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Abstract Osteoporosis (OP) is a progressive bone disorder regarded as an impor-
tant worldwide health issue. OP is characterised by a slow reduction of the bone
matrix and changes in the bone matrix properties. Novel drug treatments are con-
tinuously developed to reduce the risk of bone fractures. Assessing the effects of
novel and existing treatments on OP can be challenging. This is due to the difficul-
ties of establishing the effects of the drug on the disease progression as reflected in
the slowly changing bone mineral density (BMD). In recent years, our understand-
ing of the pathophysiology of OP has considerably improved. Biomarkers reflecting
bone physiology have been identified at the cellular, tissue and organ levels. Cellu-
lar biomarkers reflect the dynamics of bone remodelling (i.e., bone formation and
resorption) on a short time scale. On the other hand, tissue and organ scale bio-
markers show changes of BMD and bone structural arrangements on a larger time
scale. Biomarkers can be used to characterise bone remodelling and to quantify the
effect of the drug on OP. Recently, the concept of disease system analysis (DSA) has
been proposed as a novel approach to quantitatively characterise drug effects on dis-
ease progression. This approach integrates physiology, disease progression and drug
treatment in a comprehensive mechanism-based modelling framework using a large
amount of complementary biomarker data. This chapter will provide an overview
of the use of DSA to characterise drug effects on OP. We will review classical
(i.e., non-mechanistic) pharmacokinetic-pharmacodynamic (PK/PD) models used
to study drug dose-effect responses. Latest mechanistic bone remodelling models
will be presented together with the study of the effect of the drug denosumab on
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disease progression in postmenopausal osteoporosis (PMO). Finally, we will pro-
vide an outlook on how to extend the temporal mechanistic model towards a spatio-
temporal description.We conclude that the development of fully mechanistic disease
systemmodels ofOP has great potential to adequately predict the long-term effects of
drug treatments on clinical outcomes. This may provide a means for patient-specific
estimation of bone fracture risk.

1 Introduction

The objective of this chapter is to introduce the theoretical framework of disease
system analysis (DSA) to analyse disease progression and therapeutic interven-
tion in osteoporosis (OP). Firstly, we will introduce the classical pharmacokinetic
(PK), pharmacodynamic (PD) and pharmacokinetic-pharmacodynamic (PK/PD)
modelling approaches in the context ofOP and drug interventions. The PK/PD frame-
work will then be expanded towards DSA allowing for the classification of disease
status and progression, together with assessment of various drug interventions. Two
types of models will be discussed: (i) the one treating the symptoms of a disease and
their response to the treatment directly, i.e., without consideration of the underlying
biological system; (ii) the one treating the disease progression as a turnover model
allowing the distinction between the disease progress and the effects of the drug on
the disease status. Based on the limitations of current DSA models of OP, we intro-
duce a comprehensive mechanism-based disease progression model. Key variables
in this model are: bone cells concentrations (active osteoblasts, active osteoclasts and
their precursor cells); cell-cell signalling pathway (RANK-RANKL-OPG pathway);
hormonal (PTH) and local (TGF-β) regulatory factors; mechanical strains both at
the macroscopic level of cortical and trabecular bone and at the microscopic level
of the extra-vascular bone matrix. The latter variable provides the ability to account
for the biomechanical feedback coming from osteocytes. Subsequently, this model
is used to investigate postmenopausal osteoporosis (PMO) and its treatment with
the anti-catabolic drug denosumab. Finally, we will provide an outlook on how to
extend temporal models of bone remodelling to spatio-temporal models, a necessary
prerequisite to accurately estimate the risk of bone fracture.

OP is a progressive disease characterised by fractures of spine, hip andwrist as pri-
mary clinical manifestations. It is a major health problem in the society placed along-
side diseases such as breast cancer, cardiovascular diseases and diabetes mellitus
when considering prevalence, lifetime risk and socio-economical impact [76, 143].
Most often, OP is diagnosed only after a fracture occurs, it is therefore referred to as
silent disease. Because of its importance, many researchers are currently studying to
understand the origin of the disease and to find effective treatments [13]. New drugs
are continually being developed and trialled on animals, only the most promising
ones are then tested on humans. Drug efficacy and safety are usually assessed using
biomarkers. In general, biomarkers can be divided into two categories: site-specific
and non-site specific. The former category allows to assess bone mineral density



Application of Disease System Analysis to Osteoporosis … 63

(BMD) and bone quality at a particular bone site using X-ray imaging technologies.
The latter category, also referred to as bone turnover markers (BTMs), allows to
assess the activity of bone cells in the entire body by measuring bone molecular
product concentrations in blood and/or urine [23].

Several scientific communities have approached the problem of OP aiming to
better understand the deterioration of bone mechanical properties, to predict bone
fracture risk and to quantify the effects of drugs on disease progression. The approach
taken by materials, structural mechanics and biomedical engineering researchers is
based on the development of deterministic methods including experimental testing
techniques (e.g., mechanical characterisation and imaging-based methods) and com-
putational models assessing bone mechanical behaviour at different scales [177].

On the other hand, the approach taken by clinical researchers investigating drug
efficacy and safety is mainly based on the use of statistical methods, including ran-
domised controlled trials (RCTs) [91]. The development of new drug treatments,
however, is challenging. The trials require a large cohort of patients, due to the
necessity of establishing a statistically significant anti-fracture benefit, and are long
in duration, due to the slow progression of the disease.

Finally, basic bone scientists are concerned with the development of animal
models (including genetically engineered animals) in order to investigate intra- and
inter-cellular aspects of bone diseases and interventions [71]. This approach has
significantly improved the knowledge of the bone physiology and the underlying
mechanisms of OP. In particular, a number of biomarkers reflecting different aspects
and levels of bone physiology and disease are now available.

DSA is a promising methodology which combines all the insights gained from
these different but complementary approaches, via computational modelling. DSA
aims to include the major signalling mechanisms and the experimentally observable
results (e.g., temporal or spatio-temporal data on biomarkers) in order to create a
mechanistic view of the underlying bone physiology and disease progression. Purely
experimental approaches establish statistical correlations between individual risk fac-
tors and disease progression biomarkers. Mechanism-based models instead, allow
for the integration of different factors into a comprehensive model of bone remod-
elling, providing a more holistic view of the disease progression and the effect of
interventions. Moreover, once that the computational model has been developed, it
can either be used to predict outcomes or as hypothesis generating tool to design new
experiments [120].

Traditionally, PK/PD modelling was used to characterise the time course of a
drug effect with the primary objective of optimising the dosing regimen and the
delivery profile. Recently, PK/PDmodels have also been applied in the drug develop-
ment process [41, 124]. The approach of conventional PK/PD models is descriptive,
empirical and driven by a large amount of data. Due to their nature, these models
are not able to predict clinical responses beyond the data which they are based on.
For this reason, mechanism-based PK/PD models have been developed [41, 126,
147]. These are more sophisticated models which take into account the underlying
mechanisms of a pathology and the action of the drug, with the aim of characterising
the intermediate processes between the drug administration and the drug effect. This
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characterisation relies on biomarker data and on two categories of parameters: the
ones describing the properties of the drug (e.g., affinity and target activation) and the
ones describing the properties of the biological system [40, 41, 124]. The separa-
tion between drug and system is crucial for the prediction and the extrapolation of
treatment effects, in particular when the model takes into account disease-modifying
agents that specifically target the underlying time course of the disease.

Nevertheless, both PK/PD and DSA models have had, so far, limited success
in predicting fracture risk in osteoporotic subjects. Potential limitations of these
approaches can be the non-detailed modelling of the underlying mechanical proper-
ties of bone, and the use of temporal assessment alone to study the effects of anti-
catabolic and anabolic drugs on bone biomarkers. With the continuous improvement
of bone imaging technologies, however, different spatial regions can be distinguished
in bone and local BMD or bone volume (BV/TV) can be monitored. Given that bone
structural properties strongly depend on the spatial distribution of BV/TV, under-
standing the effects of drugs on spatial changes is critical.

Here we will present our group effort over the past years to incorporate bone
mechanical behaviour in mechanism based PK/PD models and extend the DSA
approach to spatio-temporal models. In Sect. 2 we introduce the basic principles of
bone physiology including: (i) a summary of the hierarchical structure of bone mate-
rial; (ii) the mechanical and physiological function of bone modelling and remod-
elling; (iii) the major cell-cell signalling pathways; (iv) the mechanical and hormonal
regulatory factors controlling bone homeostasis. In Sect. 3 we introduce the notion
of bone biomarkers which provide the signature of a particular bone in terms of bone
mass and turnover. The latter parameter indicates the amount of bone replaced in a
certain period of time and can be used in the characterisation of bone homeostasis and
bone diseases such asOP. Biomarkerswill be discussedwith respect to their catabolic
or anabolic characteristics. BMD is discussed with respect to different measurement
technologies. In Sect. 4 we discuss bone pathologies, in particular age-related bone
loss and OP. Diagnosis and currently available treatment options are also described
in this section. DSA in the context of conventional PK/PD models is reviewed in
Sect. 5, introducing the notion of linear and asymptotic disease progression models
together with symptomatic and protective disease interventions. In Sect. 6 we extend
the concept of PK/PD modelling in bone with respect to mechanism-based PK/PD
models and we introduce the bone remodelling model by Pivonka et al. [121] and
extensions thereof. This mechanistic PK/PD model contains specific expressions of
signalling pathways, hormones and growth factors that allow to quantitatively char-
acterise processes and interactions from the drug administration to its effect. As an
example, we show the effect that the anti-catabolic drug denosumab has on PMO.
Finally, in Sect. 7 we provide a summary of the chapter with future directions in the
application of DSA in OP research with emphasis on spatio-temporal modelling.
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2 Relationship Between Structure and Function of Bone:
An Overview

2.1 Bone Structure and Function

Material Characterisation: Organic/Inorganic

The skeletal system is a major constituent of the human body. It is an extensive
connective tissue composed of bones, tendons, ligaments and cartilage. Bone is a
dynamic living tissue which refers to a family of materials with different structural
motifs, but all having in common the mineralised collagen fibril as the basic building
block [170]. These materials have evolved to fulfil a variety of mechanical functions
for which the structures are fine-tuned and adapted. Bone structure is highly complex
and it canbedescribedbyup to sevenhierarchical levels of organization (Fig. 1) [129].
The basic building block of bone, i.e., the mineralised collagen fibril, is composed of
three major components. The first component is the organic part, mainly composed
of Type I collagen present in the structural form that can also be found in skin, tendon
and other soft tissues. Collagen constitutes the main component of the osteoid matrix
(with proteoglycans and non-collagenous proteins forming additional constituents)
into which, and in some cases onto which, the mineral forms. The second component
is the bone mineral, which represents the inorganic part of bone tissue composed of
dahllite, also known as carbonated apatite (Ca5 (PO4,CO3)3 (OH)). Water repre-
sents the third component. During the biological process of bone remodelling (see
also Sect. 2.2), osteoblasts and osteocytes assemble these three components into an
ordered structure known as mineralised collagen fibril.

Cortical and Trabecular Bone

Based on morphological structure, mechanical properties and metabolic functions,
two types of bone can be distinguished: cortical and trabecular (Fig. 1). Cortical or
dense bone forms the outer shell of bones. It consists of layers of bone (i.e., lamellae)
organized around a central canal in which blood vessels, nerves, connective tissue
and lymphatic vessels are found. This functional unit is referred to as Haversian
system or osteon. Approximately 80% of the skeletal mass is cortical bone. On the
other hand, trabecular or cancellous bone consists of an interconnected network of
struts and plates. Pore spaces within this network are filled with blood vessels, nerves
and bone marrow. Trabecular bone is found at the distal end of long bones, in short
bones, in the inner surfaces of flat bones and in irregular bones such as vertebrae.
Approximately 20% of the skeletal mass is trabecular bone.

Bone Mechanical Properties, Bone Quality and Fracture Risk

Cortical bone is a dense calcified tissue having high resistance to bending and tor-
sion. It provides mechanical strength and protection to vital internal organs and
bone marrow. Cortical bone also forms the basis for muscles attachment, supporting
locomotion. On the other hand, trabecular bone is less dense and composed of thin
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Fig. 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)

trabeculae which form a robust 3D structural framework with elastic properties. It
contributes to provide 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 (see also Sect. 2.2). Cortical bone instead,
is involved in metabolic processes only in situations of severe or prolonged mineral
deficit [58, 87, 150].

In order to determine the biomechanical function of bone, mechanical testing is
commonly applied. Traditional mechanical testing provides detailed information on
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the whole-bone mechanical properties and on the properties of the matrix material,
however, it does not reveal local failure characteristics. High correlation has been
established between the elastic properties of bone and its density [27]. Utilising mul-
tiscale modelling techniques based on micromechanics, it is now possible to link
individual bone constituents in a hierarchical way so that anisotropic elastic prop-
erties of bone can be predicted [60]. A correlation has also been shown between
bone strength and bone density [27]. However, computational prediction of bone
strength is challenging because of the non-linear and inelastic material behaviour
of bone tissue. Bone failure is a complex process that depends on: (i) the applied
loading regimen (uniaxial vs. multiaxial); (ii) the loading rate (static vs. dynamic);
(iii) the structural and material properties. When exposed to a slow and monotonous
loading condition, bone initially deforms elastically. After reaching the yield limit,
the deformation becomes inelastic. Close to the ultimate load (i.e., maximum struc-
tural load) high local deformations occur, together with local growth and propagation
of microcracks that eventually lead to a macroscopic failure [103]. Another impor-
tant quantity characterising bone resistance to failure is the bone toughness, i.e., the
integral of the stress-strain curve in the post elastic regimen [134]. During ageing,
bone becomes more brittle due to the loss of ultrastructural water in the bone matrix
that significantly reduces bone toughness [113]. Furthermore, anti-resorptive drug
treatments have been associated with increased brittleness of bones [153]. Although
some work has been done to clarify the characteristics of bone failure, fundamental
knowledge on how failure originates within trabecular and cortical bone is still lack-
ing. However, to be able to estimate the fracture risk of a specific patient, a detailed
understanding of bone failure behaviour is essential.

The emergence of accurate and precise bone densitometry over the last two
decades resulted in bone density becoming a primary target in the diagnosis and
monitoring of OP. Bone strength and fracture risk are generally assessed by mea-
suring BMD. Although large population studies demonstrated a strong correlation
between bone density and bone mechanical properties of trabecular bone [149, 164],
bone mechanical properties also depend on the architecture and the intrinsic material
properties of the tissue [25]. In fact, the risk of fracture in a 75year old woman is 4–7
times higher than the risk of fracture in a 45year old woman having the same bone
mass [68]. This demonstrates that bone fragility is not determined by bonemass only.
In agreement with this idea, it has recently been observed that all the anti-resorptive
treatments forOP have about the same fracture efficacy, although there is a seven-fold
difference in their effect on BMD. Consequently, it is difficult to achieve an accu-
rate assessment of bone fracture risk in a clinical environment solely on the basis
of bone densitometry. Other factors such as bone microarchitecture, bone turnover
(i.e., proportion of bone replaced in a certain unit time, usually expressed as %/year),
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 [25]. In the following, two factors of bone quality, i.e., bone turnover
and degree of mineralisation of bone tissue, will be discussed in the context of bone
physiology and pathology.
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2.2 Bone Physiology

Bone has multiple functions within the body. Among these, the most important one
is to enable locomotion by providing support to muscles, ligaments, tendons and
joints. To carry out this function, bone needs to maintain structure and strength with
minimal weight. Bone also provides a readily accessible store of calcium to support
calcium homeostasis. Other roles of bone include: providing a protected environment
for bone marrow, providing support for a haematopoietic stem cell niche [26], acting
as an endocrine organ regulating energy metabolism potentially via osteocalcin [31].

Bone Modelling and Remodelling

To accomplish all its functions, bone needs several cellular mechanisms. To meet
the biomechanical demand, for example, bone requires a control system able to
detect bone strain and/or other mechanical quantities (e.g., hydrostatic pressure and
fluid flow) andmicrodamage. Signalling systems inducing a reparative response, i.e.,
inducing bone resorption to remove damaged bone and bone formation to replace it
with new one, are also needed [80]. The main processes by which bone is able to
continuously adapt and renew in response to biomechanical and metabolic demands
are bone modelling and bone remodelling.1

Bone modelling refers to the process in which bone formation and bone resorp-
tion occur at spatially distinct sites [7, 72]. 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 intervals. In remodelling, bone resorption and formation
are coupled, occurring in packages of cells along specific sites on the same bone
surface. This warrants that old bone sites that have been resorbed will be filled with
newbone.While bonemodelling predominantly occurs in the growing skeleton, bone
remodelling occurs throughout life. Moreover, bone remodelling has been suggested
to regulate calcium and phosphorus homeostasis and to repair microcracks.

Bone Cells in (Re)modelling

To translate local mechanical and autocrine/paracrine biochemical signals into tai-
lored bone remodelling responses, certain requirements need to be fulfilled. Less
structurally important bone, for example, should be targeted for calciummobilization
during times of high calcium demand [93]. To achieve all the diverse requirements,
three bone cell types are present in bone microenvironment:

1Following the notation of L. Lanyon we will use (re)modelling to denote both modelling and
remodelling.
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Osteocytes reside within the bone matrix. They interact with the surrounding bone
matrix and communicate to adjacent osteocytes via a dense and interconnecting
canaliculi network which contains osteocyte cell processes. Osteocytes orches-
trate the detection and the response to microdamage, fracture, and changing bone
strain. They represent about 90% of all bone cells [84].

Osteoblasts are cells of mesenchymal origin which line the surface of bone. They
form bone by progressive bone matrix deposition and subsequent mineralisa-
tion. Cells of this lineage have receptors for parathyroid hormone (PTH), 1,25-
dihydroxyvitamin D, and a number of local regulatory factors [136]. After
completing the bone formation process, these cells can either undergo apopto-
sis (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.

Osteoclasts are large multinucleated cells of haematopoietic origin able to resorb
bone. Adhering to bone surface, they secrete acid to demineralise bone and prote-
olytic enzymes to break down the collagenous bone matrix [22, 165]. Osteoclasts
are typically unable to respond directly to pro-resorptive hormones and require
the presence of osteoblasts to locally regulate their differentiation and activity.

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. Bone cells are organised
into clusters named basic multicellular units (BMUs) by Frost who was the first to
describe them as the basic functional unit of bone remodelling [44, 50, 51]. In a
normal adult skeleton, there are about 1.7 · 106 BMUs [50, 52, 169]. At the front
of a BMU, osteoclasts dissolve the bone matrix creating a resorption cavity (also
known as cutting cone). Towards the rear of a BMU, osteoblasts secrete osteoid,
an organic matrix of collagen fibres gradually refilling the resorbed cavity. This
organic matrix becomes gradually mineralised and forms new bone (Fig. 2). The
osteoid mineralisation process is believed to be partly regulated by osteoblasts and
osteocytes. In cortical bone, BMUs proceed through the bulk of the tissue leaving
new secondary osteons in their wake. Osteons are cylindrical tissue structures having
a diameter of about 100–200 µm, have a length of up to 10mm and are aligned with
the main loading direction [85, 159, 160]. In trabecular bone, BMUs proceed along
the surface of plates and struts, forming hemi-osteons or trenches of new bone tissue
about 60–70 µm deep [159].

Since trabecular bone remodelling operates on bone surface, it can be associated
with either negative bone balance (net bone loss) or positive bone balance (net bone
gain). In cortical bone the situation 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 [116, 135]. The exact proportion of type I over type II osteons in cortical bone
remodelling is controversial, in fact, vascular channels increase with age [116], but
age-related bone loss is due to increased pore area rather than increased pore density
[167].
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Fig. 2 Bone remodelling andBMUon 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)

Dynamic histomorphometry techniques, such as tetracycline labelling and
radionuclide imaging, have considerably helped in the elucidation of kinetic proper-
ties of matrix apposition and cell development within BMUs [69, 70, 118]. 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 radi-
ation (SR micro-CT) to visualize the morphology of 3D osteonal structures ex vivo
[33]. Phase-contrast agents have been used in combination with SR micro-CT to
visualize osteonal structures in vivo [59].

Cell Signalling Pathways and Regulatory Factors (Mechanical, Hormonal,
Local)

Catabolic pathway: RANK-RANKL-OPG

Bone resorption is regulated via the integration of multiple pro- and anti-resorptive
stimuli with convergence of output into a dominant mediating pathway. Cells of
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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) [82, 176] and its inhibitor osteoprotegerin (OPG) [157, 168].
RANKL is either expressed as a membrane bound cytokine or released in a solu-
ble form by cells of the osteoblast lineage. Osteocytes, osteoblasts and osteoblast
precursors can express RANKL and currently there is some controversy regarding
which predominate. Apparently, selective knock-down of RANKL in osteocytes pro-
duces a moderately severe osteopetrosis in mice, indicating that osteocytes have a
significant role as source for RANKL [108]. RANKL binds to its receptor RANK
(receptor activator of nuclear factor kappa-B) expressed on the surface of osteoclast
precursor cells. The RANKL-RANK binding induces intracellular signalling path-
ways driving the differentiation into an osteoclast phenotype, activating osteoclastic
bone resorption and increasing osteoclast survival (Fig. 3a) [107]. OPG is a decoy
receptor for RANKLnaturally secreted by cells of the osteoblast lineage and involved
in the regulation of the resorption process. OPG, in fact, binds to RANKL to pre-
vent its association with RANK. Consequently, osteoclast differentiation and activity
are inhibited and osteoclast apoptosis is promoted (Fig. 3b). Therefore, if RANKL
expression exceeds OPG expression, bone resorption is promoted, vice versa, if OPG
expression exceeds RANKL expression, bone resorption is inhibited (http://www.
rankligand.com/).

Pro-resorptive hormones, such as PTHand calcitriol, increaseRANKLexpression
within bone and decrease the OPG one, leading to increased bone resorption. These
hormones and other local regulatory factors bind to their own specific receptors
expressed on osteoblasts and activate signalling pathways leading to an increased
RANKL expression. On the other hand, bone protective agents such as estradiol and
testosterone tend to increase the expression of OPG relative to RANKL, reducing
bone resorption [67, 101]. 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).
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 microfractures or fatigue damage increase the RANKL/OPG ratio,
while increased bone strain tends to decrease the RANKL/OPG ratio via osteocytes
[81].

While RANKL-RANK signalling is necessary and dominant in the regulation of
bone resorption, other modulating molecules can directly signal osteoclasts to mag-
nify or diminish their response to RANKL. Inflammatory cytokines, for example,
can enhance the osteoclast response [83]. In contrast, the systemic hormone calci-
tonin inhibits (reversibly) the osteoclast response via the activation of the calcitonin
receptor onmature osteoclasts [28]. In addition, there are other sources of RANKL in
bone that tend to contribute to the regulation of bone resorption during disease. Acti-
vated T-cells, in particular, secrete RANKL and can induce bone resorption during
infection or chronic inflammation [166].

http://www.rankligand.com/
http://www.rankligand.com/
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Fig. 3 Role of the
RANK-RANKL-OPG
pathway in
osteoclastogenesis:
osteoblasts express RANKL
on either cell surface or in
soluble form (shown here).
a Osteoclastogenesis is
promoted by osteoblasts via
the RANKL-RANK binding
which induce osteoclast
precursor cells to
differentiate into active
osteoclasts.
b Osteoclastogenesis is
inhibited by osteoblasts via
the production of OPG which
blocks RANKL-RANK
interactions [22]

(a)

Osteoblast Osteoclast RANKLRANK OPGOsteoclast
precursor

x

x

x

(b)

Anabolic Pathway: Wnt Signalling

The Wnt family of growth factors, together with their receptors, co-factors and
inhibitors, represent one source of regulation of both the mesenchymal stem cell
lineage commitment and the osteoblast precursors population. There is evidence that
mature osteoblasts can secreteWnt that in turn acts on earlymesenchymal precursors
to induce differentiation in the osteoblast lineage [7]. However, the understanding of
the Wnt action is complicated due to the presence of 19 Wnt ligands, 10 Wnt recep-
tors andmultipleWnt receptor co-factors and inhibitors [77]. 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
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sequestered in bone matrix [1]. However, it is difficult to separate this action from
their differentiation activity. During the inflammation typical of fracture repair, the
transient exposure to TNF-α may also influence the commitment of mesenchymal
stem cells to the osteoblast lineage [95].

Association Between Bone Remodelling and Bone Mineralisation

The measurement of the degree of mineralisation of bone (DMB), also known as
tissue mineral density (TMD), is relatively recent compared with the assessment of
bone vascular porosity. Themost accurateway to assessTMD ismicroscopically (i.e.,
at the bone matrix level) using high-resolution imaging techniques. This approach
translates the linearX-ray attenuation coefficient for a given beamenergy in grey level
values in the 3D reconstructed micro-CT or SRmicro-CT images [112, 139]. The X-
ray attenuation depends on thematerial composition and in a bone sample it is related
to themineral component of the bone. The amount ofmineral per unit volume of bone
matrix

(
in g/cm3

)
in a bone sample can be estimated using a calibration technique

based on phantoms of known compositions. These calibration phantoms can either
be solid and made of different concentrations of calcium hydroxyapatite (CaH A)
or liquid and made of homogeneous solutions of water and different concentrations
of dipotassium hydrogen phosphate (K2HPO4) [109]. The distribution of the grey
levels within different regions of interest (ROIs) can be obtained from the histogram
of the bone images normalized by the total volume (TV).

TMD has been directly associated with bone mechanical properties either at the
bone structural unit level [150, 161] or at the whole bone tissue level [38, 39, 47].
Moreover, TMDhas also been associated with the bone remodelling activity (Fig. 4a)
[4]. According to the model recently developed by Bala and co-workers, an increase
in bone remodelling leads to an increase of BMUs birthrate and to 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 completedwithin one year [3, 18, 140, 141]. In case of hyperparathyroidism,
for example, the proportion of bone structural units (BSUs) undergoing primary
mineralisation decreases, the mean TMD decreases and its distribution broadens
(Fig. 4b). The opposite occurs when the remodelling activity is low or reduced due to
drugs and/or pathologies (Fig. 4b). In this case, the different BSUs have more time to
complete mineralisation before being resorbed in a further remodelling event [16].
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 [19, 137]. This conceptual model has been widely validated by
the observation of pathologies and drugs altering remodelling activity.

In normal bone, the evolution of TMD with age has been widely studied and the
overall result is the absence of correlation with age.More generally, it has been found
that the TMDmean was age, sex, race, bone site and bone envelope independent and
that the inter-individual variation was low [8, 11, 17, 48, 138]. However, some
studies revealed a positive correlation between TMD and age [49, 138, 163]. This
discrepancy may have several causes. Among these, one example is the fact that
most of the samples were collected at the autopsy or drawn from anthropologic
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Fig. 4 Bonemineralisation and bone turnover: a the degree of TMD is regulated by the rate of bone
turnover, higher turnover rates lead to lower TMD and vice versa. b Bone diseases characterised by
high bone turnover rates (e.g., primary hyperparthyrodism) lead to a decreased TMD, anti-catabolic
drugs (e.g., Alendronate) inhibit bone turnover and result in increased TMD,modified from [4] with
permission

collections with few medical history details. Moreover, anthropologic collections
comprised specimens from populations in the ninetieth century (before the industrial
revolution) which are not representative of our modern population [11]. Another
cause of the discrepancy can be that age classes are often not well balanced, with
fewer individuals in both youngest and oldest categories. Furthermore, most of the
results are reported on iliac crest samples because they are easier to collect. However,
even if data suggest that changes in the iliac crest are correlated to the changes in
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other bone sites with a mixture of cortical and trabecular bone, e.g., femoral neck
and vertebral bodies [42, 127], extrapolations to the femoral shaft are limited. In
fact, the differences between femur and iliac crest are striking: the femur is a weight
bearing bone, entirely cortical and a site of osteoporotic fracture, all characteristics
that are absent in the iliac crest. Another cause of discrepancy can be the fact that
most of the studies investigated the cortical bone as a homogeneous bulk, masking
the radial and circumferential regional inhomogeneities. A recent study highlighted
that the DMB assessed in the femoral midshaft using SR micro-CT decreased from
the periosteal to the endosteal surface [144]. Further investigations regarding spatial
inhomogeneities of TMD are required.

3 Biomarkers Characterising Mass, Quality
and Turnover of Bone

Currently, there is no standard practice tomonitor patients receiving treatment forOP.
Repeated dual-energy X-ray absorptiometry (DXA) is a diagnostic test commonly
used to assess the change in BMD following a therapeutic intervention. However,
this technology has several limitations such as long time interval between two con-
secutive BMDmeasurements (6–9 months are needed to be able to detect changes in
BMD), limited access to the DXA machine, elevated cost of the technology and low
correlation between BMD monitoring and fracture risk estimate. A recent review
pointed out that BTMs measuring bone resorption and formation may offer an alter-
native monitoring strategy [61]. Some advantages that BTMs have over DXA in
monitoring the response to OP therapies are, for example, their non-invasive nature,
their relatively cheap cost and the capability to detect changes in bone turnover rates
after 3–6 months of therapy and in some cases already after 2weeks.

More generally, these clinical quantities used to characterise OP and therapeutic
interventions can be divided in two groups: specific biomarkers and non-specific
biomarkers. Specific biomarkers such as BMD are specific to a particular bone site
(e.g., femoral neck, lumbar vertebra, wrist) and reflect the effects of disease and
treatment as changes in BMD over time. On the other hand, BTMs are non-specific
biomarkers as they reflect bone remodelling activities in the whole skeleton and, as
such, they are not specific to a particular bone site. In the following, we will review
the use of these biomarkers in the context of OP and various therapeutic interventions
having in mind to use these quantities for DSA.

3.1 Bone Structure and Bone Mineral Density

Imaging is essential to the evaluation of bone and joint diseases. In this context, many
studies were conducted in order to find non-invasive analytical techniques to quantify
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the changes occurring in bones and joints over time, both in health and disease
[103]. Several 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 [37, 76, 174]. 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 mainly 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

(
in g/cm2

)
involving a low radi-

ation exposure. The most relevant sites for the clinical assessment of the fracture
risk using DXA are the spine (predominantly trabecular), the hip (mixed trabecular-
cortical) and the wrist (predominantly cortical), and are routinely assessed using this
technology tomonitor the changes in BMD [173, 174]. Onemajor 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
[158]. Hence, the quantification of bone structure, material composition or cortical
porosity is not possible with this technology.

HR-pQCT is an imaging technique that allows to better understand bone and joint
diseases at themicroarchitectural level. It provides high resolution 3D images (82µm
isotropic voxel size) using a relatively low radiation dose (3–5 µSv) compared to
total body CT scans [56]. 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) 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.

BMD and structural parameters of bone such as trabecular thickness (Tb.Th)
and trabecular numbers (Tb.N) are specific biomarkers that can be used to assess
the changes in bone microarchitecture due to OP. One example of specific bone
biomarkers is shown in Fig. 5a where micro-CT reconstructions of biopsy specimens
of the iliac crest at baseline (left) and after three years (right) clearly show that both
cortical and trabecular bone become thinner and connectivity is lost with the disease
progression in an untreated patient [150].

3.2 Bone Turnover Markers

BTMs characterise the dynamic activity of bone cells via measurements of their bio-
chemical concentrations in blood, serum or urine. BTMs are defined as non-specific
biomarkers of bone because they provide information related to the whole body as
opposed to site-specific information on a particular bone site. For this reason, the
effectiveness of a particular treatment needs to be evaluated carefully. BTMs can be
distinguished in three different types according to their relation to bone (re)modelling
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Fig. 5 Biomarkers reflecting bone physiology: a specific biomarkers such as BMD, Tb.Th and
Tb.N, from micro-CT images of biopsy specimens of the iliac crest at baseline (left) and after
3years (right), modified from [150]. bNon-specific biomarkers of bone turnover in relation to their
origination during bone remodelling process
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activity: (i) collagenous bone resorption markers, (ii) bone formation markers, (iii)
markers of osteoclast regulatory proteins [36, 87, 151].An overviewof variousmark-
ers of bone turnover in relation to their origin and function is provided in Fig. 5b and
Table1 [125]. Collagenous resorption markers are degradation products of bone col-
lagen and their concentrations reflect the rate of bone resorption [36, 151]. 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 reg-
ulatory proteins are divided into markers reflecting the rate of osteoclastogenesis
and the osteoclast numbers. Measurements of calcium and phosphate concentrations
provides additional information on bone turnover and reflect the net balance between
bone resorption and bone formation in the whole body [104]. It is worth to mention
that calcium balance studies are costly, time consuming and difficult to perform
[117].

BTMs have advantages over BMD measurements as they are non-invasive, rel-
atively cheap and can detect changes in bone turnover rates earlier. However, the
disadvantage of a particularly high within- and between-patient variability needs to
be taken into account when using BTMs.Moreover, their ability to identify treatment
non-responders and predict future fracture risk has yet to be established.

3.3 Characteristic Time Scale and Variability of Bone
Biomarkers

In order to use bone biomarkers in the diagnosis and treatment of OP and other bone
disorders, 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,
variability in 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 [15, 43]. Nevertheless, the overall reproducibility of DXA measurements
has been proven satisfactory with phantom measurements [155]. To overcome the
issues of comparing numerical measures of BMD obtained from different scanners,
each device manufacturer provides the user with a reference distribution that allows
to internally normalize the individual measure with respect to the peak bone density
of young adults. This normalised parameter is known as T-score and represents the
number of standard deviation (SD) of the BMD measurement above or below the
BMD of a young healthy 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 repro-
ducibility is characterised. Generally, this characterisation take place over a short
period of time (about 2weeks) so that no real change in the BMD is expected and
the short-term precision error is quantified [43]. The BMD precision error can be
expressed as coefficient of variation (CV [%]), which is the ratio of the SD to the
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Table 1 Non-specific biomarkers of bone turnover [125]

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 osteoblast precursor
activity, involved in bone
mineralisation.

Bone protein marker

OCN Serum or plasma Non-collagenous protein of bone
matrix, osteoblast products, bone
degradation product, correlated to
histomorphometric 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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mean of the measurement, or as SD
[
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 used as ref-
erence [175]. This implies that CV increases with decreasing BMD. Therefore, when
assessing for significant changes in BMD, it is common practice to use SD rather
than CV. The reproducibility of a measurement can also be quantified measuring
the smallest detectable difference (SDD) that represents the minimum meaningful
BMD change that can be detected with a certain device. The SDD is measured using
the Bland and Altman’s 95% limit of agreement method [14, 43] and is generally
preferred to CV because is expressed in absolute units

[
g/cm2

]
and is independent

of the BMD level. It has been shown that in older subjects, the measurement error
increases for the spine and total hip. The long-term precision error in a clinical study
increased by 6.5–9.2% with each additional year of monitoring [142].

Biological variability reflected in BMD measurements instead, arise 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 [87, 151].

BTMs exhibit high intra- and inter-individual variability. The technical causes for
this are determined by the type ofmarkermeasured, e.g., resorptionmarkers are often
a mixture of molecular entities, and the type and precision of the assay used to detect
a specificmarker. TheCV for the inter- and intra-assay variability are typicallywithin
10% [87]. Other technical sources of variability are the inter-laboratory variation, the
mode of sampling (e.g., 24-h or secondmorning void for urinarymarkers), the timing
of sampling (e.g., diurnal variation), the type of sample taken (e.g. urine or serum)
and 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
[151, 152].

On the other hand, the biological causes of variability in themeasures of BTMs are
more difficult to control. These are the same factors mentioned previously for BMD
measurements, such as age, sex, recent fractures, drugs, disease, lifestyle and also
temporal variability (e.g., diurnal variation, menstrual rhythm) [36, 151]. However,
in contrast to BMD, the influence of several of these factors on BTMs concentration
can be observed on a daily to monthly basis. In general, the variability in BTMs
increases with age and after menopause.

In Sect. 6 we will discuss how a mechanistic model can aid in comparing disease
and treatment effects based on these heterogeneous sets of biomarkers. This type
of model captures the underlying dynamics present in the data independently of the
measuredmarkers, assays used and reported assay units. It can also detect differences
in the methodology used to analyse the markers in different studies. In addition, the
previously mentioned difference in BMD values due to different devices can be
incorporated in a mechanistic model.



Application of Disease System Analysis to Osteoporosis … 81

4 Bone Pathology: Osteoporosis and Treatments

OP and its related skeletal complications are amongst the most important diseases
impacting on both quality of life of the ageing population and costs of the health care
system.Bone diseases in the elderly, are associatedwith highmorbidity and increased
mortality. OP in particular, is characterised by low bone mass due to increased
(macroscopic) porosity, which leads to the deterioration of bonemicrostructure. Cor-
tical bone deterioration is characterised by an increased intra-cortical porosity and
trabecularisation of endocortical bone regions. On the other hand, trabecular bone
loses connectivity between trabecular struts and plates. Furthermore, OP changes
the mechanical properties of the bone matrix. The increased mineralisation, in fact,
induces amore brittlematerial behaviour. These changes in bone structure and quality
enhance bone fragility and consequently the fracture risk [173].

Different types of OP can be distinguished: PMO, senile or age-related OP,
idiopathic and juvenile OP, OP resulting from other diseases (e.g., hypogonadism,
endocrine states, diabetes) or conditions in the mechanical environment (e.g., immo-
bilization) and OP due to deficiencies (e.g., vitamin D, calcium) and medications
(e.g., corticosteroids) [130, 132]. Among all these types, 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 (Fig. 6). Due to this accelerated bone loss, prevalence of OP and
probability of fractures beyond age 50 is about 3 times higher in women than in men
[76]. In women, age-related bone loss starts approximately 10–15 years preceding
menopause affecting primarily trabecular bone. A studymeasuring BMDusingDXA
suggested that cortical bone is not damaged until menopause [2], however, this might
be related to limitations in the imaging resolution. Intra-cortical bone loss and how
this is affected by oestrogen can be better investigated using latest technologies such
as HR-pQCT [24, 56].

4.1 RANK-RANKL-OPG Pathway

As pointed out in Sect. 2.2, the RANK-RANKL-OPG pathway is responsible for
catabolic regulations and if altered towards an increase in the RANKL/OPG ratio it
leads to enhanced osteoclastic activity. This process has been associated with var-
ious metabolic bone diseases, including OP [64, 155, 172]. Age-related bone loss
is thought to be a combination of several factors, which includes: reduced bone for-
mation, cumulative effects of calcium and vitamin D deficiency, decreased physical
activity, lack of mechanoresponsiveness of osteocytes and age-related decrease in
gonadal function [143]. Deficiency in calcium and vitamin D has been associated
with increased osteoclastic activity via the action of PTH [117]. To react to low
levels of calcium in blood the parathyroid gland secretes PTH in excess (secondary
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Fig. 6 Bone mass variation with age in men and women: during growth bone mass increases
reaching a peak at around 30years of age (greater in men than in women). At around 40–45 years
of age, age-related bone loss is observed in both men and women, but it is more pronounced in
women (for about 10years) due to menopause

hyperparathyroidism) to induce a calcium release from bone via osteoclastic bone
resorption. This process is reflected in the variation of BTMs such as OPG and
RANKL. On the other hand, it has been shown that serum OPG concentrations
increase with age, both in men and women [78]. Although unexpected, this OPG
increase does not exclude the possibility of bone site-specific increases in RANKL
concentrations which drive bone resorption.

Oestrogen concentration is positively correlated with OPG concentration and
BMD, but inversely correlated with markers of bone turnover [78]. The increase of
bone fracture risk in women has been associated with the elevated bone loss observed
in the period following menopause (10–15 years) characterised by a rapid decline
in oestrogen concentration, an increase in BTM concentrations and a decrease in
BMD [128]. Onset of this postmenopausal phase occurs between 50 and 65years of
age (Fig. 6). The higher rate of bone loss (compared to the age-related bone loss)
is mainly observed in trabecular bone due to its higher turnover rate and the larger
surface area. A recent research however, indicates that cortical bone might also be
strongly affected during this phase and characterised by cortical bone trabecularisa-
tion [5]. RANKL has been positively correlated with markers of bone turnover, while
OPG is negatively correlated with bone turnover [64, 78]. The accelerated phase is
then followed by a phase of slow bone loss (Fig. 6).
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4.2 Risk Factors for Osteoporosis and Osteoporotic Fractures

As highlighted in many reviews, peak bone mass is a major determinant of the risk of
osteoporotic fractures [125]. Peak bone mass is usually reached in the third decade
of life (Fig. 6) 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. Due to the fact that 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 [76]. Peak bone mass and the rate of bone loss during life
are influenced by both genetic and environmental factors [173]. These factors include
risk factors that can be either non-modifiable ormodifiable, such as 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 [74–76, 125, 173].
Bone mass, quality and consequently strength are determined by the combination
of these risk factors. In turn, bone strength and the mechanical loading determine
the fracture risk. The mechanical load acting on bone can be estimated from either
quasi-static loading conditions such as for lumbar spine, or from dynamic loading
conditions such as frequency and direction of falls for femoral fractures.

To estimate the individual contribution of genetic and environmental factors on
the overall fracture risk is difficult [74, 76]. 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 being a not very accurate
measure of fracture risk for an individual [173]. The WHO endorsed a tool named
FRAX® which takes into account all these risk factors for the prediction of the 10-
year risk of osteoporotic fracture in men and women. 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 to mention that FRAX® is far from accurate and the development of
more sophisticated tools based on bone DSA is required.

4.3 Current Diagnosis of Osteoporosis and Whole Bone
Strength

BMD is the best single predictor of bone strength, accounting for the 60–85%. Con-
sequently, OP diagnosis is commonly based on BMD measurements [125, 171,
173, 174]. The WHO defined four diagnostic categories for women, based on
the T-score evaluation (see Sect. 3.3): (i) normal (T-score> −1); (ii) osteopenia
(−1 <T-score< −2.5); (iii) osteoporosis (T-score< −2.5); (iv) severe osteoporo-
sis (T-score< −2.5 in the presence of at least 1 osteoporotic fragility fracture) [173].

https://www.iofbonehealth.org
https://www.iofbonehealth.org
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Nevertheless, these categories are considered arbitrary thresholds strongly dependent
on the reference population characteristics, e.g., race and demographics [94].

Despite the strong connection between BMD and bone strength, it is important to
recognise that low BMD alone accounts for maximum 44% of the fracture risk [162].
The reason for this is that clinical scientists have exclusively focused on the material
side of bone, neglecting entirely the loading conditions. In an attempt to improve
the prediction of individual risk of OP and osteoporotic fractures, the BMD value
was augmented with other bone material properties contributing to the whole bone
strength such as shape, geometry, microarchitecture, bone tissue composition, miner-
alisation, microdamage and rate of bone turnover. These properties are summarized
in the term bone quality [21, 25]. 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 [156]. It is
worth to notice that BMD measurements also contain the mineralisation of bone,
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 from the
combination of 3D micro-CT or HR-pQCT imaging data and multiscale modelling
using micromechanical models and finite element (FE) simulations [178]. Based on
biomechanical arguments, the concept of bone quality was further discussed. In a
review, Hernandez and Keaveny state that, since a bone fracture can be considered a
mechanical event, all the clinically relevantmodifications of bone quality are likely to
affect bonemechanical performance (i.e., strength) relative to bonemass (i.e., BMD)
[63]. Based on this consideration, Hernandez proposed a comprehensive hierarchical
framework to quantify the biomechanical effect of changes in bonequality parameters
at different scales. In particular, this framework was used to investigate how bone
turnover could independently influence fracture risk [62].

4.4 Current and Emerging Treatments

The aim of OP treatments is to reduce the frequency of bone fractures, especially ver-
tebral and hip fractures which are mainly responsible for morbidity associated with
this disease. Different drug treatments can be distinguished according to the follow-
ing characteristics: mechanisms of action; specific sites and modes of action; route
of administration (oral, intravenous, nasal); dosage regimens; degrees of efficacy
and effectiveness [13, 32]. Current bone therapeutic guidelines use BMD and BTMs
as classification criteria for anabolic and anti-catabolic (previously also referred to
as antiresorptive) drugs [131]. According to the terminology of Riggs and Parfitt,
anti-catabolic drugs, e.g., bisphosphonates (BPs) and denosumab, act to reduce bone
turnover (i.e., reduce bone remodelling) causing an increase in bone strength. These
drugs are also associated with a moderately increase of bone mass resulting from
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the increased mineralisation of the existing bone matrix. On the other hand, anabolic
drugs, e.g., intermittent PTH and sclerostin antibody, strongly increase bone mass
by increasing bone remodelling (i.e., high bone turnover) and consequently bone
strength. Interestingly,most agents decrease bone resorption (i.e., anti-catabolic treat-
ment), some increase bone formation (i.e., anabolic treatment) and others have been
reported to do both [30].

In bone remodelling, osteoblastic and osteoclastic actions are coupled (see
Sect. 2.2): osteoblasts are necessary to activate osteoclasts, and osteoclasts secrete
factorswhich stimulate osteoblasts activity. Due to this coupling, anti-catabolic drugs
inhibiting bone resorption will also inhibit to a certain extent bone formation. This
results in reduced concentrations of bone resorption markers, followed by decreased
concentrations of bone formation markers (BP in Fig. 7a). In contrast, anabolic drugs
stimulating bone formationwill also stimulate bone resorption, resulting in increased
concentrations of bone formation markers, followed by increased concentrations of
bone resorption markers (PTH in Fig. 7a). The different kinetics driving the changes
in bone formation and resorption markers following the anabolic treatment generates
a period of time known as the anabolic window where bone mass increases. Accord-
ing to this conceptual model, the effect of the anabolic treatment appears to wear off
after a certain period of time [12].

The effects on bone microarchitecture of the anti-catabolic treatment with rise-
dronate and of the anabolic treatmentwith teriparatide are illustrated in Fig. 7b. Based
on micro-CT imaging data of iliac crest biopsy specimens, treatment with the anti-
catabolic agent maintains bone structure, whereas treatment with the anabolic agent
promotes bone deposition and both cortical and trabecular thickening. In the follow-
ing, a brief summary is given on currently available therapies to treat OP together
with new emerging strategies, including combined and sequential therapies [45, 55].

Anti-catabolic 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. The effects of long-acting BPs such
as zoledronate and alendronate can persist for a long time after the end of the treat-
ment [57]. On the other end, denosumab is a fully human monoclonal antibody that
binds to RANKL with high affinity and inhibits osteoclast differentiation and acti-
vation. The inhibition of osteoclasts ceases within 1year after discontinuation of the
treatment, depending on the dose administrated [102]. Other anti-catabolic drugs
commonly used in the treatment of OP are oestrogen, selective oestrogen receptor
modulators (SERMs), calcitonin and cathepsin-K inhibitors [45]. Alendronate, rise-
dronate, zoledronate and denosumab have a broad spectrum of fracture prevention
in patients with OP: the risk of vertebral fractures can decrease by more than 50%,
the risk of non-vertebral fractures decreases by 20–25% and the risk of hip fractures
decreases by 40–50% [105]. Long-term studies with alendronate and zoledronate
indicated a favourable effect on vertebral fractures [9, 148].

During treatments with anti-catabolic drugs the birth of new BMUs is suppressed,
resorption cavities become fewer and shallower and bone structure is maintained.



86 S. Trichilo and P. Pivonka

0

Time [mo]

B
T

M
s

6 12 18 24 36 48

Formation (PTH)
Resorption (PTH)

Resorption (BP)
Formation (BP)(a)

(b)

Fig. 7 Effect of anti-catabolic and anabolic drugs on bone biomarkers: a BTMs for PTH (continu-
ous lines) and BP (dashed lines) treatments. Thicker curves indicate bone formation BTMs. Thinner
curves indicate bone resorption BTMs. b Bone microstructural changes of iliac crest biopsy speci-
mens at baseline (left) and after 18months of treatment with risedronate or PTH (right), modified
from [150]
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Moreover, since the remodelling process is slowed down, a more complete miner-
alisation of the tissue can be obtained: the newly formed bone has time to reach
the secondary mineralisation and the older bone keeps mineralising instead of being
removed (if remodelling was higher) [98]. As a consequence, bone regions become
more homogeneous. Based on the fact that changes in BMD plateau after a rather
long period of time (approximately 2–3 years), it seems that secondarymineralisation
may be a good candidate to explain the increase in BMD.

Anabolic Therapies

Physiological exercise and related mechanical stimuli can act as anabolic agents on
bone [114]. Large intense challenges to the skeleton, as well as brief exposure to
mechanical signals of high frequency and low intensity, have been shown to provide
a significant anabolic stimulus to bone. Physical activity has been proven to have
a positive effect on building peak bone mass and density [111]. It directly affects
osteoblast and osteocyte activities, but can also bias mesenchymal stem cell dif-
ferentiation towards osteoblastogenesis instead of adipogenesis [114]. This fact in
particular indicates that, at least during growth, physical activity targets bonemarrow
stem cells, hence, it might be considered as a novel drug-free anabolic therapy.

Currently, the only anabolic drug available is teriparatide, a recombinant 1–34
N-terminal fragment of endogenous human PTH [rhPTH(1-34)]. In patients with
severe OP, daily subcutaneous injections of teriparatide during 18months decreased
the risk of vertebral fractures by 65% and the risk of non-vertebral fractures by
53% [92, 110]. The mechanisms behind the increased bone formation driven by
the intermittent administration of PTH (i.e., daily injection of the drug) are still
not fully understood. The overall action of the treatment is to increase osteoblast
differentiation and proliferation, while reducing osteoblast apoptosis. In trabecular
bone, teriparatide increases BMD and trabecular thickness [73]. In cortical bone,
teriparatide increases endosteal bone remodelling and periosteal bone formation [20].
These results indicate that teriparatide has an effect on both bone modelling and
remodelling [6]. The duration of a treatment with teriparatide is generally between
18 and 24months and the action of the drug is believed to be maximally anabolic
during the anabolic window (as mentioned above). After 18–24 months of treatment,
bone resorption appears to catch up with bone formation and the newly formed and
lowly mineralised bone is quickly lost [6, 12]. To preserve the new bone and allow
further mineralisation, the established treatment protocol requires the administration
of an anti-catabolic drug at the cessation of the treatment with teriparatide.

In animal studies, the use of anti-sclerostin monoclonal antibodies appears to
directly stimulate bone formation via bone modelling, i.e., at least partially indepen-
dent of the activation frequency and bone remodelling [6]. In addition, these anti-
bodies stimulated the production of OPG resulting in decreased bone resorption and
leading to the uncoupling of bone formation and bone resorption processes. Poten-
tially, the use of sclerostin antibodies could result in an even greater anabolic win-
dowcompared to teriparatide. Subcutaneous injections of the anti-sclerostin antibody
romosozumab have been studied in phase I and II trials [99, 115]. In postmenopausal
women with low bone mass, a 12-month treatment with a monthly dose of 210mg of
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romosozumabwas associatedwith 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
weekly alendronate or daily teriparatide treatments. There was a transient increase
in bone formation markers during the first 3months together with an initial 2-month
decrease in bone resorption markers, which was to a lesser degree sustained during
the 12months.

Combined Therapies

Despite the development of new therapeutic treatments for OP in the past decades,
the currently approved drugs are not able to restore normal 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 [34, 46].
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 associated with BPs or denosumab [34]. On the contrary, no benefit of
the combined therapy has been shown on the BMD at the spine. In patients treated
with BPs only and who still develop bone fractures or loose BMD, switching to a
treatment with teriparatide is advocated. In addition, the continuation of the anti-
catabolic treatment when starting the teriparatide one resulted in a better response of
the BMD at the hip [35]. On the other hand, an anti-catabolic treatment is indicated
after stopping the administration of teriparatide in order to preserve the increased
bone architecture and enhance its mineralisation.

In conclusion, the site and the mode of action of a particular treatment depend on
the PK properties of the specific drug (or combination of drugs) and the underlying
bone pathology of the single individual. Consequently, the duration of the effects
on BTMs and BMD after the withdrawal of a treatment can be different, perhaps
indicative of disease modification or at least suggesting an appropriate treatment
duration [125]. In order to compare treatments on a common basis, conceptual and
mathematical models describing these combined dynamics can play a crucial role.
Progresses in development of such models are given in the next sections.

5 Basics of Disease System Analysis

5.1 PK/PD Modelling

The development of PK/PD models in the last 20years has had as primary objective
the characterisation of the drug effect over time, then used to optimise dosing regimen
and delivery profile of both new and existing drugs. Recently, PK/PD models have
also been applied during the drug development process [41, 124]. To clarify the
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Fig. 8 Combination of a PKmodel and a PDmodel in the PK/PDmodelling process (AUC indicates
the area under the curve)

difference between pharmacokinetics and pharmacodynamics, Holford and Sheiner
came up with these simple and practical definitions: pharmacokinetics is what the
body does to the drug, whereas pharmacodynamics defines what the drug does to
the body [66]. 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 serum)2 after the
administration of a certain drug dose. PK models are used to simulate the rate of
drug absorption, distribution and elimination in order to describe and predict the
drug concentration in the body over time. A PD model, on the other end, describes
the intensity of the drug effect relative to its concentration in the body fluid. The
combination of a PK model and a PD model is known as PK/PD model of the drug
(Fig. 8) and allows the description of the drug effect over time [100].

A common tool used to describe the pharmacokinetics of a drug is the
compartment-based PK model [154]. According to this model, the drug is assumed
to enter, distribute and leave an hypothetical compartment containing a volume of

2It 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.
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fluid that equilibrates with the drug. This compartment is not an anatomical struc-
ture, but it represents a group of tissues with similar blood flow and drug affinity,
balancing with the drug in an uniform way. In the one-compartment open model,
the drug is added to and eliminated from a single compartment, also denoted as
central compartment, which represents the plasma and the highly perfused tissues.
In the two-compartment open model, the central compartment communicates with
a second compartment (tissue compartment) and the drug disposition is related to
the exchange between the two. The one-compartment open model for an intravenous
injection (IV bolus) is the simplest mathematical way to describe the process of drug
distribution and elimination. In this model the drug is assumed to be injected all at
once, the distribution is assumed 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
following the injection of a certain dose, two primary PK parameters need to be
considered: the volume of distribution of the compartment and the clearance of the
drug [154]. 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 dimension of a volume, it is not a physiological measur-
able quantity, hence, it is often referred to as apparent volume of distribution. The
volume of distribution is linked to the dose of drug administered and to the plasma
drug concentration immediately after the dose injection by means of the following
equation:

D = VD · Cp, (1)

where D is the drug dose expressed inmg,VD is the volumeof distribution inmm3 and
Cp is the plasmadrug concentration inmg/mm3.Adrugdose 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,
low VD indicates that the drug is distributed only in the extracellular fluid. If VD is
close to the total body water (≈ 40 l), 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, consequently resulting
in a low plasma concentration.

The concentration of the drug is also regulated by the amount of drug eliminated
per unit of time (elimination rate). Formost drugs, the elimination process is assumed
to be a first order reaction [154], meaning that the elimination rate is directly pro-
portional to the amount of drug present in the system (Eqs. (2) and (4)). For other
drugs instead, the amount of drug is assumed to decrease at a constant rate and the
elimination process is defined as zero-order reaction. When considering a first order
reaction we can describe the elimination process as follows:
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dD

dt
= −k · D, (2)

where dD
dt is the elimination rate expressed in mg/h and k is the first order elimination

rate constant. Integrating Eq. (2) we obtain the expression of the change over time
of the amount of drug in the body:

D = D0 · e−k·t , (3)

where D0 is the initial drug dose. The same considerations can be done expressing
Eqs. (2) and (3) in terms of drug concentration:

dCp

dt
= −k · Cp, (4)

Cp = Cp0 · e−k·t , (5)

where Cp is the concentration of the drug in µg/ml. 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. It is generally expressed in h and in case
of first order elimination is constant and equal to:

t1/2 = 0.693

k
, (6)

where t1/2 indicates the half life.
Drug clearance is another fundamental parameter used to describe the drug elim-

ination process in pharmacokinetics. It is defined as the volume of either plasma or
blood cleared from the drug per unit of time. Clearance is measured in ml/h and
consists of a constant parameter related to the volume of distribution and to the
elimination rate constant as follows:

CL = k · VD, (7)

where CL is the clearance.
When the drug is not administered intravenously (e.g., oral administration or sub-

cutaneous injection), the PK model needs also to account for the absorption process
of the drug from the site of administration into the plasma, and for the bioavailability
of the drug in the systemic circulation. For such cases, additional pharmacokinet-
ics parameters are necessary (see also example of OP treatment with denosumab
in Sect. 6.1). Most PK models for extra-vascular drug administration consider the
absorption process as a first order reaction. As for the elimination process, the absorp-
tion of the drug is described via a rate constant. Drug absorption is usually faster
than its elimination. 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, even if
the absorption process is not complete. During the absorption phase, the rate of drug
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absorption is greater than the rate of drug elimination.When the plasma drug concen-
tration 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.

The actual exposure of the body to the drug, following the administration of a
certain dose, can be quantified measuring the area under the curve (AUC) of the
plasma concentration versus time curve (Fig. 8). During clinical trials, the plasma,
blood or serum drug concentration in a patient can be measured at several time points
and used to create a patient specific profile of the drug concentration change over
time. From this profile AUC can be estimated. Mathematically, AUC is defined as
the integral of the drug concentration versus time curve and is generally expressed in
µgh/ml. It depends on the drug elimination and absorption rates and the administered
dose. For drugs following linear kinetics, 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 AUC is smaller. Therefore, AUC is related to the amount of drug
absorbed in the systemic circulation.

Following an intravenous injection, the dose administered is assumed to entirely
enter the systemic circulation in an active form. In case of extra-vascular admin-
istration instead, only a part of the entire dose reaches the systemic circulation in
an active form. Following this considerations, AUC can be used to define another
important PK parameter: the drug bioavailability. This parameter represents the frac-
tion of the administered dose that enters the system circulation in an active form.
By definition, a drug administered intravenously has bioavailability equal to 100 %,
therefore it is used as reference for the computation of the bioavailability of a drug
following an extra-vascular administration. Numerically, the bioavailability of a cer-
tain dose of a specific drug is computed as the ratio between AUC corresponding to
an extra-vascular administration and AUC corresponding to an intravenous admin-
istration. 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, (8)

Cp = F

VD
· ka · D0

(ka − k)
· (e−k·t − e−ka ·t ), (9)

where F is the bioavailability, ka is the absorption rate constant expressed in 1/h and
F
VD

is the inverse of the volumeof distribution given as a function of the bioavailability.
As previouslymentioned, at the peak plasma concentration the rate of drug absorption
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equals the rate of drug elimination. This assumption allows the computation of the
peak time, i.e., the time required to reach the peak drug concentration:

tmax = ln(ka/k)

ka − k
, (10)

where tmax indicates the peak time, generally expressed in h. Note that the peak time
is a parameter of the drug independent of the administered dose.

Once the mathematical description of the drug concentration time course in the
body fluid is completed, a PD analysis is used to quantify the relationship between the
drug concentration and its effect. Ideally, the drug concentration should be measured
at the effect site (i.e., site where the drug interacts with its receptor), in case of OP for
example it should be at the interested bone site. Since this is generally not possible,
it is common practise 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, unbound, drug concentration at
the effect site [100]. The effect of the drug can be evaluated measuring the variation
of physiological parameters. In OP for example, changes in the 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. 8). 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) [100, 154]:

E = E0 ± Emax · C
E50 + C

, (11)

where 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. The latter can be
either stimulated (+) or inhibited (−) by the drug effect. E0 is assumed equal to zero
(i.e., in the absence of the drug the effect is null) when the receptor theory is applied
to the equilibrium interaction of the drug with the site of action. The Emax model
describes two key features of the pharmacologic response: (i) the hyperbolic pharma-
cologic response versus 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 versus drug concentration curve for s-shaped rather than
hyperbolic drugs. The effect is calculated as:

E = E0 ± Emax · Cn

En
50 + Cn

, (12)

with n being a parameter denoting the steepness of the curve. Theoretically, n should
be related to the number of drugmolecules that combinewith each receptor, however,
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it is mainly used as a phenomenological factor that allows a good fit of the experi-
mental data. The larger n, the steeper the linear phase of the plasma concentration
(log) versus effect curve [100, 154].

The conventional PK/PDmodels described so far are characterised by adescriptive
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 sophisticatedmodels have been developedwhich take
into account both the underlying mechanisms of the disease and the drug action [41,
126, 147]. They are referred to as mechanism-based or mechanistic PK/PD models
and aim to characterise the intermediate processes between the drug administration
and its effect, relying on biomarker data such as receptor binding and activation and
feedback pathways. There are two types of parameters used to describe thesemodels:
the ones describing the properties of the drug (e.g., affinity and target activation)
and the ones describing the properties of the biological system [41, 124]. In the
context of mechanism-based PK/PDmodelling, the sequence of events following the
activation induced by the drug and governing the in vivo pharmacological response
is referred to as transduction. This process is generally non-linear and can either
be fast (rate constants between milliseconds and seconds) or slow (rate constants in
the order of hours to days). In the first case, since the rate constants controlling the
disposition of the drug are typically between minutes and hours, the transduction
does not cause a delay in the pharmacological effect. In the second case instead, it
becomes a fundamental parameter in the definition of the drug action over time [41,
124].

5.2 Disease Progression Analysis

Another limitation of the conventional PK/PD analysis worth to mention is the rep-
resentation of the system baseline using constant parameters (e.g., E0 in Eqs. (11)
and (12)). In case of degenerative diseases such as OP, Alzheimer’s disease, Parkin-
son’s disease, sarcopenia and osteoarthritis, this approach is not realistic because the
biological functions deteriorate over time due to slow changes in the disease status.
To take into account the changes in the system due to the progression of the disease,
mechanism-based PK/PD models also include a disease progression analysis [29,
65, 124]. Furthermore, the use of disease progression models is fundamental when
drug treatments specifically aim to modify the progression of the disease [41]. In
particular, clinical pharmacology can be described in terms of disease progression,
i.e. changes in the disease status over time, and drug action, i.e. the effect of the
drug on the disease progression [29]. Disease progression can be analysed at differ-
ent levels of the pathophysiology (Fig. 9) [124]. Bone healthy remodelling state, for
example, can initially be perturbed at the molecular level (level 1) where the interac-
tions 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). These changes
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Fig. 9 DSA in OP:
individual levels represent
stages of bone disease. 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 specifically represent
the combined outcome of
disease progression and
pharmacodynamic effect
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in turn 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 over time behaviour. The
level at which the disease behaviour is described in the disease progression analysis,
depends on the information available.

In ageing, the natural progression of the disease involves phenomena such as
cell death and loss of organ functions. An interesting aspect worth to investigate is
whether the development of degenerative diseases is exclusively driven by ageing
or if other factors are also involved. From a statistical prospective, the occurrence
of degenerative diseases appears to be mainly age-related. However, ageing alone
cannot explain the different disease progression pattern and the faster rate of cell loss
found in patients with either Alzheimer’s or Parkinson’s disease [29].

Aims of Drug Treatments

Drug treatments aim to either reduce, stop or reverse the natural process of a disease.
According to the way in which 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 protec-
tive treatment effect, on the other hand, involves a modification of the underling
disease progression leading to an improved disease status. A combination of both
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symptomatic and protective effects is also possible. In general, symptomatic effect
action is faster compared to the protective effect one. A review of several disease
progression models based on clinical endpoints is provided by Chan and Holford for
diseases such as Parkinson’s, Alzheimer’s, and OP [29].

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 [65]. A simple disease progression model can be described with the
following equation:

S(t) = S0 + Emax · Ce(t)

E50 + Ce(t)
, (13)

where, similarly to Eq. (11), 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 [65]. 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, however, modelling the changes of the disease status over
time independently of the drug effect is necessary. From this prospective, Chan and
colleagues [29] and Holford and co-authors [65] proposed two models of natural
disease progression (i.e., without the drug effect on the disease progression), one
linear and one asymptotic. The linear model is expressed as follows:

S(t) = S0 + α · t, (14)

where the rate of disease progression is linear with a constant slope defined by the
parameter α. In the asymptotic model on the other hand, the worsening of the disease
status is considered exponential and approaching to a steady state as follows:

S(t) = S0 · e− ln(2)·t
T P + Sss ·

[
1 − e− ln(2)·t

T P

]
, (15)

where T P indicates the half-life of the drug and Sss is the maximum burnt-out dis-
ease status. The natural disease progression curves for the linear and the asymptotic
models are shown as black solid lines in Fig. 10a, b respectively.

According to the type of treatment simulated (i.e., symptomatic or protective),
model parameters reflecting the action of the drug are conveniently modified. In par-
ticular, in the case of a symptomatic drug effect, the parameters describing the under-
lying disease progression (i.e., α in the linear model, T P and Sss in the asymptotic
model) do not change. Consequently, the symptomatic effect is generally included
in the disease progression model as an additive term. In a linear model for example
we can have:

S(t) = S0 + α · t + E(t), (16)

where E(t) represents the symptomatic effect. Assuming that this effect is constant
for a given time interval, one can observe a constant offset from the natural disease
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Fig. 10 Disease progression and drug intervention models: disease status versus time for a linear
model (a) and an asymptoticmodel (b).Black solid curves represent the disease progressionwithout
drug intervention, black dashed curves represent the symptomatic treatment effect, black dot curves
represent the protective treatment effect, black dash-dot curves represent the combined symptomatic
and protective treatment effect. Gray dot curves in (b) represent the T P protective treatment effect
(light) and the Sss protective treatment effect (thick) separately
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progression (dashed black curves in Fig. 10a, b) indicating a delay in the time needed
by the disease to reach the same status as at the start of the treatment. When the
treatment is stopped, the natural disease progression pattern is followed.

In the case of protective effect, 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 it follows that:

S(t) = S0 + [α + E(t)] · t, (17)

where E(t) represents the protective effect. Assuming that this effect is constant for
a given time interval, the effect of the drug action on the disease status is shown in the
dotted curves in Fig. 10a, b. When an asymptotic model is used, the protective effect
can act either on T P , resulting in a change of the curvature of the natural disease
progress model (see grey light dotted curve in Fig. 10b), on Sss (see grey thick dotted
curve in Fig. 10b) or on both (see black dotted curve in Fig. 10b). The protective
effect is shown in Fig. 10a, b as the difference between the untreated disease status
curve (black solid line) and the treated one (dotted line) at the end of the treatment,
when the rate of disease progression returns to the natural value, indicating that the
treatment benefit continues also after drug effects have ceased.

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, (18)

where E0(t) is the additive term and Es(t) is the change in the slope. Assuming
that these two variables are constant for a given time interval, the combined symp-
tomatic + protective effect of the drug results in the dash-dot curves in Fig. 10a, b.

Disease Progression Model of Postmenopausal Osteoporosis

The disease progression models described above are here applied to PMO, together
with symptomatic and protective effects acting on the disease progression to either
reduce or slow down the bone loss. As already mentioned in Sect. 3, BMD and
BV/TV are the clinical parameters most commonly monitored in OP patients. In
general, BMD in OP decreases over time (Fig. 6). In particular, PMO in women
induces a BMD decline at a rate of up to 2%/yr. As previously pointed out, the loss
of BMD is largely linked to the increase in bone porosity, for this reason, either
BMD, BV/TV or porosity itself can be used as parameters describing the disease
status. Assuming a linear disease progression model, the BMD variation over time in
PMO is reported in Fig. 11. The dashed curves represent the natural PMO progres-
sion, whereas symptomatic, protective and combined treatment effects are shown as
solid lines in the top, middle and bottom panels respectively. It is worth to notice
that comparing the natural disease progression curve reported in Fig. 11 with the
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Fig. 11 Disease progression and drug intervention in PMO: PMO status (e.g., BMD change) versus
time in a linear model. Dashed curves represent the disease progression without drug intervention.
Solid curves represent respectively symptomatic (top panel), protective (middle panel) and com-
bined symptomatic + protective (bottom panel) treatment effects

schematic curve representing PMO in Fig. 6, it is evident that the change in bone loss
rate is not well represented with a linear model. A piecewise linear model in fact,
would represent more realistically the non-linear disease progression. On the other
hand, assuming an asymptotic disease progression model, the BMD variation over
time is represented in Fig. 12. The dashed curves represent the natural PMO progres-
sion, whereas the treatment effects are shown as solid lines. The asymptotic model
is able to well represent the non-linear natural disease progression of PMO, which
is characterised by a rapid BMD reduction in the first 5years of the disease followed
by a relatively linear progression thereafter. A symptomatic effect is shown in the
top panel of Fig. 12a, whereas different protective effects are shown in the middle
and bottom panels of Fig. 12a and in the top panel of Fig. 12b. The bottom panel of
Fig. 12b 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.

All the cases discussed so far assumed a drug effect acting instantaneously on the
disease progression. 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) [65]. In
more detail, 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
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Fig. 12 Disease progression and drug intervention in PMO: PMO status (e.g., BMD change)
versus time in an asymptotic model. Dashed curves represent the disease progression without drug
intervention. Solid curves represent respectively symptomatic treatment effect ((a), top panel),
protective treatment effect acting on T P ((a), middle panel), protective treatment effect acting on
Sss ((a), bottom panel), combined protective treatment effect T P + Sss ((b), top panel), combined
symptomatic + protective T P + Sss treatment effect ((b), bottom panel)

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 also the
wash-in and the wash-out of the drug are reported in Fig. 13. The dashed curves
represent the natural PMO progression model, whereas symptomatic, protective and
combined treatment effects are shown as solid lines in the top, middle and bottom
panels respectively.
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Fig. 13 Disease progression and drug intervention in PMO: PMO status (e.g., BMD change) versus
time in a linear model taking into account the time required for the drug to exert its effect (wash-in)
and for losing its effect (wash-out). Dashed lines represent the disease progression without drug
intervention, solid curves represent respectively symptomatic (top panel), protective (middle panel)
and combined symptomatic + protective (bottom panel) treatment effects

6 Disease System Analysis of Osteoporosis

As introduced in Sect. 5.1, mechanistic PK/PD models use specific expressions to
characterise pharmacokinetics and mechanism of action of a drug, as well as phys-
iological processes. A feature specific to this type of models is the differentiation
between drug-specific and system-specific parameters. In Sect. 5.2, PMO and the
associated bone remodelling process were described via linear and asymptotic dis-
ease progression models in which all the details of the underlying molecular actions
were lumped into phenomenological parameters describing, for example, the rate
of bone loss. In this section, we will formulate a mechanistic model of the bone
remodelling process that takes into account the major molecular regulatory path-
ways. Successively, we will apply this mechanism-based disease progression model
to the analysis of PMO progression and its treatment with the anti-catabolic drug
denosumab. In this regard, we will closely follow the approach taken by Scheiner
and co-workers [146].

A PK model of denosumab has been developed based on the experimental data
from Bekker et al. [10] and used to predict blood serum concentrations of the drug
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after subcutaneous administration of different doses (see Sect. 6.1). Subsequently,
this PK model has been linked to the mechanobiological model of bone remodelling
developed by Pivonka and co-workers [121, 122, 145] which takes into account
key features of the known physiology of bone remodelling, including the most
significant biochemical and biomechanical regulatory mechanisms (see Sect. 6.2).
This mechanobiological model allowed the simulation of disease progression in
PMO based on molecular and cellular mechanisms. The time-dependent increase of
RANKL expression together with the decreased mechanosensitivity of osteocytes
have been included in the model to accurately reflect the disease progression in
PMO (see Sect. 6.3). Furthermore, this model allowed the introduction of the PD
effect of the drug in different points of action, such as cell differentiation, prolifera-
tion and apoptosis. In particular, the action of denosumab has been incorporated in
the RANK-RANKL-OPG pathway according to the receptor-ligand binding reaction
theory (see Sect. 6.4). Eventually, this mechanistic model has been used to simulate
PMO with and without the administration of denosumab. The results obtained were
investigated and compared with experimental biomarker data (BMD and BTMs)
from the literature (see Sect. 6.5).

6.1 Denosumab PK Model

As previously mentioned, denosumab is a fully human monoclonal antibody that
binds to RANKL with high affinity and inhibits osteoclast differentiation and acti-
vation. Denosumab is administrated via subcutaneous injections in either the thigh,
the abdomen or the back of the arm. From the site of injection, the drug is absorbed
in the blood serum over time and reaches the surfaces of metabolising bone through
the blood circulation. The serum drug concentration over time for denosumab has
been modelled using the one-compartment PK model illustrated in Fig. 14 (see also
Sect. 5.1) which takes into account the extra-vascular administration of the drug
and the consequent absorption process from the injection site to the blood serum
[97]. The blood serum represent the central compartment of the PK model, char-
acterised by concentration, volume of distribution and bioavailability of the drug(
i.e., mden,ser and Vd/F

)
. The process of drug absorption is described as a first order

rate process characterised by the absorption rate kabs . The drug was assumed to be
cleared from the central compartment by both organs and enzymes. The elimination
by organs was accounted for via the degradation rate korg , whereas the elimination
by enzymes was included via the degradation rate kenz [146].

The degradation of the drug is assumed to be proportional to its concentration in
the central compartment, however experimental data [90] suggested that the elimi-
nation process becomes limited above a certain threshold concentration

(
mcrit

den,ser

)
.

According to enzyme kinetics [106], this limitation of the degradation has to be
attributed to a limited capacity of the enzymes involved in the elimination process.
The governing equations for the serum concentration of denosumab used in the PK
model are the following:
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Fig. 14 Denosumab PK
model: one-compartment PK
model with central
compartment characterized
by concentration

(
mden,ser

)
,

volume of distribution and
bioavailability of the drug
(Vd/F). Absorption process
described via the absorption
rate constant kabs .
Elimination process
described via the two
elimination constants korg
and kenz

Elimination

Absorption
absk

Central
compartment

F
dV

den,serm

orgk enzk

dmden,ser

dt
=

{
kabs · mden,sub − (korg + kenz) · mden,ser if mden,ser ≤ mcrit

den,ser ,

kabs · mden,sub − korg · mden,ser − kenz · mcrit
den,ser if mden,ser ≥ mcrit

den,ser ,
(19)

where mden,sub is the amount of drug injected. From the start of the absorption
process until when mcrit

den,ser is reached, the system is described via the first equation
in Eq. (19). After this time the system follows the second equation. When the peak
concentration is reached, mden,ser starts to decrease reaching again mcrit

den,ser . From
this point onwards the system follows the first equation.

To determine the parameters kabs , korg and kenz , clinical data measuring the tem-
poral evolutions of denosumab serum concentration have been used [10]. Among the
six different administration doses investigated in the clinical study, three have been
used for the calibration of themodel. Since denosumab is generally administeredwith
a small number of high-doses injections, only the higher doses (ranging between 0.3
and 3mg/kg) have been taken into account, assumed to be practically more relevant.
Moreover, since the experimental data showed a limitation on denosumab degra-
dation above a serum concentration of 750 ng/ml, this value has been assumed as
threshold concentrationmcrit

den,ser in the PKmodel. Since denosumab doses are admin-
istered according to the patient body mass, to compute the drug concentration in the
model knowing the administered dose, an average subject of 70kg body weight and
a 3 litres volume of distribution central compartment (i.e., F = 1 and Vd/F = 3 l)
have been taken into account. The comparison between clinical data and the results
obtained using the PKmodel for three different doses are illustrated in Fig. 15, where
the markers indicate the experimental data and the curves the computed values. In
particular, triangles, dots and circles represent measurements of denosumab concen-
tration in patients for an administered dose of 0.3, 1 and 3mg/kg respectively, and
dotted, solid and dashed curves are the corresponding concentrations computed with
the drug PK model. The continuous horizontal line indicates the threshold concen-
tration.
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Fig. 15 Calibration of the denosumab PK model: comparison between experimental (markers)
and model-computed (curves) serum concentrations of denosumab over time. Triangles and dotted
curve correspond to a drug dose of 0.3mg/kg, dots and solid curve correspond to a dose of 1mg/kg,
circles and dashed curve correspond to a dose of 3mg/kg. Solid horizontal line indicates mcrit

den,ser

6.2 Mechanistic PK/PD Model of Osteoporosis

The biochemical interactions between bone cells and regulatory factors acting in
the remodelling process were summarised in Sect. 2.2. Bone cell responses such as
differentiation, proliferation and apoptosis are initiated via ligand-receptor binding
reactions occurring on a particular cell. These reactions are based on the physical
chemistry principles of mass balance and mass action kinetics applied to the receptor
and its corresponding ligand [79]. Detailed development of the equations describing
the law of mass action in the remodelling process can be found in the book chapter
on bone cell interactions by Pivonka and co-workers [123].

The first mechanism-based model of bone remodelling was proposed by Lemaire
and co-authors [88] and successively refined by Pivonka and co-workers [121, 122].
Since both those models took into account the major bone cell types involved in the
remodelling process, together with the most significant regulatory factors, they are
also referred to as bone cell population models. It is worth to mention that the model
by Pivonka et al. also accounted for the changes in bone volume, providing in this
way the pathway for a biomechanical extensions of the model. Previous models of
bone remodelling and adaptation were mainly driven by mechanical loading. In this
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context, a major advantage of the mechanism-based models is to provide a trans-
lation towards bone biology and clinical bone research. However, both the model
from Lemaire et al. and the model from Pivonka et al. had the limitation of not
including the concept of Frost’smechanostat [53], i.e., they lacked the inclusion of a
biomechanical feedback. According to the mechanostat mechanism of action, bone
overloading leads to increased bone formation responses,whereas bone underloading
leads to increased bone resorption responses. This feedback warrants that, after suf-
ficient time, bone reaches an equilibrium. Given the importance of a biomechanical
feedback in the remodelling process, as a further development of the mechanism-
based model, Pivonka and co-workers combined the bone cell population model
with a micromechanical model of bone stiffness including the mechanostat concept
[145]. The biomechanical feedback was included via the strain energy density (SED)
induced in the bone matrix by the mechanical loading applied on bone at the macro-
scopic level. In particular, the loading at the macroscopic level has been linked to the
loading at the microscopic level inducing microscopic deformations represented in
the model by the SED, the latter parameter in turn affected the bone formation and
resorption events by entering the bone cell population model. This mechanism-based
model of bone remodelling has been used in combination with the denosumab PK
model described in Sect. 6.1 to simulate PMO progression with and without drug
intervention.

Due to the complexity of the bone remodelling process, it is not feasible to include
into a mathematical model all the cell types and the regulatory factors involved.
Therefore, the aim of a comprehensive model is to include sufficient details to
address the scientific problem at hand. The mechanobiologically driven evolution
of osteoblasts and osteoclasts were mathematically modelled by means of the bone
cell population model, which explicitly considered several developmental stages of
these cells. In particular, with reference to Fig. 16, the bone cell populations included
in the model were: uncommitted osteoblast progenitors (OBu), osteoblast precursors
(OBp), active osteoblasts (OBa), osteoclast precursors (OCp) and active osteoclasts
(OCa). The progression of osteoblasts and osteoclasts along various developmen-
tal stages (i.e., OBu → OBp → OBa and OCp → OCa) was implemented consid-
ering several regulatory mechanism (dashed arrows) which either activate (+) or
repress (−) a certain cell function. Among these regulatory factors, there were the
RANK-RANKL-OPG pathway regulating the differentiation of osteoclasts via the
osteoblast lineage, and the effect of TGF-β on OBu, OBp and OCa. Moreover,
osteocytes were assumed to sense the SED (�bm) induced in the bone matrix by
the mechanical loading (σ ) and accordingly send a signal to OBp to promote either
their proliferation (i.e., anabolic response) or the RANKL production (i.e., catabolic
response). In addition, the action of denosumab and the progression of PMO were
also included in the model as regulatory mechanisms. The former was accounted for
via competitive binding reactions in the RANK-RANKL-OPG pathway, while the
latterwas included via disease-relatedRANKL increased production andmechanore-
sponsiveness reduction. Note that in Fig. 16 the fine dashed lines indicate binding
reactions (i.e., RANK-RANKL-OPG plus denosumab and PTH binding to its recep-
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σ

DOBp

DOCp

AOCa

+ OCp

OCa

POBp

-

+

OBa

OBp

OBu

DOBu

AOBa

Ψbm
SED

-

+

+
+

-

+

σ

OsteoblastOsteoclastBone matrix PTHRANKL RANKOPG PTH1R TGF-β

PMO

Denosumab

PMO

Postmenopausal
osteoporosis

Fig. 16 Mechanism-based model of bone remodelling showing: (i) osteoblast lineage compris-
ing marrow stromal cells (uncommitted osteoblasts, OBu), osteoblast precursors (OBp), active
osteoblasts (OBa); (ii) osteoclast lineage comprising osteoclast precursors (OCp) and active osteo-
clasts (OCa); (iii) RANK-RANKL-OPG pathway; (iv) TGF-β action; (v) PTH action; (vi) deno-
sumab competitive binding in the RANK-RANKL-OPG pathway; (vii) PMO effect; (viii) tissue
scale loading (σ ) inducing the SED (ψbm) in the bone matrix [121, 122, 145]

tor), the dashed arrows represent regulatorymechanisms and the solid arrows indicate
either cells differentiation, proliferation or apoptosis.

The governing equations of the bone cell population model have been formulated
as cell balance equations describing in and out flows of cells from the respective
cell pools. Three ordinary differential equations (ODEs) were used to describe the
changes in osteoblast precursor, active osteoblast and active osteoclast pool concen-
trations respectively. In addition, an ODEwas used to describe the change in the bone
matrix volume fraction ( fbm) computed as the difference between the amount of bone
resorbed and formed. The 4 ODEs constituting the system of equation governing the
bone remodelling process are as follows:

dOBp

dt
= DOBu · OBu · π

TGFβ
act,OBu + POBp · OBp · �mech

act,OBp − DOBp · OBp · π
TGFβ
rep,OBp,

dOBa

dt
= DOBp · OBp · π

TGFβ
rep,OBp − AOBa · OBa,

dOCa

dt
= DOCp · OCp · π RANK L

act,OCp − AOCa · OCa · π
TGFβ
act,OCa ,

d fbm
dt

= −Kres · OCa + K f orm · OBa,

(20)
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where DOBu , DOBp and DOCp are differentiation rates of uncommitted osteoblast
progenitors, osteoblast precursors and osteoclast precursors respectively. POBp

denotes the proliferation rate of osteoblast precursors. AOBa and AOCa are respec-
tively the apoptosis rates of active osteoblasts and osteoclasts. Kres and K f orm are
respectively the bone resorption and bone formation rates. All the π together with
� represent regulatory functions.

At the core of any mechanism-based model of bone pathophysiology is how
various regulatory factors govern the cell behaviour. When dealing with extracellular
ligands that bind to their specific receptors on a cell surface (e.g., systemic hormones,
autocrine and paracrine factors, growth factors) the behaviour of the cell ismodulated
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. The formulation of binding reactions based on
the law of mass action kinetics allows the derivation of phenomenological Hill-
type functions that can either activate or repress a particular cell behaviour [86].
In the bone cell population model described so far, these regulatory functions were
introduced both as activator (πact ) and repressor (πrep) functions, i.e. functions that
can either promote or inhibit differentiation, proliferation and apoptosis of the cells.
In particular, TGF-β binding to its receptors has been accounted for via π

TGFβ

act,OBu ,

π
TGFβ

rep,OBp and π
TGFβ

act,OCa ; the competitive binding between RANK, RANKL, OPG and
denosumab has been included via π RANK L

act,OCp ; �bm regulating the proliferation of OBp
has been introduced via �mech

act,OBp. For a complete description and derivation of the
governing equations refer to [146].

6.3 Modelling Disease Progression in PMO

Experimental studies investigating the pathophysiology of PMO indicated that the
disease progression could depend on several regulatory mechanisms perturbed at the
same time. Among the potential pathogenic mechanisms driving PMO, oestrogen
deficiency has been widely accepted as the principal cause of PMO [96, 133] result-
ing in increased osteoclast and osteoblast concentrations and consequently increased
bone turnover compared to the normal remodelling homeostasis [54]. Furthermore, it
appears that another effect of oestrogen deficiency is a decrease in bone mechanore-
sponsiveness due to increased osteocyte apoptosis. In the initial phase of the oestro-
gen deficiency, the increase in osteoclast concentration is higher than the increase
in osteoblast concentration, inducing a significant bone loss right after the onset of
PMO (we also refer to this as first phase of PMO). Simultaneously, the first phase of
PMO is also characterised by an increased RANKL/OPG ratio. After a period of time
that can vary between some months and few years, the rate of bone loss decreases
and bone is subjected to a long-lasting moderate bone loss thereafter (second phase
of PMO).
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In the mechanism-based model of bone remodelling described in Sect. 6.2 PMO
has been modelled introducing a disease-related increase in the RANKL produc-
tion, which led to an increased osteoclast differentiation. In order to account for
the moderate bone loss characterising the second phase of PMO, the excessive pro-
duction of RANKL has been assumed to reduce over time. The reduction in bone
mechanoresponsiveness has also been introduced in the model by varying the para-
meters governing the sensitivity of bone remodelling to a changing mechanical load
[146].

6.4 Modelling the Action of Denosumab

Denosumab acts similarly to OPG and competes with RANK andOPG in the binding
with RANKL. Specifically, the higher the denosumab concentration, the lower the
concentration ofRANKL-RANKcomplexes. In themechanism-basedmodel of bone
remodelling described in Sect. 6.2 denosumab has been introduced as co-regulator
factor of osteoclast differentiation by means of the activator function π RANK L

act,OCp . Pre-
cisely, the simulation of denosumab treatment induced a reduction of the RANKL-
RANK complexes concentration, which consequently downregulated the activator
function and eventually resulted in a lower fraction of osteoclast precursor cells dif-
ferentiated into active osteoclasts. This reduction in the active osteoclast number
induced a decreased bone resorption. Adapting the approach used by Pivonka and
co-authors [121], the concentration of RANKL was expressed via Eq. (21) taking
into account the action of denosumab in the competitive binding:

RANK L = RANK Lmax · βRANK L + PRANK L

βRANK L + D̃RANK L · RANK Lmax
· (1+

+ Ka,RANK L−OPG · OPG + Ka,RANK L−RANK · RANK+
+ ζ · Ka,RANK L−d · den)−1,

(21)

where Ka,RANK L−OPG , Ka,RANK L−RANK and Ka,RANK L−d are the equilibrium asso-
ciation binding constants respectively for the binding of RANKL toOPG, RANKL to
RANK andRANKL to denosumab. OPG, RANK and den represent themolar con-
centrations of OPG, RANK, and denosumab respectively. βRANK L is the intrinsic
RANKL production rate, PRANK L is the external RANKL dosage term, D̃RANK L

is the constant degradation rate. RANK Lmax is the maximum concentration of
RANKL [146]. It is worth to notice that the concentrations of regulatory factors
in the model (i.e., RANKL, OPG, RANK and TGF-β) have been formulated for a
specific representative volume element (RVE) of bone tissue, while the concentra-
tion of denosumab was expressed in blood serum using the PK model described in
Sect. 6.1. To be able to express the concentration of denosumab in the bone RVE, an
additional compartment has been taken into account in the model, i.e., the bone RVE
compartment. Assuming an instantaneous distribution from the serum compartment
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into the bone RVE compartment, the concentration in the bone RVE compartment
was considered to be equal to the serum concentration. To include the possibility
of limited accessibility of the drug in the bone RVE compartment, the accessibility
factor ζ has been introduced in Eq. (21). In particular, ζ = 1 was assumed to indicate
unrestricted access to denosumab and ζ < 1 reflected access restrictions. Knowing
the RANKL concentration from Eq. (21), the concentration of the RANKL-RANK
complexes was expressed as follows:

[RANK L − RANK ] = Ka,RANK L−RANK · RANK L · RANK . (22)

Consequently, the activator function was defined as:

π RANK L
act,OCp = [RANK − RANK L]

Kd,RANK L−d + [RANK L − RANK ] , (23)

where Kd,RANK L−d indicates the corresponding equilibrium dissociation binding
constant.

6.5 Numerical Simulations

The results of the numerical simulations of PMO progression and denosumab treat-
ments are illustrated in Fig. 17 showing the change of fbm over time. The solid curves
represent the disease progression of PMO over 5 (Fig. 17a) and 10years (Fig. 17b)
respectively. It is clearly visible that the bone loss obtained in the simulations is rapid
in the first 5years, while it slows down thereafter. In addition, it is worth to notice
that the shape of the PMO progression curve obtained with the mechanism-based
model of bone remodelling appears similar to the shape of the asymptotic disease
progression reported in Fig. 12. However, while in Fig. 12 the shape of the curve was
decided a priori by choosing an asymptotic disease progression model, in Fig. 17 the
shape of the curve resulted from the structure of the mechanism-based bone remod-
elling model and the way in which the biochemical and biomechanical feedback and
PMO were modelled.

The results of the simulations of PMO treatments with single and multiple injec-
tions of denosumab are reproduced in Fig. 17a, b respectively. The three non-solid
curves represent simulations with three different drug doses, specifically: the dashed
curves correspond to 0.3mg/kg, the dot curves correspond to 1.0mg/kg and the dash-
dot curves correspond to 3.0mg/kg. The results for the single injection indicate that
the bone loss was rapidly reduced after the injection of the drug. In addition, even
though the increase in the fbm appeared to be independent of the dose level, the higher
the dose of denosumab the longer the effect on fbm (i.e., time in which fbm stays
constant at a certain level). Overall, the observed bone gain was small and once deno-
sumab was cleared, the bone loss continued along the trajectory of PMO. Therefore,
the action of a treatment with a single injection of denosumab can be assumed as
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Fig. 17 Changes of cortical
fbm over time for PMO and
different denosumab
administration regimes:
a single injection, b multiple
injections. Solid curves
indicate PMO progression
without drug treatment,
dashed curves indicate
treatment with a denosumab
dose of 0.3mg/kg, dotted
curves indicates treatment
with a denosumab dose of
1.0mg/kg, dash-dot curves
indicate treatment with a
denosumab dose of
3.0mg/kg

Time [a]

f bm
[-]

Time [a]

f bm
[-]

(a)

(b)

symptomatic because it does not affect the disease progression. In the investigation
of multiple injections of denosumab, the drug administration has been modelled as
one injection every 9months. The reduced bone loss appeared to be dependent on
the dose level with a lower anti-catabolic effect corresponding to lower doses. The
highest dose significantly reduced the bone loss maintaining the fbm at a higher and
almost constant level.
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7 Summary and Conclusions

This chapter reviewed the complexity of the pathophysiology of the skeletal system
and the numerous regulatory factors involved at multiple scales in bone homeostasis
andOP. Current approaches taken to understand this system include clinical research,
basic bone biology and biomechanical assessment. It is evident that none of these
approaches alone will be able to provide a comprehensive picture of the skeletal
system and that a combination of all the information gained separately is required.
In this context, DSA is a promising framework which allows to link together various
disciplines and to utilise information on bone pathophysiology based on the major
bone biomarkers in a quantitative way. It also provides the ability to define clearer
clinical endpoints and better assess drug efficacy. If based on subject-specific data, the
DSA approach gives the possibility to formulate subject-specificmodels allowing the
optimisation of individual treatments rather than drawing conclusions on a population
basis.

The use of comprehensive mechanism-based models of bone remodelling in DSA
allows quantitative assessment of treatment efficacy at various levels of bone patho-
physiology. To continuously improve thesemodels good experimental data andup-to-
date computational modelling tools are crucial. As with any mathematical approach,
the identification from available experimental data of the essential time and rate
limiting steps in the bone remodelling process is necessary. Moreover, in order for
those models to be relevant for clinical and basic bone biology research, the most
important aspects of bone physiology need to be incorporated.

In conclusion, the ultimate goal of DSA is to develop a quantitative simulation
tool which allows the prediction of short-term and long-term effects of various drug
treatments (including combinations of drugs) on disease progression in OP and other
bone diseases. As such, the computational model needs to undergo continuous devel-
opment according to the latest discoveries in the bone remodelling process and asso-
ciated biomarkers, in order to increase its ability to compare, predict and extrapolate
drug treatment effects. Currently, the development of fully mechanistic disease sys-
temmodels for OP is an ongoing process, it is anticipated that in the near future these
models will be able to adequately predict the long-term effects of drug treatment on
the clinical outcome, i.e., bone fractures.

Outlook to Future Model Extensions

One possible model extension is towards a whole organ scale description of calcium
and phosphate homeostasis. Key regulatory factors in the endocrine control of cal-
cium concentration are PTH and vitamin D. Bone plays an important part in the
calcium and phosphate homeostasis, other organs involved include gut (responsi-
ble of mineral absorption) and kidneys (responsible for calcitriol formation). Many
endocrine diseases such as hyperparathyroidism and hypoparathyroidism have a high
impact on the bone remodelling balance and consequently on bone health. The loss
of kidney functions has a significant impact on bone health as well. In this context,
Peterson and Riggs have developed a physiologically based mathematical model of
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integrated calcium homeostasis and bone remodelling containing 46 ODEs which
describe the concentration of calcium and phosphate in the different body compart-
ments such as blood, gut [119].

Another important model extension is towards spatio-temporal disease progres-
sion models. As previously discussed, bone fractures result from the combination of
the applied mechanical load and the material properties of bone (including poros-
ity and TMD). Bone fractures are localised phenomena which initiate at a particular
spatial location within bone. In order to predict bone fracture and the evolving failure
pattern more accurately, spatio-temporal mechanical models of bone are required.
Researchers in the field ofmaterials engineering developed a large variety of constitu-
tivemodels of bonewhich are able to simulate bone fracture under knownmechanical
loading conditions. However, these models did not integrate the bone remodelling
process in their framework, but were purely mechanical. A first attempt to develop
spatio-temporal models of bone disease progression were made by Pivonka and
co-workers who studied the age-related expansion of the marrow cavity and the
trabecularisation of cortical bone using a mechanobiological model [89].
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