, a fundamental pharmacokinetic parameter used to describe the behaviour

of the drug was the area under the curve (AUC) of the drug concentration against time (gray

area in Fig. 2.1b), representing the amount of drug systematically absorbed in the body.

Mathematically, the one-compartment PK model was described via the following system

1Drug half-life is a pharmacological parameter independent of the administration pathway, as such it
should be the same for both an extravascular administration and an intravenous (IV) injection. Teriparatide
half-life is 5 min after an IV injection, and 1 hour after a SC injection, indicating an absorption-rate limited
pharmacokinetics for the drug disposition in case of SC injection. This behaviour is known as flip-flop kinetics.
On a semi-log plot of drug concentration against time (Fig. 2.1b), the terminal linear slope always indicates
the slower process: normally is the drug elimination, but in flip-flop cases this is the drug absorption.
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of three ODEs representing respectively the variation over time of the drug absorbed into

the compartment, the drug concentration in the compartment and the AUC:

dD

dt
= −ka ⋅D ⋅ F, (2.1.1)

dC

dt
=

1

Vd/F
⋅ (ka ⋅D − ke ⋅C ⋅ Vd/F ) , (2.1.2)

dAUC

dt
= C, (2.1.3)

where D is the dose administered, C is the drug concentration, F is the bioavailability.

Vd represents the volume of distribution of the compartment and the variables ka and ke

are respectively the absorption and the elimination rate constant Section 1.6.1. Vd was

computed using Eq. (1.6.7) and the pharmakokinetic data published by Satterwhite et al.

[244] providing a volume of 3.52 l. ke was computed equal to 0.7 1/h from Eq. (1.6.6). ka

was computed equal to 2.73 1/h from Eq. (1.6.10). The system of ODEs was solved in

MATLAB using an implicit, multi-step, variable-order, stiff solver (i.e., ode15s). The drug

concentration against time plot obtained from the model simulation is shown in Fig. 2.1b.

The black continuous line represents the variation over time of the drug concentration in the

central compartment, the gray circular markers represent the experimental data reported

as a reference in the plot. The black, star-shaped marker represents the maximum drug

concentration (Cmax), reached in 38 min in the model simulation.

In the mechanistic PK/PD model, the variation over time of the drug concentration was

used as the external stimulus controlling the activity of the bone cells. To distinguish between

continuous and intermittent PTH(1-34) stimuli leading to different cellular behaviours, two

distinct administration patterns were modelled, both calibrated using the results obtained

from the PK model. The intermittent pattern (also referred to as pulsatile) was modelled

using a step function with amplitude and duration of the pulses such that the AUC computed

with the PK model was preserved [78]. A schematic representation of the step function is

reported in Fig. 2.2a, whereas Fig. 2.2b shows an overlap of the curve obtained from the PK

model and the step function. The frequency of the pulses in the step function was defined

with two parameters, namely τon and τoff. The first one was used to represent the time

during which the blood was exposed to the drug. The second one was used to represent the

time between subsequent injections (period of the function) reduced by τon. Daily injections

were simulated using a period of 24 hours. Knowing the AUC, and assuming the amplitude

of the pulses of the step function (PTH concentration) equal to Cmax computed using the

PK model, τon was calibrated as follows:

τon =
AUC

Cmax − PTH(t0)
, (2.1.4)
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Figure 2.1: One-compartment PK model of PTH(1-34): (a) schematic representation of
the model showing the central compartment, the absorption process and the elimination
process. The parameters ka and ke are respectively the absorption and elimination rate
constants. (b) Drug concentration against time plot (semi-logarithmic scale): the solid black
line represents the trend obtained from the model simulation, the gray circular markers
represent the experimental data, the gray area is the AUC, the black star-shaped marker is
Cmax.
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where PTH(t0) is the baseline serum concentration of PTH assumed equal to 10 pM [274],

Cmax is the maximum drug concentration computed with the PK model, AUC is the area

under the curve computed with the PK model. The same step function was also used to

model the continuous administration pattern, assuming τon equal to 24 hours (therefore τoff

was zero). Consequently, Cmax was computed from τon and the AUC obtained from the PK

model as follows:

Cmax = PTH (t0) +
AUC

τon
. (2.1.5)

2.1.3 PTH as the external stimulus

In the mechanistic PK/PD model, the concentration of PTH was used as the stimulus driving

the response of the bone cell. In case of intermittent administration of the drug, this stimulus

changed in a time-dependent manner and was modelled using the following ODE:

dPTH

dt
= βPTH −DegPTH ⋅ PTH + injPTH, (2.1.6)

where βPTH and DegPTH are respectively the production rate and the degradation rate of

PTH, injPTH is a constant term accounting for the subcutaneous injection of PTH(1-34).

It should be noted that no distinction was made in the model between the concentration

of the endogenous PTH and the concentration of the injected PTH. This assumption was

based on human data showing a reduction of the endogenous PTH production following

the administration of PTH(1-34) [2], and rat studies showing that the endogenous PTH

production after the administration of human PTH(1-34) is negligible [274]. Consequently,

the same production rate and elimination rate were used for both endogenous and injected

PTH. The injPTH term in Eq. (2.1.6) refers to the step function used to model the intermittent

PTH pattern, and was calibrated according to the following consideration: during the τon

phase of the step function the change of PTH over time (i.e., the slope of the stimulus curve

dPTH/dt) is zero. Therefore, knowing the concentration of PTH and the production rate

and the elimination rate of endogenous PTH, injPTH was computed as:

injPTH =DegPTH ⋅ PTH − βPTH. (2.1.7)

2.1.4 Bone cell population model (BCPM) of the dual action of PTH

The next step in the development of the mechanistic PK/PD model was the implementation

of a BCPM describing the behaviour of bone cells. The effect of PTH on bone modelling

and remodelling was implemented by coupling the intracellular signalling model with the

BCPM, to compute the variation over time of bone cell numbers and bone matrix fraction.
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Figure 2.2: Approach followed to model PTH as the external stimulus controlling the activity
of the bone cells: (a) schematic representation of the step function used to model the
intermittent administration pattern (two pulses represented). The green line represents τon.
The red line represents τoff. The period of the function was assumed equal to 24 h. (b)
Overlap of step function and drug concentration against time trend, obtained from the PK
model (semi-logarithmic scale).
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The starting point for the newly developed model was the BCPM of bone remodelling

developed by Pivonka et al. to assess the response of bone cells to long-term (i.e., continuous)

variations of environmental regulatory factors [203, 204]. In the BCPM by Pivonka et al.,

the dynamics of the cells was implemented using three ODEs characterising the variation

over time of bone cell concentrations. Catabolic actions were driven by the regulation of

the RANK-RANKL-OPG pathway, and the related receptor-ligand binding reactions were

assumed to follow the steady-state assumption. Furthermore, previously developed models

did not explicitly account for regulatory mechanisms affecting the anabolic pathway of

bone remodelling. In a previous work, the action of Wnt on the proliferation of osteoblast

precursor cells was discussed in a general sense, but no regulatory functions accounting for

time-dependent changes were included in the model formulation [37].

As first step in the development of the new BCPM, the steady-state assumption for the

receptor-ligand binding reactions was dropped. This approach was considered more accurate

because the fast oscillations of PTH concentration due to the intermittent administration

forced the system to quickly adapt to the new PTH level. Consequently, the difference

between the time scale of the receptor-ligand bindings and the characteristic time of the

system response could no longer be substantial. To include this new assumption in the

BCPM, six extra ODEs were added to the governing equations to describe the dynamics of

the receptor-ligand binding reactions as a function of time (Eqs. (2.1.8) to (2.1.13)):

dTGF -β

dt
=α ⋅Kres ⋅OCa + P

d
TGF-β −DegTGF-β ⋅ TGF -β, (2.1.8)

dOPG

dt
=βOPG ⋅OBa ⋅ (1 −

OPG

OPGsat
) ⋅

1

(1 + PTH
Krep

D,PTH
)

+ P d
OPG+

− kf,OPG ⋅OPG ⋅RANKL + kr,OPG ⋅ ÔL −DegOPG ⋅OPG,

(2.1.9)

dÔL

dt
=kf,OPG ⋅OPG ⋅RANKL − kr,OPG ⋅ ÔL −DegOL ⋅ ÔL, (2.1.10)

dRANKL

dt
=βRANKL ⋅OBp ⋅

PTH

(PTH +Kact
D,PTH)

⋅

⋅ (1 −
RANKL + ÔL + K̂L

NRANKL,OBp,max ⋅OBp
) + P d

RANKL+

− kf,OPG ⋅OPG ⋅RANKL − kf,RANK ⋅RANK ⋅RANKL+

+ kr,OPG ⋅ ÔL + kr,RANK ⋅ K̂L −DegRANKL ⋅RANKL,

(2.1.11)

dK̂L

dt
=kf,RANK ⋅RANK ⋅RANKL − kr,RANK ⋅ K̂L+

−DegKL ⋅ K̂L,

(2.1.12)
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dRANK

dt
=NRANK,OCp ⋅OCp ⋅DOCp + kr,RANK ⋅ K̂L+

− kf,RANK ⋅RANK ⋅RANKL −DegRANK ⋅RANK,

(2.1.13)

the general structure of these equations is reported in Eqs. (1.6.19) to (1.6.21) and reflects the

following terminology: βi indicates the production rate of i; Degi indicates the degradation

rate of i; P d
i indicates an external injection of i; kf,i and kr,i are respectively the binding

and unbinding rate constants of i; K
act/rep
D,PTH are the activating/repressing constants for the

PTH binding reaction; α refers to the concentration of TGF-β stored in the bone matrix;

Kres is the volume of bone matrix resorbed per osteoclast per hour; OBa, OBp, OCa, OCp

are respectively concentrations of OBa, OBp, OCa, OCp; TGF -β, OPG, RANK, RANKL,

PTH are respectively concentrations of TGF-β, OPG, RANK, RANKL, PTH; OPGsat is

the maximum concentration of OPG; ÔL, K̂L are the concentrations of the OPG-RANKL

complex and the RANK-RANKL complex respectively; NRANKL,OBp,max and NRANK,OCp

represent respectively the number of RANK per OCp and the maximum number of RANKL

per OBp; DOCp is the differentiation rate of OCp. All the parameters are listed in Table 2.4

and derive from previous studies [152, 203, 204, 37] with the exception of K
act/rep
D,PTH and Kres

that have been recalibrated for this study.

In particular, Eq. (2.1.8) is related to TGF -β, with the first term representing the

concentration of TGF -β (released from the bone matrix when bone is resorbed), the second

term is a source/sink term and the third one is the degradation term. In Eq. (2.1.9), the

first term is the production term of OPG (down-regulated by PTH), the second term

is a source/sink term, the third and fourth terms are the forward and reverse binding

reactions between OPG and RANKL, and the fifth term is the OPG degradation term. In

Eq. (2.1.10), the first and second terms are the forward and reverse binding reactions of

the OPG −RANKL complexes, and the third term is the degradation of the complexes.

The first term in Eq. (2.1.11) is the production rate of RANKL (and its modification

with PTH), the second term is a source/sink term for RANKL, the third and fourth

terms are the forward binding reactions between OPG and RANKL, and RANK and

RANKL respectively, the fifth and sixth terms are the reverse binding reaction of the

RANKL−OPG and RANKL−RANK complexes, the last term is the degradation term of

RANKL. Similarly to Eq. (2.1.10), the first and second terms in Eq. (2.1.12) are the forward

and reverse binding reactions of the RANK −RANKL complexes, and the third term is

the degradation of the complexes. In Eq. (2.1.13), the first term is the production term

of RANK (proportional to OCp), the second and third terms are the reverse and forward

binding reactions between RANK and RANKL, and the last one is the degradation term

of RANK.

It should be noted that, compared to the previous BCPMs [203, 204], the expression
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of RANKL on osteoblast precursor cells has been described using a formulation more

consistent with the receptor-ligand binding reaction formulation. Specifically, RANKL-

RANK and RANKL-OPG competitive bindings, as well as the degradation rate of complexes

were accounted for in the equation describing the dynamics of the receptor-ligand binding

reactions (Eq. (2.1.11)). In previous models instead, they were neglected, and a simplified

mathematical formulation was used. To avoid altering the results of the previously developed

BCPMs, model parameters such as reaction rate constants for competitive bindings were

recalibrated accordingly. Furthermore, as for the previous BCPM, the newly developed

model was based on the notion of representative volume element (RVE), indicating a volume

of bone with characteristic length of 1 to 3 mm where bone remodelling and biochemical

reactions are assumed to be homogeneous.

To account for the anabolic effect of intermittent PTH on bone modelling and remodelling,

three actions were included in the model based on the literature discussed in Section 1.5.2:

(i) the reduction of active osteoblast apoptosis (affecting both the bone modelling and the

bone remodelling process); (ii) the activation of quiescent bone lining cells (affecting the

bone modelling process); (iii) the proliferation of osteoblast precursor cells (affecting the

bone remodelling process). To characterise the action of PTH on active osteoblast apoptosis,

the approach taken by Peterson and Riggs was followed [200]. The intracellular mechanism

influencing the apoptosis pathway was assumed to be controlled by three regulatory factors,

namely Runx2, CREB and Bcl-2 [16]. Runx2 and phosphorylation of CREB (pCREB)

were considered necessary for the transcription of the survival gene Bcl-2 and to induce

the anti-apoptotic effect on active osteoblasts. PTH was assumed to act directly on the

degradation of Runx2 via a transient and fast dynamics, and on the production of pCREB

with a slower dynamics. Bcl-2 was assumed to follow an intermediate dynamics modelled

as the product of Runx2 and pCREB trends, hence indirectly controlled by PTH. Bcl-2

trend was then used as regulatory factor of the effect of PTH on active osteoblast apoptosis

(Fig. 2.3a). To describe the dynamics of Runx2, pCREB and Bcl-2, three ODEs were included

in the new BCPM (Eqs. (2.1.14) to (2.1.16)). It should be noted that the following equations

are reported using a general notation because they are used to describe multiple regulatory

mechanisms. The specific parameters are listed in Table 2.3:

dA

dt
= βA −DegA ⋅H

+
PTH,A ⋅A, (2.1.14)

dB

dt
= βB ⋅H

+
PTH,B −DegB ⋅B, (2.1.15)

dG

dt
= βG ⋅A ⋅B −DegG ⋅G, (2.1.16)

where A, B and G are the concentrations of the regulatory factors listed in Table 2.3.
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Table 2.3: Regulatory factors controlling the intracellular signalling pathways driving the
anabolic action of PTH: general parameters used in the equations (first column); regulatory
factors acting on osteoblast apoptosis (second column); regulatory factors acting on osteoblast
precursor proliferation and lining cell differentiation (third column).

General
parameter

Osteoblast apoptosis
factor

Osteoblast precursor proliferation, lining
cell differentiation factor

A Runx2 Dvl
B pCREB Axin-APC-GSK-3 complex
G Bcl-2 β-Catenin

Production rates are indicated with βA, βB and βG. Degradation rates are indicated with

DegA, DegB and DegG. H+
PTH,A and H+

PTH,B are positive sigmoid Emax functions (structured

as Eq. (2.1.17)) driven by the concentration of PTH and accounting for its up-regulating

effect on the degradation of A, and the production of B respectively:

H+
PTH,i = ρi +

(αi − ρi) ⋅ PTH
γi

δγii + PTH
γi

, i = A,B. (2.1.17)

As explained in Section 1.6.1, the first term on the right side of a sigmoid Emax function

usually represents the baseline effect (i.e., the response of the system in the absence of

the drug administration), whereas the second term represents the effect due to the drug

administration. In this particular model, however, where no distinction was made between

the concentration of the endogenous PTH and the concentration of the injected PTH, the

baseline value of the H function was computed assuming the concentration of PTH in

Eq. (2.1.17) was equal to the endogenous value. The + sign indicates that PTH up-regulates

the response of the system. The baseline effect equals the minimum response of the system

(ρ), whereas the effect of PTH is described via the following parameters: (i) maximum effect

induced by the drug, computed as the difference between the maximum response of the

system (α) and the minimum response of the system; (ii) potency of the response (δ), i.e.,

concentration of PTH that causes 50% of the maximum effect; (iii) steepness of the response

(γ), theoretically related to the number of drug molecules combined with each receptor, but

generally treated as a phenomenological factor allowing a good fit with the pharmacology

data.

The proposed model is phenomenological and no quantitative experimental data are

available in literature. Consequently, parameters were set empirically to match experimental

observations (Table 2.4). Based on the chosen values, the intracellular system response ranged

in a timescale of minutes to hours. To model the anti-apoptotic effect of PTH on active

osteoblasts, a negative sigmoid Emax function driven by Bcl-2 concentration (Eq. (2.1.18))
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was used. This function was added in the ODEs describing the dynamics of active osteoblasts

(Eqs. (2.1.21) and (2.1.25)) to modulate the apoptosis rate so that intermittent PTH reduced

the baseline apoptosis rate:

H−
PTH,OBa

= αAOBa
−

(αAOBa
− ρAOBa

) ⋅Bcl-2
γAOBa

δ
γAOBa
AOBa

+Bcl-2
γAOBa

. (2.1.18)

Similarly to Eq. (2.1.17), the first term on the right side of Eq. (2.1.18) does not depend on

the intermittent PTH administration, whereas the second term is linked to the intermittent

PTH administration via its action on Bcl-2. The baseline value of Eq. (2.1.18) was assumed

equal to 1, so that no effect on the baseline apoptosis rate was induced in the absence of PTH

administration. To this end, Eq. (2.1.18) was imposed equal to 1, the baseline values were

assumed for Bcl-2, αAOBa
, ρAOBa

, γAOBa
, and the value of δAOBa

was computed accordingly.

The − sign indicates that intermittent PTH down-regulates this system response.

The action of PTH on the proliferation of osteoblast precursors and the differentiation

of lining cells was described with reference to the canonical Wnt pathway, which plays an

essential role in many aspects of cell growth, proliferation and differentiation [94]. Given

the importance of Wnt signalling in embryonic development and carcinogenesis, a variety of

computational models simulating the complex intracellular transduction mechanisms have

been developed. However, the multitude of transmembrane ligands and receptors involved

made it difficult to distinguish the action of PTH on each individual component. Since the

development of a complex model of intracellular Wnt signalling is beyond the scope of this

study, a more phenomenological approach was taken, considering only coarse components

in this pathway. Three components were accounted for: (i) Dishevelled (Dvl), (ii) Axin-

APC-GSK-3 complex, and (iii) β-Catenin (Fig. 2.3b). It was hypothesised made was that

intermittent PTH transiently degraded Dvl with the same dynamics of PTH administrations.

The production rate of the Axin-APC-GSK-3 complex was assumed to be controlled by PTH

and following a slower dynamics than Dvl. Finally, β-Catenin concentration was assumed

to be proportional to Dvl and Axin-APC-GSK-3 complex concentrations with a first order

degradation rate. β-Catenin trend was then used as regulatory factor of the effect of PTH

on osteoblast precursor proliferation and lining cell differentiation. Three ODEs were used

to describe the dynamics of Dvl, Axin-APC-GSK-3 complex, and β-Catenin (Eqs. (2.1.14)

to (2.1.16)). Two positive sigmoid Emax functions driven by β-Catenin concentration

(Eq. (2.1.19)) were used to modulate the proliferation rate in the ODE describing the

dynamics of osteoblast precursors (Eq. (2.1.20)), and the differentiation rate in the ODE

describing the dynamics of lining cells (Eq. (2.1.25), so that the action of intermittent PTH

was to enhance the baseline osteoblast precursor proliferation rate and baseline lining cell
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(a) (b)

Figure 2.3: Schematic illustration of intracellular anabolic regulatory mechanisms on os-
teoblasts: (a) Regulation of osteoblast apoptosis via Runx-2, pCREB and Bcl-2 according
to Bellido et al. [16]; (b) Regulation of osteoblast precursor proliferation and lining cell
differentiation via Dvl, Axin-APC-GSK-3 and β-Catenin according to Cadigan et al. [42].

differentiation rate:

H+
PTH,i = ρi +

(αi − ρi) ⋅ β-Cateninγi

δγii + β-Cateninγi
, i = POBp ,DLC. (2.1.19)

After having characterised all the intracellular regulatory mechanisms driving the anabolic

response of osteoblasts, the new BCPM can be described in full. The cell populations taken

into account were divided into osteoblastic lineage and osteoclastic lineage. The first one

accounted for uncommitted osteoblasts (OBu), osteoblast precursors (OBp), active osteoblasts

(OBa) and lining cells (LC). The second one accounted for osteoclast precursors (OCp) and

active osteoclasts (OCa). In bone, cell responses such as differentiation, proliferation and

apoptosis, are regulated by various receptor-ligand interactions. The major signalling

molecules accounted for in the BCPM were: growth factors such as TGF-β, RANK, RANKL,

OPG, and PTH. A schematic illustration of the new BCPM and the various signalling

pathways is shown in Fig. 2.4. The right side represents the remodelling process with the

cell populations involved and the inter-cellular interactions. The left side represents the

modelling process with bone cells involved and receptor-ligand interactions.

The bone remodelling process was mathematically formulated with a set of three ODEs

(Eqs. (2.1.20) to (2.1.22)) describing the change over time of the osteoblastic and osteoclastic
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Figure 2.4: Schematic illustration of the BCPM with bone modelling on the left, and bone
remodelling on the right. Regulatory mechanism represented are RANK-RANKL-OPG
pathway, TGF-β and PTH. The osteoblasic lineage includes OBu, OBp, OBa, and LC,
respectively uncommitted osteoblasts, osteoblast precursors, active osteoblasts and lining
cells. The osteoclastic lineage includes OCp and OCa, respectively osteoclast precursors and
active osteoclasts. PTH actions on active osteoblast apoptosis (AOBa), osteoblast precursor
proliferation (POBp) and lining cell differentiation (DLC) are indicated with dashed lines.
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cell populations:

dOBp

dt
=DOBu ⋅ π

TGF-β
act,OBu

⋅OBu + POBp ⋅H
+
PTH,POBp

⋅OBp+

−DOBp ⋅ π
TGF-β
rep,OBp

⋅OBp,
(2.1.20)

dOBar

dt
=DOBp ⋅ π

TGF-β
rep,OBp

⋅OBp −AOBa ⋅H
−
PTH,AOBa

⋅OBar , (2.1.21)

dOCa

dt
=DOCp ⋅ π

RANKL
act,OCp

⋅OCp −AOCa ⋅ π
TGF-β
act,OCp

⋅OCa, (2.1.22)

OBp, OBar
2 and OCa are concentrations of OBp, OBar and OCa respectively. OBu indicates

the constant concentration of OBu. DOBu , DOBp , DOCp are differentiation rates of OBu, OBp

and OCp respectively. POBp is the proliferation rate of OBp. AOBa and AOCa are apoptosis

rates of OBar and OCa respectively. The variables πTGF-β
act,OBu

, πTGF-β
rep,OBp

and πTGF-β
act,OCp

represent

activating and repressing functions related to the binding of TGF-β to its receptor. Similarly,

πRANKL
act,OCp

is the activator function related to the RANK-RANKL binding. The general

structure of the π functions is reported in Eqs. (2.1.23) and (2.1.24), with L representing the

ligand, and kRL being a variable related to the dissociation rate constant of the receptor-ligand

(RL) binding (see Section 1.6.1):

πL
act =

L

kRL +L
, (2.1.23)

πL
rep =

kRL

kRL +L
=

1

1 + L
kRL

. (2.1.24)

By definition, the π functions were assumed to range between 0 and 1. H+
PTH,POBp

and

H−
PTH,AOBa

are the sigmoid Emax functions defined in Eqs. (2.1.18) and (2.1.19) simulating

the action of PTH on POBp and AOBa respectively. It should be noted that, unlike the π

functions, the H functions were not limited between 0 an 1. In the absence of the drug, the

H functions were assumed equal to 1, consequently, the apoptosis rate of active osteoblasts

and the proliferation rate of osteoblast precursors were those at the baseline. Following

the administration of PTH, the baseline response of the system was either down-regulated

(apoptosis) or up-regulated (proliferation) via the H functions.

The bone modelling process was mathematically formulated with one ODE (Eq. (2.1.25))

describing the change over time of the osteoblastic population deriving from the differentiation

of lining cells:

dOBam

dt
=DLC ⋅H

+
PTH,LC ⋅LC −AOBa ⋅H

−
PTH,OBam

⋅OBam , (2.1.25)

2The subscript r indicates a reference to the concentration of active osteoblasts involved in the remodelling
process.
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where LC is the constant concentration of LC, OBam
3 is the concentration of OBam , DLC is

the differentiation rate of LC, AOBa is the apoptosis rate of OBam . H+
PTH,DLC

and H−
PTH,AOBa

are the sigmoid Emax functions related to the up- and down-regulating action of PTH on

DLC and AOBa respectively (Eqs. (2.1.18) and (2.1.19)). It should be noted that both the

simulation of intermittent and continuous administrations performed with the model used the

same set of H functions, calibrated to induce the anabolic effect only in case of intermittent

variation of PTH concentration (see also Section 3.1).

Following the approach used in previous studies [201, 245], bone was considered as a

two-phase material composed of extravascular bone matrix and vascular pore spaces. Within

the trabecular RVE considered, these two components were quantified as volume fractions.

The volume fraction of extravascular bone matrix was defined as the volume of the bone

matrix divided by the total RVE volume, i.e., fbm = Vbm/VRVE. The volume fraction of

the vascular pore space was defined as pore volume divided by the total RVE volume, i.e.,

fvas = Vvas/VRVE. Since only trabecular bone was considered in this study, the initial bone

composition in all simulations was assumed equal to 26% fbm and 74% fvas [301, 303]. The

change in the bone volume fraction was modelled via an ODE (Eq. (2.1.26)), taking into

account the amount of bone removed and formed over time:

dfbm

dt
= −Kres ⋅OCa +Kform ⋅ (OBar +OBam), (2.1.26)

where fbm is the bone volume fraction, Kres and Kform are respectively the bone resorption

and the bone formation rate. OCa, OBar , OBam are concentrations of OCa, OBar and OBam

respectively. In the BCPM, the bone formation due to bone modelling was assumed to occur

at the same rate as the bone formation due to bone remodelling, consequently, the terms

representing the two sources of active osteoblasts were summed up.

The complete set of ODEs used to describe the full time-dependent BCPM consisted

of 15 equations, specifically: Eqs. (2.1.6), (2.1.14) to (2.1.16), (2.1.20) to (2.1.22), (2.1.25)

and (2.1.26), plus the 6 ODEs describing the receptor-ligand binding reactions (Eqs. (2.1.8)

to (2.1.13)). The entire system of equations was solved numerically in MATLAB using the

ODE45 solver. It should be noted that, due to the rejection of the steady-state assumption,

the π functions were explicitly expressed in the ODE system and solved simultaneously with

all the governing equations. This approach was different to that used in previous BCPMs,

where the π functions were computed separately and used as input in the governing equations.

The H functions were also explicitly expressed in the ODE system and solved simultaneously

with the governing equations. Initial conditions and model parameters are summarised in

Table 2.4.

3The subscript m indicated a reference to the concentration of active osteoblast involved in the bone
modelling process.
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Table 2.4: BCPM initial conditions and model parameters.

Variable Value Unit Description

fbm(t0) 25.17 % Trabecular bone matrix fraction

Kres 29.17 (pM ⋅ h)−1 Volume of bone matrix resorbed

per osteoclast per hour

OBu 10−3 pM Osteoblast progenitor concen-

tration

OCp 10−3 pM Osteoclast progenitor concen-

tration

OBp(t0) 0.0035 pM Osteoblast precursors baseline

concentration

OBar(t0) 0.0011 pM Bone remodelling active os-

teoblasts baseline concentration

OBam(t0) 0 pM Bone modelling active os-

teoblasts baseline concentration

OCa(t0) 7.7 ⋅ 10−5 pM Active osteoblasts baseline con-

centration

LC 0.0443 pM Lining cells concentration in the

RVE fluid

PTH(t0) 10 pM Endogenous PTH baseline con-

centration

TGF -β(t0) 2.7 ⋅ 10−4 pM TGF-β baseline concentration

OPG(t0) 3.3 ⋅ 10−4 pM OPG baseline concentration

RANKL(t0) 1.2002 pM RANKL baseline concentration

RANK(t0) 9.6067 pM RANK baseline concentration

OL(t0) 40.153 pM OPG-RANKL complex baseline

concentration

KL(t0) 0.3933 pM RANK-RANKL complex base-

line concentration

DOBu 0.0233 1/h OBu differentiation rate

DOBp 0.0069 1/h OBp differentiation rate

DOCp 0.0875 1/h OCp differentiation rate

DLC(t0) 0.0069 1/h LC differentiation rate

POBp(t0) 0.0011 1/h OBp proliferation rate

AOBa(t0) 0.0088 1/h OBa apoptosis rate

AOCa 0.2354 1/h OCa apoptosis rate
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α 0.01 pM TGF-β stored in the bone ma-

trix

NRANKOCp
104 - Number of RANK per OCp

NRANKLOBp,max
2.7 ⋅ 106 - Max number of RANKL per

OBp

OPGsat 2 ⋅ 108 pM Max OPG concentration

PRANKLd
0 pM/h RANKL external injection

POPGd
0 pM/h OPG external injection

PPTHd
0 pM/h PTH external injection

PTGF-βd
0 pM/h TGF-β external injection

DegTGF-βd
0.0833 pM/h TGF-β degradation rate

DegPTH 8.3160 1/h PTH degradation rate

DegOPG 0.0146 1/h OPG degradation rate

DegRANKL 0.4167 1/h RANKL degradation rate

DegOL 0.4167 1/h OPG-RANKL complex degra-

dation rate

DegKL 0.0875 1/h RANK-RANKL complex degra-

dation rate

DegRANK 0.0875 1/h RANK degradation rate

βOPG 6.8 ⋅ 106 1/h OPG production rate

βRANKL 7000 1/h RANKL production rate

βPTH 83.160 pM/h PTH production rate

Kact
D,TGF-β 5.63 ⋅ 10−4 pM Activating constant related to

TGF-β binding to its receptors

on OBu and OCa

Krep
D,TGF-β 1.75 ⋅ 10−4 pM Repressing constant related to

TGF-β binding to its receptors

on OBp

Kact
D,PTH 4 pM Activating constant related to

PTH binding to its receptors on

OBp and OBa

Krep
D,PTH 0.7423 pM Repressing constant related to

PTH binding to its receptors on

OBp and OBa

Kact
D,RANKL 16.650 pM Activating constant related to

the RANKL-RANK binding
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kr,OPG 0.4167 1/h OPG-RANKL unbinding rate

constant

kf,OPG 8.33 ⋅ 10−4 (pM ⋅ h)−1 OPG-RANKL binding rate con-

stant

kr,RANK 7.08 ⋅ 10−4 1/h RANK-RANKL unbinding rate

constant

kf,RANK 0.0030 (pM ⋅ h)−1 RANK-RANKL binding rate

constant

A(t0) 10 - Runx2 baseline value

B(t0) 10 - CREB baseline value

G(t0) 100 - Bcl2 baseline value

βA 6.9300 1/h Runx2 production rate

βB 0.0999 1/h CREB production rate

βG 0.6930 1/h Bcl2 production rate

DegA 1 1/h Runx2 degradation rate

DegB 0.0096 1/h CREB degradation rate

DegG 0.6930 1/h Bcl2 degradation rate

γA 1 - Runx2 response steepness

αA 2.5625 - Runx2 max response

ρA 0.1250 - Runx2 min response

δA 32.913 - Runx2 response potency

γB 1 - CREB response steepness

αB 15.588 - CREB max response

ρB 0.5 - CREB min response

δB 317.32 - CREB response potency

γAOBa
5 - AOBa response steepness

αAOBa
1.1 - AOBa max response

ρAOBa
0.1 - AOBa min response

δAOBa
155.20 - AOBa response potency

γPOBp
7 - POBp response steepness

αPOBp
10 - POBp max response

ρPOBp
0.9 - POBp min response

δPOBp
190.20 - POBp response potency

γDLC
30 - DLC response steepness

αDLC
0.3 - DLC max response

ρDLC
0 - DLC min response

δDLC
121 - DLC response potency
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2.1.5 OVX simulation

According to experimental observations, OP in humans and OVX in animals are associated

with a disruption of the RANK-RANKL-OPG pathway towards an increased RANKL/OPG

ratio [106]. In the mechanistic PK/PD model, this disruption was simulated imposing an

increase in the RANKL concentration, which consequently induced a catabolic action on

bone. To this end, the term P d
RANKL was introduced in the equation describing the dynamics

of RANKL (Eq. (2.1.11)) to simulate a constant RANKL injection at 416.7 pM/h, calibrated

to reproduce published experimental data on OVX animals [301].

2.2 Cortical bone image analysis: mouse model

2.2.1 Experimental data: micro-CT images

The novel algorithm developed to analyse the local thickness variation of cortical bone due

to mechanical loading and PTH treatment was based on ex vivo, high-resolution micro-CT

images of mouse tibiae. Two different sets of micro-CT images were analysed in this study,

the first set was used to investigate the effect of mechanical loading on bone adaptation

(denoted as Study 1); the second set was used to investigate the effects of mechanical loading

and PTH treatments on bone adaptation (denoted as Study 2). This section illustrates the

experimental design of the two studies, including animal type, mechanical loading protocol,

drug administration protocol and high-resolution micro-CT imaging protocol. The in vivo

experiments were performed by Toshihiro Sugiyama at the School of Veterinary Sciences,

University of Bristol [275, 276]. The micro-CT images to be analysed were provided by Peter

Delisser from the same research group.

The animals used in Study 1 were virgin female C57BL/6 mice aged 17 weeks at the

beginning of the study and 20 weeks at the end of the study. Forty-eight mice were divided

into 8 groups of 6 animals each. The experiment was designed to investigate the adaptive

response of bone to mechanical loading from a situation of low strain due to disuse, to a

range of highest strains. All the animals underwent right-limb neurectomy on day 1 in order

to minimize the natural loading in their right tibiae and simulate a condition of mechanical

disuse (Section 1.6.2). Successively, mechanical loading was applied on the neurectomised

limb every second day from day 5 to day 19 (i.e., 8 days of mechanical loading). The load

was applied to the neurectomised limb to remove the confounding effect due to muscle forces

and correlate the adaptation only with the external load applied. Each group of mice was

loaded with a different peak load, specifically: 0 N, 2 N, 4 N, 6 N, 8 N, 10 N, 12 N and 14 N,

which allowed investigating both conditions of disuse (i.e., low strain induced) and loading

(i.e., high strain induced). On day 21, the animals were sacrificed, right and left limbs were
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Figure 2.5: Study 1 experimental design: right-limb neurectomy on day 1; mechanical loading
of the neurectomised limb (every second day from day 5 to day 19); animals sacrificed on
day 21 and high-resolution micro-CT scans of right and left limbs performed.

collected, and high-resolution micro-CT scans of both limbs were performed. Figure 2.5

schematically shows the experimental procedure.

The animals used in Study 2 were virgin female C57BL/6 mice aged 13 weeks at the

beginning of the study and 19 weeks at the end of the study. Twenty-four mice were divided

into 4 groups of 6 animals each. The animals were treated with daily administration of

PTH(1-34), 7 days perweek for 6 weeks. Different drug doses were used (one for each group),

specifically: vehicle, 20 µg/kg/day, 40 µg/kg/day and 80 µg/kg/day. Mechanical loading was

applied on the right limb during the last 2 weeks of the experiment (starting when the mice

were 17 weeks old) for 3 days per week. The peak load used for the different drug doses was

adjusted according to the PTH dose in order to induce the same strain distribution in the

tibia obtained in the vehicle treated animals (approximately 1200 µε)4. The respective peak

loads used were: 12 N for the vehicle treated animals; 13.7 N for the animals treated with

20 µg/kg/day of drug; 14.7 N for the animals treated with 40 µg/kg/day of drug; 15.8 N for

the animals treated with 80 µg/kg/day of drug. After 6 weeks, the animals were sacrificed,

both right and left limbs were collected and high-resolution micro-CT scans of both limbs

were performed. Figure 2.6 schematically shows the experimental procedure5.

In both studies, the mechanical load was applied according to the in vivo axial compression

of the mouse tibia method introduced in Section 1.6.2. The flexed knee joint of the animal

was positioned in the concave upper cup (which is attached to an actuator arm) and the

ankle joint was positioned in the lower concave cup (which is connected to a dynamic load

cell). The tibia was pre-loaded with a static load of 0.5 N for about 7 minutes. Successively,

40 cycles of intermittent dynamic axial load were applied, with a rest interval of 10 seconds

4A study involving only the administration of PTH for 4 weeks was performed [276].
5Several differences exist between Study 1 and Study 2: (i) multiple peak loads were analysed in Study 1,

whereas in Study 2 only one peak load adjusted to the PTH dose was used; (ii) PTH administration was
included only in Study 2; (iii) neurectomy of the limb undergoing mechanical loading was performed only in
Study 1; (iv) mechanical loading was applied for 8 days in Study 1 and for 6 days in Study 2.
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Figure 2.6: Study 2 experimental design: daily administration of PTH(1-34) (7 days per
week for 6 weeks); mechanical loading of the right limb (last 2 weeks, 3 days per week);
animals sacrificed at the end of week 6 and high-resolution micro-CT scans of right and left
limbs performed.

between each cycle. Forty cycles were chosen because they were found to be sufficient to

stimulate bone gain. Ten seconds of rest were introduced to enhance the osteogenic effect of

loading. The shape of the loading pulses was trapezoidal, with the first segment characterised

by a slope of 500 N/s to reach the specific peak load, the second segment characterised

by the constant peak load hold for 0.05 seconds, and the third segment characterised by

a negative slope of 500 N/s to reach the pre-load. Furthermore, in vivo mechanical strain

measurements were performed attaching a trimmed single element strain gauge to the lateral

or the medial surface of the proximal/middle tibia in the longitudinal direction. Mechanical

load-induced strains were measured, as well as strains induced by locomotion.

The ex vivo high-resolution micro-CT images of the whole tibiae were performed in both

studies using a SkyScan 1172 (SkyScan, Kontich, Belgium) scanner, with a voxel size of

4.78 µm3. The X-ray voltage applied was 50 kV with 0.5 mm of aluminium filtration. The

scans were performed on a range of 180○ with a rotation step of 0.5○. Reconstruction and

binarisation of the images were performed by means of the global thresholding approach

using the SkyScan software (version 1.4.4).

Based on the considerations made in Section 1.1.3 on lamellar and woven bone formations

in the bone adaptation process, cross-sectional images of bone presenting an adaptation

response inducing woven bone formation were intentionally excluded from the analysis

conducted in this thesis.
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2.2.2 Local thickness characterisation

High-resolution micro-CT images of mouse tibiae were used to characterise the local adapta-

tion response of cortical bone to mechanical loading and PTH drug treatment. The aim of

this study was to show that the adaptation response within the cross-section is not uniform,

but it depends on the position along the periosteum. The attention was focused on the

periosteal surface and the associated thickness change, based on the findings of previous

studies suggesting that the endosteum is relatively insensitive to mechanical loading6 [199].

A customised algorithm to automatically segment micro-CT images and quantify the

cortical thickness variation along the periosteum was developed in MATLAB. The algorithm

was composed of three major parts:

(i) Measurement of the thickness of the tibia cross-sections along the periosteum;

(ii) Alignment of the thickness measurements using signal processing techniques;

(iii) Computation of cortical thickness variation.

Two cortical bone sites were analysed, specifically the proximal/middle site and the middle

site. The proximal/middle site was defined as the position, in the longitudinal direction of

the tibia, corresponding to the 37% of the total tibia length, measured from the proximal end

of the bone. This position coincided with the region where the strain gauge was positioned

in the in vivo experiments. Furthermore, the 37% cross-section was in the region where the

curvature of the tibia was larger, thus featuring higher bending moments during the axial

compression of the mouse tibia. The shape of the 37% cross-section was highly irregular

anteriorly due to the protrusion of the anterior tibia crest. The middle site was defined as

the position at 50% of total tibia length. In this region the bone curvature was reduced

compared to the 37% cross-section, and the cross-sectional shape was more regular.

It should be noted that both cross-sections (tibia and fibula) are positioned above the

distal tibia-fibula junction, consequently two bone cross-sections could be identified in each

image. To locate the two slices of interest in each stack of micro-CT images, an automated

procedure was developed. Firstly the more proximal and the more distal micro-CT images

of the bone were identified in the stack (i.e., the images not containing the tibia bone at

the top and at the bottom of the stack were discarded). Successively, knowing the pixel

size of the micro-CT images and the number of images, the total length of the tibia was

computed. The 37% and the 50% of the total tibia length were calculated and successively

converted into slice number7, starting from the proximal end. All the selected cross-sections

were saved in separate folders, categorised according to the loading condition and the limb

6Pereira et al. found a marked similarity for the spatial arrangement of the endosteal boundaries between
loaded and control limbs [199].

7The term slice and cross-section were used as synonyms.
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side (left or right). The analysis of the cross-sections was then performed using the image

post-processing algorithm described in the following sections.

Measurement of the thickness of the tibia cross-sections along the periosteum

The first part of the algorithm aimed at measuring the cortical thickness along the periosteum.

Each micro-CT image was used as input of the algorithm (Fig. 2.7a), the output provided

was the measurement of the cortical thickness along the perisoteum. The first step was the

image binarisation, i.e., the conversion of the greyscale micro-CT image to a black and white

(BW) image (Fig. 2.7b). The global image threshold was computed using the graythresh

function in MATLAB, which is based on Otsu’s method. Specifically, Otsu’s method selects

the threshold that minimises the intraclass variance of the black and white pixels in the image

[189]. From the BW image, the area and the centroid of tibia and fibula were computed using

the function regionprops. The area was measured in terms of number of pixels, whereas the

position of the centroid was defined in the x-y coordinate system of the image. In this regard,

it should be noted that MATLAB automatically defined an intrinsic coordinate system in

the image (O-xi-yi in Fig. 2.38), such that the x and y coordinates and the row-column array

indices of each pixel corresponded. Specifically, the origin of the coordinate system was not

defined in the upper left corner of the image (black circle in Fig. 2.38), but outside the image,

so that the upper-left corner of the image was located at (0.5,0.5) x and y coordinates. With

this approach, the centre of the pixel in row-column position [1,1] had spatial coordinates

(1,1). It should be noted that some functions used in the algorithm were based on spatial

coordinates, whereas others were based on the row-column position of the pixel in the image.

A function to convert from one reference to the other was created, taking into account that

the x-axis corresponded to the columns and the y-axis corresponded to the rows.

94



C
h

.
2

M
eth

o
d
s

2.2
C

ortical
b

on
e

im
age

an
aly

sis

Figure 2.7: Tibia boundaries detection at the 50% cross-section: (a) cross-section extracted from the stack of images and used as
input in the algorithm; (b) binarisation of the micro-CT image and filtering; (c) detection of the tibia boundaries (i.e., periosteum
and endosteum). The same procedure was repeated also for the 37% cross-section.
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Successively, a filter was applied to the image to close the small holes in the tibia cross-

section representing blood vessels, and to smooth the tibia boundaries. Small holes in the

cross-section were filled using a customised function based on the MATLAB functions imfill,

bwmorph and bwareaopen. To detect the tibia boundaries, i.e., endosteum and periosteum,

the function bwboundaries was used. This function recognises the row-column positions of

the boundary pixels of the object in the image (i.e., tibia), and stores them in a separate

matrix (Fig. 2.7c). Successively, the row-column coordinates of the pixels were converted to

x-y coordinates and smoothed using a Savitzky-Golay filter8 (Fig. 2.8). The cross-sectional

area and the centroid position of tibia and fibula were updated after the filtering procedure.

To compare the thickness along the periosteum between different limbs, an alignment

procedure was implemented based on an anatomical landmark on the tibia periosteum. This

reference point was identified as the intersection between the periosteum of the tibia and the

line connecting tibia and fibula centroids (Fig. 2.9). Given the genetic similarity between

laboratory mice, the assumption that all animals present this anatomical landmark in the

same posterior-lateral position was made. Once the reference point was defined, the order of

the periosteal points in the coordinate matrix was re-arranged, i.e., the anatomical landmark

was used as starting point in the matrix and a clockwise order was followed to fill the matrix.

Subsequently, the image was cropped to contain only the tibia cross-section, thus changing

the origin of the coordinate system. Therefore, the coordinates of the centroid and of the

points on periosteum and endosteum were translated accordingly. Then, cortical bone

thickness in the cross-section was calculated using two methods: (i) minimum distance

between endosteum and periosteum and (ii) width of the bone in the direction perpendicular

to the periosteum. With the first method, the minimum distance between endosteum and

periosteum was computed using a double for loop on each point of the periosteum and each

point of the endosteum. For each point of the periosteum, the distance to each point of the

endosteum was computed. The shortest distance measured was saved in a separate array

as the thickness of the cortical bone in that specific periosteal point. This methodology

provided good results in terms of thickness measurements in the 50% cross-section, given

its regular shape (Fig. 2.10). In the 37% cross-section, the same methodology provided

good results at the posterior, lateral and medial sides of the cross-section. However, it was

not suitable to compute the thickness at the anterior side, due to the prominence of the

anterior crest (Fig. 2.11). As an alternative methodology, the thickness was measured as

the width of the bone in the direction perpendicular to the periosteum, at each point of

8The Savitzky-Golay filter uses f neighbouring points to fit a polynomial of order k and then assigns to
the point at the center of the f points the value of the polynomial in the same point. Stronger smoothing is
obtained with higher f and smaller k. To allow a better computation of the filtered values at the extremities
of the x-y coordinate matrix, the initial values were repeated at the end of the array, then the filter was
applied, and successively the array was cropped at its original length.
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Figure 2.8: Smoothed tibia boundaries, 50% cross-section: dark blue and dark green
boundaries represent periosteum and endosteum before the application of the Savitzky-Golay
filter. Bright blue and bright green lines represent the filtered boundaries. The same functions
were also applied to the 37% cross-section.
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Figure 2.9: Identification of the anatomical landmark. The reference point (orange) was
found as the intersection between the periosteum of the tibia and the line connecting tibia
and fibula centroids (purple).
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Figure 2.10: Thickness along the periosteum computed using the minimum distance between
endosteum and periosteum method, at the 50% cross-section: cross-sectional visualization of
the thickness (left), thickness variation along the periosteum (right).
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Figure 2.11: Thickness along the periosteum computed using the minimum distance between
endosteum and periosteum method, at the 37% cross-section: cross-sectional visualization of
the thickness (left), thickness variation along the periosteum (right).
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Figure 2.12: Detection of the opposite boundary pixel along the direction perpendicular to
the peroisteum used to define the cortical bone thickness.

the periosteum. To this end, a for loop on the periosteal points was used to compute the

tangent to the periosteum in each point, and successively the line orthogonal to the tangent

and passing through the specific periosteal point. The MATLAB function gradient was

applied to the matrix of the periosteal point coordinates to compute the slope (m) of the

tangent to the periosteum in each point, which was then used to compute the slope (n) of the

line perpendicular to the tangent in the point, as n = −1/m. Along the direction orthogonal

to the periosteum, the thickness was defined as the distance between two opposite points

on the tibia boundary (Fig. 2.12). Specifically, the function improfile was used to obtain

the intensity (i.e., 0 or 1) of all the pixels along the direction orthogonal to the periosteum.

Successively, starting from a periosteal point and moving along the orthogonal direction

through the cross-section, the difference between the intensity values of neighbour pixels

was computed. The opposite boundary pixel was identified as the one having the intensity

difference equal to −1. The thickness along the periosteum computed with the direction

perpendicular to the periosteum method was reported in Figs. 2.13 and 2.14 for the 37%

and the 50% cross-section, respectively. In Fig. 2.15, a comparison between the thickness

computed at the anterior crest with the two different methodologies was reported. The

thickness computed using the minimum distance between endosteum and periosteum method

did not represent a proper bone thickness measurement (i.e., as it would be obtained using

a calliper, Fig. 2.15a). With the direction perpendicular to the periosteum instead, the

width of the bone was used to define the thickness, providing a more realistic measurement

(Fig. 2.15b). It should be noted that negligible difference was found between thickness

measurements obtained via the two methods at the 50% cross-section, due to the more

regular shape of the cross-section compared with the 37% cross-section.

Further to this analysis, a combined approach was used to measure cortical bone thickness
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Figure 2.13: Thickness along the periosteum computed using the direction perpendicular
to the periosteum method, at the 37% cross-section: cross-sectional visualization of the
thickness (left), thickness variation along the periosteum (right).
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Figure 2.14: Thickness along the periosteum computed using the direction perpendicular
to the periosteum method, at the 50% cross-section: cross-sectional visualization of the
thickness (left), thickness variation along the periosteum (right).
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(a)

(b)

Figure 2.15: Comparison between the thickness measurement at the anterior crest of the tibia
at the 37% cross-section using the minimum distance between endosteum and periosteum
methodology (a) and the width of the bone in the direction normal to the periosteum method
(b).
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in the cross-section. Specifically, the thickness along the periosteum was computed using

the two different methods and, for each pixel of the periosteum, the thickness was selected

as the minimum between the two measurements. With reference to Figs. 2.16 and 2.17,

reporting the 50% and the 37% cross-section respectively, the dotted magenta line represents

the thickness measured as the minimum distance between endosteum and periosteum, the

dotted green line represents the thickness in the direction perpendicular to the periosteum,

and the blue dashed line is the combined thickness. It should be noted that the combined

thickness along the periosteum in the 37% cross-section presented a spike corresponding to

the thickness at the tip of the anterior crest. This measurement was disregarded, because

it was obtained as distance between the tip of the crest and the endosteum, which is not

a realistic measurement of thickness as it would be taken using a caliper. Consequently,

a region around the spike was selected and a median filter was applied locally to remove

the peak from the signal9 (Fig. 2.18). Furthermore, it should be noted that the minimum

distance method was based on x-y coordinates of endosteal and periosteal points, thus

providing a smooth signal of the thickness along the periosteum. In contrast, the thickness

computed using the direction perpendicular to the periosteum method used the row-column

position of the pixels, thus presenting noise due to the pixelation of the image. Since the two

thickness signals were combined, the final thickness signal presented some noise too. Hence,

a lowpass Butterworth filter (zero phase shift, 2nd order, 0.4 Nyquist cutoff rate) was applied

to the combined thickness array to remove the high-frequency noise (Figs. 2.19 and 2.20.)

Computation of other geometrical quantities

Besides measuring the thickness along the periosteum, the algorithm was also used to

compute the area moment of inertia of the cross-section and the principal coordinate system

reported in Figs. 2.21a and 2.21b.

Alignment of the thickness measurements using signal processing techniques

To compare the thickness between different limbs, the thickness signals were aligned as

described in this section. Firstly, given that the thickness along the periosteum was measured

for both the right limbs and the left limbs starting from the anatomical landmark and

following a clockwise numbering in the cross-section (Fig. 2.22), to be able to make left vs.

right comparisons, all the left limb signals needed to be reversed. This step was necessary

to ensure that the thickness was compared at the same locations in the cross-section, i.e.,

medial and lateral sites. To this end, the flipud function in MATLAB was used. When

applied to a column vector, the flipud function returns a vector of the same length with the

9Please note that, in the following, the term signal will be used to indicate the thickness measurements
along the periosteum.
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Figure 2.16: Combined approach to compute the thickness along the periosteum at the
50% cross-section: thickness computed with the minimum distance between endosteum and
periosteumm method (dotted magenta line), thickness computed with the perpendicular to
the periosteum method (dotted green line), combined thickness (dashed blue line).
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Figure 2.17: Combined approach to compute the thickness along the periosteum at the
37% cross-section: thickness computed with the minimum distance between endosteum and
periosteumm method (dotted magenta line), thickness computed with the perpendicular to
the periosteum method (dotted green line), combined thickness (dashed blue line).
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Figure 2.18: Thickness along the periosteum obtained from the combined approach, at the
37% cross-section: median filter applied in the region around the high peak to remove the
spike corresponding to the thickness at the tip of the anterior crest.
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Figure 2.19: Thickness along the periosteum at the 50% cross-section: combined approach
after application of a Butterworth filter to remove the low frequency noise.
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Figure 2.20: Thickness along the periosteum at the 37% cross-section: combined approach
filtered with a butterworth filter to remove the low frequency noise.
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(a)

(b)

Figure 2.21: Principal coordinate system in the 50% (a) and 37% (b) cross-sections: the solid
red and green lines represent the x- and y-axis, respectively. The dashed red and green lines
represent the principal axes, respectively of maximum (ξ) and minimum (η) area moment of
inertia. The purple line is the line connecting tibia and fibula centroids. The orange point is
the anatomical landmark.

111



Ch. 2 Methods 2.2 Cortical bone image analysis

Figure 2.22: Micro-CT images of the 37% cross-section in a right limb (a) and a left limb
(b). The orange dots indicate the anatomical landmarks. The orange arrows indicate the
clockwise direction used to measure the thickness along the periosteum. Successively, to be
able to make left vs. right thickness comparisons, all the left limb signals were reversed. Left
and right limb signals were re-sampled and aligned.

order of its elements reversed. Successively, since all signals were different in length due to

the variability between animals and the adaptation process of the loaded limbs (i.e., the

adapted cortical cross-section was thicker, and consequently the periosteal length was larger),

they were all re-sampled to 750 points.

A further consideration was made when comparing the cortical thickness signal of the

adapted limb with the cortical thickness signal of the control limb. As already mentioned,

the loaded limb presented a longer periosteum due to the adaptation process, and although

both signals were aligned using the anatomical landmark, and re-sampled at 750 points, a

further alignment step was required to ensure that the same cortical regions were compared.

Alignment was performed using two different approaches for the 37% and 50% cross-sections.

For the 50% cross-section, cross-covariance was used to find the lag between two signals

to be compared (Fig. 2.23a). The value of the cross-covariance is maximal when the lag is

minimised and corresponding peaks and valleys in the two signals are overlapping. Therefore,

the lag corresponding to the maximum cross-covariance was used to circularly shift one of

the two signals, to maximise the alignment. For the 37% cross-section, instead, a customised

function denoted as peak-to-peak resampling method was implemented. The signal of the

cortical thickness along the periosteum in the 37% cross-section was characterised by 4 key

points, i.e., 3 positive peaks and 1 negative peak located in the same periosteal positions for
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all the analysed animals. This customised resampling function was applied to the thickness

signals before flipping the left signals. Consequently, the distribution of the peaks along the

periosteum was mirrored between the left and the right limbs10. The function automatically

identified the position of these peaks along the periosteum. Then, in each cross-section, the

periosteal points located between peaks were resampled using a fixed number of points, both

for left and right limbs. This resulted in an optimal alignment of signal peaks (Fig. 2.23b).

Computation of cortical thickness variation

Once the signal processing was completed, cortical thickness variations were computed

to investigate the local adaptation response of cortical bone. To perform the thickness

comparisons discussed so far, several MATLAB scripts were developed. Micro-CT images

from Study 1 and 2 (Section 2.2.1) were analysed with the algorithm described above. Right

and left cross-sections were processed separately for each cortical site and each loading

condition investigated (e.g., right limb, 50% cross-section, 10 N load, 6 animals). The

thickness along the periosteum was stored in a matrix having the number of animals in the

group as number of columns, and the periosteal points as number of rows. Successively, the

thickness matrices were used to compute various thickness variations and make comparisons.

To verify whether or not mechanical loading induced a thickness variation in the cross-

section, the thickness measurements obtained from the analysis of the micro-CT images

from Study 1 (see Section 2.2.1) were used. Since for each animal only the right limb

was mechanically loaded, the thickness variation induced by the mechanical loading was

computed as the relative thickness change between the right limb (i.e., loaded limb) and the

left limb (i.e., control limb) with respect to the thickness of the left limb, using Eq. (2.2.1):

∆Th1
=
Th1

R − Th
1
L

Th1
L

⋅ 100 [%] (2.2.1)

Th1
R is the thickness of the right loaded limb, Th1

L is the thickness of the left control limb,

∆Th1 is the relative thickness variation due to mechanical loading. The apex 1 indicates

that the data are from Study 1.

To verify if PTH induced a thickness variation in the cross-section, without taking into

account the effect induced by the mechanical loading, the thickness measurements obtained

from the analysis of the micro-CT images from Study 2 were used. The thickness variation

induced by PTH was computed as the relative thickness change between the left limb of the

PTH treated animals (no mechanical load applied) with respect to the thickness of the left

limb of the vehicle treated animals (neither mechanical loading nor PTH applied), using

10Peak order along the periosteum: positive-negative-positive-positive for the left limbs; positive-positive-
negative-positive for the right limbs

113



Ch. 2 Methods 2.2 Cortical bone image analysis

(a)

(b)

Figure 2.23: Signal processing: (a) cross-covariance, for the 50% cross-section, (b) peak-to-
peak resampling method, for the 37% cross-section.
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Eq. (2.2.2):

∆Th2
=
Th2

L − Th
2
L0

Th2
L0

⋅ 100 [%], (2.2.2)

Th2
L is the thickness of the left limb in the PTH treated group, Th2

L0
is the thickness of

the left limb in the vehicle treated group, ∆Th2 is the relative thickness variation due to

PTH. The apex 2 indicates that the data are from Study 2. In the following the left limb of

the vehicle treated animals will be referred to as ultimate control to indicate that neither

mechanical loading nor PTH treatment is applied to the limb.

Furthermore, the thickness measurements obtained from the analysis of the micro-CT

images from Study 2 were also used to investigate the existence of an enhanced combined

effect between PTH and mechanical loading. To this end, different thickness variations were

computed. Equation 2.2.1 was applied to the vehicle-treated animal group in Study 2 to

quantify the thickness variation due to mechanical loading alone; Eq. (2.2.2) was used to

quantify the thickness variation due to PTH alone; Eq. (2.2.1) was applied to the PTH-treated

animal groups in Study 2 to quantify the thickness variation due to mechanical loading and

PTH combined, with respect to PTH alone. The thickness change computed as the difference

between the thickness of the loaded limb in the PTH-treated animal group, with respect to

the thickness of the control limb in the vehicle-treated animal group, was used to quantify

the thickness variation due to PTH and mechanical loading combined with respect to the

ultimate control. To investigate the presence of an enhanced combined effect between PTH

treatment and mechanical loading, the sum of the thickness variation along the periosteum

due to mechanical loading alone and PTH alone was compared with the thickness variation

along the periosteum due to PTH and mechanical loading combined, with respect to the

ultimate control. The results of this study are reported in Sections 3.2 and 3.3.

2.3 Biomechanical analysis of the mouse tibia

To develop a mechanistic understanding of the local thickness changes due to mechanical

loading and PTH drug treatment, it is essential to estimate bone tissue scale mechanical

quantities in the tibia cross-sections. As discussed in Section 1.6.2, local stresses and strains

are good indicators for local bone adaptation to take place. In order to find a correlation

between the local thickness changes computed in Section 2.2.2 and the periosteal stress,

strain and SED induced by the mechanical loading, a biomechanical analysis of the mouse

tibiae was performed. As introduced in Section 1.6.2, the finite element (FE) method is

the most commonly applied method for this type of analysis. Based on the large number of

animals involved in the studies investigated in this thesis (i.e., 48 mice in Study 1 and 24

mice in Study 2), solving a micro-FEA of each tibia consists of 146 micro-FE simulations
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(including both limbs for each animal of the two studies plus one animal scarified before

the adaptation is induced). Each of these simulations requires image pre-processing time

to develop the micro-FE mesh, processing time to solve the linear algebraic equations of

the micro-FE model, and post-processing time to analyse the data. To reduce the overall

computation time, and also considering that only cortical bone adaptation is investigated

in this thesis, a combined micro-FE and beam theory algorithm was developed to analyse

cortical bone stresses and strains of tibia cross-sections.

Firstly, a single micro-FE model was developed and solved to compute the stresses and

the strains in the mouse limb along its entire length due to the external load. ANSYS 18.0

(ANSYS Inc., Cannonsburg, USA) was used to generate and numerically solve the micro-FE

model11. A customised algorithm was then developed in MATLAB to extract from the

micro-FE model stresses and strains at specific cross-sections (i.e., 37% and 50%). Under the

hypothesis that the 3D shape of the curve passing through the tibiae centroids (i.e., following

closely the z-direction) is similar among the different animals investigated in the two studies,

and considering that the major variability between different animals is due to variations in

the geometry of the cross-section, the assumption that cross-sectional normal force and the

bending moments are the same for all the animals investigated was made. Based on this

assumption, an algorithm based on the beam theory was developed in MATLAB to integrate

the cross-sectional stresses and strains obtained from the micro-FEA and compute the

internal normal force and bending moments acting in the tibia. Successively, starting from

the computed normal force and bending moments, the beam theory was used to calculate

the stress and strain distributions in all the different cross-sections analysed. This approach

allowed to account for the variability due to the animal-specific cross-sections, as well as

all the different peak loads investigated, solving only one micro-FE model. Furthermore,

this algorithm was used to compute the local stresses and strains at the periosteum of the

cross-sections analysed, allowing to compare the local mechanical quantities with the local

adaptation responses of bone (i.e., thickness variations) obtained from the micro-CT image

analysis algorithm described in Section 2.2.2. In the following sections, each step of the

biomechanical analysis of the mouse tibia is described in detail.

2.3.1 Micro-FE analysis (micro-FEA)

A micro-FE model of the mouse limb was generated using the micro-CT images of the

mouse tibia with a pixel size of 4.78 µm discussed in Section 2.2. In order to assess the

stresses and the strains due to mechanical loading that drive the local adaptation response

of bone, a micro-FE model was created using the micro-CT images of the right limb of one

animal right-neurectomised on day 1 and sacrificed on day 5 before adaptation, i.e., at the

11The micro-FEA was performed by Dr Saulo Martelli, Flinders University, Australia.
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Figure 2.24: Micro-FE model regions: bone (cyan), tibia growth plate (yellow), fibula growth
plate (red), tibia-fibula cartilage connection (purple).

start of the mechanical loading protocol of Study 1 (Fig. 2.5). With this approach, the

microstructure of the bone before the application of the mechanical load was modelled, and

the non-adapted cross-section was taken into account when performing the biomechanical

analysis. The right limb of the animal was scanned ex vivo as described in Section 2.2.1.

The mesh of the micro-FE model was obtained converting the voxels from the micro-CT

images into a single mesh of linear hexahedrons. To reduce the number of elements in the

micro-FE model, the images were subsampled by a factor of four, providing a pixel size of

19.12 µm and leading to a mesh size of approximately 2.7 million elements. Three different

regions were identified in the micro-FE model, respectively (i) bone, (ii) tibia and fibula

growth plates, and (iii) cartilage layer connecting the proximal end of the fibula to the

proximal end of the tibia (Fig. 2.24). Each region was segmented from the micro-CT images

using separate uniform thresholds. Bone was modelled assigning a linear elastic, isotropic,

homogeneous material. The elements within the growth plates were assumed to be cartilage

with isotropic material properties. The tibia-fibula connection was modelled as an isotropic

material. The number of elements of the mesh and material properties (i.e., Young’s modulus

and Poisson’s ratio) assigned to the different regions of the micro-FE model are summarised

in Table 2.5. The final mesh of the model is shown in Fig. 2.25, specifically Fig. 2.25a

shows the outer surface of the model (i.e., periosteum), and Fig. 2.25b is a cut-view on a

longitudinal plane (i.e., showing endosteum and periosteum).
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(a)

(b)

Figure 2.25: Micro-FE model mesh: (a) outer surface (periosteal), (b) cut-view on a
longitudinal plane (endosteum and periosteum). Red and yellow regions indicate respectively
the fibula and the tibia growth plate. Pink region indicates distal tibia-fibula connection.
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Table 2.5: Mesh size and material properties assigned to the micro-FE model.

Property Bone Growth plates
Tibia-fibula
connection

Element number 1702779 262516 9939
Young’s modulus [MPa] 17000 10 2
Poisson’s ratio 0.3 0.3 0.3

Based on the difficulty to experimentally determine the exact position and orientation of

the external load that is transferred from the loading device to the mouse tibia, a parametric

study was performed. A range of plausible loading conditions was investigated, spanning

possible positions and orientations of the external load in order to define the line of action

of the force in the micro-FE model. Six load application points on the tibia plateau (i.e.,

proximal end of the tibia) were identified and investigated, including medial, anterior,

posterior and later positions, as well as the centre of the tibia plateau (Fig. 2.26a). The load

orientation was defined so that the loading direction passed through the ankle centre, i.e.,

the midpoint between the two malleoli (Fig. 2.26b), a condition that reflects the complete

absence of muscle contractions during the mechanical loading test. The load was distributed

on the surface of the tibia plateau over an area of approximately 1.5 mm2 (approximately 30

nodes) to reduce the effect of point loading. At the distal end of the tibia, a set of nodes

was fixed. For each orientation of the external load investigated, a uniaxial compression test

was performed to calculate the distribution of stresses and strains under the application of a

10 N force along the longitudinal direction of the bone. The loading procedure simulated was

a single trapezoidal loading cycle with loading and unloading time set at 0.025 s, and a peak

load time (under the 10 N load) of 0.05 s. The ANSYS preconditioned conjugate gradient

solver was used to solve the algebraic FEM equation system. The time required to solve

the micro-FE model on a 128 GB RAM desktop computer was 10 minutes. Successively, a

customised algorithm was developed in MATLAB to post-process the results. Based on the

linearity of the micro-FE model, stresses and strains resulting from the application of forces

of different intensity were computed by re-scaling the stresses and strains computed for the

10 N force. This allowed to determine the stresses and strain induced by the different peak

loads used in the experimental setup.

To determine the loading conditions that best represented the strain pattern induced

by the axial compression of the mouse tibia in the loading device, a comparison with in

vivo strain measurements and cross-sectional strain distribution from previously published

researches was made [275, 175]. During the loading protocol, in vivo strain measurements for

each peak load considered were recorded using a strain gauge type EA-XX-015 positioned in

the longitudinal direction at the centre of the lateral surface of the right proximal-middle
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(a)

(b)

Figure 2.26: Investigation of the loading direction: (a) possible load application points on
the proximal end of the tibia; (b) second point of the mechanical axis (distal end of the tibia)
defining the loading direction passing through the ankle centre.
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region of the tibia, i.e., 37% cross-section (Fig. 1.21). In order to compare these in vivo

strain measurements with the strains computed from the micro-FE model, an algorithm

was developed in MATLAB to extract the strains at the centre of the lateral surface at the

proximal-middle region of the tibia from the micro-FEA results. Knowing the length of the

strain gauge (i.e., 0.38 mm) and the size of the elements of the micro-FE model (i.e., 0.019

mm) it was calculated that the strain gauge was covering approximately 20 cross-sections of

the micro-FE model. To include an equal number of sections around the 37% cross-section,

10 slices above and 10 below were considered. The strains at the centre of the lateral surface

was computed as average over 21 cross-sections around the 37% cross-section, for each peak

load considered. Furthermore, since only one strain gauge was attached to the animal limb

during the mechanical loading procedure, to have a more comprehensive understanding

of the strain distribution in the mouse tibia induced by the mechanical loading and be

able to determine the best line of action of the external load, the strain distribution in the

37% cross-section was computed for each orientation of the load considered (as described

in Section 2.3.2) and compared with published data (Fig. 1.20). In particular, published

literature on the axial compression of the mouse tibia indicates that the lateral side of the

proximal cross-section of the tibia (i.e., 37% cross-section) is in compression, the medial

side is in tension, the null axis has a positive slope in the anterior-lateral plane, and the

compression strains are approximately 2.8 times higher, in absolute value, than the tensile

strains.

In the analysis of the different load application points, the following consideration

were made in order to select the proximal point of application of the load: (i) the strain

measurements at the centre of the lateral surface in the 37% cross-section when the load

application point was chosen at the centre of the proximal end of the tibia (point 5 in

Fig. 2.26a) were close to the in vivo strain measurements. However, the strain distribution

in the cross-section was characterised by tensile and compression strains much higher (in

absolute values) than the data reported in literature. Compression strains reached a peak of

-12000 µε and tensile strains reached 4000 µε. The null axis orientation was in agreement

with that seen in previous studies (Fig. 2.27). (ii) Moving the load application point from the

midline of the tibia (i.e., line defined by points 3, 4 and 5 in Fig. 2.26a) towards the medial

side (i.e., towards point 2 in Fig. 2.26a) induced a strong reduction of the strain measured

at the centre of the lateral surface, causing the results to be in disagreement with the in

vivo measurements. Furthermore, the ratio between compression and tensile strains was

reduced to 1.6-2 times, with a peak compression strain of -8000 µε and a peak tensile strain

of 5000 µε. Most importantly, the null axis showed a negative slope in the anterior-lateral

plane, which is the opposite of what the literature suggests (Fig. 2.28). (iii) Moving the load

application point from the midline of the tibia towards the lateral side (i.e., towards points
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1 and 6 in Fig. 2.26a) induced tensile and compression strains higher (in absolute values)

than the data reported in literature (Figs. 2.29 and 2.30). (iv) Moving the application point

from the centre of the tibia plateau towards the posterior side of the tibia (i.e., towards

point 4 in Fig. 2.26a) provided strains at the centre of the lateral surface close to the in vivo

measurements, however, the ratio between compression and tensile strains was around 2, with

strain absolute values higher than published data, i.e. peak compression strain of -12000 µε

and peak tensile strain of 6000 µε. In addition, the null axis presented an excessive external

rotation in the anterior-lateral plane (Fig. 2.31). Lastly, (v) moving the load application

point anteriorly (i.e., towards point 3 in Fig. 2.26a) showed strains at the centre of the lateral

surface in the 37% cross-section close to the in vivo measurement (Fig. 2.3212). Furthermore,

the pattern of the cross-sectional strain distribution and the null axis orientation (Fig. 2.34)

were in agreement with the data from literature. Following these considerations, out of

the 6 points considered, point 3 was selected as the proximal loading point to be used in the

micro-FEA. The line of action of the external load was therefore defined by point 3 on the

proximal end of the tibia and the centre of the ankle at the distal end of the tibia (Fig. 2.35),

which induced a strain pattern in the tibia cross-section in agreement with previous studies.

2.3.2 Algorithm to extract the SED along the periosteum

One of the aims of this research was to investigate whether or not there is a correlation

between the local thickness changes measured in the tibia (Section 2.2.2) and the local SED

at the periosteal surfaces. To this end, a customised algorithm was developed in MATLAB to

calculate the SED at the periosteum of specific cross-sections (i.e., 37% and 50%) using the

results of the micro-FEA as input. The computational steps of the algorithm are described

in detail herein below (Fig. 2.36).

12Figure 2.33 shows the different strain results when only one cross-section or the average over 21 slices is
used to compute the strain at the centre of the lateral surface.
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(a)

(b)

Figure 2.27: Load application point 5: (a) strain at the centre of the lateral surface at
the proximal-middle region of the tibia, comparison between in vivo measurements and
micro-FEA results; (b) strain distribution in the 37% cross-section.
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(a)

(b)

Figure 2.28: Load application point 2: (a) strain at the centre of the lateral surface at
the proximal-middle region of the tibia, comparison between in vivo measurements and
micro-FEA results; (b) strain distribution in the 37% cross-section.
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(a)

(b)

Figure 2.29: Load application point 6: (a) strain at the centre of the lateral surface at
the proximal-middle region of the tibia, comparison between in vivo measurements and
micro-FEA results; (b) strain distribution in the 37% cross-section.
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(a)

(b)

Figure 2.30: Load application point 1: (a) strain at the centre of the lateral surface at
the proximal-middle region of the tibia, comparison between in vivo measurements and
micro-FEA results; (b) strain distribution in the 37% cross-section.
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(a)

(b)

Figure 2.31: Load application point 4: (a) strain at the centre of the lateral surface at
the proximal-middle region of the tibia, comparison between in vivo measurements and
micro-FEA results; (b) strain distribution in the 37% cross-section.
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Figure 2.32: Strains at the centre of the lateral surface of the right proximal-middle region
of the tibia (load application point 3): in vivo measurement (grey) [275]; micro-FEA at 37%
cross-section (blue); micro-FEA average over 21 cross-sections in the longitudinal direction
of the tibia (black).
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Figure 2.33: Strain along the periosteum from micro-FEA (10 N, load application point
3): 37% cross-section (dashed black line); average over 21 cross-sections in the longitudinal
direction of the tibia (blue line). The dots indicate the position of the centre of the lateral
surface on the 37% cross-section (black) and on the average cross-section (blue) respectively.
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Figure 2.34: Strain distribution in the 37% cross-section (10 N, load application point 3):
lateral side of the tibia in compression; medial side of the tibia in tension, null axis has a
positive slope in the anterior-lateral plane.
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Figure 2.35: Loading direction defined by point 3 on the proximal end of the tibia and the
centre of the ankle at the distal end: lateral (left) and posterior (right) views.
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Figure 2.36: Algorithm developed to extract the local SED (at the periosteum): (a) identification of the 37% and 50% cross-section
from the micro-FEA results; (b) 2D map of the SED in the cross-sections of interest (37% top, 50% bottom); (c) identification of
the periosteal pixels and anatomical aligning point in the BW image (37% top, 50% bottom); (d) SED along the periosteum (37%
top, 50% bottom), row signal (black) and filtered signal (blue).
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The micro-FEA described in Section 2.3.1 provided the stresses and strains in the mouse

tibia induced by the external force applied on the limb. Since the micro-FE model was created

using micro-CT images of a non-adapted bone, it was hypothesised that these measured

quantities were those inducing the bone adaptation response. The output variables of the

micro-FEA were the symmetric tensors Σ and E (Eqs. (2.3.1) and (2.3.2)) describing the

stress and strain states of each point in the material:

Σ =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

σxx τxy τxz

τxy σyy τyz

τxz τyz σzz

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (2.3.1)

E =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

εxx γxy γxz

γxy εyy γyz

γxz γyz εzz

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (2.3.2)

σxx, σyy and σzz indicate the normal stress components respectively in the cross-section

(σxx, σyy) and in the axial direction (σzz); τyz, τxz and τxy are the shear components13.

The same notation is used for the strain tensor, where the shear components are defined as

γyz = 2 ⋅ εyz, γxz = 2 ⋅ εxz and γxy = 2 ⋅ εxy respectively [10]. Since the stack of micro-CT

images used to create the micro-FE model was composed of 913 slices, each with 254 × 254

pixel resolution, each component of the stress and strain tensors was a 3D array having

dimensions equal to 254×254×913. The third dimension was the z-axis, i.e., the longitudinal

axis of the tibia.

The first step in the algorithm developed to calculate the SED along the periosteum of

the cross-sections of interest was the identification of the 37% and the 50% cross-sections in

the entire stack of slices. To this end, the length of the tibia was computed knowing the

total number of slices and the element size of the micro-FE model (i.e., 19.12 µm), resulting

in 17.4 mm. Successively, from this measure, the 37% and the 50% of the tibia length

were measured from the proximal end of the tibia, corresponding respectively to 6.50 mm

and 8.7 mm. From the inverse relation between slice number and tibia length (i.e., length

in mm → number of slices → position of the specific slice in the stack from the proximal

end) the slice number for the 37% and 50% cross-sections were computed (Fig. 2.36a) and

used to extract the related stresses and strains from the tensors. Successively, the SED was

calculated via Eq. (2.3.3) [10]:

SED =
1

2
⋅ (σxxεxx + σyyεyy + σzzεzz + τyzγyz + τxzγxz + τxyγxy). (2.3.3)

13Each component of the two tensors was identified via two subscripts: the first indicating the normal to
the cross-section, the second indicating the direction of the tension.
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It should be noted that, at this stage of the algorithm, the stress and strain components and

the computed SED were matrices with dimensions 254 × 254. Using the SED matrix, the

next step in the algorithm was the creation of 2D colour maps of the cross-sectional SED

(Fig. 2.36b). The value in each cell of the SED matrix was used to define a color data in the

2D colour map. Successively, from these maps BW images of the cross-sections were created

and used as input in the algorithm described in Section 2.2.2 to isolate the periosteal pixels

and the anatomical aligning point in each cross-section (Fig. 2.36c). Once the periosteal

pixels in the BW image were identified and re-sampled starting from the anatomical aligning

point, they were used to extract the periosteal SED values from the SED matrix (Fig. 2.36d)

and allow a comparison with the local thickness variation. Similarly to the local thickness

signal (Section 2.2.2), a Savitzky-Golay filter was used to remove the noise in the SED signal

along the periosteum (Fig. 2.36d).

This algorithm was also used to compute the cross-sectional maps and the periosteal

measurements of stresses and strains. Furthermore, in order to verify that the axial stress

acting in the longitudinal direction of the tibia (σzz) was higher compared to the other

normal components of the stress tensor acting in the cross-section (σxx, σyy) and to the

shear components (τyz, τxz, τxy), the different components of the stress tensor were mapped

individually. Similarly, each components of the strain tensor was plotted individually and

the SED was separated into normal and shear components. Lastly, periosteal values of each

component of the stress and strain tensors, as well as of the SED, were computed. These

results were presented in Section 3.2.2.

2.3.3 Beam theory: computation of animal- and limb-specific stresses and

strains

The values of the stresses, the strains and the SED along the periosteum computed in

Section 2.3.2 are specific to the particular animal and limb (i.e., left or right) used to

create the micro-FE model. While in principle it is feasible to perform a micro-FEA on

each limb of each animal analysed, this approach would require the development of several

micro-FE models (i.e., one for each limb) resulting in a time consuming as well as elaborate

to automatise process. Nevertheless, given that the stress and the strain distributions in the

bone micro-FE model are influenced by the loading conditions (i.e., direction and intensity

of the load) and the bone structure (i.e., geometry and material properties), it is reasonable

to consider that the micro-FE model developed in Section 2.3.1 is representative of a group

of animals right-neurectomised on day 1 and sacrificed on day 5, as long as the geometry of

the limb is the same in all animals.

In first approximation, this assumption can be considered valid given the nature of the

laboratory mice. However, this simplified approach has some limitations that ought to be
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considered. Firstly, the variability in stress, strain and SED due to the animal-specific

cross-section is neglected. Secondly, the micro-FE model developed in Section 2.3.1 can be

used to compute the local SED before adaptation, however, it cannot be used to verify if the

SED is reduced after the adaptation has occurred (as expected to be). To this end, a new

micro-FE model created from the micro-CT images of the limb at the end of the in vivo

loading experiment would be necessary. This would require, again, long computation time,

especially when multiple peak loads are investigated.

Nevertheless, the analysis of the stress and strain components acting in the cortical

cross-section of the tibia resulting from the micro-FEA showed that the tibia is almost

exclusively loaded under a normal force and a bending moment. Based on this finding, the

Euler-Bernoulli beam theory may provide an efficient way to calculate the normal stresses

and strains in the tibia cross-section. The rationale of using the beam theory is based on the

assumption that the 3D shape of the curve passing through the tibia centroids (i.e., following

closely the z-direction) is similar among the different animals and limbs (i.e., right or left),

whereas the major variability between different animals and limbs is due to variations in the

cross-sectional geometry. This implies that the normal force and the bending moment acting

in a certain cross-section are the same for each limb analysed, under the same external load

applied. In addition, under the beam theory assumption it is possible to linearly scale the

normal force and the bending moment to all the different external loads investigated.

An algorithm combining the results of the micro-FEA performed on one specific animal

and limb (i.e., stresses and strains from the micro-FE model cross-sections presented in

Section 2.3.1) and the Euler-Bernoulli beam theory was developed in MATLAB. This

algorithm was firstly used to compute the normal force and bending moments acting in the

cross-sections. Successively, to re-map the stresses and strains from the micro-FE model

cross-sections of one specific animal and limb, to the micro-CT image cross-sections of

different animals and limbs, under the assumption that the normal force and the bending

moment are the same. It is worth mentioning that in the thesis re-mapping was used to

denote the computation of the stresses and strains in the micro-CT images of different

animals and limbs from the micro-FE model cross-sections of one specific animal and limb.

The algorithm re-maps a quantity from a specific limb to different limbs, hence the use of this

word. The steps of the algorithm are discussed in detail below and illustrated in Fig. 2.37.
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Figure 2.37: Algorithm developed to compute and re-map stresses, strains and SED from the cross-section of the micro-FE model
on multiple micro-CT cross-sections: (a) micro-FEA used to compute stresses and strains at 37% and 50% cross-sections; (b) beam
theory used to compute normal force (N) and bending moments (Mx, My) in the cross-sections; (c) beam theory used to compute
and re-map stresses, strains and SED on different micro-CT images.
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The first step of the algorithm (Fig. 2.37a) was the extrapolation of the cross-sectional

stresses and strains from the micro-FE model at the 37% and 50% cross-sections, as discussed

in Section 2.3.2 and shown in Fig. 2.36a,b. The 2D maps of the strains in the cross-sections

of interest were used to create BW images. These BW images were successively analysed as

described in Section 2.2.2 to compute the area and the centroid position of both tibia and

fibula (Fig. 2.39a).

The second step of the algorithm (Fig. 2.37b) was to use the beam theory to compute

the normal force (N) and the bending moments (Mx, My) acting in the 50% and 37% cross-

sections. In order to use the Euler-Bernuoulli beam theory, the mouse tibia was considered

as a long and slender beam14, made of linear elastic isotropic material (Section 2.3.1), for

which the stress-strain relation can be described by Hooke’s law as follows:

σ = E ⋅ ε. (2.3.4)

The three Euler-Bernoulli kinematic assumptions for the beam cross-section were considered

valid: (i) the cross-section is non-deformable on its own plane (i.e., the displacements in the

cross-section plane can be considered as two rigid body translations); (ii) the cross-section

stays plane after the deformation has occurred (i.e., the displacement field consists of a rigid

body translation and two rigid body rotations); (iii) the cross-section remains normal to the

deformed axis of the beam (i.e., the axial strain distribution is linear). As a consequence, the

stress components acting in the cross-section plane remain much smaller than the axial stress.

This assumption was verified in the 37% and 50% cross-sections of the tibia, as reported in

the stress and strain maps presented in the results chapter (Section 3.2.2).

According to the beam theory, the normal force N(z) and the bending moments Mx(z)

and My(z) are computed using the following equations:

N(z) =∫
A
σzz(x, y, z) dA,

Mx(z) =∫
A
y ⋅ σzz(x, y, z) dA,

My(z) = − ∫
A
x ⋅ σzz(x, y, z) dA.

(2.3.5)

In the following the normal force and the bending moments are referred to as N , Mx and My.

To adapt these equations to the analysis of images, the algorithm developed computed N ,

Mx and My as the sum of the normal force and bending moments of each pixel with respect

to the central coordinate system of the tibia via a for loop over the x and y directions

of the image. To explain this methodology, Fig. 2.38 representing a simple example of a

14A long slender beam is defined as a beam having one dimension (its span) much larger than the other
two (cross-sectional dimensions).
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Figure 2.38: Coordinate system in a BW image: G-x-y is the object (i.e., tibia) central
coordinate system, P -xp-yp is the pixel central coordinate system, O-xi-yi is the intrinsic
image coordinate system automatically defined in MATLAB, Lp is the distance between the
pixel centroid and the object centroid in the x direction, dp is the distance between the pixel
centroid and the object centroid in the y direction.

BW image can be used as a reference. The white pixels represent the object in the image

(e.g., tibia) and the black pixels represent the background. For each white pixel, N , Mx and

My were computed with reference to the central coordinate system G-x-y centred in the

object centroid (e.g., tibia centroid). The general y and x distances used in Eqs. 2.3.5 were

computed as the distances, in terms of number of pixels and pixel size, between the centre of

the pixel coordinate system (P ) and the object centroid (G) along the y-axis and the x-axis,

respectively. The computed bending moments constitute the x and y components of the

bending moment vector which can be expressed as follows (Fig. 2.39a):

m =

⎡
⎢
⎢
⎢
⎢
⎣

Mx

My

⎤
⎥
⎥
⎥
⎥
⎦

. (2.3.6)

Since the loading conditions were the same for all the in vivo experiments, and considering

the 3D structural similarity in the bone anatomy of the laboratory mice, the computed

cross-sectional normal force and the bending moment were assumed to be the same in all the

animals analysed. Under this assumption, N , Mx and My computed for the micro-FE model
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cross-sections were used for the third step of the algorithm (Fig. 2.37c), being the computation

and re-mapping of the stresses and strains from the micro-FE model cross-section of one

specific animal and limb, to the animal- and limb-specific micro-CT image cross-sections. In

this step of the algorithm, the micro-CT images of the 37% and 50% cross-sections selected

as described in Section 2.2.2 were imported in the algorithm, converted in BW images and

analysed to compute the area and the centroid position of both tibia and fibula (Fig. 2.39b).

A major challenge faced when developing the algorithm was the different orientation of

the tibia in each micro-CT image analysed, as opposed to the x-y coordinate system centred

in the tibia centroid which was always defined in the same way (Figs. 2.39a and 2.39b). To

overcame this discrepancy and correctly compute the stresses and strains in each micro-CT

image cross-sections analysed, a rotation matrix was created and used to rotate the bending

moment and the BW image obtained from the micro-FE model cross-sections to match the

orientation of the micro-CT image cross-section being analysed. This rotation allowed to align

the cross-section from the micro-FE model with the animal- and limb-specific cross-section

from the micro-CT images to ensure that the bending occurred along the same axis for all

cross-sections analysed.

To compute the angle used in the rotation matrix, the direction defined by the tibia

and the fibula centroids was used as anatomical reference in the cross-section, under the

assumption that all the animals have this anatomical axis in common. From the coordinates

of tibia and fibula centroids, the unit vector related to the tibia-fibula direction was computed

both in the BW image from the micro-FE model (Fig. 2.39a) and in the BW image from the

micro-CT image (Fig. 2.39b) as follows:

t̂f =
gf − gt

∣∣gf − gt∣∣
, (2.3.7)

gf and gt are the vectors defining respectively the fibula and the tibia centroid in the intrinsic

coordinate system of the image. The x and y components of the unit vector were then used

to compute the angle between the x-axis and the anatomical-axis using the four-quadrant

inverse tangent function in MATLAB (i.e., atan2). In the BW image from the micro-FE

model, this angle was defined as α, indicating the starting position (Fig. 2.39a). In the

BW image from the micro-CT, the angle was denoted as ω (Fig. 2.39b), indicating the

rotated position. According to the orientation of the x-y coordinate system used, the positive

rotation defined according to the right hand rule is clockwise. The rotation angle β = (ω −α)

represents the angle required to rotate t̂f from the micro-FE orientation to the micro-CT

orientation (Fig. 2.40). Successively, the rotation matrix reported in Eq. (2.3.8) was used to
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Figure 2.39: Tibia orientation: (a) BW image from the micro-FE model, (b) BW image
from the micro-CT image. In both figures: x-y is the tibia central coordinate system, m is
the bending moment vector, tf is the tibia-fibula vector representing the anatomical-axis,
α and ω represent the angle between the anatomical-axis and the x-axis in the BW image
from the micro-FE model and the BW image from the micro-CT image respectively.

rotate the bending moment in the correct micro-CT orientation according to Eq. (2.3.9):

R =

⎡
⎢
⎢
⎢
⎢
⎣

cosβ −sinβ

sinβ cosβ

⎤
⎥
⎥
⎥
⎥
⎦

, (2.3.8)

mrot =R ⋅m. (2.3.9)

At this stage of the algorithm, several cross-sectional quantities were computed in order

to re-map stresses and strains on the micro-CT cross-sections. In particular, the area

moments of the tibia in the BW micro-CT image were computed according to the set of
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Figure 2.40: Rotation angle β: all the symbols are as defined in Figs. 2.39a and 2.39b. The
superscript FE and CT were added to distinguish between the micro-FE orientation and the
micro-CT orientation.
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equations 2.3.10:

Ixx =∫
A
y2 dA,

Iyy =∫
A
x2 dA,

Ixy =∫
A
x ⋅ y dA.

(2.3.10)

Similarly to the computation of the bending moments, a for loop over the x and y directions

of the images was used to compute the area moments. With reference to the simplified image

in Fig. 2.38, the area moments of the object (e.g., tibia) about the central coordinate system

of the object centred in G were computed as the sum of the area moments of each pixel.

Specifically, the area moments of each pixel were computed as the sum of the area moments

about the central coordinate system of the pixel (centred in P ) and the contribution from

the transfer theorem (from the pixel centroid to the object centroid):

Ixx =Ixpxp +A ⋅ d
2
p,

Iyy =Iypyp
+A ⋅L2

p,

Ixy =Ixpyp
+A ⋅ dp ⋅Lp,

(2.3.11)

A is the pixel area15 equal to 22.8 µm2, dp and Lp are distances computed as the pixel size

multiplied by the number of pixels (rows or columns) between the tibia centroid and the

pixel centroid respectively. Furthermore, since the pixels are squares, the moment of inertia

about the pixel central coordinate system are: Ixpyp
= Iypyp

= (pixel size)4/12 and Ixpyp
= 0

because the local axes also central principal of inertia.

Lastly, the computation of the stresses in the micro-CT image was performed using a

for loop over the x and y coordinates of the image using Eq. (2.3.12), which represents the

beam theory for a beam with asymmetrical cross-section [10]:

σzz = E ⋅ [
N

S
−
xHxy − yHyy

dH
⋅Mx −

xHxx − yHxy

dH
⋅My] , (2.3.12)

where:
S = E ⋅A,

Hxx = Ixx ⋅E,

Hyy = Iyy ⋅E,

Hxy = Ixy ⋅E,

dH =Hxx ⋅Hyy −Hxy ⋅Hxy,

(2.3.13)

E is the Young’s modulus of bone, equal to 17,000 MPa (Table 2.5). Once the stresses

15The area was calculated as A = 4.782 µm2, where 4.78 µm was the pixel size of the micro-CT images.
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Figure 2.41: Re-mapping process of stresses, strains and SED.

in the cross-section were computed, Hook’s law was applied to compute the strains as per

Eq. (2.3.14), and the SED was computed using Eq. (2.3.15):

εzz = σzz/E, (2.3.14)

SED =
1

2
⋅ σzz ⋅ εzz. (2.3.15)

The stresses, strains and SED computed via the for loop over the x and y coordinates of

the image were used to create the colour-scale image reported in Fig. 2.41a. Successively,

applying an element-wise multiplication, the BW image in Fig. 2.41b was used as a mask on

the colour-scale image, in order to re-map the stresses, strains and SED on the cross-section

being analysed (Fig. 2.41c).

In the last step of the algorithm, the method presented in Section 2.3.2 to compute the

SED along the periosteum was applied to obtain the periosteal values in all the micro-CT

image cross-sections analysed. The developed algorithm allowed to take into account the

variability within each group of animals due to the animal-specific cross-section. Furthermore,

the analysis of the micro-CT images of the adapted limbs using the same algorithm allowed

to compute the stresses, the strains and the SED on the adapted cross-sections and asses

the SED variation induced by the bone adaptation response, without having to create a new

micro-FE model. The SED was also computed as described in Section 2.3.2. The results of

this analysis were presented in Section 3.2.2 and discussed in Section 4.2.
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2.4 Statistical analysis: t-test and analysis of variance

In this thesis, a statistical analysis was performed to investigate the significance of the

thickness variation along the periosteum and its association with the mechanical loading

and the PTH drug treatment. With reference to the relative thickness changes computed in

Section 2.2.2, the statistical tools used to investigate the adaptation response of bone were:

(i) mean and standard deviation, (ii) paired t-test, and (iii) analysis of variance (or ANOVA).

Hereinafter, a brief review of the fundamental statistical concepts used in this thesis and

their application to bone adaptation was provided.

A common approach used in statistics for hypothesis testing is to start with a null

hypothesis, i.e., the hypothesis of no relationship between the phenomena being investigated.

The aim of a research question is to show that a correlation between two events exists. For

example in this study, the correlation between the changes in the cortical bone thickness

and the mechanical loading was investigated. When the null hypothesis can be rejected,

the results of the study are defined statistically significant. The parameter used to define

the significance of a study is the P-value, representing the probability of obtaining the

calculated results under the null hypothesis. According to this definition, if the P-value is

high (i.e., P-value > 0.05), the null hypothesis cannot be rejected, whereas if it is small (i.e.,

P-value < 0.05) there is reasonable evidence to support the alternative hypothesis. Another

statistical notion used in this thesis is the concept of paired samples. In particular, when

the interest lies in the comparison of two treatments, such as using or not using mechanical

loading to increase bone mass, a good approach is to pair samples and treat them differently

so that it is safe to assume that the effect induced is due to the treatment itself instead of

being related to differences in the considered samples. In this study, the paired samples were

the right and left limbs of the same animal, and only the right limb underwent mechanical

loading (Section 2.2.1). This approach allowed the linking of the measured thickness variation

to the load and neglect the differences in the samples. To compare the differences between

the means of two paired samples, the paired t-test is commonly used. The null hypothesis for

the paired t-test is that the mean difference is zero. To compare the variation among several

means instead, the statistical technique used is the ANOVA, which determines whether

the data from several groups of a factor (or independent variable) have a common mean.

Specifically, the one-way ANOVA tests whether or not different groups of an independent

variable, such as the position along the periosteum, have different effects on the dependent

variable, i.e., the thickness variation. Similarly, the two-way ANOVA tests hypotheses about

the effects of two factors, such as position along the periosteum and mechanical load, and

their interaction on the response variable. In particular, the two-way ANOVA answers the

following three null hypotheses: (i) several groups of the first factor have the same mean
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(i.e., one-way ANOVA for one factor), (ii) several groups of the second factor have the same

mean (i.e., one-way ANOVA for the other factor), (iii) there is no interaction between the

two factors. It should be noted that an interaction effect indicates that the effect of one

factor depends on the level of the other factor. In this research, the concept of interaction

was used in relation to a possible combined effect on the local thickness variation due to the

combination of load and PTH. Lastly, the three-way ANOVA is based on the same concepts

mentioned above and is used to investigate the effect of three independent variables and

their interactions, such as position along the periosteum, mechanical loading and treatment

with PTH.

In this study, the statistical analysis was performed using MATLAB. The results were

presented in Sections 3.2.1 and 3.3.1 and discussed in Section 4.2. With reference to the design

of the in vivo experiments (Section 2.2.1) and the local thickness variations (Section 2.2.2),

the statistical analysis performed can be described as follows.

Mean and standard deviation of the local thickness variation were computed in each

group to investigate the within group variability of the results. The question to be answered

was whether or not the adaptation response of the animals in the same group was similar.

When analysing the local thickness variation resulting from Study 1, 5 different groups were

considered (i.e., 0 N, 6 N, 8 N, 10 N, 12 N), defined according to the peak loads used in the

in vivo experiments and composed of 6 animals each. In the analysis of the local thickness

changes resulting from Study 2 instead, 4 groups defined by the PTH dose were considered

(i.e., vehicle, 20 µg/kg/day, 40 µg/kg/day, 80 µg/kg/day) having either 5, 6 or 8 animals

each. Furthermore, given that the focus of this thesis was the investigation of the local

adaptation response to show how thickness variation in the cross-section depends on the

position along the periosteum, means and standard deviations were computed at each point

of the periosteum, which was represented by 750 points as explained in Section 2.2.2.

Paired t-test was used to investigate whether or not the adaptation response within each

group was statistically significant. To this end, left (i.e., control) and right (i.e., loaded)

limbs of the same animal where considered as paired samples and used in the paired t-test.

Specifically, the thickness variation between each loaded-control pair of measurements (i.e.,

for each animal) was computed, then the mean of the variations was calculated and tested

to determine the statistical significance of the results. Again, given the interest in the

investigation of the local adaptation response, the paired t-test was repeated at each point

of the periosteum. A plot of the P-value along the periosteum was provided as output of the

t-test analysis in order to quickly identify the periosteal positions of significant adaptation

(Section 3.2).
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One-way ANOVA was used to investigate the between groups variability of the local

thickness variation results obtained from both Study 1 and 2. The question to be answered

was whether the different positions along the periosteum had different effects on the thickness

variation. The null hypothesis was that all group means were equal, whereas the alternative

hypothesis was that at least one group mean was different from the others. The position

along the periosteum was considered as the independent variable having 750 groups (i.e., the

points representing the periosteum). The thickness variation was the dependent variable.

Two-way ANOVA was performed using the thickness variation as the dependent variable

and the position along the periosteum as one of the two independent variables (750 groups)

in the analysis of the local thickness changes resulting from both Study 1 and 2. The second

independent variable was different for the two studies. With reference to Study 1, the second

factor was the load (having 5 groups because 5 load cases were investigated). The analysis

performed was a balanced two-way ANOVA because each group had the same number of

repetitions (i.e., 6 animals). This two-way ANOVA provided three P-values: one accounting

for the effect of different loads, one accounting for the effect of different positions along

the periosteum, and one accounting for the interaction between load and position along

the periosteum. With reference to the data from Study 2 instead, the second independent

variable was PTH (having 4 groups because 4 different drug doses were investigated). The

analysis was an unbalanced two-way ANOVA because each group had a different number of

repetitions (i.e., either 5, 6 or 8 animals). This two-way ANOVA provided three P-values:

one accounting for the effect of different PTH doses, one accounting for the effect of the

position along the periosteum, and one accounting for the interaction between PTH and the

position along the periosteum.

Three-way ANOVA was performed in the analysis of the local thickness variation

resulting from Study 2. The third factor considered was the mechanical loading (having

2 groups, loaded or non-loaded). The test was an unbalanced three-way ANOVA because

each group had different repetitions (i.e., either 5, 6 or 8 animals). The three-way ANOVA

provided information regarding the effect on the local thickness variation of different PTH

doses, different positions along the periosteum, the presence or absence of mechanical loading,

as well as on the interaction between the different factors. In this thesis, particular attention

was given to the interaction between mechanical loading and PTH, in order to investigate

the combined effect of these two treatments on the local adaptation of cortical bone.
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Chapter 3

Results

This chapter contains the results of the research work presented in this

thesis. Firstly, the bone cell response to the dual action of PTH calculated

via the novel mechanistic PK/PD model applied to rat models is pre-

sented. Particular focus is given to the anabolic response of bone to the

intermittent administration of PTH(1-34). Secondly, the local adaptation

response of bone to both mechanical loading and drug treatment with

PTH(1-34) is presented in terms of local thickness variation. A possible

enhanced combined effect between mechanical loading and drug treatment

is also discussed. A statistical analysis of the cortical thickness variation

was performed to evaluate the significance of the changes. Lastly, the

results of the biomechanical analysis of the bone adaptation are presented.

3.1 Anabolic and catabolic bone cell response to the dual

action of PTH: application to rat models

The results presented here for the model calibration and validation refer to the methods

discussed in Section 2.1. As already mentioned in Section 2.1.4, the change in bone volume

is presented in terms of fbm variation, i.e., volume fraction of the extravascular bone matrix

gained or lost.

The mechanistic PK/PD model was calibrated on the intact rat model (healthy animals)

simulating intermittent and continuous administrations of PTH(1-34). The results of the

calibration showed a 5.5% increase of the trabecular fbm with respect to baseline, after the

simulation of 14 days of intermittent PTH. This result was in good agreement with the

5.3 ± 3.65% obtained from experimental data (Fig. 3.1, top) [153]. In the simulation of 14
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Figure 3.1: Trabecular fbm variation over time with respect to baseline following 14 days
of intermittent (top) and continuous (bottom) PTH administration in an intact rat model.
The black lines represent the trends obtained with the model simulations. The gray dots
and error bars represent experimental data [153].

days of continuous PTH administration, the model was able to recognize the catabolic trend

and predict a 1.4% reduction of the trabecular fbm with respect to baseline. The computed

value was smaller than the experimental result, corresponding to a 5.8 ± 1.41% reduction

(Fig. 3.1, bottom) [153].

The results of the OVX simulation over 100 days without PTH administration showed

good agreement with data from literature (Fig. 3.2) [301, 302]. Within the first 60 days,

bone loss due to OVX was fast, with the fbm varying from an initial value of ∼25% to 10%.

After day 60, bone loss over time slowed down significantly (by 2 orders of magnitude) from

0.012 %/day to 0.00081 %/day, eventually reaching a quasi-stable value of fbm ∼5%.

The validation of the mechanistic PK/PD model was performed on the rat model of

OP (OVX animals) simulating treatments with intermittent PTH. Several scenarios were

simulated, accounting for two different drug doses and two different treatment starting

points. The simulation over 35 days of OVX without PTH treatment showed a trabecular

fbm reduction with respect to baseline of 10% (Fig. 3.3, red curve), in good agreement with
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Figure 3.2: Trabecular fbm variation over time following 100 days of OVX in a rat model of
OP. The black line represents the trend obtained with the model simulation. The gray dots
and error bars are experimental data [301, 302].
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experimental data reporting a reduction of 12.6 ± 2.4% [158]. In a simulation including a

PTH treatment starting at the same time as the OVX, the trabecular fbm variation with

respect to baseline showed a non-linear trend with increasing doses. Doubling the dose from

80 µg/kg/day (Fig. 3.3, solid black line) to 160 µg/kg/day (Fig. 3.3, dashed black line),

the trabecular fbm variation with respect to baseline showed a 1.3-fold increase1, in good

agreement with experimental data reporting a 1.29-fold variation [158]. Bone gain relative

baseline computed simulating 4 weeks of OVX followed by 5 weeks of treatment with PTH

was roughly 19% (Fig. 3.3, blue curve). This value was much higher compared to literature

data showing a return to the baseline value (i.e., 0% change with respect to baseline at the

end of the treatment). Nevertheless, in term of relative variation, the model showed a 1.6%

relative fbm change after 5 weeks of PTH treatment, with respect to the fbm after 4 weeks

of OVX (computed as ∆fbm(PTH-OVX)/fbm(OVX)), in good agreement with experimental

data showing a relative change of 2.1 ± 0.62% [302].

The effect of intermittent PTH treatments on the regulatory factors controlling the

intracellular signalling pathways driving the anabolic action of PTH on bone (see Section 2.1.4,

Table 2.3) is shown in Fig. 3.4. The first plot represents the variation over time of the PTH

concentration due to the daily drug injections. The second plot represents the variation

over time of the regulatory factor A. Similarly to PTH, factor A was characterised by fast

1The procedure used to compute the increased fbm variation with respect to the baseline induced by
doubling the PTH(1-34) dose is presented here.
Experimental data from [158] on the variation of bone volume with respect to the baseline, after treatments
with two different doses of PTH (80 µg/kg/day and 160 µg/kg/day) were as follows (Table 2.2 in Section 2.1.1):

∆(BV /TV )80 = 35 ± 3.31 [%];

∆(BV /TV )160 = 44.9 ± 2.80 [%].

the baseline value was equal to 25.2%. The results of the model simulations assuming the same baseline were:

∆fbm,80 = 19 [%];

∆fbm,160 = 24.7 [%].

Although the model was not able to predict the very high bone gain measured in the experimental data,
it predicted the correct increase of bone volume variation due to a double dose, as showed in Eqs. (3.1.1)
and (3.1.2):

∆(BV /TV )160

∆(BV /TV )80
= 1.29 ± 0.13 [%]; (3.1.1)

∆fbm,160

∆fbm,80
= 1.30 [%]. (3.1.2)

Mean and standard deviation in Eq. (3.1.1) were computed according to the following statistical relations:

E(X/Y ) ≈
E(X)

E(Y )

+
E(X)

E(Y )
3
⋅ var(Y );

var(X/Y ) ≈
var(X)

E(Y )
2
+
E(X)

2

E(Y )
4
⋅ var(Y ).
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Figure 3.3: Trabecular fbm variation over time with respect to baseline following simulations
of OVX and treatment with intermittent PTH in a rat model of OP. The red solid line
represents the results of the OVX simulation without PTH intervention. The black solid line
represents the results of the simulation of intermittent PTH administration (80 µg/kg/day)
and OVX starting at the same time. The black dashed line represents the results of the
simulation of intermittent PTH administration (160 µg/kg/day) and OVX starting at the
same time. The blue solid line represents the results of the simulation of intermittent PTH
treatment (80 µg/kg/day) starting with a delay of 28 days after OVX.
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dynamics (Eq. (2.1.14)) which allowed it to follow PTH fast changes. Simulations showed

that within 11 hours after the injection of PTH, the value of factor A was back to the

baseline value. The third plot represents the variation over time of the regulatory factor B,

characterised by slow dynamics (Eq. (2.1.15)). Due to the nature of its dynamics, factor B

was unable to follow PTH fast changes, and its overall trend showed an increase with respect

to the baseline value. The fourth plot represents the change over time of the regulatory

factor G, characterised by an intermediate dynamics (Eq. (2.1.16)). This latter factor was

used to control the H regulatory functions driving the variation over time of AOBa , POBp ,

and DLC as described in Eqs. (2.1.20), (2.1.21) and (2.1.25). Factor G average values over

one day were computed to show the overall trend (asterisk markers in the figure).

The variation over time of AOBa , POBp and DLC with respect to the baseline values is

shown in Fig. 3.5. Average values were computed over one day to show the overall trend

(asterisk markers in the figure). The apoptosis rate showed a 50% reduction compared to

the initial value, whereas the proliferation rate was increased by a factor of 5 compared to

the baseline. It is worth mentioning that, since the differentiation of lining cells is a process

activated by the intermittent administration of PTH, there is no baseline reference for the

lining cell differentiation rate and the variation over time is computed as absolute value

instead of relative value.

The proposed mechanistic PK/PD model was able to reproduce the dual action of PTH

on bone cells (Fig. 3.1). This characteristic of the model was controlled via the different

behaviour of the PTH concentration increase (i.e., intermittent or continuous), distinguishing

between daily administration and continuous infusion of the drug (see Section 2.1.2 and

Section 2.1.4). To prove that under continuous administration the anabolic effect on bone

was not induced, Fig. 3.6 and Fig. 3.7 were presented. The first figure shows the variation

over time of the regulatory factors driving the intracellular signalling pathway (A, B and

G) with respect to the baseline, after a continuous administration of PTH (40µ/kg/day).

The second figure shows the change over time of AOBa , POBp and DLC with respect to the

baseline, after a continuous administration of PTH (40µ/kg/day). As shown in Fig. 3.6, the

variation over time of the regulatory factor G with respect to the baseline was negligible when

the PTH administration was continuous. As a consequence, given that G is the regulatory

factor controlling the change over time of AOBa , POBp and DLC, their variation was also

equal to zero. Hence, no anabolic effect was induced on bone.
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Figure 3.4: PTH-induced change over time of the regulatory factors controlling the intracel-
lular signalling pathways driving the anabolic action of PTH on bone: results of the model
simulation of daily subcutaneous injections of PTH (80 µ/kg/day). A represents either
Runx2 or Dvl, B represents either pCREB or Axin-APC-GSK-3 complex, and G represents
either Bcl-2 or β-Catenin, depending on the action being on osteoblast apoptosis or on
osteoblast precursor proliferation and lining cell differentiation (Table 2.3). The variation is
reported as relative measurement with respect to the baseline value (i.e., t0). The continuous
lines represent the trends of PTH and regulatory factors. The dashed lines represent the
baseline values. The asterisk markers reported in the bottom plot represent the daily average
of the regulatory factor G.
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Figure 3.5: PTH-induced variation over time of active osteoblast apoptosis rate (top),
osteoblast precursors proliferation rate (middle), and lining cells differentiation rate (bottom):
results of the model simulation of daily subcutaneous injections of PTH (80 µ/kg/day). The
variation is reported as relative measurement with respect to the baseline value (i.e., t0). The
continuous lines represent the trends of the parameter variations. The dashed lines represent
the baseline values. The asterisk markers represent the daily average of the parameters.
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Figure 3.6: PTH-induced change over time of the regulatory factors controlling the intracel-
lular signalling pathways driving the anabolic action of PTH on bone (Table 2.3): results of
the model simulation of continuous administration of PTH (40µ/kg/day). The variation is
reported as relative measure with respect to the baseline value (i.e., t0). The continuous
curves represent trends of PTH and regulatory factors. The dashed curves represent the
baseline values. The markers reported in the bottom plot represent the daily average of the
regulatory factor G.
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Figure 3.7: PTH-induced variation over time of active osteoblast apoptosis rate (top),
osteoblast precursors proliferation rate (middle), and lining cells differentiation rate (bottom):
results of the model simulation of continuous administration of PTH (40µ/kg/day). The
variation is reported as relative measure with respect to the baseline value (i.e., t0). The
continuous curves represent trends of the parameter variations. The dashed curves represent
the baseline values. The markers represent the daily average of the parameters.
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3.2 Local adaptation response of cortical bone to mechanical

loading in the mouse tibia loading model

The results presented in this section refer to the investigation of the local adaptation response

of cortical bone to mechanical loading in the uniaxial compression of the mouse tibia loading

model. With reference to the experimental data reported in Section 2.2.1 as Study 1, five

load cases were analysed, respectively named as 0 N, 6 N, 8 N, 10 N and 12 N in agreement

with the peak load used in the in vivo experiments. Each group was composed of 6 animals.

For each animal, the right limb was mechanically loaded, whereas the left limb used as

control.

3.2.1 Statistical analysis of the local thickness variation

For each point of the periosteum, the cortical thickness variation relative to the control limb

was computed as:

∆Th =
ThR − ThL

ThL
⋅ 100 [%], (3.2.1)

where ThR is the thickness of the loaded limb, ThL is the thickness of the control limb, ∆Th

is the thickness change. To compare results from different cross-sections, the periosteal length

was normalised between 0 and 1 in each cross-section analysed. As an example, Fig. 3.8

shows some sample points of the normalised periosteal length along the periosteum, for both

the 37% and 50% cross-section. For each group analysed, mean and standard deviation were

computed over the 6 animals at each point of the periosteum. Similarly, the paired t-test

was performed at each point of the periosteum to find the positions where the adaptation of

cortical bone (i.e., the thickness variation) was statistically significant.

Mean, standard deviation and P-value computed for the 0 N group were reported in

Figs. 3.9 and 3.10 for the 37% and the 50% cross-section respectively. At the 37% cross-section,

the mean thickness variation was statistically significant (the threshold of P-value = 0.05 was

represented by a dashed line in the figure) between 0.2 and 0.35 and between 0.65 and 1 of

the normalised periosteal length (Table 3.1) and its value was negative. A peak of −45%

was found at 0.7 normalised periosteal length. Given the lack of mechanical load applied on

the bone in the 0 N load case, the negative thickness variation between right and left limb

was associated with the neurectomy which reduced the physiological load applied on bone

during animal locomotion. At the 50% cross-section, the thickness variation was statistically

significant along almost the entire periosteum, presenting non-significant values only at 0.3

and between 0.6 and 0.7 of the normalised periosteal length (Table 3.1). The mean thickness

variation along the periosteum ranged between −20% and 0%, depending on the position.

As with the 37% cross-section, the negative thickness change was due to the neurectomy of
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(a) (b)

Figure 3.8: Position of sample points of the normalised periosteal length along the periosteum:
(a) 37% cross-section, (b) 50% cross-section.

Figure 3.9: Thickness variation for the 0 N load case at the 37% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).
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Figure 3.10: Thickness variation for the 0 N load case at the 50% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).

the right limb.

The statistically significant thickness variation measured in the 6 N group was limited to

only a few positions along the periosteum, corresponding to −37% at 0.7 of the normalised

periosteal length in the 37% cross-section, and ranging between −8% and −18% in the

interval 0.7 to 0.85 of the normalised periosteal length in the 50% cross-section (Table 3.1

and Figs. 3.11 and 3.12). The thickness variation in the 8 N group was only marginally more

significant. A plausible explanation for these results is that the thickness variation induced

by the applied load was not sufficient to overcome the bone loss due to neurectomy. The

10 N load case (Figs. 3.13 and 3.14) showed a greater overall thickness variation, ranging

between 50% and −40% in the 37% cross-section and between 45% and −18% in the 50%

cross-section. Intervals of significant thickness variation (P-value < 0.05) were larger and

more homogenously distributed along the periosteum (Table 3.1). Similar results were found

in the 12 N group: greater thickness variations at the 37% cross-section, ranging between

159



Ch. 3 Results 3.2 Local adaptation of cortical bone to mechanical loading

Figure 3.11: Thickness variation for the 6 N load case at the 37% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).
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Figure 3.12: Thickness variation for the 6 N load case at the 50% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).
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Figure 3.13: Thickness variation for the 10 N load case at the 37% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).

between 70% and −25%.

Table 3.1: Positions along the periosteum in the 37% and the 50% cross-sections where the
P-value indicating a statistically significant thickness variation is lower than 0.05.

Group 37% cross-section 50% cross-section

0 N 0.2-0.35 and 0.65-1 0.1-0.25 and 0.35-0.6 and 0.7-1
6 N 0.65-0.7 0.7-0.85
8 N 0.45-0.55 and 0.65-0.7 and 0.85-1 0-0.1 and 0.6-0.7

10 N 0-0.1 and 0.55-0.7 and 0.8-1
0-0.25 and 0.4-0.6 and 0.7-0.8 and
0.85-1

12 N 0-0.25 and 0.4-0.5 and 0.75-1 0-0.3 and 0.4-0.65 and 0.8-1

The mean values along the periosteum for all the analysed load cases were presented

simultaneously in Fig. 3.15, for both the 37% and the 50% cross-section. The standard
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Figure 3.14: Thickness variation for the 10 N load case at the 50% cross-section: (top) mean
(solid black line) and standard deviation (shaded area) along the periosteum, reference line
at 0% thickness change (dashed black line). (Bottom) P-value along the periosteum (solid
blue line), threshold of statistical significance at P-value = 0.05 (black dashed line).
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Figure 3.15: Mean thickness variation along the periosteum for different applied loads: (top)
37% cross-section, (bottom) 50% cross-section.

deviations were not reported to improve visualization. The overall trends along the periosteum

for both the 37% and the 50% cross-sections suggested that the adaptation response of

cortical bone to mechanical loading occurred in the same positions along the periosteum for

all the different load cases, whereas some other points along the periosteum did not adapt

even under high load. This information, combined with the analysis of the significance of

the thickness change discussed before, suggested that in the 50% cross-section the thickness

variation was statistically significant in the same positions along the periosteum for the 0 N,

10 N and 12 N groups. At the 37% cross-section instead, different load cases gave statistically

significant results in different positions along the periosteum.

The results of the ANOVA test were presented in Table 3.2. The one-way ANOVA

was used to test whether different position along the periosteum (independent variable)

had a common mean, in order to understand if the different positions had different effects

on the thickness variation (dependent variable). The independent variable presented 750

different groups corresponding to the periosteum resampling points discussed in Section 2.2.2.
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The results of the test indicated a P-value < 0.01 for both the proximal-middle and the

middle site for all the considered groups. Based on this result, it is safe to reject the null

hypothesis and state that the different positions along the periosteum have different effects

on the thickness variation. The two-way ANOVA was performed defining the applied load (5

groups) and the position along the periosteum (750 groups) as independent variables and

the thickness variation as dependent variable. The results of the analysis indicated that all

the null-hypotheses were rejected (all P-values lower than 0.01) meaning that the thickness

variation depends on both the periosteal position and the applied load. The P-value related

to the interaction term between the two factors was also less than 0.01, indicating that the

effect of one independent variable on the thickness variation depends on the level of the other

independent variable. Furthermore, given that each analysed group had the same number of

repetitions (i.e., 6 animals), the two-way ANOVA was balanced.

Table 3.2: ANOVA results: one-way ANOVA (position along the periosteum as independent
variable, thickness variation as dependent variable); two-way ANOVA (mechanical loading
and position along periosteum as independent variables, thickness variation as dependent
variable).

Independent
variable

Statistical
analysis

Periosteum
P-value

Mechanical
loading
P-value

Interaction
P-value

Periosteum
One-way
ANOVA

<0.01 - -

Periosteum,
Mechanical loading

Two-way
ANOVA

<0.01 <0.01 <0.01

3.2.2 Local mechanical environment

The algorithm described in Section 2.3.2 was used to compute cross-sectional maps and

periosteal measurements of stress, strain and SED in the two cross-sections of interest (i.e.,

37% and 50%). The 2D maps of each component of the stress and strain tensors computed

from the micro-FEA simulating a loading condition of 10 N were showed in Figs. 3.16 and 3.17,

and Figs. 3.18 and 3.19 respectively for the two cross-sections. In both cross-sections, the

stress component along the longitudinal direction of the tibia (i.e., axial stress) was the

greatest, ranging between −100 and −120 MPa in the compression site and between 40 and

50 MPa in the tension site. The cross-sectional stresses and the shear components were one

order of magnitude lower than the axial component, in agreement with the design of the in

vivo experiments of the axial compression of the mouse tibia. Regarding the σzz components

in both the proximal/middle and the middle site, the medial side of the cross-section was in

tension, whereas the lateral side was in compression. Overall, the compression stresses were
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higher than the tensile stresses.

The strain maps show that the shear components were one order of magnitude smaller

than normal components in both the 37% and 50% cross-sections. The highest strains were

those in the axial direction, ranging between 2000 µε on the tensile side and −7000 µε on

the compression side for the 37% cross-section, and between 2000 µε on the tensile side

and −5000 µε on the compression side for the 50% cross-section. The 2D maps of the SED

were reported in Figs. 3.20 and 3.21 respectively for the 37% and the 50% cross-section.

Each map represents either the total SED (left), the SED due to the normal components of

stresses and strains (centre) or the SED due to the shear components of stresses ans strains

(right). The total SED ranged between 0.05 MPa and 0.3-0.4 MPa for both the 37% and the

50% cross-sections, and was primarily caused by the normal components of the stresses and

strains.
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Figure 3.16: Stress maps at the 37% cross-section: each graph represents a component of the stress tensor expressed in MPa. From
top left to bottom right σxx, σyy, σzz, τxy, τyz, τxz.167
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Figure 3.17: Stress maps at the 50% cross-section: each graph represents a component of the stress tensor expressed in MPa. From
top left to bottom right σxx, σyy, σzz, τxy, τyz, τxz.
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Figure 3.18: Strain maps at the 37% cross-section: each graph represents a component of the strain tensor expressed in µε. From
top left to bottom right εxx, εyy, εzz, εxy, εyz, εxz.169
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Figure 3.19: Strain maps at the 50% cross-section: each graph represents a component of the strain tensor expressed in µε. From
top left to bottom right εxx, εyy, εzz, εxy, εyz, εxz.170
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Figure 3.20: SED maps at the 37% cross-section expressed in MPa. From left to right: total SED, SED due to the normal
components of stresses and strains, SED due to the shear components of stresses and strains.171
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Figure 3.21: SED maps at the 50% cross-section expressed in MPa. From left to right: total SED, SED due to the normal
components of stresses and strains, SED due to the shear components of stresses and strains.172
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The measurements of local stress, strain and SED along the periosteum in the two

cross-sections analysed were shown in Figs. 3.22 to 3.24, respectively. In each figure, the

different components of the tensors were plotted separately, again showing that the normal

stress in the longitudinal direction of the tibia (i.e., σzz) was one order of magnitude higher

than those in the 37% and the 50% cross-sections. At the periosteum, εzz was also one order

of magnitude greater then the other components. Similarly, the SED was split into normal

and shear components along the perioesteum, and the normal component was separated in

axial and cross-sectional components. Since non-axial components of stresses and strains

were negligible, the axial component of the SED was almost equal to the total SED.

As described in Section 2.3.3, stress and strain distributions resulting from the micro-

FEA were used to compute the normal force N and the bending moments (Mx, My) in

the cross-sections, based on the beam theory. Successively, these quantities were used to

re-map stress, strain and SED from the beam theory onto the micro-FE images. The values

of the normal force and the total bending moment in each cross-section of the tibia along the

longitudinal direction of the limb resulting from the micro-FEA were presented in Fig. 3.25,

referring to the simulation with a 10 N load applied to the proximal end of the tibia. It

should be noted that the 37% cross-section lies in the segment of the tibia where the bending

moment is higher and corresponding to 0.01 N m. The drop in the normal force and the

bending moment at the 60% of the tibia length corresponds to the point where tibia and

fibula re-conjunct. In the distal region of the limb, where tibia and fibula are not split, the

normal force equals the external load applied. From the proximal end of the tibia to the

60% of the tibia length, the normal force is distributed between the tibia and the fibula:

this explains why in this region the normal force is lower than the external applied load.

The tibia supported almost all the load applied, being the N measured in the tibia equal to

9.77 N.

The use of the beam theory to compute stresses, strains and SED in the micro-CT images

allowed to take into account the local SED variability due to the animal-specific cross-section,

as opposed to only considering the SED computed for the animal used to generate the

micro-FE model. The SED along the periosteum before adaptation was reported in Fig. 3.26

for both the 37% and the 50% cross-sections. Three regions of higher SED were identified

in both cross-sections, two reaching values of 0.1 MPa, respectively at 0 and 0.95 of the

normalised periosteal length, and one reaching a substantially lower value of 0.015 MPa,

between 0.2 and 0.5 of the normalised periosteal length. The reduction of the SED due to

the adaptation of the cross-section was presented in Fig. 3.27 for the 10 N load case and

in Fig. 3.28 for all the analysed load cases. The SED variation due to the cortical bone

adaptation was computed as the local difference between the SED in Fig. 3.26 and the

SED obtained by the re-mapping of the stresses on the adapted cross-sections. The positive
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(a)

(b)

Figure 3.22: Stress components along the periosteum, expressed in MPa, at the 37% cross-
section (a), and at the 50% cross-section (b). Normal components of the stress tensor are
plotted on the left, shear components are plotted on the right.
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(a)

(b)

Figure 3.23: Strain components along the periosteum, expressed in µm, at the 37% cross-
section (a), and at the 50% cross-section (b). Normal components of the strain tensor are
plotted on the left, shear components are plotted on the right.
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(a)

(b)

Figure 3.24: SED expressed in MPa along the periosteum at the 37% (a) and 50% (b)
cross-sections: SED was split into normal and shear components. The normal component
was divided into axial and cross-sectional components.
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Figure 3.25: Normal force [N] (orange line) and bending moment [N m] (blue line) in each
cross-section of the tibia from proximal to distal end, computed from the results of the
micro-FEA simulating the application of 10 N load on the proximal end of the tibia.
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Figure 3.26: SED along the periosteum before the adaptation has occurred, at the 37%
cross-section (top) and at the 50% cross-section (bottom), for the 10 N load case: mean SED
(solid black curve), standard deviation (shaded area).

sign indicated that the SED after adaptation was reduced compared to the initial value, as

expected.

3.3 Local adaptation response of cortical bone to mechanical

loading and PTH treatment in the mouse tibia loading

model

The results presented in this section refer to the investigation of the local adaptation response

to mechanical loading and PTH treatment in the uniaxial compression of the mouse tibia

loading model. The data analysed refer to Study 2 described in Section 2.2.1. Four load cases

were analysed, defined by four different PTH doses, respectively 0 µm/kg/day (i.e., vehicle

treated animals), 20 µm/kg/day (i.e., low PTH dose), 40 µm/kg/day (i.e., intermediate

PTH dose), and 80 µm/kg/day (i.e., high PTH dose). Each group was composed of either 5,
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Figure 3.27: SED variation along the periosteum due to the cortical bone adaptation at the
37% cross-section (top) and at the 50% cross-section (bottom), for the 10 N load case: mean
SED variation (solid black curve), standard deviation (shaded area).
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Figure 3.28: Mean SED variation along the periosteum due to the cortical bone adaptation,
at the 37% cross-section (top) and at the 50% cross-section (bottom), for different load cases.
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6 or 8 animals. It should be noted that the mechanical loading acted only on the loaded limb

(right), whereas PTH action occurred on both right and left limbs given its subcutaneous

administration (i.e., injected in the system).

3.3.1 Statistical analysis

The results presented in this section refer to four different thickness comparisons defined

considering that: (i) the left limb in each group represented the control limb where only PTH

was acting, (ii) the right limb in each represented the loaded limb accounting for the action

of both mechanical loading and the PTH, (iii) the left limb of the vehicle treated animals

represented the ultimate control where neither PTH nor mechanical loading was acting. In

each group, mean and standard deviation were computed over the 5, 6, or 8 animals in the

group.

First thickness comparison: the thickness variation computed in each group as the difference

between the thickness of the control limb (left) and the thickness of the ultimate control limb

(left, vehicle treated animals) with respect to the thickness of the ultimate control, enabled

the investigation of the anabolic effect of different PTH doses. The results were presented

in Fig. 3.29 for both the 37% and the 50% cross-sections, expressed as percentage change.

To allow a clearer visualisation of the trends and compare the results due to different PTH

doses, standard deviations were not reported in the plots. The thickness variation along

the periosteum in the 37% cross-section was dependent on the position for all PTH doses,

reaching peaks of 60% at 0.5 of the normalised periosteal length for the 20 µg/kg/day and the

40 µg/kg/day doses, and almost 80% in the same position for the highest PTH dose. In the

50% cross-section instead, the thickness variation was different along the periosteum for the

20 µg/kg/day and the 40 µm/kg/day doses, whereas in the group treated with 80 µg/kg/day

of PTH this dependency in the positions along the periosteum was less evident. The peak

thickness change was localised between 0.3 and 0.7 of the normalised periosteal length for

the lower doses, reaching respectively 15% for the 20 µg/kg/day PTH dose and 20% for the

40 µg/kg/day dose. The treatment with the highest dose, instead, generated a thickness

variation of about 20% spread almost homogeneously along the periosteum, with two peaks

of 38% and 18%.

Second thickness comparison: the thickness variation computed as the difference between

loaded limb (right) and control limb (left), with respect to the control limb in the vehicle

treated animal group, enabled the computation of the effect of the mechanical loading only.

The results are presented in Fig. 3.30 for both the 37% and the 50% cross-section, expressed

as percentage change. The trend along the periosteum obtained in this particular case are in

agreement with the ones presented in Section 3.2 where only the effect of mechanical loading
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Figure 3.29: Mean thickness variation along the periosteum due to PTH treatment, for
all the investigated doses: the thickness of the left limb of the PTH treated animals was
compared with the thickness of the left limb of the vehicle treated animals (ultimate control),
in the 37% cross-section (top) and in the 50% cross-section (bottom).
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Figure 3.30: Mean thickness variation along the periosteum due to mechanical loading: the
thickness of the right and left limbs of the vehicle treated animals were compared, in the
37% cross-section (top) and in the 50% cross-section (bottom).

was investigated. In this study, a single peak load - high enough to generate osteogenesis

- was investigated. As a consequence, the thickness variation for both the 37% and the

50% cross-section was positive along the entire periosteum, with the exception of small

regions in the 37% cross-section where the thickness variation was not statistically significant

(Fig. 3.33). The thickness variation ranged between 0% and 40% in the proximal/middle

site, and between 0% and 30% in the middle site.

Third thickness comparison: the thickness variation computed as the difference between the

loaded limb (right) and the corresponding left limb of the same animal (paired samples),

with respect to the control limb, enabled the comparison of the combined effect of PTH

and load against the effect of PTH alone. The results are presented in Fig. 3.31 for both

the 37% and the 50% cross-section, expressed as percentage change. Looking at the overall

trend along the periosteum, mechanical loading had a strong influence on the thickness

variation: the shape of the curves is very similar to those presented in Fig. 3.30. This result
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Figure 3.31: Mean thickness variation along the periosteum due to PTH treatment and
mechanical loading combined (comparison against PTH treatment alone): the thickness of
the right and of the left limbs of the same animals in the PTH treated groups were compared
for all the PTH doses, in the 37% cross-section (top) and in the 50% cross-section (bottom).

was expected given that while PTH acted on both limbs, mechanical loading acting only

on the right limb. This comparison was also used to investigate if the combination of PTH

treatment and mechanical loading induced a combined effect, and if this effect depended on

the PTH dose. It should be noted that in this study the peak load was adjusted with respect

to the PTH dose to always induce the same strain distribution in the bone. According to this

approach, if the bone gain measured is higher with higher PTH dose, it can be hypothesised

that PTH and mechanical loading have an enhanced combined effect. The results indicate

that increasing the PTH dose, the thickness change increased almost everywhere in the 37%

cross-section, whereas at the 50% cross-section this was not the case.

Fourth thickness comparison: the thickness variation measured as the difference between the

thickness of the right limb of each animal and the thickness of the left limb of the ultimate

control, with respect to the ultimate control, enabled the comparison of the combined effect
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of PTH and mechanical loading against no treatment. The results were presented in Fig. 3.32

for both the 37% and the 50% cross-section, expressed as percentage change. The measured

thickness variations were very high both at the proximal/middle and at the middle site,

reaching peaks of 150% in the 37% cross-sections and 50% in the 50% cross-section. It should

be noticed that the PTH dose did not substantially affect the thickness variation measured at

the proximal/middle site, as opposed to the middle site. Indeed, in the 50% cross-section, the

highest PTH dose induced a higher percentage change in the thickness variation along the

periosteum and a more uniform distribution over the periosteum compared with the lower

PTH doses. It should be noticed that, when comparing this results with those reported in

Fig. 3.29 where no mechanical loading was being considered, the typical seesaw trend due to

the mechanical loading was still visible in Fig. 3.32 also for the high PTH dose (although its

amplitude was smaller). The thickness variation measured at the 50% cross-section ranged

between 3% and 37% for the lower PTH dose, between 5% and 40% for the intermediate

PTH dose, and between 30% and 60% for the high PTH dose.

With reference to the thickness comparison between right and left limbs of the same

animals for all the groups, a paired t-test was performed for each point of the periosteum

in order to find the regions where the thickness change was statistically significant. Mean,

standard deviation and P-value computed for the vehicle treated animals were reported in

Figs. 3.33 and 3.34 for the 37% and the 50% cross-section respectively. At the 37% cross-

section, the thickness variation due to mechanical loading was statistically significant in the

following positions on the normalised periosteal length: between 0 and 0.1, in correspondence

of some points between 0.3 and 0.55, and between 0.75 and 1 (Table 3.3). The thickness

change in these positions ranged between 25% and 50%. At the 50% cross-section, an

increased number of points along the periosteum presented a statistically significant thickness

variation, especially in the intervals 0 to 0.25, 0.35 to 0.65 and 0.8 to 1 of the normalised

periosteal length (Table 3.3). The thickness variation ranged between 0% and 30%. Similar

results were obtained in the two cross-sections with 20 µg/kg/day of PTH (Figs. 3.35

and 3.36) and 40 µg/kg/day of PTH (figures were not reported because not significant

difference was found in comparison with the 20 µg/kg/day case). The mean thickness

variation was higher compared to the vehicle treated animals, but little difference was found

between the 20 µg/kg/day and the 40 µg/kg/day PTH dose, reaching 60%-70% at the 37%

cross-section and 40%-50% at the 50% cross-section.

Mean, standard deviation and P-value computed for the highest PTH dose were reported

in Figs. 3.37 and 3.38 for the 37% and the 50% cross-section respectively. At the 37%

cross-section, the thickness variation was found statistically significant in the following

positions along the normalised periosteal length: between 0 and 0.1, between 0.2 and 0.35,

and from 0.75 to 1 (Table 3.3). The thickness change ranged between 15% and 90%. At the

185



Ch. 3 Results 3.3 Local adaptation of cortical bone to mechanical loading and PTH

Figure 3.32: Mean thickness variation along the periosteum due to PTH treatment and
mechanical loading combined (comparison against no treatment): the thickness of the right
limb of the PTH treated animal and the thickness of the left limb of the vehicle treated
animal (ultimate control) were compared, in the 37% cross-section (top) and in the 50%
cross-section (bottom), for all the PTH doses investigated.
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Figure 3.33: Thickness variation between right and left limb in the vehicle treated animal
group, at the 37% cross-section: (top) mean (solid black line) and standard deviation
(shaded area) along the periosteum, reference line at 0% thickness change (black dashed line).
(Bottom) P-value along the periosteum (solid blue line), threshold of statistical significance
at P-value = 0.05 (black dashed line).
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Figure 3.34: Thickness variation between right and left limb in the vehicle treated animal
group, at the 50% cross-section: (top) mean (solid black line) and standard deviation
(shaded area) along the periosteum, reference line at 0% thickness change (black dashed line).
(Bottom) P-value along the periosteum (solid blue line), threshold of statistical significance
at P-value = 0.05 (black dashed line).
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Figure 3.35: Thickness variation between right and left limb in the 20 µg/kg/day PTH group,
at the 37% cross-section: mean (solid black line) and standard deviation (shaded area) along
the periosteum, reference line at 0% thickness change (black dashed line). (Bottom) P-value
along the periosteum (solid blue line), threshold of statistical significance at P-value = 0.05
(black dashed line).
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Figure 3.36: Thickness variation between right and left limb in the 20 µg/kg/day PTH group,
at the 50% cross-section: mean (solid black line) and standard deviation (shaded area) along
the periosteum, reference line at 0% thickness change (black dashed line). (Bottom) P-value
along the periosteum (solid blue line), threshold of statistical significance at P-value = 0.05
(black dashed line).
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Figure 3.37: Thickness variation between right and left limb in the 80 µg/kg/day PTH group,
at the 37% cross-section: mean (solid black line) and standard deviation (shaded area) along
the periosteum, reference line at 0% thickness change (black dashed line). (Bottom) P-value
along the periosteum (solid blue line), threshold of statistical significance at P-value = 0.05
(black dashed line).

50% cross-section instead, the thickness variation was statistically significant between 0.35

and 0.65 and between 0.75 and 0.95 of the normalised periosteal length (Table 3.3), ranging

between 2% and 40%. It should be noted that the computation of the thickness variation

between the right and the left limbs of the same animal allowed the investigation of the effect

of the mechanical loading in addition to the PTH treatment. Since the adaptation response

was less significant along the periosteum under the very high PTH dose (i.e., 80 µg/kg/day),

this may indicate that the PTH effect with such dose stronger than the effect of mechanical

loading.

The results of the ANOVA test were summarised in Table 3.4. The one-way ANOVA

was performed for each PTH dose investigated to test whether different groups of the

independent variable position along the periosteum had a common mean. This determined

if different positions along the periosteum had different effects on the dependent variable
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Figure 3.38: Thickness variation between right and left limb in the 80 µg/kg/day PTH group,
at the 50% cross-section: mean (solid black line) and standard deviation (shaded area) along
the periosteum, reference line at 0% thickness change (black dashed line). (Bottom) P-value
along the periosteum (solid blue line), threshold of statistical significance at P-value = 0.05
(black dashed line).

Table 3.3: Positions along the periosteum in the 37% and the 50% cross-sections where the
P-valued indicating the statistically significant thickness variation was lower than 0.05.

Group 37% cross-section 50% cross-section

0 PTH 0-0.1 and 0.3-0.55 and 0.75-1 0-0.25 and 0.35-0.65 and 0.8-1
20 PTH 0-0.1 and 0.25-0.55 and 0.7-1 0-0.15 and 0.35-0.65 and 0.75-1
40 PTH 0-0.1 and 0.3-0.55 and 0.75-1 0-0.15 and 0.35-0.65 and 0.75-1
80 PTH 0-0.15 and 0.2-0.35 and 0.75-1 0.35-0.65 and 0.75-0.95
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Table 3.4: ANOVA results: one-way ANOVA (position along the periosteum as independent
variable, thickness variation as dependent variable); two-way ANOVA (PTH treatment and
position along the periosteum as independent variables, thickness variation as dependent
variable); three-way ANOVA (PTH treatment, mechanical loading and position along the
periosteum as independent variables, thickness variation as dependent variable).

Independent
variable

Statistical
analysis

PTH
P-value

Periosteum
P-value

Mechanical
loading
P-value

Interaction
P-value

Periosteum
One-way
ANOVA

- <0.01* - -

Periosteum, PTH
Two-way
ANOVA

<0.01 <0.01 - >0.01

Periosteum, PTH,
Mechanical loading

Three-way
ANOVA

<0.01 <0.01 <0.01 <0.01

* P-value = 0.996 when PTH dose was 80 µg/kg/day.

thickness variation. Similarly to that which was presented for the adaptation response to

mechanical load alone in Section 3.2, there were 750 groups for the independent variable

position along the periosteum. The results of the test showed a P-value < 0.01 both at

the 37% and 50% cross-sections for all the PTH doses investigated, with the exception

of the high PTH dose (i.e., 80µg/kg/day) at the middle site where P-value = 0.996. This

suggests that it is safe to reject the null hypothesis and that different periosteal points have

different effects on the thickness variation, except for the middle site under high PTH dose

treatment. The two-way ANOVA was performed assuming PTH dose (4 groups) and position

along the periosteum (750 groups) as independent variables, and the thickness variation as

dependent variable. The results of the analysis showed that for both the 37% and the 50%

cross-sections the thickness variation depends on both the PTH dose and the position along

the periosteum (both P-values lower than 0.01). However, there was no interaction effect

between PTH and position along periosteum (interaction P-value >> 0.01). The three-way

ANOVA was performed assuming as the third independent variable the mechanical loading

(2 groups, loaded and non-loaded). The results of the analysis showed that, for both the

37% and the 50% cross-sections, the thickness variation depended on the PTH dose, the

mechanical loading and the position along the periosteum (all P-values lower than 0.01).

Moreover, an interaction effect was found between PTH and mechanical loading (interaction

P-value < 0.01), suggesting the presence of an enhanced combined effect. Since the number

of repetitions in each group was different (either 5, 6 or 7 animals), both the two-way and

the three-way ANOVA were unbalanced.
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3.3.2 Enhanced combined effect between PTH and mechanical loading

The results of the three-way ANOVA showed an interaction effect between PTH and

mechanical loading which suggested that the action of one factor depends on the level of the

other one. To further investigate this interaction and understand if it was associated with an

enhanced combined effect of PTH and mechanical loading, the sum of the individual effects

along the periosteum (i.e., PTH alone and mechanical loading alone) was compared with

the thickness change due to PTH and mechanical loading acting in combination, measured

with respect to the ultimate control, for all the investigated PTH doses. This approach

allowed the identification of positions along the periosteum were an enhanced combined

effect was induced. With reference to Figs. 3.39 to 3.41, the blue solid line represented the

effect of mechanical loading alone, whereas the orange solid line represented the effect of

PTH alone. The sum of these two individual effects was represented by the dashed black

line, whereas the purple line represented the effect of PTH and mechanical loading acting in

combination, measured with respect to the ultimate control. The results show that at the

50% cross-section, the enhanced combined effect was induced only in few specific positions

along the periosteum for the 20 µg/kg/day and 40 µg/kg/day doses: these positions ranged

between 0 and 0.2 and between 0.7 and 1 of the normalised periosteal length. At the highest

PTH dose, instead, no substantial differences were detected. In the 37% cross-section, instead,

the enhanced combined effect occurred in more points along the periosteum, depending on

the PTH dose. In particular, for the 20 µg/kg/day and 40 µg/kg/day doses, an enhanced

effect was observed between 0 and 0.1, between 0.2 and 0.5 and between 0.7 and 1 of the

normalised periosteal length. For the highest PTH dose, the enhanced combined effect was

induced almost everywhere along the periosteum.
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Figure 3.39: Comparison between the sum of the individual effects of PTH and mechanical
loading and the effect of PTH and mechanical loading acting in combination: the blue solid
line represents the effect of mechanical loading alone, the orange solid line represents the
effect of PTH (20 µg/kg/day) alone, the dashed black line represents the sum of the two
individual effects, the purple line represents the effect of PTH and mechanical loading acting
in combination, measured with respect to the ultimate control, the yellow line represents the
effect of PTH and mechanical loading acting in combination, measured with respect to PTH
alone. (Top) 37% cross-section, (bottom) 50% cross-section.
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Figure 3.40: Comparison between the sum of the individual effects of PTH and mechanical
loading and the effect of PTH and mechanical loading acting in combination: the blue solid
line represents the effect of mechanical loading alone, the orange solid line represents the
effect of PTH (40 µg/kg/day) alone, the dashed black line represents the sum of the two
individual effects, the purple line represents the effect of PTH and mechanical loading acting
in combination, measured with respect to the ultimate control, the yellow line represents the
effect of PTH and mechanical loading acting in combination, measured with respect to PTH
alone. (Top) 37% cross-section, (bottom) 50% cross-section.
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Figure 3.41: Comparison between the sum of the individual effects of PTH and mechanical
loading and the effect of PTH and mechanical loading acting in combination: the blue solid
line represents the effect of mechanical loading alone, the orange solid line represents the
effect of PTH (80 µg/kg/day) alone, the dashed black line represents the sum of the two
individual effects, the purple line represents the effect of PTH and mechanical loading acting
in combination, measured with respect to the ultimate control, the yellow line represents the
effect of PTH and mechanical loading acting in combination, measured with respect to PTH
alone. (Top) 37% cross-section, (bottom) 50% cross-section.
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Chapter 4

Discussion

In this chapter, the results of the research work presented in this thesis

are discussed in detail, with reference to published data and key features

of the developed models. Since two different methodologies to investigate

the anabolic effects of PTH drug treatment and mechanical loading are

presented in this thesis, the discussions of the respective results are divided

in two separate parts.

4.1 Mechanistic PK/PD model

The newly developed mechanistic PK/PD model of the dual action of PTH(1-34) on bone

cells was able to distinguish between anabolic and catabolic effects on bone based on the

drug administration pattern, i.e., intermittent and continuous. It is important to note that

the anabolic proliferation term was set relatively small in order to ensure the ability of the

model to replicate the dual action of PTH [37]. If too large, this term could overwhelm the

catabolic abilities of the model.

As presented in Section 2.1.4, to account for the anabolic effect of intermittent PTH

on bone modelling and remodelling, three actions were included in the model, specifically

(i) the reduction of active osteoblast apoptosis, acting on both the bone modelling and

the bone remodelling process; (ii) the activation of quiescent bone lining cells, acting on

the bone modelling process; (iii) the proliferation of osteoblast precursor cells, affecting

the bone remodelling process. The analysis of each action showed that the effect of PTH

on bone remodelling alone was not sufficiently strong to reproduce the anabolic effect of

PTH shown in literature. Introducing the action of PTH on the apoptosis rate of the bone

remodelling-related active osteoblasts and on the proliferation rate of osteoblast precursor

cells in the BCPM model induced a reduction of the bone loss due to the OVX, however,
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did not induced bone gain. The introduction of the anabolic action via the bone modelling

process in the BCPM was essential to simulate the very high bone loss and bone gain found

in previous studies involving rat models. This is in agreement with data from the literature

suggesting that, in rats, the bone modelling response to intermittent PTH administration

is an important mechanism for PTH to exert its anabolic action. A recent lineage tracing

study in mice using an inducible gene system that labelled mature osteoblasts has confirmed

that PTH can re-activate lining cells [129]. In PTH-treated animals, labelled cuboidal cells

(active osteoblasts) were detected on the periosteal surface of bone, whereas in vehicle-treated

animals, labelled cells appeared flat (lining cells). Moreover, compared to baseline, PTH

treatment increased by 50% the thickness of osteoblast-like cells in the calvaria and at the

tibial periosteum. Model simulations also suggested that, in rats, the action of PTH on the

bone modelling process was stronger than the action on bone remodelling.

Results of the simulations of intermittent administration of PTH were in good agreement

with experimental data. The model was also able to reproduce the non-linear dependency

between bone gain and dose administered, i.e., doubling the dose did not induce a 50%

increase in bone gain. In contrast, the model could not reproduce the strong bone loss

reported in the literature due to continuous administration of PTH over a period of only

14 days. Despite this limitation however, the model was able to exhibit a catabolic trend.

The model was also able to reproduce the different levels of bone gain induced by the

administration of the same drug dose on healthy and OVX animals. Simulation of injections

of 80 µg/kg/day of PTH to OVX animals showed a slower bone gain due to OVX-induced

bone loss compared to healthy animals. In particular, after a simulation of 14 days of

treatment, bone gain was reduced by almost one half (Fig. 3.1, top and Fig. 3.3).

Although the simulation of the non-linear variation of the trabecular fbm with increasing

dose was in good agreement with experimental data, bone gain was slightly lower compared

to experimental data [158]. Furthermore, when simulating the administration of intermittent

PTH after 4 weeks of OVX-induced bone loss, the computed bone gain was much higher

compared to data in the literature (Table 4.1). Instead, the relative fbm variation after 5

weeks of PTH treatment with respect to the fbm after 4 weeks of OVX was in good agreement

with experimental data. These discrepancies in the results may indicate that further model

features, such as the inclusion of bone resorption modelling and the distinction between

different populations of osteoblast precursors, are necessary for rat models. In contrast, the

current model features are considered sufficient to simulate PTH treatment of OP in humans,

because bone loss and bone gain are more moderate in humans compared to those observed

in small animal models [148, 284].
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Table 4.1: Comparison between experimental data and model simulation on the administra-
tion of intermittent PTH for 5 weeks after 4 weeks of OVX.

Parameter Experimental data [302] Simulation

fbm(control) 26 25.2
fbm(OVX) 9 17
fbm(PTH) 27 44
∆fbm(PTH-OVX) 18 27
∆fbm(PTH-OVX)

fbm(OVX)
2.1 ± 0.62 1.6

4.2 Local adaptation of cortical bone

Micro-CT images of the mouse tibia qualitatively showed that the adaptation response of

cortical bone to mechanical loading was not homogeneous in the cross-section, but was

localised in specific regions of the periosteal surface (Fig. 1.22). Based on this observation,

an algorithm quantifying the local adaptation of cortical bone along the periosteum from

micro-CT images of ex vivo mouse tibiae was developed. This algorithm was used to

measure the cross-sectional thickness changes induced by mechanical loading alone and in

combination with PTH. The results of the local adaptation analysis confirmed that the

adaptation response of cortical bone was not only different between cross-sections, but also

within the same cross-section.

In addition, the results suggested that the local adaptation of bone (thickness variation)

was driven by the local mechanical environment, i.e., it was proportional to the local SED. As

introduced in Section 1.6.2, the SED was considered the plausible local mechanical stimulus

driving the adaptation of bone, based on its inherent properties of scalar quantity, easily

interpretable, comprising the contribution of all the components of the stress and strain

tensors. The correlation between thickness change and SED was stronger at the middle

site of the tibia, i.e., 50% cross-section (Fig. 4.1) than at proximal/middle site, i.e., 37%

cross-section (Fig. 4.2). A reason for this could be that the shape of the cross-section is more

regular at the 50% cross-section than at the 37% cross-section. Future studies will need to

establish why this is the case and whether the irregularity of the cross-sectional geometry is

the factor affecting the correlation between thickness variation and mechanical signal.

In the analysis of the effect of mechanical loading alone, the results showed bone loss

along the periosteum after neurectomy, when no mechanical load was applied to the tibia.

This reduction in the cortical bone thickness was associated with the reduction of the

physiological load acting on bone during locomotion. On the other hand, when mechanical

loading was applied after neurectomy, the minimum peak load sufficient to overcome bone

loss and induce positive thickness changes at least in some periosteal regions was found to
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Figure 4.1: Thickness variation (top) and SED before adaptation (bottom) along the
periosteum due to mechanical loading in the 50% cross-section. Thickness variation is
reported in terms of mean (dashed black line) and standard deviation (shaded area). SED is
reported in terms of mean (solid blue line) and standard deviation (shaded area). External
load applied 10 N
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Figure 4.2: Thickness variation (top) and SED before adaptation (bottom) along the
periosteum due to mechanical loading in the 37% cross-section. Thickness variation is
reported in terms of mean (dashed black line) and standard deviation (shaded area). SED is
reported in terms of mean (solid blue line) and standard deviation (shaded area). External
load applied 10 N.
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be 8 N. These results are in agreement with previous studies analysing the same dataset of

micro-CT images in terms of global adaptation response (i.e., area variation) thus validating

the proposed approach [275]. A comparison between the average thickness variation (i.e.,

average local quantity) and the area variation from the previous study (i.e., global quantity)

due to mechanical loading is presented in Table 4.2. The assumption made to compare the

two different quantities was that the change in the cross-sectional area was due to the change

in the cortical thickness. The two measurements were compared in terms of percentage

change. The results showed good agreement in the overall cross-sectional adaptation, however

the local analysis provided some extra information. For example, with reference to the 50%

cross-section under a 10 N load, a 15% average thickness change was measured, in agreement

with the area change reported in the previous study. However, the local thickness variation

reached up to 45% change (Fig. 3.14), 3-fold higher than the average value. This information

is not available when measuring only the global adaptation in the cross-section.

Table 4.2: Bone adaptation to mechanical loading: comparison between global (∆A) and
local (∆Th) adaptation responses with reference to two cross-sections (37%, 50%) and
different peak loads (0 N to 12 N).

37% cross-section 50% cross-section

Peak load [N] ∆A37 [%] ∆Th37 [%] ∆A50 [%] ∆Th50 [%]

0 -10.3 -10.1 -12.5 -14.4
6 -5.1 -4.2 -3.6 -2.0
8 3.0 4.8 3.1 2.6
10 10.1 4.3 14.4 15.8
12 16.2 17.4 15.5 15.4

In the investigation of the combined effect of PTH drug treatment and mechanical

loading, the analysis of the thickness variation between right and left limbs of the same

animal (paired samples) provides a means to determine if the combined effect was influenced

by the PTH dose administered. The peak load combined with PTH was adjusted with

respect to the drug dose to induce the same strain distribution in the bone for all the doses

investigated. As a consequence, a higher bone gain due to a higher PTH dose might suggest

the presence of a combined effect Fig. 3.31. The results of the local adaptation analysis

showed that, at the proximal/middle site of the tibia, an enhanced effect deriving from the

combination of the two treatments was present along the entire periosteum. At the middle

site, instead, it was limited only to some regions of the periosteum (Figs. 3.39 to 3.41). It

should be noted that the combined effect of PTH and mechanical loading is referred to as

enhanced because it is higher than the sum of the single effects (Section 3.3.2). The results

were compared to a previous study analysing the same dataset in terms of cortical volume
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variation for the 80 µm/kg/day drug dose in the 37% cross-section [276]. The results of

the two studies were in good agreement. The effect of mechanical loading was measured as

relative thickness change between the right and the left limb in the vehicle treated group.

The average of the local thickness change along the periosteum was 18.9%, which was in

excellent agreement with the global adaptation response of 19% measured in the previous

study (Fig. 4.3). Furthermore, the effect of PTH was computed comparing the left limb

of the vehicle group and the left limb of the group treated with the high PTH dose. The

average thickness change along the periosteum was 18.8%, which is in good agreement with

the 21.5% change reported in the previous study (Fig. 4.4). The comparison of the thickness

of the left and right limbs in the high PTH dose group was used to investigate the effect of

PTH and loading combined against the effect of PTH alone. The average thickness change

along the periosteum was 37%, whereas the global adaptation response reported in the

previous study was 40%, showing again good agreement (Fig. 4.5). Lastly, the comparison

between the ultimate control (left limb vehicle treated animals) and the right limb of the

high PTH dose group was used to investigate the effect of PTH and loading combined versus

no treatment. The average adaptation response measured along the periosteum in terms of

thickness change was 59.7%, similar to the 61.5% global variation measured in the previous

study (Fig. 4.6). In addition, the results of the previous study reported the presence of

an enhanced combined effect between PTH and mechanical loading only for the high PTH

dose at the 37% cross-section. The local analysis showed that the enhanced effect was higher

and better distributed along the periosteum in the 37% cross-section for the high PTH dose,

however it was also observed in some positions along the periosteum for the lower PTH doses.

Moreover, points where a lower PTH dose induced an enhanced effect were characterised by

high SED.

In the analysis of the effect of PTH alone, the thickness variation in the 37% cross-section

was found to depend on the position along the periosteum for all the PTH doses, reaching

peaks of 60% for the lower doses and almost 80% for the highest dose (Fig. 3.29). In the 50%

cross-section, instead, the reported thickness variation was non-uniform along the periosteum

for the 20 µg/kg/day and the 40 µm/kg/day doses, whereas for the high dose this dependence

on the position along the periosteum was less pronounced. This result may be due to the

effect of natural mechanical loading on bone (e.g., walking load) being still detectable for

lower PTH doses, but not for a very high PTH dose (Fig. 3.32).

In contrast to previous studies where the thickness of cortical bone was determined

as the shortest distance between the periosteal and the endosteal boundary [199], the

algorithm presented in this thesis used two different approaches to measure the bone

thickness, depending on the shape of the analysed cross-section. Furthermore, the alignment

of the periosteal measurements between two compared limbs reduced the standard deviation
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(a)

(b)

Figure 4.3: Effect of mechanical loading on bone adaptation in the proximal/middle site of
the tibia: (a) local thickness variation along the periosteum, (b) global volume change from
a previous study [276].
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(a)

(b)

Figure 4.4: Effect of PTH (80 µg/kg/day dose) on bone adaptation in the proximal/middle
site of the tibia: (a) local thickness variation along the periosteum, (b) global volume change
from a previous study [276].
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(a)

(b)

Figure 4.5: Effect of mechanical loading and PTH (80 µg/kg/day dose) on bone adaptation
in the proximal/middle site of the tibia: (a) local thickness variation along the periosteum,
(b) global volume change from a previous study [276].

207



Ch. 4 Discussion 4.2 Local adaptation of cortical bone

(a)

(b)

Figure 4.6: Effect of mechanical loading and PTH (80 µg/kg/day dose) on bone adaptation in
the proximal/middle site of the tibia with respect to the ultimate control: (a) local thickness
variation along the periosteum, (b) global volume change from a previous study [276].
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of the thickness measurements and allowed comparison between corresponding sites of the

cross-sections.

The biomechanical analysis of bone in this thesis was performed combining the micro-

FEA and the beam theory. Micro-FEA is currently considered as the best method to

estimate the mechanical behaviour of a bone structure with highly variable geometry. The

Euler-Bernoulli beam theory has been largely used to compute the deformation in long

bones under mechanical load. A study comparing the results obtained from the beam theory

with micro-FEA showed that under bending moment, the two methodologies are almost in

agreement, whereas in compression the beam theory could underestimate the results [34].

In this thesis, the stress and the strain distributions in the bone of one specific animal and

limb were computed via micro-FEA to obtain accurate measurements, given the curvature

and the cross-sectional shape of the bone. Then, the beam theory was used to re-map the

stresses to the micro-CT images of different animals and limbs, assuming that the normal

force and bending moments remained constant between animals. This approach allowed

to account for the variability due to the animal-specific cross-sections, the changes in the

cross-sections due to bone adaptation, and all the peak loads investigated, solving only one

micro-FE model, therefore allowing a faster computation across all cross-sections for all the

analysed animals.

One way to validate the proposed algorithm used to measure the local thickness variation

is to compare the results obtained for Study 2 (Section 2.2.1) against histological images

of the same mouse tibiae [276]. As reported in Section 2.2.1, the peak load used in the

mechanical loading protocol was adjusted according to the PTH dose in order to induce

the same strain distribution in the tibia obtained in the vehicle treated animals. A peak

load of 12 N was used for the vehicle treated animals, whereas a peak load of 15.8 N was

used for the animals treated with 80 µg/kg/day of PTH. Only the 37% cross-sections were

reported in this comparison because the paper by Sugiyama et al. (2008) does not report

histological images for the 50% cross-sections. In the following comparison, the thickness

variation along the periosteum measured by the proposed algorithm was compared against

histological images showing bone apposition in the loaded limbs.

Overall, looking at histological images of the loaded limbs at 37% cross-sections (Fig. 4.7),

it can be observed that a higher PTH dose corresponded to higher bone apposition

(0 µg/kg/day vs 80 µg/kg/day). The same conclusion can be drawn observing the two graphs

of the thickness variation along the periosteum for the two PTH doses (Figs. 4.8 and 4.9).

Furthermore, the points of highest bone apposition in the histological images (points 1, 3

at the 0 µg/kg/day dose, and points 5, 7 at the 80 µg/kg/day dose, Fig. 4.7) corresponded

to the highest peaks along the periosteum measured by the proposed methodology (points

1, 3 reported in Fig. 4.8 and points 5, 7 in Fig. 4.9). Similarly, the valleys in the thickness
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Figure 4.7: Histological images of the 37% cross-sections of mouse tibia treated with
0 µg/kg/day and 12 N (left), and 80 µg/kg/day and 15.8 N (right) [276]. Green: double
calcein labels injected on the first days of PTH treatment (day 1) and mechanical loading
(day 29). Red: single alizarin label injected on the last day of mechanical loading (day 41).
Areas of maximum and minimum bone apposition were labelled with numbers from 1 to 8.

Figure 4.8: Bone thickness variation along the periosteum for the 37% cross-section treated
with 0 µg/kg/day and 12 N peak load. Peaks and valleys were labelled with numbers from 1
to 4.
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Figure 4.9: Bone thickness variation along the periosteum for the 37% cross-section treated
with 80 µg/kg/day and 15.8 N peak load. Peaks and valleys were labelled with numbers
from 5 to 8.

plots (points 2, 4 at 0 µg/kg/day dose in Fig. 4.8, and points 6, 8 at 80 µg/kg/day dose in

Fig. 4.9) corresponded to the areas of minimum bone apposition in the histological images

(points 2, 4 and points 6, 8 in Fig. 4.7, respectively).

The good agreement between bone apposition observed on histological images and

measurements of thickness variation obtained from the proposed algorithm suggests that the

latter is a robust methodology to quantify the local bone adaptation. A limitation of this

comparison is that only histological images at 37% cross-sections of the mouse tibiae were

available for the analysed mice. In future, other comparisons at different cross-sections will

be required to further confirm the validity of the proposed algorithm.
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Chapter 5

Conclusion and future

developments

This chapter contains the conclusions of the research work presented in

this thesis as well as possible future developments of the work.

The findings of this research have been summarised in the following bulleted list and

discussed in detail in the rest of the chapter together with future developments of this work.

Mechanistic PK/PD model of the dual action of PTH

� Previous mathematical models addressing the dual action of PTH on bone did not

introduce detailed biochemical pathways in the model structure. The model presented

in this thesis introduces the following novel features: cells populations; intracellular

signalling pathways; catabolic and anabolic regulatory factors; bone modelling and re-

modelling processes; action of PTH on active osteoblast apoptosis, osteoblast precursors

proliferation and lining cells differentiation; a fully time-dependent system of governing

equations used to ensure an immediate system response to the fast oscillations of PTH

concentration.

� The developed mechanistic PK/PD model of the dual action of PTH(1-34) on bone

modelling and remodelling is able to distinguish between anabolic and catabolic effects

on bone based on the drug administration pattern (i.e., intermittent and continuous).

� The results presented in this thesis showed that the effect of PTH on bone remodelling

alone was not sufficiently strong to reproduce the anabolic effect of PTH in rats. This

confirmed that the bone modelling response to intermittent PTH administration is an

important mechanism for PTH to exert its anabolic action in rats.
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� Model simulations suggested that, in rats, the action of PTH on the bone modelling

process was stronger than its action on bone remodelling.

� Some discrepancies in the results may indicate that further model features, such as the

inclusion of bone resorption modelling and the distinction between different populations

of osteoblast precursors may be necessary for rat models.

� Considering the variations in the experimental data, the model can be considered as

successfully validated, and the modelling strategy presented in this thesis is indeed

reasonable.

Local adaptation response of cortical bone

� The developed algorithm automatically segmented a large dataset of micro-CT images

and computed the thickness variations along the periosteum, indicating which regions

of the periosteal surface present a significant local adaptation response to mechanical

loading, PTH drug treatment, and a combination of both.

� A novel methodology was implemented to measure the thickness along the periosteum

and align the thickness signals from different cross-sections. This approach provides

an accurate quantification of the local thickness variations, accounting for anatomical

landmarks and different shapes of the bone cross-sections.

� Compared to the overall cross-sectional adaptation analysis seen in previous works,

the new approach presented in this thesis suggested that the local thickness variation

reached peaks up to 3-fold higher than the average value measured using global

quantities.

� The local analysis of the adaptation response of bone indicated that some positions

along the periosteum did not adapt to mechanical loading, even under high load. This

information was not available from previous studies looking at the global adaptation

in the cross-section.

� The results showed that, when mechanical loading was applied after neurectomy, the

minimum peak load sufficient to overcome bone loss and induce positive thickness

changes (at least in some periosteal regions) was 8 N.

� The enhanced effect obtained from the combination of PTH and mechanical loading

was identified and quantified locally along the periosteum for the first time.

� The local analysis showed that the enhanced effect was higher and more uniformly

distributed along the periosteum for a high PTH dose. However, it was also observed
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in some positions along the periosteum for lower PTH doses. This result was not

apparent in previous studies looking at the global cross-sectional adaptation.

� The adaptation response to PTH was expected to be uniform along the periosteum,

under the assumption that the entire periosteal surface would respond in the same

way to the drug treatment. Instead, this behaviour occurred only in the 50% cross-

section under the high-dose treatment. All other doses and cross-sections presented

non-uniform adaptation responses along the periosteum.

� The results presented in this thesis suggested that the local adaptation of bone was

driven by the local mechanical environment in the cross-sections presenting a regular

shape.

� The algorithm developed for the biomechanical analysis of the mouse tibia combined

the results of the micro-FEA performed on one specific animal and limb and the

Euler-Bernoulli beam theory. The novelty of this approach is that, for the first time,

the variability due to the animal-specific cross-sections, the changes in the cross-section

due to bone adaptation, and all the peak loads investigated, were taken into account

by solving only a single micro-FE model, rather than one for each specimen.

� This research advanced the knowledge in the field of bone adaptation to mechanical load-

ing and anabolic drug treatment with PTH, because it quantified the non-homogeneous

bone adaptation in the tibia cross-section. With this approach, we demonstrated that

the thickness variation derived from both mechanical loading and PTH is site-specific,

therefore it cannot be measured using previously published methodologies based on

global morphological variations.

Final considerations and future developments

One of the aims of this research was to develop a comprehensive computational model of

the dual action of PTH on bone modelling and remodelling. Particular focus was given

to the development of a mechanistic PK/PD model reproducing the anabolic effect of the

intermittent administration of PTH in both health and disease. For a model to be relevant

for clinical and biological research, it must incorporate the most important aspects of bone

physiology. In this research work, the action of PTH was linked to three mechanisms affecting

bone cell populations, specifically the apoptosis of active osteoblasts, the differentiation of

lining cells into active osteoblasts, and the proliferation of osteoblast precursors, in agreement

with the literature presented in Chapter 1. To account for the time-dependent changes in the

receptor-ligand concentrations due to the intermittent administration of PTH, the governing

equations were implemented in a full time-dependent manner for both bone cell populations
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and receptor-ligand binding reactions. In addition, the use of a one-compartment PK model

for PTH was proven sufficient to accurately simulate PTH concentrations in the body. The

following conclusions can be drawn regarding the model structure: (i) the model accounts

for three actions of PTH on bone cells, i.e., the reduction of active osteoblast apoptosis, the

increase of osteoblast precursor proliferation and the differentiation of bone lining cells into

active osteoblasts; (ii) the substantial bone gain induced by intermittent PTH treatments

in rats requires the inclusion of the effect of bone modelling; (iii) to respond to the need

for the system to quickly adapt to the fast oscillations of PTH concentration following the

intermittent administration of the drug, a fully time-dependent system of governing equations

was used.

The development of computational models to test drug therapies in silico, rather then

in vivo, represents a major advancement in the field of biomechanical engineering and

pharmacology, for example to evaluate which drug or combination of drugs achieves best

outcomes in the treatment of a disease. The goal of such models is to develop quantitative

simulation tools which allows the prediction of the effects of a drugs on the disease progression

(e.g., OP) and on the clinical outcomes (e.g., bone fractures). In this context, a future

development of the novel mechanistic PK/PD model presented in this thesis may be the

simulation of the anabolic effect of PTH in humans. To this end, some changes to the current

model will be required. The literature shows that, in humans, the anabolic effect induced

by PTH via the bone modelling process is not as strong as in rats. For this reason, it is

anticipated that the effect of PTH on the differentiation of lining cells into active osteoblasts

and on the promotion of the osteoblast precursor proliferation will be either completely

removed or greatly reduced in the human model. Consequently, the anabolic action of PTH

will be mainly related to the reduction of the active osteoblast apoptosis.

Furthermore, given the long time frame of human drug treatments (i.e., 1-2 years), the

effect of mechanical loading on bone cannot be neglected and the introduction of a mechanical

feedback in the model will be necessary [90]. To this end, the approach suggested here is to

include an activating regulatory function Πmech
act,OBp

in the BCPM described in Section 2.1.4,

specifically in Eq. (2.1.20). This function should be related to the proliferation of osteoblast

precursors promoted by the mechanical strains measured in the bone matrix, and the SED

should be used as the scalar measure of the stresses and strains in bone [245, 196]. Also,

since the action of PTH on bone cells is on a time scale of minutes to hours, whereas the

mechanical feedback works on a time scale of days/weeks, it is anticipated that, to reduce

the computation time of the model, the governing system of equations will be solved over

two different time frames. Specifically, the regulatory function accounting for the mechanical

feedback will be implemented such that the SED value will not be computed and updated at

each integration step (dictated by the PTH administration), but over a longer interval. A
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Figure 5.1: Bone volume fraction (fbm) variation over time: simulations of PMO (black line)
and drug treatments with different PTH doses (20 µg/day blue line, 40 µg/day red line).
Dashed line indicates the baseline value.

preliminary analysis suggested 50 days as a plausible time interval to update the SED. As a

first attempt to simulate human drug treatments with PTH, a simplified mechanistic PK/PD

model was developed as part of this PhD research, only considering the anabolic action of

PTH on osteoblast apoptosis and not taking into account the mechanical feedback. The

results measuring the bone volume fraction variation were in good agreement with published

data in terms of absolute values [285, 148, 284]. However, the simplified model predicted a

continuous increase of bone mass (Fig. 5.1) which is in disagreement with literature data

reporting a plateau of the anabolic effect after 1-2 years of treatment with daily injections

of PTH. The mechanical feedback is believed to be a necessary feature of the model when

dealing with the simulation of long drug treatments in humans as it may provide a restraint

on this continuous, non-physiological bone growth.

Another future development of the mechanistic PK/PD model proposed in this thesis

is the use of a two-state receptor model to describe the receptor-ligand binding reaction

between PTH and its receptor on the cell surface. The two-state receptor model is based on

the phenomenon known as cell desensitisation or adaptation and refers to the modification

of the cell sensibility to a biochemical or biomechanical stimulus, which at first induces

an increase in the cell response and then a reduction, either back to pre-stimulus level

(exact adaptation) or to an intermediate level (partial adaptation) despite the persistent

binding [146]. Segel et al. proposed a mathematical model based on the assumption that

receptors, and consequently also receptor-ligand complexes, exist in two states, active and

inactive1, and that the activity of the cell can be modelled as a linear combination of

receptor states [252, 124]. They developed a desensitisation/re-sensitisation model of the cell

activity both for continuous (or constant) [252, 130] and intermittent (or pulsatile) ligand

1The two-state receptor model represents the classical notation adopted to define the state of a receptor
and its complex. The one-state receptor model described in Section 1.6.1 is most commonly used in literature
to describe the receptor-ligand binding reactions and it represents a particular case of the two-state receptor
model in which inactive receptor and complex are assumed to be zero.
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administration [155, 156]. With continuous administration of a ligand they showed, for the

case of exact adaptation, that upon change of ligand concentration from baseline there was a

very short transient (in the order of magnitude of seconds) where the activity changes were

significant. For larger time scales, no changes in the cell activity were observed due to exact

adaptation. In terms of intermittent administration regimens, they showed the presence

of optimal patterns of periodic stimulation (i.e., frequency and amplitude of pulses) that

maximized the cellular responsiveness. In this context, the approach proposed here is to

use the desensitisation/re-sensitisation model to address the phenomenon of the anabolic

action of the intermittent administration of PTH. As part of this research work, the following

activity function was developed to adapt to different external PTH stimuli (i.e., continuous

and intermittent):

A(t) = a1 ⋅Ra(t) + a2 ⋅Ca(t) + a3 ⋅Ri(t) + a4 ⋅Ci(t), (5.0.1)

Ra and Ca are respectively receptors and complexes in the active state; Ri and Ci are

respectively receptors and complexes in the inactive state; a1, a2, a3, a4 are activity weighting

coefficients. Central to defining a cell response was also the notation of a baseline activity

(A0) which set the cell activity in homoeostasis, based on a known baseline ligand stimulus.

A mathematical model directly adapted from the one proposed by Li and Goldbeter [155]

was developed and calibrated specifically to PTH, and was used to investigate the effects of

intermittent and continuous administration of PTH, as well as the optimum administration

pattern in terms of frequency and drug dose. Results of the computations indicated that the

current treatment administration pattern of one injection per day of 20 µg of PTH(1-34)

is the most suitable option, providing the best combination of high integrated activity

of the cell (i.e., better cell response) and best τon/τoff ratio (i.e., closer to the optimum

value). The activity of the cell was proven to increase with the ligand concentration, however

physiological constraints had to be taken into account when selecting the optimal drug

dose. In future, this cell activity formulation might be linked to the BCPM described in

Section 2.1.4, re-formulating the regulatory functions π as functions of the cell activity. A

proposed model is the following:

π = f(A(t),A0), (5.0.2)

A(t) = A(L(t)), (5.0.3)

A0 = A(L(t0)) = A(L0), (5.0.4)

A(t) is the cell activity that depends on the variation of the ligand concentration over time

L(t) and its baseline value L0. The function f might be expressed as a differential response

from baseline, i.e., f = f (A −A0).
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The second aim of this thesis was to develop a novel algorithm using end-point micro-

CT images to quantify, in the tibia cross-section, the local adaptation response of bone to

mechanical loading and PTH drug treatment. Previous methodologies evaluated this response

only as an average across the cross-section, rather than as a local quantity along each point of

the periosteum. Micro-CT images are commonly used to model the 3D structure of bone at

specific sites due to the high resolution achievable with such technology. CT-based analysis

are used to measure global morphological variations in terms of volume, area or thickness

changes. Such analysis, applied to the mouse tibia, indicated that bone adapts differently in

different cross-sections (Fig. 1.22). However, high resolution micro-CT images show that the

adaptation response is not homogeneous within the same cross-section, but it is site-specific.

For this reason, the focus of this research was to develop an algorithm to automatically

segment a large dataset of micro-CT images and compute the local adaptation of bone

expressed as thickness changes along the periosteum of specific cross-sections of interest

(such as the proximal/middle site of the tibia which is exposed to high bending moments due

to the curvature of the bone). Moreover, to make accurate thickness comparisons between

different tibiae, an alignment procedure was developed using an anatomical landmark. This

approach allowed for the comparison of the local thickness between several groups of animals.

Furthermore, to take into account that loaded limbs have a longer periosteum than control

limbs, cross-covariance and peak-to-peak resampling procedures were used according to the

specific cross-section, to assure that the same positions along the periosteum were compared.

The results of this study suggested that the adaptation response of bone to mechanical

loading and PTH drug treatment is different not only between different cross-sections of the

tibia, but also within the same cross-section. The developed algorithms allowed the local

quantification of the thickness changes along the periosteum and indicate which regions of

the periosteal surface presented a significant adaptation response. For example, the thickness

plots generated by the proposed algorithm, indicate that some positions along the periosteum

do not adapt even under high load, because the difference in the thickness between control

and loaded limb is not significant. Interestingly, when looking at the adaptation response to

PTH, a uniform response along the periosteum was expected, under the assumption that

the entire periosteal surface would respond in the same way to the drug treatment. Instead,

this behaviour occurred only in the 50% cross-section under the high-dose treatment. All

other doses and and cross-sections presented non-uniform adaptation responses along the

periosteum.

The biomechanical analysis of the tibia was performed combining the micro-FEA of the

mouse limb and the beam theory. Given the complex boundary conditions of the tibia, its

curvature and its variable geometry, the FEM was used to compute stresses and strains in the
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cortical bone, providing an accurate characterisation of the mechanical behaviour of the tibia.

Successively, after quantifying that the tibia did not experience major shear stresses and

that it was mainly loaded in its longitudinal direction, the beam theory was used to compare

local changes of the SED in a large sample of animals. Instead of creating multiple micro-FE

models, a stress re-mapping procedure was developed. Specifically, the normal force and the

bending moments in the cross-section derived from the loading procedure were assumed to be

the same for all the animals, whereas locally the stresses and strains were re-mapped taking

into account the animal-specific shape of each cross-section. This approach was used both to

account for the SED variability in each group due to the slightly different shape of each animal

cross-section, and to quantify the local SED reduction after bone adaptation occurred. The

biomechanical analysis was used to investigate the adaptation response of bone to mechanical

loading and PTH drug treatment, both individually and combined. The results obtained

with the algorithms developed in this thesis were compared with published literature in terms

of whole cross-section quantities and showed good agreement with previous studies. However,

the measurement of the adaptation response along the periosteum distinguished different

profiles of adaptation depending on the treatment or combination of treatments simulated;

this was not possible using previous global approaches based on average measurements across

the cross-section.

In conclusion, this research advanced the knowledge in the field of bone adaptation to

mechanical loading and anabolic drug treatment with PTH, because it quantified the non-

homogeneous bone adaptation in the tibia cross-section. With this approach we demonstrated

that the thickness variation derived from both mechanical loading and PTH is site- specific,

therefore it cannot be measured using previously published methodologies based on global

morphological variations

The ability of the proposed algorithm to measure local thickness variations, stresses

and strains in the bone cross-section along the periosteum, may allow the development of a

mechanistic rule to predict the adaptation response of bone based on Wolff’s law. This future

model may predict local bone apposition in the direction normal to the periosteum. Bone

modelling and remodelling responses due to mechanical loading and PTH drug treatment

would be driven by the local changes in the SED, representing the mechanical stimulus

inducing either bone formation or bone resorption. The definition of a law for the adaptation

rate would be necessary to compute the adaptive quantity at each remodelling iteration.

According to this adaptive quantity computed, the geometry of the cross-section would

be updated at each iteration either adding or removing bone in specific sites along the

periosteum. The variation of the cross-section would be obtained by adding or removing a

number of pixels in the BW image proportional to the adaptive quantity computed. After

updating the shape of the cross-section, the SED would be computed again and the procedure
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repeated. Furthermore, the accuracy of a predictive law on the bone adaptation might be

increased using the mechanistic PK/PD model discussed above, which takes into account the

cellular and biochemical pathways involved in bone adaptation responses to external stimuli.

To translate some of the insights gained from the animal experiments into feasible public

health interventions to treat OP in humans, the following considerations were made. In mice,

the combination of repetitive cyclical loads applied to the bone and rest periods showed an

effective stimulus to induce bone formation. However, exercise may be challenging in elderly

patients with OP. For this reason, the possibility of having an enhanced combined effect due

to PTH and mechanical loading was investigated. In mice, significant bone growth across the

entire cross-section due to the enhanced combined effect was found at the proximal/middle

site for the highest dose of PTH. The lower drug doses showed an enhanced effect limited to

specific positions along the periostem. This suggests that, even though the pharmaceutical

industry avoids considering the association of osteogenic loading with drugs in the treatment

of OP, a pre-treatment of the disease with daily administrations of PTH followed by the

prescription of exercise may increase the anabolic effect on bone in humans.
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