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PREDICTIVE MODELING FOR STUDYING THE DISEASE PROCESS OF
OSTEOPOROSIS

Thamer Aledresee, PhD

University of Pittsburgh, 2018

Background:

Osteoporosis exerts a burden on the national health services. Hip fractures cause significant pain,
functional disability, and lengthy inpatient treatment. Therefore, prevention is of utmost

importance for patients and physicians, as well as insurance payers and insurance providers [1].

Significance:

There are gaps in knowledge about the complex interactions among the multiple factors which
control the disease process. Computational modeling can aid in understanding the intermingled
relations between the various factors at different levels and provide further insight into the

disease development mechanism.

Methodology:

In the first aim, we built a computational model using Agent-Based Modeling (ABM) to
investigate osteoporosis disease’s progression by simulating the interactions among the cellular
and biochemical factors within the BMU and external factors such as weight, and physical
activity. In the second aim, we added a therapeutic agent to predict the changes in patients who

are receiving that treatment. In the third aim tested the model’s ability to estimate the bone



density without the use of an initial DXA Scan reading. In the three aims, we validated the model
by performing statistical tests to compare the model’s predictions and the DXA scan readings

from the patients.

Results:

The Paired Sample T-test results was statistically not significant t (16) = -1.6, p = 0.12 in first
aimand t (42) = 8.1, p = 0.28 and in the second aim. The sensitivity was between 85.7% and
100%, and the specificity was 90% to 100%. In the third aim, the model successfully predicted
the bone density in the first group (40-50 years age group) of patients Wilcoxon-sign (13),

p=0.196. The model was not able to estimate the bone density for the other age groups.

Conclusion:

We successfully built an ABM that can predict the bone density changes in osteoporosis patients
and patients who are receiving alendronate drug treatment. The model, however, requires further
improvement and testing to be able to estimate the bone density as a diagnostic tool. We
conclude our ABM model can be used in research for studying the process of osteoporosis and

has the potential to be developed into a clinical diagnostic tool.
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1.0 INTRODUCTION

Osteoporosis and related fractures are a significant and growing cause of morbidity in the United
States population and have been a significant health concern worldwide for a long time [1].
According to National Health and Nutrition Examination Survey (NHANES), adults of age 50
years and over suffer from osteoporosis of Femur neck & Lumbar spine in 5% and 6%
respectively [2]. Osteoporosis exerts quite a burden on the national health services. Hip fractures,
for example, causes significant pain, functional disability, and eventually extended inpatient
treatment. Therefore, prevention is of utmost importance for patients and physicians as well as

insurance payers and insurance providers [1].

The annual cost of osteoporosis-related fractures in the US elderly was estimated using a
nationally based study to be $16 billion, using the same methodology to calculate the projected
cost; the cost was expected to reach $22 billion in 2008 [3]. Predictive modeling also called
“Computational modeling” is a collection of mathematical techniques performed for building a
mathematical relationship between two or more factors [4]. Alternatively, predictive agent-based
techniques use information extracted from basic scientific methods to create mechanistic
relations among agents that ultimately simulate the mechanism and outcomes within that
particular system [5]. Predictive modeling has been utilized for commercial purposes, for

example: as analytical tools to analyze big data, companies can predict customers’ preferences or



improve their profitability. Also, Analytical tools are now routinely employed in sales,

marketing, and supply chain optimization [6].

In healthcare predictive modeling has been used to predict the incidence, mechanism, and
progression of genetic and infectious diseases [7-11]. Also, predictive modeling has also been
utilized for diagnosis, prognosis, and treatment of various diseases and health-related

conditions [7, 10-16].

Dual-energy x-ray absorptiometry (DXA) is considered to be the “Gold standard” for
diagnosing osteoporosis [17, 18].By building an agent-based model and using the DXA scan for
validating the models performance, this model can aid healthcare professionals in predicting the
risk of developing osteoporosis and changes in bone density. This model can serve as a tool to
study the internal mechanisms of osteoporosis. It also can perform various virtual experiments to
investigate the effects of therapeutic interventions on the internal factors of bone matrix or bone
density. After validating the model, it can be introduced as a clinical tool to predict changes in

bone density.



1.1 RESEARCH AIMS

This dissertation has three aims:

e Aiml:
In the first stage, we collect sufficient information about the disease mechanism and the
factors involved in the disease process from the literature. Then we build a model using
an agent-based modeling technique to simulate the disease progression. After designing a
functioning model, we test the model’s validity by comparing the results of the model's
output with actual individual patients DXA scan bone reports. Also, during this stage, we
will test the model’s accuracy, sensitivity, specificity, and reliability.

e Aim2:
In the second stage, we aim to introduce a therapeutic agent into the model. Then, we will
validate the model and test its ability to predict the effect of that therapeutic intervention
on bone density changes. We will perform accuracy, sensitivity, specificity, and
reliability tests to ensure that the model is stable and reliable after modification.

e AiIm3:
In the last stage, we will test the model’s ability to predict the first reading, in other
words, to test the model's ability to predict the expected bone density based on the inputs
that we feed it. There are no valid computational models’ -as far as we know- that
provide an estimation of the bone density and that can be used an alternative in the
absence of DXA-scan machines. We will test validation of the model by statistically

comparing its outputs to those obtained from DXA-scan reports from real cases. If the



model proves to be valid, we will perform other tests to measure accuracy, sensitivity,

specificity, and reliability of the model.

1.2 RESEARCH SIGNIFICANCE

While the disease mechanism has been studied extensively through in vivo and in-vitro
experiments, there are gaps of knowledge about the complex interactions among the multiple
factors which control the disease process. Primary osteoporosis is a disease that is related to
aging mainly, but other factors influence the disease progression in different patients. While
some researchers concentrate on cellular and biochemical agents in the BMU as the main factors
that control the bone density, other factors such as Gender, nutrition, weight, and physical
activity can significantly affect the course of the disease [19-29].

Dual-energy x-ray absorptiometry (DXA) is considered to be the “Gold standard” for
diagnosing osteoporosis and is recommended by the WHO for screening and diagnosing
osteoporosis [30-32]. However, DXA scan only provides a snapshot of the bone health at the
time of the exam and does not predict the progression of the disease. Also, the DXA scan or
alternatives such as QCT or MRI machines are not available to all clinicians everywhere. Wet-
labs experiments require a lot of funding, resources, and time. Also, unapproved medications
cannot be tested on human subjects especially if the benefit is questionable with the risk present.
There is a need for an alternative; a tool that can be used for testing the effects of experimental
interventions and exploring the changes that occur in the bone while avoiding any harm to

human subjects.



A computational model can be used to study and test theories about the interactions and
roles of different factors in the BMU. The use of a computational model does not waste
resources, and the experiment can be performed and completed within minutes. The model can
perform any experiment using different interventions without the risk of harming animals or
human subjects and with minimal financial cost. With the aid of computational modeling, the
disease macro and micro processes can be analyzed virtually. While computational simulation is
not a replacement for wet lab experiments, it indeed can provide valid results in much shorter

time and less cost.

Computational modeling can also aid in understanding the intermingled relations between
the various factors at different levels and provide further insight into the disease development

mechanism [5, 33, 34].

This model after being validated clinically can also be used as a clinical tool that aids
clinicians to predict the disease status and progression in specific patients. Such tool can be easy
to use, inexpensive and be installed easily in most clinical settings. There were many efforts to
create computational models to simulate the bone remodeling process, the bone healing process,
and disease progression in specific conditions applying different technics: mathematical,

statistical and agent-based modeling [35-42].

This model is unique because results of the simulations and cell numbers can direct
researchers to target a specific mediator -such as MCSF or OPG -or proper time to start

preventive measures or maximize the effects of therapeutic interventions’.
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Osteoporosis as a disease depends on the outcome of the reaction between the cells
within the BMU. Although most researchers agree about the importance of the roles of the
BMU’s different cell types in influencing the bone health, there are different opinions about the
inflammatory mediators that control the cellular actions. Cytokines such as IL-1, IL-6, IL-17,
and TNF-a were included in the literature each with supporting evidence that suggests a critical

role for that cytokine in the disease process [43-47].

Our model, when validated, can be modified to test the theories behind each of those
cytokines separately or in combination to see which one is the most important in the disease
development. The model also can be used -when the proper values are available- to provide a
threshold or a serum level in which that cytokine becomes actively involved in the bone

remodeling process.



2.0 LITERATURE REVIEW

2.1 LITERATURE SEARCH PROCESS

The literature review done in this dissertation was divided in two stages. The following

subsections explain how each stage was completed.

2.1.1 General Information About Osteoporosis Epidemiology & Histopathology

In this stage, our focus was to locate, and review information related to osteoporosis; to
understand the disease mechanism and behavior. Since we aim to create a model to study the
behavior of osteoporosis, it is mandatory for us to review detailed medical and scientific reviews
that describe the disease epidemiology and explain the histopathology of the disease mechanism.
We conducted a literature search using Google Scholar, and PubMed from 1990 to 2015, to
identify studies examining bone histology, bone physiology, epidemiology, and histopathology
of primary osteoporosis.

In our literature search, we used the terms “Osteoporosis pathogenesis,” and, “bone
histology,” “bone physiology,” “Osteoporosis,” “Osteoporosis Epidemiology,” and *“osteoporotic

fractures.” We restricted the search to articles in English language only, to avoid confusion that



may happen after translations. Also, we used cross-referencing, by going through articles from
relevant original research or review articles.

We also searched the mentioned search engines using the previous terms separately and
using conjunction operators (OR & AND). Primary sources for those reviews and reports were
scientific journals and specialized professional associations’ including but not limited to WHO,

NIH, CMS, and the CDC.

2.1.2 Information About the Use of Modeling for Medical Purposes in General And

Osteoporosis Specifically

We searched google, google scholar, and PubMed using the search terms: “modeling in
healthcare,” “computerized modeling in healthcare,” “agent-based modeling & healthcare,”

“Osteoporosis in-Silico” and, “agent-based modeling for osteoporosis™.

We also examined the above search engines using the previous terms separately and
using the conjunction operators (OR & AND). Some essential references were located and
chosen through cross-referencing from relevant papers or reports that were selected from search

results.

Selection criteria: The following table includes the selection criteria that we applied for

choosing references that were used in the literature review:



Table 1: Reference selection criteria for step 2.

Criteria Purpose

1. Atrticle or Report is published in a
scientific journal or a well-known
professional source. (Mandatory)

To ensure credibility and authenticity of any
information used in the project.

2. Selection of the most recent publications

(past five years). (Mandatory) Including up to date information.

To choose papers that are highly cited which

3. Cross-referencing (Preferred) provide rich and valuable information.

2.2 BONE HISTOLOGY AND PHYSIOLOGY

In this section, we will review basic bone histology and physiology information which is
essential to better understanding the mechanism of the natural bone tissue development in the

human body.

2.2.1 General Information About the Bone

The human skeletal system is formed mainly by the bone that provides the framework and serves
for supporting the weight of the body as well as protecting the vital internal organs. The bone

houses the red marrow that produces all kind of blood cells through hematopoiesis [48].

There are four general categories of bones: long bones such as, femur and tibia; Short
bones include the carpal and tarsal bones. While Flat bones examples include the skull, and
mandible; and Irregular bones like vertebrae, sacrum, and coccyx [49]. The bone weight

approximately constitutes 15% of total body weight for males and 12% of females [50].



The bony skeleton is vital for many functions including:

1. Physical supporting function for the whole body frame.

2. Works in tandem with the muscular system to allow for precise and smooth body
movements.

3. Shields the internal vital and sensitive organs.

4. It also works as storage for minerals, growth factors, and inflammatory mediators.

5. Protects the main tissue that performs hematopoiesis that is the red marrow [49].

2.2.2 Bone Histology

The bone at a histological level is built into two structural organizations: cortical bone, and

trabecular bone. Bones in the body are formed from both types of bones in varying ratios.

The “osteon” which is the primary functional and building unit of the bone constitutes
both the cortical and trabecular bone. Cortical bone and trabecular bone are naturally developed
in a lamellar formation, where collagen fibrils are arranged in alternating alignments. Perhaps the
alternating alignments of the collagen contents are the reason behind the significant sturdiness of

the bone [49].

2111 Bone various histological structures: Cortical bone forms 80% of the total bone
structure. Dense and stable in composition, the cortical bone basic building unit — or osteon —
is called the Haversian system. Haversian systems are cylindrically shaped structures that
form a branching framework within the cortical bone [49]. The Haversian systems wall is

10



designed of lamellae aligned and encircling the Haversian canal. It also serves as a tunnel that

protects nerve fibers and the accompanying blood vessels to the interior of the bone's cavity

[49, 51]. Amplified cortical remodeling results in porosity and reduction in cortical bone

mass, naturally occurring in aging healthy individuals’ where the bone cortex suffers thinning

accompanied by increased porosity [49].

Trabecular bone composes 20% of the total bony skeleton. Trabecular bone has greater

elasticity and turnover, but less density than cortical bone. The trabecular bone osteons also
called (packets) are built in a semilunar organization, with multiple layers of concentric lamellae

[49, 52].

2.1.1.2 The Bone Matrix: Type | collagen is the core organic component of the bone
matrix by constituting 90% of the organic composition. Collagen fibers are organized either
in parallel fashion in trabecular lamellae or concentric manner encircling the Haversian canal
as a part of the Haversian system [52]. The bone matrix also contains a multitude of none-
collagenous proteins that were found recently to have significant roles —mechanism still under
research - in bone mineralization [53]. Calcium hydroxyapatite crystals are deposited
between the collagen fibers to strengthen and stabilize the bone. About 99% of the calcium in

the body is stored in the bone [22, 25, 51, 52, 54-56].

2.1.1.3 Basic Multicellular Unit BMU: BMU is the structural and functional unit in the

bone in charge of bone formation and resorption. It is comprised of osteocytes, osteoblasts,
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and osteoclasts [22, 28, 44, 45, 51, 54, 57, 58]. It was estimated that normally there are about

1 million active BMUs in an adult human skeleton [59].

2.1.14 Osteocytes: They are basically osteoblasts that are entrapped within the osteoid.
Osteocytes compose 90% of the cellular matrix but have a limited role in matrix production.
Osteocytes have an essential role in bone homeostasis, through adaptation of bone to

mechanical stress and hormone-mediated mineralization [52, 54, 60-63].

2.1.15 Osteoblasts: Osteoblasts are the primary building units of the bone, producing
most of the bone matrix components. Osteoblasts are organized in clusters along the lining of
the layer of bone matrix which they create [52, 54]. Osteoblasts secrete essential growth
factors including insulin-like growth factors (IGF), transforming growth factor beta (TGF-p),
and bone morphogenetic proteins (BMP). Those growth factors regulate the activity of the
osteoblasts. Osteoblasts surface receptors include receptors for hormones such as the
Parathyroid, Thyroid, and Progesterone hormones. Significant nuclear steroid receptors are
also located on the osteoblasts that have a major role in the bone health such as vitamin D3

and estrogen and androgen surface receptors [52].

Bone formation is an ongoing process that runs through three main phases: production,
matrix maturation, and matrix mineralization. In the normal physiological state, those three
phases run at a consistent rate. Osteoblasts build the osteoid by rapid secretion and deposition of

collagen. Immediately after that, the mineralization starts within the collagen fibers. In the
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maturation phase, collagen fibers synthesis comes to a halt while the mineralization continues

until the bone tissue is properly mineralized [52, 54].

2.1.1.6 Osteoclasts: Osteoclasts are multinucleated giant cells; their diameter can reach
up to 100 mm. Osteoclasts are the main cells responsible for bone resorption [52, 54].
Osteoclasts attach to the bone surface by small active binding structures called (Podosomes)
through the actions of integrin [64, 65]. After binding of Osteoclasts to the bone matrix, they
produce lysosomal enzymes such as acid phosphatase and Cathepsin-K, which marks the
initiation of bone resorption by breaking down the hydroxyapatite crystals which are covering
the collagen fibrils [52, 54, 64]. Next, collagen fibrils are digested by Cathepsin-K and

activated collagenases [52, 54]. Osteoclasts activity and bone resorption are regulated locally

by cytokines and systemically by hormones [52, 54].

2.2.3 Bone Physiology

The bone reacts to physiological or mechanical stress by changing its shape through the
modeling process. Bones are modified in width and become sturdier due to the activities of
osteoblasts’ or osteoclasts to tolerate the stress of biomechanical forces [49, 52].

The active periosteal surface is vital for the process of bone growth and repair. Bone growth
typically exceeds bone resorption; consequently, with aging bones naturally increase in
thickness. The endosteum, however, has greater remodeling activity than the periosteum; which

IS probably due to the greater exposure to cytokines produced in the neighboring Morrow, as
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well as the mechanical stress. In contrast to the periosteum, the endosteum Bone resorption rate

exceeds the bone formation causing marrow space to expand with aging [49, 52].

2.1.1.7 Bone remodeling: Bone remodeling is an ongoing physiological process.
Damaged or old bone is continuously replaced by a newly built healthy bone [51, 52].

Between 5 and 10% of the human skeleton is replaced per year [66].

Remodeling is a cyclical process that runs through three stages: resorption followed by a
reversal and finally bone formation. Osteoblasts and osteoclasts work in balance with the aid of
cytokines and hormones to continue running the remodeling cycle. Undifferentiated Pre-
osteoclasts migrate to the area targeted for remodeling where they join forming giant
multinucleated osteoclasts that start resorption of the bone, a stage that may extend up to two
weeks. After the resorption process is complete, the reversal stage starts by pre-osteoblasts
migration into the targeted area and differentiation into active osteoblasts; this stage typically
lasts from four to five weeks. Osteoblasts start building new bone tissue (formation stage) until
they replaced all of the resorbed bone; bone formation is the longest stage as it extends up to four
months after which the process is complete, and then bone enters a resting stage that continues

until the next remodeling cycle [52, 54].
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2.3 OSTEOPOROSIS

2.3.1 Information About The Disease

Osteoporosis is a systemic condition that affects the whole bone skeleton weakening the bone
mass and microarchitecture and resulting in bone fragility and many cases, fractures [19, 23, 57,
67]. Osteoporosis can either be primary osteoporosis that is due to aging-related hormone sex
hormonal deficiency, or secondary; which occurs secondary to other systemic inflammatory
diseases such as rheumatoid arthritis or inflammatory bowel disease [19, 45, 55, 68].

It is estimated that more than 200 million osteoporosis case among women worldwide [58]. In
the United States and Europe, approximately 40% of Caucasian postmenopausal females suffer
from osteoporosis, with the life-long elevated risk of spine fractures up to 50% [23, 69]. Males
aged 50, and above have an increased risk of 20% for suffering an osteoporosis-induced fracture.
Osteoporosis prevalence in the state Pennsylvania has reached -according to the C.M.S- 7.5% of

the total state population in 2012 [70].

2.3.2 Osteoporosis Disease Mechanism

Bone formation and resorption is a process that runs continuously within the Basic multicellular
unit (BMU). In the ordinary setting, bone formation and resorption are operating in balance,
which results in removing the old bone and replacing it with a new healthy bone. When that
balance is disturbed in osteoporosis, the resorption overwhelms the formation, because of that;

the bone becomes fragile and brittle or Osteoporotic. Several factors trigger and stimulate
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osteoporosis by disturbing the mentioned balance in the absence of secondary systemic
conditions, including the acute phase of estrogen deficiency during early stages of menopause,
medications that suppress sex hormones in both genders, and smoking [19, 23, 28, 57, 67, 71].
Activation of Osteoclasts is usually accomplished through the interactions of hematopoietic
precursors with osteoblasts or by inflammatory cells, such as leukocytes or T-lymphocytes.
Macrophage colony-stimulating factor or (M-CSF) which is either membrane-bound or secreted
by inflammatory cells, stimulates the differentiation of osteoclasts progenitor-monocytes in the
bone marrow into pre-osteoclasts. Pre-osteoclasts express the Receptor Activator of Nuclear
Factor x B known as (RANK). Next, the RANK receptor that can couple with a cytokine
produced by osteoblasts and inflammatory cells, known as RANK Ligand or RANKL [25, 45,
52, 54, 56].

Coupling of RANK with RANKL activates osteoclasts that merge into multinucleated
giant cells that produce Acid phosphatase and Cathepsin-K that break down the bone’s
hydroxyapatite crystals and collagen fibrils. The hormonal imbalance that stimulates the
maturation of osteoclasts also reduces the rate of osteoclasts apoptosis and reduces activation of
osteoblasts, in other words, extended bone resorption and limited or no bone formation[19, 22,

23, 44, 45, 52, 55-58, 68, 69, 71]
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2.4 FACTORS INVOLVED IN OSTEOPOROSIS DEVELOPMENT

2.4.1 Hormones

Reduction of estrogen in females in menopause and testosterone in males after the age of 50
triggers the stimulation of bone resorption. Estradiol (a form of estrogen) has a protective effect
on the bone in both genders, as it preserves the bone matrix in a healthy state [19, 44, 72-74]. In
females, the risk of fracture increases with time, as the risk of fracture increases for Caucasian

females from 15% at the age of 65 to 35% at the age of 85 [19, 21, 67, 75].

Estrogen also inhibits the maturation of osteoclasts and promotes osteoclasts apoptosis,
on the other hand, it preserves osteoblasts by inhibiting RANK and stimulating bone formation
[6, 19, 21, 45, 76, 77]. Estrogen suppresses RANKL production by osteoblasts and T helper

cells; it also stimulates the production of OPG [19, 22, 54, 67].

The Parathyroid hormone (PTH) can cause severe bone fragility in hyperparathyroidism.

However, when used in therapy, it was found to preserve osteoblasts and stimulate their bone

formation activity [21, 54, 67, 78].
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Figure 1: Mechanisms that promote bone formation: Blue cells represent osteocytes, green are
osteoblasts, and pink cells are osteoclasts.

2.4.2 Chemical Agents Within The BMU

2.4.2.1 RANK, RANK-L, and OPG: Receptor activator of nuclear factor-x B ligand (RANK-L)
is a cytokine produced by the osteoblasts. RANK-L binds to its receptor activator of nuclear
factor-kB (RANK) present on the surface of osteoclasts causing osteoclasts activation and
ultimately bone resorption [21, 25, 44, 45, 52, 72, 77-79]. Osteoprotegerin or (OPG) is another
cytokine produced by osteocytes, OPG binds with the RANK competing with RANK-L, which
results in inhibitor of osteoclastogenesis [21, 25, 28, 44, 45, 52, 56, 63, 72, 77, 79]. OPG also

binds to RANKL reducing its half-life and promoting RANKL shedding [80].

2.4.2.2 M-CSF :Macrophage colony-stimulating factor or (M-CSF) which is produced by
Osteoblasts binds to a surface receptor present on the osteoclasts precursors promoting the

maturation of osteoclasts and increasing their numbers [19, 21, 44, 52, 54, 72, 79, 81]. Serum
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M-CSF level increases with age slowly as it is measured in individuals in their twenties to be
about 12 ng/mL up to 20 ng/mL in the eighties of age. The age-related elevation of serum M-
CSF was closely related to age-induced bone resorption rate that reached up to four folds the

resorption rate of young individuals [82].

2.4.2.3 Acid phosphatase and Cathepsin-K: Activated osteoclasts release Acid phosphatase
and Cathepsin-K breaking down the bone’s hydroxyapatite crystals and collagen fibrils and

resulting in bone resorption [23, 25, 26, 28, 44, 52, 56, 57, 68, 72, 77, 79].

2.4.3 Cellular Factors of the BMU

2.4.3.1 Osteocytes: Osteocytes are critical in regulating the process of bone resorption and
formation by producing mediators that control the activity of osteoclasts and osteoblasts [21, 25,
54-56]. Osteocytes were found to produce interferon-f that inhibits osteoclasts differentiation
[83]. Osteocytes produce Osteoprotegerin (OPG), an inhibitor of osteoclastogenesis [21, 54, 84-
86]. Osteocytes also produce Sclerostin, which inhibits osteoblasts bone formation activity [21,
54]. Mechanical loading and PTH effect osteocytes which causes inhibition of Sclerostin

secretion by osteocytes which ultimately will preserve the bone matrix [21, 54, 78, 87].

2.4.3.2 Osteoblasts: Osteoblasts are the primary cells responsible for bone formation as they
build the bone matrix by producing collagen, the main protein that composes most of the organic

matriX. Reduction of osteoblasts activity is directly linked to bone fragility in primary and
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secondary osteoporosis [19, 21, 25, 28, 52, 55, 67]. Osteoblasts activity can be stimulated by
some hormonal factors such as estrogen and parathyroid hormone (PTH) [23, 78]. Osteoblasts
can be inhibited by hormones such as high levels of PTH in hyperparathyroidism, or chronic

glucocorticoids treatment [23, 25, 30, 57, 67, 69].

2.4.3.3 Osteoclasts : Bone resorption is carried out by osteoclasts, in osteoporosis, the number of
osteoclasts is increased and are found to be more active [19, 21, 23, 51, 55, 69].0steoclasts
secrete H+ ions that acidify the resorption compartment causing the mineral component
(hydroxyapatite) of the bone matrix to dissolve. They also secrete the cathepsin K enzyme which
digests the organic matrix, which is mainly built from type I collagen [25, 49, 52].Osteoclasts are
negatively influenced by estrogen, as it induces apoptosis and reduces their activity [19, 22, 57,

72, 88-90].
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Figure 2: interaction between the cellular and chemical factors within the BMU. The Osteocyte (blue cell)
surrounded by collagen fibers and calcium form the healthy bone matrix. Osteocytes controls the activity of
the other two cells by reacting to damage or stress and releases factors that may increase or reduce the bone
density. The active osteoblast (green cell) lay down collagen type one to build the bone matrix, but also
produces factors (RANK-L,M-CSF) that stimulate the maturation and activity of osteoclasts. Osteoclasts
produce enzymes that break down the bone matrix causing bone resroption.

2.4.4 Age and Gender

Bone mass density (BMD) decreases with age, which consequently causes an increased risk of
osteoporotic fractures. There was an approximately a 50% difference in BMD of females who
are aged between 20 and 90 years old [19, 30, 67]. The lifetime risk of sustaining an
osteoporotic fracture in males is estimated to be between 13-20% while in females can reach up
to 50 % [30, 67]. BMD decreased among patients aged 20 to 90 was greater in females than in

males, as it was measured to be 39-55% for females and 34-46% for males [91].
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2.4.5 Vitamin D

Vitamin D is essential for intestinal absorption of calcium that is used for bone mineralization
and strengthening the bone density [20, 21, 25, 69, 78]. Reduction of 25-hydroxyvitamin D
serum level below 30 ng/ml indicates a Vitamin D deficiency, which leads to increased PTH in

secondary hyperparathyroidism, and ultimately osteoporosis [20, 29].

2.4.6 Body Mass Index

Studies found that Body mass index (BMI) is inversely related to osteoporosis and bone fracture
risk [92-96]. High BMI (over 30 Kg/M?) in patients over 70 years of age provided them with
33% reduction of femoral neck osteoporosis in comparison to their peers who have ideal or low

BMI [94].

2.4.7 Serum Biomarkers

Biomarkers which are products of bone formation/resorption are measured in plasma, or urine
can be used to monitor or estimate bone formation/resorption rate in patients with normal renal
function [97-100]. N-telopeptide of bone type I collagen or (NTX) is raised in association with
bone resorption and increased osteoclasts activity [97, 98]. Bone formation and osteoblasts
activity cause elevation of bone-specific alkaline phosphatase in serum [97, 98].

Osteocalcin elevation in the serum may indicate bone formation or resorption [97, 98].
Procollagen type | amino-terminal propeptide (s-PINP) rises in serum as a reaction to bone

formation [24, 99, 101-103]. Serum carboxy-terminal cross-linking telopeptide of type I collagen
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(s-bCTX) is increased in relation to bone resorption [24, 99, 101, 102]. s-PINP and s-bCTX are
recommended for screening by the International Osteoporosis Foundation (IOF) and the
International Federation of Clinical Chemistry and Laboratory Medicine (IFCC) [99, 102].
There is no biomarker that can be used as a gold standard to diagnose osteoporosis. However, the
biomarkers recommended by IOF and IFCC can be used in detecting and monitoring the

response of osteoporosis to treatment [99, 102-104].

2.5 DIAGNOSING OSTEOPOROSIS

2.5.1 Clinical Assessment

A clinician can identify the patient as a high risk for the disease by obtaining a detailed medical
history from the patient and asking about the following risk factors: menopausal status for
females or age over 50 years’ old, and over 60 years old of age for males. The age when
osteoporosis is diagnosed can also be related to factors such as smoking, vitamin D deficiency,
poor physical activity, and other factors [27, 30, 71, 105]. The physician may ask questions about
causes of secondary osteoporosis such as Hyperparathyroidism, or intake of glucocorticoid drugs

[20, 106, 107].
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2.5.2 Laboratory Tests

Blood tests may show low serum Vitamin-D, low serum calcium, or bone turnover markers that
result from the bone remodeling process. Such tests can be used to give an idea about the bone’s
general health condition but cannot be used to diagnose osteoporosis or guide the treatment plan

of the disease [99, 101, 102, 104, 108, 109].

2.5.3 Bone Density Tests

Radiological examinations remain the most reliable none-invasive method to determine the bone
density and estimate the risk of bone fracture. Bone mass density tests that are commonly used in
clinical practice include dual-energy x-ray absorptiometry (DXA), quantitative computed
tomography (QCT) [19, 23, 31, 32, 45, 57, 68, 110]. The DXA bone scan, however, is the test
recommended by the world health organization and the national osteoporosis foundation because

of the acceptable accuracy and reliability of the DXA test [31, 110, 111].

2.5.4 The DXA Scan

The DXA scan operates by sending radiation using a radiation source towards a detector
positioned directly behind to the anatomical site to be assessed. The patient lies
on a table that is placed between the radiation source and the detector. The radiation beam

then passes through the targeted area and into the detector. The reduction of the radiation
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beam which is due to resistance and uptake by the tissues is measured and then used for
calculating the bone mineral density. The DXA scan machine produces two X-ray beams
with different energy levels which are directed at the soft tissues and bone within the site for
the test. Digital subtraction of the soft tissue absorption is performed; after which the BMD

can be determined from the amount of radiation absorbed by the bone [110, 112].

The DXA scan report includes Bone mineral density measured by g/cm?, the T-score,
and the Z-score. The T-score compares the patient’s BMD to the BMD mean of healthy 30-
year-old individuals. The Z-score compares the patient's BMD to the mean BMD of peers of
the same age. WHO recommended uses the T-scores as the standard for comparison in the
osteoporosis classification. The T-score is the number of standard deviations closer or further
from the reference value, T-score of Zero means that the subjects BMD is Ideal and equals
the reference value. The T-score is calculated using the following formula: (patient’s BMD

— mean BMD of 30 y/o healthy subject) + SD [30, 32, 110, 113, 114].

Table 2: DXA scan results and its clinical interpretation as in the WHO osteoporosis guidelines [66-68]:

DXA scan’s T-score Interpretation.
+1.0t0-1.0 Normal bone mass density
-1.0to-1.5 Slightly lower BMD than normal
-15t0-2 Moderate reduction of BMD
-2t0-2.5 High reduction of BMD with Moderate risk for fracture
-2.5 and below Severe loss of BMD with High risk for fracture
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2.5.5 Online and Computer-Based Tools

Some researchers adopted the use of osteoporosis risk factors such as (age, gender, race) for
creating different clinical tools that calculate the probability of bone fracture [115]. Among those
tools is FRAX, which was developed by the University of Sheffield as a screening tool to
estimate the risk of bone fracture in particular areas of the bony skeleton. FRAX was based on
population cohorts’ studies from different populations worldwide to calculate the bone fracture
risk by processing several risk factors. Much simpler -still quite useful - tools were developed by
researchers for screening and self-assessment purposes’ that use age only or age and BMI for

estimating the risk for osteoporosis [115-117].

2.6 OSTEOPOROSIS TREATMENT

2.6.1 Treatment Options

There are many treatment options available that include lifestyle adjustments, oral supplements,
oral or intravenous medications. Each of the treatment options has its advantages and
disadvantages. In the following subsections, we will explore the treatment options available thus

far for managing osteoporosis.
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2.6.2 Lifestyle Adjustment and Supplements

As previously mentioned in our literature review, smoking has adverse effects on bone health as
it was found in studies to reduce the bone density. However, the damaging effect of Cigarette
smoking on bone health is highly variable [27, 105, 118].

Maintaining a healthy body weight and performing weight-bearing exercise help reduce
the bone resorption process. Underweight and bed-ridden or inactive individuals are more likely
to have a weaker bone matrix and suffer pathological fractures [21, 28, 57, 119]. National
Osteoporosis Foundation (NOF) and IOM advise the intake of 1000 mg/ day of calcium for
men over 50 years old, and 1200 mg/day for women over 51 years and men over 70 years of
age. An intake of Calcium over the recommended amount is not associated with documented
improvements but may cause side effects such as kidney stones [17, 120]. Vitamin D is
unquestionably essential for preserving the bones health and the body in general [20, 29, 57,
121-123].

As a preventive measure, a Vitamin D is an intake of 800 1U to 1000 IU per day after
the age of 50 is suggested by the NOF for maintaining bones healthy [17, 120]. Vitamin D
deficiency must be treated as soon as discovered to prevent further deterioration in the bones
density. Vitamin D deficiency is treated according to the severity of the condition; the patient
may be treated with Vitamin D injections and oral supplements in order to reach a blood
level of 30 ng/ml [17, 120, 124]. The efficacy of Vitamin D as a treatment for osteoporosis is
highly variable among different populations. Patients’ who suffer from osteoporosis and have
vitamin D- deficiency are advised to do weight-bearing physical exercise in addition to

vitamin D intake to have a better outcome [29, 57, 120, 121, 123]. Vitamin D alone may
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have no effect on improving the bones health in some individuals, but when Vitamin D is
combined with physical exercise was found to improve the bone health between 1-2% per

year [20, 29, 67, 122-125].

2.6.3 Current Medications Used

One of the most frequently used drugs groups for treating osteoporosis are Bisphosphonates.
Bisphosphonates drug group operate by inhibiting the recruitment of osteoclasts and inducing
osteoclasts apoptosis. This process ultimately reduces the bone matrix resorption and preserves
the bone density [126]. Of the Bisphosphonates, Alendronate is the most clinically used and
studied in the literature. Alendronate was proven to reduce the bone loss in post-menopausal
women and to improve their bone density. However, Alendronate’s efficacy for treating
osteoporosis depends on the dose, duration of treatment, and the individual’s response to
treatment. Alendronate when used as a treatment for osteoporosis for a duration of ten years,
resulted in bone density improvement by 2-3.9% [127-130].

In another study alendronate was used in different doses: 5 mg, 10mg, and 20mg daily
for three years had variable improvements levels of bone density in various parts of the bony
skeleton that ranged from 2.2 to 8.8 % [128]. For patients with osteoporosis, Alendronate
reduced the risk of hip fracture when used for three years by 50%, by 36% in the femoral neck,
and reduced the risk of vertebral fractures by 49% [120, 131, 132]. Other examples of
Bisphosphonates available in the market and used for treating osteoporosis are Ibandronate,

Risedronate, and zoledronate [127, 128, 133, 134].
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Estrogen hormonal therapy is an effective but also a risky alternative for treating osteoporosis
and preventing pathological fractures. Although Estrogen therapy was proven to reduce the risk
of bone fractures by 30-50%, it is also associated with increased risk for severe medical
conditions such as Myocardial infarction, pulmonary embolism, and breast cancer [120, 135,
136].

Parathyroid hormone is used for treating male and female osteoporosis patients with high
risk for pathological fractures [19, 78, 133, 137]. Recombinant human parathyroid hormone (1-
34) or Teriparatide (Drug name) is effective in reducing the risk of osteoporotic fractures by 53
to 65% [120, 137]. It functions by reducing the osteoblasts apoptosis, which results in higher rate

of bone formation [38, 78, 133, 137, 138].

Abaloparatide which is a synthetic peptide analog of human parathyroid hormone-related
protein or (hPTHTrP), is used in an injectable form for treatment of severe osteoporosis with a

high risk of osteoporotic fractures [139, 140].

An estrogen-like agent (Tibolone) is tissue-specific, is used for reduction and prevention of
postmenopausal bone loss. Tibolone currently is not approved for use in the United States [120, 141,

142].

Another medication used for treating osteoporosis is Denosumab, which is a
RANKL/RANKL inhibitor. Denosumab is a recombinant human Immunoglobulin-G2 antibody
with an affinity and specificity for binding to RANK-L. As it prevents the osteoblasts

RANKL/RANK interaction, it reduces the activation, activity, and lifespan of osteoclasts [52, 79,
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80, 133, 143-145]. Treatment with Denosumab for three years reduces the risk of osteoporotic

fractures in different areas of the skeleton by 20% to 68%[120, 133].

2.6.4 New Treatments Under Evaluation

Romosozumab is a humanized monoclonal antibody that blocks the action of Sclerostin, which
will result in increased bone mass. Romosozumab still in phase 3 of the drug evaluation [87,
146-148].

Genistein which is extracted from soybeans is an isoflavone which is a class of
phytoestrogens. Genistein improves the bone mass by stimulating osteoblasts activity and

inhibiting osteoclasts resorptive activity [120, 149, 150].

2.7 COMPUTATIONAL MODELING APPLICATIONS IN BONE HEALTH RESEARCH

2.7.1 Predictive Computational Modeling In Different Professions

Computational modeling has been used in different professional fields for making predictions
and serving many different purposes for over fifty years. Computational modeling has been in
use for predicting the weather forecast since the 1950s’. The experts who were using historical
information collected over decades created equations and fed the data to the computational units
and computers to predict the expected changes in the weather over time. Later, computational

models became more advanced, and with their rules defined and better refined, they provided
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predictions with accuracy that reaches over 80% for 36 hours predictions [151]. For marketing
and other commercial uses, predictive modeling has been integrated into analytical tools to
analyze big data. Companies can predict customers’ preferences based on their choices and
create offers or send ads to users. Healthcare insurers and providers aim to maximize control of
healthcare costs, so they use computational models to predict the most effective and efficient
intervention based on the recorded insurance costs [152-154]. Currently, Analytical tools are now
routinely employed in sales, marketing, and supply chain optimization [6].

In healthcare, predictive modeling has been used to predict the incidence, mechanism, and
progression of genetic and infectious diseases [7-11]. Also, predictive modeling has also been
utilized for diagnosis, prognosis, and treatment of various diseases and health-related conditions [7,
10-16]. Those models can aid practitioners and policymakers in their daily work, especially when
faced with limited data, having a model to help analyze the limited data is better than having

minimum raw data [153, 155, 156].

2.7.2 Computational Modeling for Studying Bone Health

There have been many research efforts in implementing computational modeling for the study of
cellular bone regeneration, tissue healing, bone-specific diseases, and the mechanism of bone
fracture in particular areas of the bony skeleton [35, 36, 39, 41]. Many of the research projects
were directed towards understanding the effect of stress exerted on the BMU and how it
orchestrates the activity of the cellular and chemical components to regenerate or enforce the
bone matrix [35-37, 39, 41, 42].

Different techniques were used to build computational simulation models for studying bone

health and disease processes. Mathematical, statistical, and agent-based models were applied for
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predicting and studying the bone regeneration and resorption processes [37-39, 157]. There are
many models created using the three approaches. We will include examples of each approach to

demonstrate the uses of each approach.

2.7.3 Mathematical Models

Researchers apply the use of mathematical equations to create computational models to simulate
changes in the bone matrix and the forces or chemical factors that cause those changes.
Researchers created mathematical models to investigate many topics such as simulating the
changes in the vertebral bone during health and disease conditions, bone adaptation to physical
loading at a macroscopic level, and the effect of disruption of the horizontal trabeculae of the

bone matrix on the bone strength [37, 41, 158].

2.7.4 Examples of Mathematical Models

Different hypotheses were tested, one of which was that the strength of the bone structure
deteriorates due to disruption of the horizontal trabeculae of the bone matrix which results from
strain-adaptive resorption. To test this hypothesis three simulations were analyzed, in the first set
of simulations was involved strain-adaptive resorption of the bone, in the second set micro-
damage resorption was added in the simulation, and in the third set, the damage threshold was
adjusted to increase as the damage to bone matrix progresses. After running the simulations and
analyzing the outcomes, Mc.Donnel and his group concluded that strain induced adaptive

resorption causes the horizontal trabeculae of the bone to break down leading to perforations in
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the bone matrix; these perforations cause the breakdown of the vertical trabeculae and further
deterioration of the bone matrix [158].

Another group of researchers tested three different methods for studying bone
remodeling: Ordinary differential equation (ODE), stochastic model of the ODE, and Piecewise
Multi-affine (PMA) modification of ODE. Creating a computational model based on differential
equation modeling, Bartocci and his colleagues managed to simulate the process of bone
remodeling while including estimated and calculated values of the cellular and chemical factors
in the BMU. They concluded that computational equation modeling could be used to simulate
the bone remodeling process and when improved by adding patient-specific values, such models
may be clinically useful [41].

Concentrating on mechanical strains as a central cause for osteoporotic fracture, Lopez et.
Al. Developed a computational model using partial differential equations. The model created
simulated the BMD changes in subjects who are not under any therapeutic interventions and in
those taking different drugs for osteoporosis. The research was focused on the neck of the femur
bone. Although the model was not validated, the authors claimed that this model could be used
after clinical validation and modifications for predicting bone fracture risk in specific patients or
for predicting the outcome of specific therapies [159].

To evaluate the physical resilience of vertebral bone and predict the outcome of vertebral
cement augmentation, a group of researchers created a computational model that analyzes the
vertebral bone geometrical properties and isotropic permeability before and after the
augmentation process. That model served as a guiding tool to predict the outcome of
vertebroplasty where the augmented material is injected into the damaged or weakened vertebral

bone to strengthen it and reduce the pain. Widmer and his colleagues successfully created a valid
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three-dimensional model that simulates the changes in vertebral bone microstructure. They
concluded that their model could be used to predict the long-term stabilization of the vertebra
post-cement augmentation treatment and aid in choosing the best site for the therapeutic injection
[160].

Based on a previous algorithm to simulate the process and outcome mechanical loading
on the bone cells, Christen and colleagues improved their algorithm to test the effect of
hypoparathyroidism on bone remodeling. They hypothesized that Hypoparathyroidism increases
osteocytes mechanosensitivity and reduces the bone turnover. After developing the algorithm, it
was validated by comparing the results with bone biopsy results collected from the iliac bone of
human cadavers and participating patients who were diagnosed with hypoparathyroidism. The
results confirmed their hypothesis and were consistent with clinical data. They concluded that
hypoparathyroidism could increase the cellular mechanosensitivity up to 40% and that
hypoparathyroidism, when accompanied by mechanical loading, explains the increased bone

mass and preservation of bone tissue [161].

2.7.5 Statistical Models

Statistical techniques used in modeling are Statistical shape models (SSM), and statistical
appearance models (SAM). SSM simulates the bone shape while SAM is used to simulate the
density. SSM and SAM which is also called statistical density modeling can be used in
combinations and be known as Statistical shape and density modeling or SSDM [162, 163]. Both
SSM and SAM, depend on training using patterns of data extracted from the mapping of

anatomical landmarks on a specific bone surface such as the proximal femur. Radiological images
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such as X-ray or DXA, are used for training the 2-D models while CT and MRI images are used
to build 3-D models. Active Shape Models (ASM) and Active Appearance Models (AAMs) are
Algorithms that are developed for fitting the statistical model's shape and appearance to the shape

and appearance of the images [162-165].

2.7.5.1 Statistical models’ examples: group of researchers created a model that compares and
fits the bone surface landmarks information from the patterns of data to QCT images obtained
for the subject. The model then generates a 3-D picture of that area. The model compares the
shape and density of the head of the proximal femur of individuals that suffered a fracture in that
area and others that did not have a fracture; then it provides a prediction of fracture risk

according to the differences in surface shape and density distribution [165].

Whitemarsh et al. created a model that simulates the shape of the bone to create a 3D image
of the proximal femur by training the model to recognize the bone shape landmarks from X-ray
images. This model 3D image provides a better visual presentation of the bone shape and
structure to allow for better prediction of hip fracture risk [166]. Waarsing and colleagues built a
model to estimate the relation between clinical osteoarthritis and the density or shape of the
proximal femur bone surface. Using the DXA-scan images for the patients, they trained the
model to recognize the differences in bone shape and density between individuals who have
symptoms of osteoarthritis and individuals who are asymptomatic but have radiological signs of

the condition [167].
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2.7.6 Agent-Based Modeling

Agent-based modeling or ABM can simulate behavioral mechanisms of biochemical and cellular
interactions as observed in natural biological processes. As agents interact with each other in the
simulation, each group of agents interacts with the other factors or groups based on sets of rules
programmed into the model. The rules used in the model are supported by values and
interactions mechanisms that are directly extracted or inferred from scientific literature [5, 34,
168].

The purpose of ABM simulation is to build of groups of agents and mimic their
interactions in a hypothetical (virtual) environment, in order to perform an in-silico experiment.
ABMs do not depend on patterns of data like most the mathematical or computational
biomedical models. ABMs do not apply the inductive logic of scientific inquiry because it starts
with the rules for interactions and attempts to recreate the recorded or scientifically observed
outcomes by computing the interaction between the agents according to the behavioral rules [33,

34, 169].

ABM employs the concept of “parallelism’; a concept that is built on the logic that each
agent’s class manifests several behavioral routes that connect to other agents’ operating within
the same virtual environment. Each agent within the agent class expresses a distinct sort of
behavior and operates concurrently with the other agents’ -in parallel routes- which will affect
the result of the cumulated interactions between the agents in that trajectory. The parallelism
concept is expressed by the different cells in the BMU. An example would be the osteoblasts:

each cell manifests variable activity levels based on its response to estrogen among other factors.
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The end result will be the amount of bone formed based on the aggregated outcomes of all the

osteoblasts operating in that area [5, 19, 21, 22, 168].

ABM simulation which is an in-silico experimental process has an advantage over wet-lab
approaches because of the ABMs’ ability to create complex and large datasets in the low-cost
virtual environment. A model can be designed to perform an in silico-experiment in a few
minutes that simulates a similar in-vitro/in-vivo experiment that requires days or months and a

much higher cost to complete [5, 33, 34, 169].

2.7.7 ABM For Bone Research

ABM was recently introduced in bone research when some researchers used ABM for creating
models to study the bone fracture and healing processes. Schutte created an ABM simulation of
Cellular signaling and coupling of the BMU which was used to analyze the bone regeneration
processes. Two ABM models were designed and built to study osteocytes signal for controlling
bone resorption, and osteoblasts coupling to osteoblasts. The models were validated by
comparing Z-scores produced by the models to Z-scores obtained from cases in the literature
[157].

Bayrak and colleagues focused on Mesenchymal stem cells (MSC) as a promising
solution for tissue engineering applications. They applied ABM to examine the joint impacts of
growth factors and biomaterials on MSC differentiation and cell survival as well as their
contribution to bone density. Studying the survival of stem cells implants within the bone tissue

in-vivo is challenging mainly because of the variable rate and outcomes of which the cellular
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differentiation of implanted cells and vascularization of the bone tissues scaffolds. VVascular
endothelial growth factor (VEGF) and bone morphogenic protein-2 (BMP-2) were selected after
searching the literature as the most important factors that were included in the simulation.
Building on a previous model designed by the same group to simulate endothelial cells behavior
during angiogenesis, the new model included the movement of MSCs’ within the polymeric
scaffold and their differentiation into osteoblasts. The authors managed to create a 3D model that
simulated the MSCs’ behavior during the osteogenesis process, and the results were that VEGF
loading improved the vascularization of the structural scaffold and contributed to stem cells
survival.

They concluded that the simulations results were consistent with the information
available in the literature and that ABM can be used to effectively to examine the joint stimuli of
growth factors and biochemical factors on MSCs’ development and survival. [170].

Other researchers used ABM to analyze hematopoietic stem cells (HSCs) behavior in order to
understand bone marrow homeostasis better. HSCs’ differentiate into all kinds of cells that
constitute the blood and populate the bone marrow. The mechanism of cellular preservation and
behavior of HSCs’ is still unclear and determining such behavior can be very helpful in tissue
repair research. Kurhekar and Deshpande utilized ABM to build a model to simulate the
behavior of HSCs’” and how it differentiates into transitive cells and how it proceeds to apoptosis.
Their model was an improvement to a previous mathematical model created by Agur et al.
[171].The result was a 2D model that simulated the HSC division and mobility as it populates
the bone marrow. Although their model was not validated, it was an interesting step to model
HSCs’ which provided further insight into the HSC conversion into other blood cells and the

process of HSC’s apoptosis [172].
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2.8 GAPS IN KNOWLEDGE

The general concept of Osteoporosis as far as the diseases mechanism, diagnosis, or prognosis is
well described in the literature. However, there are many pieces of information missing that need
to be uncovered for a better understanding of the disease mechanism at micro-processes levels.
Cellular and chemical factors that interact within the BMU are explained by different theories
and medical opinions that sometimes contradict each other. The values of each of the chemical
mediators within the BMU or the bloodstream are mostly unavailable. Cellular Receptor

affinities and critical levels which may cause the disease the progress or regress are unknown.

At a clinical and public health level: FRAX can provide an estimation of fracture risk for
patients based on information gathered from public health studies, and there are self-assessment
tools that provide patients with simplified estimation of their bone health using a small number
of factors in their calculation. However, there is a need for a tool that can simulate the complex
bone tissue environment and disease progression over time while bringing together the scientific
theories that explain the disease process. Such tool can be used for researching new drugs,
testing theories about bone remodeling factors and micro-processes. Also, after clinically
validated this tool can provide an assessment or a prediction in a simplified report that can be

easily understood by clinicians’ and their patients’.
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3.0 AIM ONE BUILDING AN AGENT-BASED MODEL TO SIMULATE

OSTEOPOROSIS

3.1 INTRODUCTION

In this section, we will describe the implementation of the first aim of this dissertation, that is to
create an agent-based model to simulate the osteoporosis disease process and predict the changes
in the disease condition as the time passes. This section includes the model's design and

justification of the design’s method, agents and their behavioral rules, parameters values and

validation of the model.

3.2 THE MODEL'S DESIGN

In order to create a model that simulates the progression of osteoporosis, we need to choose the
proper method of modeling that can process the different variables involved in the disease

process and capture the possible outcomes of interactions between those variables.

In comparison to tools that rely on patterns of data to predict the risk for bone fracture or

osteoporosis in a particular area of the body based on patterns or mathematical equations, our
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model should simulate the bone health using the cellular and biochemical interactions in the
BMU’s environment. Our model should also include the relations of those interactions to
external factors that exert an indirect effect on them such as the patient's weight, physical activity
in addition to others [21, 37, 61, 93]. Our model will include complex interactions between the
cells and mediators in the BMU and the external factors which ultimately control the bone

remodeling process and the progression or regression of bone health.

Osteoporosis is a dynamic and highly complicated process; the simulation will include
several interactions within the BMU function through multiple layers of receptors activation that
affect cellular activity levels. Within each type of cells, there are different possibilities of activity
levels, as well as different receptor affinities and variable lifespans. The process of the disease is
described explicitly in the literature. The literature, however, does not provide precise
numbers/levels of the mediators within the BMU or the extent by which each mediator affects
the cells involved. Therefore, we need to design our model to accommodate the wide variety of
factors with different behavioral patterns. Such factors are running in a continuous manner and at
different levels while applying randomness within the interacting factors and the outcomes. We
chose agent-based modeling design to build our model because it is the best method that can

reasonably simulate the disease process which is as complex and dynamic as osteoporosis.

3.3 DESIGN JUSTIFICATION

Agent-based modeling has been used by the researchers to simulate disease conditions and

biological processes in the past decade with great success [5, 170, 172, 173]. The reason behind
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that is that ABM applies many concepts that are valuable to simulate dynamic biological
processes like wound healing, bone remodeling, and acute or chronic inflammations. Among
those principles that provide ABM with advantages over other modeling methods are spatial

incorporation, parallelism, stochasticity, and others which we will discuss in this section [5].

ABM being originally grid-based, can express simulations in a two-dimensional grid or
easily create the simulation environment within three or six dimensions according to the
requirements’ and purpose of the model built. Because of such flexibility, clinicians who
understand the process of the condition to be simulated can build models that have complicated
logical relations without difficulties. ABM allows for to more instinctive knowledge translation
into models or clinical tools that can be deployed, attuned to data, and then validated and used

for patient care [5, 170, 172].

A significant advantage that ABM brings to our model is “parallelism” which will serve
greatly in adequately simulating the changes in the bone matrix. ABM regards each agent class
to have several stages as parts working together forming a whole collection of agents that
interact inside a virtual, parallel processing environment. Similar to cells in the BMU, changes in
factors interacting with each agent, exert direct control over the behavioral routes of involved
individual agents. Also, comparable to the diverse behavior of individual cells in the BMU,
agents within the Agent-based model move in various behavioral patterns which are expressed
by multiple levels of agents. Agent-based modeling has the power to provide the results of the

aggregated system dynamics into a meaningful visual output [5, 157, 168, 170, 172].
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Stochasticity or random behavior and unpredictability is another concept that agent-based
modeling is capable of simulating. Biological systems or conditions such as wound healing or
bone resorption may appear to the observant eye as unpredictable, but there are deterministic
rules that control that seemingly random behavior. Moreover, although such dynamic systems
have rules that -if known- can be used to calculate the outcome in a mathematical equation, it is
almost impossible to determine such rules from observation alone especially that the initial
parameter values can be highly diverse which will also diversify the process routes and the
outcomes.

Agent-based modeling solves this problem by creating populations of the different agents
within the model. The probability of a specific behavior is determined for the population as a
whole, which will determine the probability function for the behavior of a single member (agent)
of that population, and next identify the behavioral rules for that agent. As the simulation
progresses, each agent follows a unique trajectory of behavior while the behavioral rules’
probability is adjusted for the whole population. This technique allows for the creating a broad
range of behavioral outputs for every agent-based model, ultimately building a virtual system
where agents are acting similar to their counterparts in the biological system under observation

[5, 157,170, 172, 173].

A distinct property of agent-based models is that they generate new behavioral trends
through the interaction between the agents within the simulation, those innovative patterns
cannot be extrapolated from inspection of the rules of the natural process. This unique property
of agent-based modeling is called “emergent behavior,” it can be helpful in the model’s design,

and validation process, but it can also break some of the processes leading the model to crash.
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An example from our topic is the affinity of cells (Osteoblasts) towards a mediator (OPG), as the
affinity to bind with OPG changes with the simulation due to the changes in the virtual
environment and the functionality of the other agents interacting with the osteoblasts creates an
unexpected behavior which results in higher osteoblasts surface receptor affinity causing the
depletion of the OPG within the virtual space and resulting in the simulation to malfunction and

stop [5, 157, 170, 172, 173].

An agent-based model can be designed and function properly even in with some missing
information of the process under simulation. This property is highly valuable when constructing
models for biological processes because there is -in many cases- a lack of complete knowledge
about the details of those processes. This useful property allows the designers to simplify the
rules which will make it easier later to verify the model. While mathematical modeling methods
require details and exact numbers in order to create a sound simulation of a particular process,
Agent-based modeling can overlook some details or exact numbers by performing qualitative
verification of the possible outcomes and comparing it to the real outcome in the actual scenario.

The stochasticity and emergent behavior properties in combination with mapping the
model to known details of the biological process allow for fairly simulating the biological
process outcomes and the unpredictability or randomness that occurs within the processes. This
property is very valuable in our topic, because there are a lot of missing details about the
numbers of surface receptors, quantities of mediators, rate and range of activities for the cells
within the BMU, and many other details that cannot be possibly obtained from the literature [5,

21, 34, 108, 157, 169, 170, 172, 173].
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An agent-based model operates under control by rules of behavior of the agents within it;
it has a “Modular design.” Having such design allows for adding a new class of agents or
removing a group of established agents by modifying the rules that pertain to the group involved
without going through the process of rebuilding the whole model. Such advantage is quite useful
in our research because that makes our model flexible and beneficial for testing the effects of
new treatments under experimentations or emerging biochemical factors that may change the

scientific perception of the disease process [5, 157, 170, 172].

Biomedical researchers’ and healthcare professionals can translate their knowledge into
agent-based models with minimal difficulty, even without programming skills or complex
mathematical equations because agent-based modeling is object-oriented [5, 157, 173]. As
mentioned previously, osteoporosis is a complex and highly dynamic biological process. Such
process although well described in the literature, still, there are gaps in information about exact
numbers of cells within each part of the process, the amount of chemical mediators and their cell
surface receptors for each mediator, and other numbers that are age or gender specific. In
addition to that, osteoporosis involves -to the observer- a high level of stochasticity, and various

behavioral routes for all agents within the natural process [21, 25, 55, 71, 72, 113, 174, 175].

Based on the above attributes and advantages of ABM, we carefully chose ABM as the
most suitable method for designing a computational model to simulate osteoporosis. Our agent-
based model that has a modular topology will be used by researchers’ for testing therapeutic

interventions in-silico, it can be easily modified later to include new interventions as (agents) or
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removing involved cells or mediators according to the latest advances in disease research or

changes in clinical knowledge.

3.4 MODEL’S DESIGN

In following subsections, we will discuss the software used to build the model, the agents,
parameters and their values, rules of behavior for each agent, and the components in the user’s

interface.

3.4.1 Software

We used NetLogo version 5.2.1 which is an open-sourced freeware, developed and continuously
improved by professor Uri Wilensky at the Center for Connected Learning and Computer-Based

Modeling, Northwestern University [176].

NetLogo runs on Java virtual machine and is compatible with most major operating
systems (Mac, Windows, Linux, and others). It provides a flexible virtual environment for
modeling complex systems and simulating their progress over time. It is capable of processing
simulations that involve thousands of agents, running their courses and allow the user to observe
the behavior of each agent at any specific instance of the simulation. This ability allows it to

express the emergent behavior which is a unique property of agent-based modeling [176, 177].
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NetLogo has been used to create agent-based models to simulate biological and disease

processes successfully [5, 177, 178].

3.4.2 Basic Concepts of The Model’s Design

Our model simulates the progress of Osteoporosis process in distinct steps or (Ticks), each tick
executed represents a simulation of the disease process in one-day duration. The simulation
outcome is a result of the behavioral interaction between the biochemical factors that are
(enzymes, inflammatory mediators, or hormones) and cellular components that form the BMU of
the bone. Parameter values and interaction rules that we used in creating our model were based
on rules and values that were extrapolated from previous osteoporosis models or calculated from
values provided in the literature [25, 35, 37, 38, 54, 56, 97, 99, 170, 179].

The model simulates the behavior of a BMU in the bone matrix as it progresses with
time, BMU is constituted from Osteoblasts that are the bone *“constructors,” their increase in
number and or activity reflects means more bone density. Osteoclasts are bone “breakers,” their
increase in number and or activity reflects a reduction of bone mass, and Osteocytes which are
the primary cells present in the bone matrix, more osteocytes mean denser matrix. Osteocytes
form 90% of the cellular matrix leaving about 10% for osteoblasts and osteoclasts. It is estimated
that for every osteoblast there are ten osteocytes. In the natural condition, the bone formation is
in equal balance with bone resorption. Which brings the BMU ratio to 400 (osteocytes) :40

(osteoblasts) :4 (osteoclasts) [23, 25, 37, 49, 51, 54, 56].
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We designed the model to simulate primary osteoporosis development in individuals who
have a healthy immune system and are free of genetic or systemic conditions that affect the bone
matrix or bone growth such as osteopetrosis or renal osteodystrophy [180, 181]. Each “Tick”
within the model represents an advance in time of one day, with changes in agents’ values and
bone health calculated and provided for the user to view at the end of each tick. In our model we
assume that the BMU in the simulation represents the activity of the BMUs in the body, in other
words, we assume that all the BMUSs’ are acting in the same way.

Like In-Vitro methods of studying the progress of the disease, our model simulates the
development of the disease within a closed environment. Our model, however, may provide a
better understanding of the disease process. While In-Vitro experiments cannot explain many
reactions that occur within the living organism because many cellular and biochemical factors
lose their viability when removed from the natural environment. Our model simulates the disease

body.

Figure 3 concept of the model: the bone multicellular unit within the bone matrix
surrounded by collagen fibers and the mineral component (hydroxyapatite).
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3.4.3 Agents Involved in The Simulation

We have selected a group of agents to include in the simulation; the selection was based on
information from the literature about the most important factors involved in the disease process.
As the mentioned in the literature, there are many mediators that are involved in the bone
formation and resorption. We avoided the factors that have questionable importance or unproven
relation to the disease process. The following table includes the agents involved in the

simulation, their roles, and their rules of interaction with other agents in the model.

Table 3: A list of the agents included in the model.

A simplified list of the interacting agents, and external factors

Agent Manner of interaction

Osteocytes e  Osteocytes regulate the process of bone formation
and resorption.

e  Osteocytes produce Sclerostin, which inhibits
osteoblasts bone formation activity.

e Under the effect of estrogen, Osteocytes produce
OPG that inhibits bone resorption.

Osteoblasts: e  Osteoblasts are the main cells responsible for bone
formation.
e  Activated osteoblasts produce collagen type 1
fibers.
e  Collagen fibers are used to build the healthy bone
matrix.

e  Osteoblasts are buried under the newly formed
matrix and convert to osteocytes.

e  Osteoblasts produce RANKL that promotes
Osteoclastogenesis.

Osteoclasts: e Bone resorption is carried out by osteoclasts.

e  Osteoclasts secrete acid phosphatase and cathepsin
K enzyme which digest the organic bone matrix.

e  Estrogen negatively influences osteoclasts.

RANKL e  Receptor activator of nuclear factor-kB ligand
(RANK-L) is a cytokine produced by the
osteoblasts.

e |t binds to the receptor activator of nuclear factor-
kB (RANK) present on the surface of osteoclasts
increasing their activity.

e  Estrogen inhibits RANKL release.
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Table 3 continued

OPG e  Osteoprotegerin or (OPG) is a cytokine produced
by osteocytes.
e  binds with the RANK competing with RANK-L,
which results in inhibition of osteoclastogenesis.
e  Estrogen stimulates OPG release from osteocytes.
e  Binds to RANKL promoting the breakdown of
RANKL and inducing shedding or inactivation of
RANKL.
Sclerostin e  Osteocytes produce Sclerostin, which inhibits
osteoblasts bone formation activity.
e  Sclerostin increases steadily with age.
e In females over 60-year-old, Sclerostin increases up to
2.4 times the original level measured in the twenties of
age.
e In males over 60-year-old, Sclerostin increases up to 4.6
times the original level measured in the twenties of age.
e  The standard Sclerostin level is higher in males than
females.
M-CSF e  Macrophage colony-stimulating factor or (M-CSF)
which is produced by Osteoblasts
e  binds to a surface receptor on present on the
osteoclasts precursors promoting the maturation of
osteoclasts and increasing their numbers.
e  Estrogen reduces the M-CSF level.
Collagen-l e  Activated osteoblasts produce collagen

e A key component in the organic matrix.

Acid phosphatase and Cathepsin-K

e  Activated osteoclasts release Acid phosphatase and
Cathepsin-K.

e Those enzymes break down the bone’s hydroxyapatite
crystals and collagen fibrils resulting in bone resorption.

Factors

Effect on the simulation

Sex hormones: Estrogen & testosterone.

e Asindividuals grow in age, their sex hormones
(testosterone and estrogen) drop gradually.

e  Sex hormones stimulate bone formation and inhibit bone
resorption by increasing the activity and lifespan of
osteoblasts

e  Reduces the activity of osteoclasts and lifespan.

BMI Body mass index is positively correlated with bone density;
higher BMI means denser bones.
Smoking e Smoking reduces the active estrogen level in both males

and females.

e  Smoking negates the therapeutic effect of Hormonal
replacement therapy.

e  The effect of smoking on osteoblasts and hormonal
activity is dose-dependent.

° It reduces the collagen production from the osteoblasts

Physical activity

= Weight-bearing exercise Improve the bone density and
stimulate the bone formation.
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3.4.4 Parameters Values and Agents’ Rules of Interaction.

In the following subsections, we will discuss details about parameters, agents and their

behavioral rules for each agent within the model.

3.4.5 The Bone Mineral Density (BMD)

BMD is demonstrated in the model by a percent value as compared to that of the BMD of a
healthy individual that is 100%.
The DXA-scan provides two types of measurements to demonstrate the bone mass density:
1. T-score: which compares the patient’s bone density reading with that of a healthy young
adult.
2. Z-scores: compares the patient’s bone density reading with other people that match the

patient in any of the following characteristics: age, gender, and race [111].

We used the T-scores obtained from DXA scan as the reference for validating the model's
output value of BMD. Our model can be modified to simulate the changes in different areas in
the bony skeleton. The version that we are working on in this dissertation simulates the changes
of bone density in the proximal femur which includes the neck, Trochanteric, and Inter-
trochanteric areas is also called Total-Hip [18, 182-184]. We have selected the proximal femur
because 50% of it is formed of cortical bone which is typically have a lower turnover than that of
the trabecular bone. Also, this area of the body is clinically important because fractures -Hip

fractures- in that area causes higher morbidity and mortality [49, 185-189].
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Creating a model to predict the changes in the vertebral bone is in our future plan because
the vertebral bone is formed mostly from trabecular bone which makes the turnover much higher
than that of the head of the femur. The high turnover of the vertebral bone, as well as the
variation of response to treatment between different patients, poses a challenge for building the
models rules. Such model will require sufficient data from different samples with the proper
sample size.

In Our model, the agents interact with each other and with the bone mass density causing
reduction or increase in the BMD. The output in our model is called “bone health” because the
model simulates the progression of osteoporosis with age and provide and diagnosis or (health
status) proper to that level of bone mass density. Any change in T-score by 0.1 corresponds to
change by 1% in the model. The following table shows the BMD values of T-scores in the DXA-
scan report and how those values are reflected in the model, and clinical condition that

corresponds to that level of bone health level.

Table 4: Conversion between the T-scores used in the DXA scan report and the bone health that appears in
the model's output [190].

Less than -
2.5+history
-2.5 or less of
osteoporotic
fracture

DXA scan T-score +1.0to 0 -1.0 -1.5

Less than
75% +
history of
fracture

Model

[0)
interpretation £l

95% | 90% | 85% | 80% 75%

Severe

Bone condition

Normal from (1009% to

86%)

Osteopenia
from 85% to
76%0)

Osteoporosis
from (75%
to 70%0)

Osteoporosis
less than
70%.
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3.4.6 Agents in The Model

3.4.6.1 Osteoblasts: Osteoblasts in the model are in the active mature form. A fixed number of
osteoblasts is set at the beginning of the simulation, however; the number of osteoblasts may
increase or decrease according to the outcome of the reaction between the other factors.
Considering the broad range estimation of Osteoblasts age in the literature 2-100 days, we will
assume that the osteoblasts lifespan in our model is 50 days [46, 62]. One in ten osteoblasts may
transform to an osteocyte per day within 20 days or continue functioning until it expires [54, 62].
Each osteoblast increases bone density by 0.25% per day [37]. It is estimated in the literature
that there are ten osteocytes for each osteoblast in the bone in normal condition [62].We will

assume that there are 40 active osteoblasts in each BMU.

3.4.6.2 Osteoclasts: Osteoclasts average lifespan is 14 days after which it expires [46, 190].
Osteoclasts in the model are in the mature active form. Each osteoclast reduces bone density by
2.5% per day [37]. A fixed number of osteoclasts is set at the beginning of the simulation,
however; the number of osteoclasts may increase or decrease according to the outcome of the
reaction between the other factors. Because of the bone production and bone breakdown are in

balance, we will consider the number of osteoclasts in our model to be four cells for each BMU.

3.4.6.3 Osteocytes : Osteocytes lifespan reaches 25 years [63]. The number of osteocytes in a
BMU is 369.9 £101.0; therefore, we will consider each BMU to have 400 osteocytes [191].

More Osteocytes in our model do not signify stronger bone; it is, however, an essential part of
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the BMU because they influence both osteocytes and osteoclasts. A fixed number of osteocytes
is set at the beginning of the simulation. The number of osteocytes may increase or decrease

according to the outcome of the reaction between the other factors.

3.4.6.4 Sclerostin : Osteocytes produce Sclerostin, which inhibits osteoblasts bone formation
activity [21, 54]. The baseline value for Sclerostin serum level that we use in our study is 30
pmol/L [192]. Because Sclerostin serum level increases with age, in our model it is increased by
one pmol/L every year [147, 192]. An increase of Sclerostin serum level above average by 30%
is associated with increased risk for pathological fractures by 45% [193]. Sclerostin serum level
more than 75 pmol/L is associated with increased risk of fracture, and the risk of fracture may

increase up to 15 times compared to patients with average normal Sclerostin serum level [194].

3.4.6.5 Estrogen Premenopausal serum level 30 to 400 pg/mL [195]. Postmenopausal women
with serum level under 5 pg/mL have twice the fracture risk of cases with serum level of 5-25
pg/mL [196]. Although the age at which menopause occurs is highly variable and depends on
different factors, we will consider that the average age of menopause is 51 [197].
Postmenopausal normal serum level is 0 to 30 pg/mL [195]. Estrogen replacement therapy range

is between 40 — 60 pg/mL [196].

3.4.6.6 Smoking: Smoking reduces the level of estrogen in the blood and diminishes the
protective effect that estrogen provides for the bone. Smoking also nullifies the therapeutic
effects of hormonal replacement therapy [27, 105]. Non-smokers, when compared to smokers

who smoked ten cigarettes or more, had higher estrogen levels by 25-35% [105].
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3.4.6.7 Age and gender : Bone mass density decreased among patients aged 20 to 90 was
greater in females than in males, as it was measured to be 39-55% for females and 34-46% for
males [91]. In our model, we assume that the bone density decreases by 0.7% per year for
females and 0.5% for males. Bone density starts declining in the forties of age [190]. Bone mass
density is reduced by 1-2% annually in postmenopausal women. This reduction is noted in

women who were postmenopausal for five years [92].

3.4.6.8 Physical activity: Mechanical loading and physical activity have various positive effects

on bone health, depending on the type of activity, gender, and age [54, 72, 119, 198].

3.4.6.9 Body mass index: Studies showed that underweight individuals have a greater risk of
lower BMD and osteoporosis [96, 199, 200]. Each increase in BMI by one unit reduced the
chance of BMD loss by 12% [92]. In Men, a BMI of > 25 is associated with more than four
times lower risk of developing osteoporosis [201]. Although there is a high positive correlation
between BMI and BMD, the exact mechanism by which a higher BMI contributes to higher BMI

is unclear [96, 199, 200].

3.4.7 Table of parameters of agents and external factors

The following table contains detailed explanations about each agent or external factor, the

parameter values, and the source references used to select the values for the model.
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Table 5: Parameters used in designing the model, their range values and their sources from the
literature. The rules and values in this table are the ones that we used in the latest working version of the

model.

Parameter values for agents in the model and external factors that affect the simulation

Agent Parameter Reference value(s) Source

description

Osteocytes Number, 400 cells/BMU. Lifespan = 25 years. Reduction of bone health by 1% is [46, 191]
lifespan associated with a reduction of osteocytes by the same percentage.

Osteoblasts Number, 40 cells/BMU. Lifespan = 50 days. Every osteoblast has a chance to convert [46, 62]
lifespan, to osteocyte by 10% for the first 20 days only. Every 50 days 40 new cells
conversion enter the BMU.
rate

Osteoclasts Number, Four cells/BMU, lifespan is 14 days. Each osteoclast has 2326 receptors that | [38, 46, 60, 62,
lifespan. may bind to RANKL or OPG units. Every 14 days four new cells enter the 65]
RANK BMU.
receptors.

RANKL Serum level e Average level Per BMU: 0.00006 ng/dl per BMU [38, 59, 80, 89,
per 143, 145]
Osteoblast / e  Consumption per day = 0.00003900702 ng/dl per BMU. If
Serum level receptors do not consume this amount, it will join the amount
BMU/ accumulated in the BMU.
RANKL
units per e Atthe start of the simulation, An amount of the 0.6*(starting
cell/RANKL level) ng/ dl enters the BMU level enters the BMU daily. The
receptors per amount enters the BMU reduces with age by 1% per year.
Osteoclast.

e  High resorption level per BMU: (0.000064 - 0.00008 ng/dl per
day).

e  Estrogen level is negatively correlated with RANKL: Level
changes with by -/+ 1% in correspondence to every +/- 1% change
of estrogen level.

o  Number of RANKL/OPG receptors per osteoclast = 2326.

e  Each RANK receptor has 70% chance to bind to either OPG or
RANKL.

e  Each Osteoclast RANK receptor has a 65% chance of binding to
a RANKL particle.

e  RANKL units (free or attached to receptors) have a half-life of
300 days, every 300 days 50% of the RANKL produced expires.

e  Every change of RANKL by + 1% for 0.000064 ng/dl for each
BMU results + 1% receptor affinity by 1%.
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Table 5 continued

Every 50 RANKL surface receptors activated will reduce the
affinity by 1%.

Each RANK surface receptor requires an amount of RANKL of
0.0000000064 ng/dI to be activated.

Each Osteoclast surface receptor occupied increases the
production of Acid phosphatase and Cathepsin-K by 0.004% for
the cell activated.

Every surface receptors of an osteoblast occupied by estrogen
results in a reduction of RANKL production by that cell by
0.001%.

OPG

Serum level
per
osteocyte/
Serum level
BMU

Production rate per BMU is (0.0000000765 - 0.000000191 ng/dl),
High resorption rate range is (0.00000004675 - 0.00000011875
ng/dl).

Normal level Per BMU: 0.0000764 ng/dI.
Each osteocyte produces an amount of 0.0000002 ng/dl per day.

High resorption rate range per BMU is (0.0000187 - 0.0000475
ng/dl)

An amount of the 0.5*(starting level) enters the BMU daily. The
amount enters the BMU reduced with age by 1% per year.

Estrogen level is positively correlated with OPG: Level changes
with by +/- 1% in correspondence to every +/- 1% change of
estrogen level.

Every 1% reduction in the RANKL receptor for RANK affinity
results in an increase of 1% affinity towards the OPG particles.

Each Osteoclast RANK receptor has a 35% chance of binding to
an OPG particle.

OPG units (free or attached to receptors) have a half-life of one
week, every seven days 50% of the OPG units produced expire.

Consumption per day = 0.00002670248 ng/dl per BMU. If this
amount is not consumed by receptors, it will join the amount
accumulated in the BMU.

Each RANK surface receptor requires an amount of OPG of
0.0000000082 ng/dI to be activated.

Each OPG unit binds to an osteoclast RANK receptor reduces the
production of Acid phosphatase by 0.008%.

Every surface receptors of an osteocyte occupied by estrogen
results in an increase of OPG production by that cell by 0.01%.

[38, 59, 80, 89,
143, 145]
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Table 5 continued

M-CSF

Serum level
per BMU

Normal level range is (69.44 - 90.84 ng/dl), high resorption level
range is (173.1 - 303.3 ng/dI).

High resorption level per BMU is (0.0001731- 0.0003033 ng/dl).

Level increases with age by 1% every year in correspondence to
estrogen reduction. As M-CSF increases so the number of active
osteoclasts.

The number of M-CSF receptors per osteoclasts is estimated to be
1000 receptor.

Normal MCSF level per BMU is 0.00009084 ng/dl.

Production rate per osteoblast daily is 0.00001736 -0.000002271
ng/dl.

Each surface receptor requires an amount of 0.0000000758 ng/dI
to be activated. The surface receptor required amount be
dependent on the affinity.

Each receptor has a 70% chance to bind to an M-CSF particle
each day.

Every increase of MCSF by 1% over 0.00001736 for each BMU
results in an increase of receptor affinity by 1%. The reduction of
MCSF by 1% over 0.00001736 for each BMU results in a
reduction of receptor affinity by 1%. Each receptor activated will
increase the osteoclast lifespan by 0.001%.

M-CSF particles lifespan is one day. When bound to a receptor,
that receptor remains active for three days (including the MCSF
particle attached).

[82, 89, 144,
202-206]

Sclerostin

Serum level
per BMU

Normal range in males: per BMU (0.000037 - 0.000071 ng/dl),
high resorption level per BMU ranges from (0.000043 - 0.000089
ng/dl).

In females, it increases with age by 5.4% per year.

Normal range per BMU in females: 0.0000018 to 0.0000019
ng/dl.

In males, it increases with age by 5.7% per year.

An amount of the 0.5* (starting level) enters the BMU daily. The
amount enters the BMU reduced with age by 1% per year.

Every day 0.00005 ng/dl is introduced into each BMU. The Same
amount is eliminated daily.

There are 1000 sclerostin surface receptors on each osteoblast.

[46, 59, 207,
208]
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Table 5 continued

Each surface receptor requires an amount of 0.0000000000048
ng/dl to be activated.

Receptor affinity is related to the level of sclerostin per BMU,
every 1% increase in the level results in increased receptor affinity
by 1% and every 1% of sclerostin reduction results in a reduction
of affinity by 1%.

The simulation starts with a 70% affinity.
The Sclerostin particle attached to the receptor will be active for
three days, after which it will expire, and the receptor will be free

to bind to another particle.

Each receptor activated will reduce the osteoblast activity
(collagen production) by 0.001%.

The percentage of Sclerostin that increase with age effects that
amount introduced only.

Acid Percentage [37, 59, 89,
phosphatase reduction, 143]

amount Bone resorption rate per osteoclast = 0.00025%/day/cell. Normal

produced production per osteoclast per day is (Bone breakdown per

per osteoclast) = 78.125 ng/dl per day.

osteoclast.
Sex Normal Females, Estrogen: [73, 74, 88,
hormones: serum level 105, 118, 195,
Estrogen & and age- e Before 35 years of age serum level: 3 to 40 ng/dL. 209-213]
testosterone. related

reduction

e  Before menopause, estrogen level reduces slowly with
age. From the age of 35 until menopause or 51 years of
age: estrogen is reduced by 1% per year.

e  Postmenopausal after 51 y/o age women normal serum
level is 0to 30 ng/dL.

e  Level Per BMU Before 35 years of age: 0.00004 + a
random number from 0 to 0.000008 ng/dL

e Anamount of the 0.44* (starting level) enters the BMU
daily. The amount enters the BMU reduced with age by
1% per year.

e  The half-life of estrogen is one day; when bound to a
receptor that receptor remains active for three days
(including the estrogen particle attached).

e  Osteoblasts and osteoclasts have 500 receptors per cell.
Osteocytes have 1000 surface receptors. Every receptor
requires an amount of 0.0000000015 ng/dl to be
activated.

e  Every 1% number of receptors activated results in an
increase of activity of the corresponding enzyme for that
cell type by the same percentage.
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Table 5 continued

e  For osteoblasts and osteoclasts:

Receptor affinity is related to the level of estrogen per
BMU, every 1% increase in the level results in increased
receptor affinity by 1% and every 1% reduction in
estrogen results in a reduction of affinity by 1%.

e  The simulation starts with a 70% affinity.

e  For osteocytes:

e Receptor affinity is related to the level of estrogen per
BMU, every 1% increase in the level results in increased

receptor affinity by 1% and every 1% reduction in
estrogen results in a reduction of affinity by 1%.

The simulation starts with a 70% affinity.

Males, Estradiol, Testosterone:

Average Testosterone level before 30 years of age is 270-1,070
ng/dl.

After the age of 30 years of age: testosterone & estrogen sustain
1% reduction per year.

The average level of estradiol in males is 1 - 4 ng/dl.

Estrogen in males has the same protective effect on the bone as in
females.

Both hormones Testosterone and estradiol are important to keep
the bones healthy in males.

In our model well consider the estradiol to represent the hormonal
protective effect of both ( Testosterone and estradiol) on bones for
males.

Before the age of 30: Average level of estradiol per BMU in males
is from (0.00067 to 0.00008 ng/dl).

After the age of 30 years of age: estradiol sustains a 1% reduction
per year.

Osteoblasts and osteoclasts have 500 receptors per cell.
Osteocytes have 1000 surface receptors. Every receptor requires
an amount of 0.000000000135 ng/dl to be activated.

An amount of the 0.44* (starting level) enters the BMU daily. The
amount enters the BMU reduced with age by 1% per year.

Testosterone is converted to estrogen through the aromatization
process. Reduction of Testosterone in males causes the reduction
of estrogen.

Smoking reduces the estradiol level by 25% in moderate smokers (less than
ten cigarettes per day) and 35% in heavy smokers >10 cigarettes per day)
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Table 5 continued

Collagen-I Percent of e Bone formation rate per osteoblast 0.000025 %/ cell/day. Normal [37, 59, 89,
(bone BMD, production of Collagen-1 osteoblast (bone mass added per day) = 143]
density) amount 7.8125 ng/dl per day.
produced
per e  Each estrogen receptor activated will increase the osteoblast
osteoblast. activity (collagen production) by 0.001%.
Factors Unit Effect on the simulation References
BMI Percentage e each increase of BMI by one unit over the ideal BMI for the [92]
increase patient will increase the bone density by 0.06% per year.
In the model:
e  Each increase of BMI by one unit over the ideal BMI for the
patient will increase the bone density by 0.06% (one time) at
startup.
Each decrease of BMI by one unit under the ideal BMI for the patient will
reduce the bone density by 0.06% (one time) at startup.
Smoking Smoking e Smoking affects negatively the estrogen availability and action in [27, 105, 118,
status Effect on the BMUs’ as well as the proliferation rate of osteoblasts in a 214-217]
estrogen dose-dependent manner.
(percentage)

Nonsmoker (zero to less than five cigarettes a day) = no effect.

Smoking 5-10 cigarettes cause estrogens action reduction by 15 to
25% and reduces the collagen production by 5%.

Smoking 10 to 20 cigarettes per day results in estrogens action
reduction by 25 to 35 % and reduces the collagen production by
10%.

Smoking one pack of cigarettes per day results diminishes the
estrogen action by 45 to 55 %, and, reduces the collagen
production by 15%.

Smoking two packs of cigarettes per day result in estrogens action
reduction by 55 to 65 %. Moreover, reduces the collagen
production by 20%.
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Table 5 continued

Physical Direct effect | =  No weight bearing exercise = no effect on bone health. [54, 119]
activity on bone
health = Weight-bearing exercise effect on bone health:
«+ over 30 years old for males’ increases the bone health by 1%
< 30 to 50 years of age for females’ increases the bone health by
0.75%
e  Over 50 years of age, increases the bone health by 1%
Bone health Percentage Bone health represents the bone’s general condition of the organic matrix: [25, 30, 45, 51,
90% of the bone health is composed of collagen, and 10% is composed by 52,54, 62, 91,
osteocytes. 218]

Startup value:

If bone health is provided from a previous bone scan examination, it will be
used as the startup point.

If there was no previous reading the following rules would apply:

e  Male patients: After 30 years it will be 100 - 0.5% for every year
of age.

+«+ Female patients: bone health will drop by %0.25 per year from
age 30 to 50 years old. After 50 years of age, it will drop by
0.75% every year if the patient is over 50 years of age.
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3.4.8 Models Calibration and Values Adjustment

After selecting the parameters’ values from the literature, we adjusted those values during the
calibration stage to ensure the stability of the model's operation and that the model simulates the

disease progression according to the expected rate and outcome documented in the literature.

We had to adjust the values numerous times during hundreds of simulations to reach this
final version. During the calibration process, the model crashed because of reasons such total

consumption of a mediator, or hyperactivity of agents resulting in unnatural process progression.

3.4.9 The User’s Interface

We used the design functions in NetLogo to create the user’s screen, which includes sliders, drop

down selections, a line graph, graphic representation of the simulation, and other contents.

We edited the sliders and the drop-down contents to properly reflect the inputs required
for the simulation. We Programmed the code to show the values of the internal factors such as the

MCSF and the osteocytes number.

We also had to program the code to show the provisional diagnosis and the bone health

percentage. The following subsection shows the detailed explanation of the user’s screen

sections.
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Figure 4 : A screenshot of the model’s user screen
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3.4.9.1 The User’s screen Figure 4 above shows a screenshot of the model as it appears in
windows-10. Section one includes a slider that controls the speed of the simulation process.
Section two shows the sliders and drop down selection counters where the user can set startup
age, gender, body mass index or BMI (where zero means the BMI is ideal), smoking status,
physical activity (weight bearing is yes while no or regular activity is no physical activity).
Previous DXA scan readings (T-score) if available, Estrogen level is entered manually if
available by Pg/ml unit, and bone health input. The bone health input is an option where the user
can specify the startup bone health percentage and run the simulation to see how the bone health
changes with time.

The third section of the screen includes counters for M-CSF, Sclerostin, RANKL, and
Estrogen. While those counters show numbers of the related mediators as they change with time,

those numbers actually reflect the numbers of those factors as they change within the model and
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not the levels within the subject’s real body. Acid-P to Collagen ratio counter shows the balance
between Acid-P which represents the chemical factors that break down the bone matrix and
Collagen which is the main component that is used in building the new bone. A ratio of 1
indicates the balance of bone resorption and bone formation; this ratio continues to change in
favor of bone resorption or bone formation according to the interaction that occurs between the
various factors involved in the simulation.

Section four includes two counters: bone health condition which indicates diagnosis
according to the current bone health level, and a counter that shows the bone health in percentage
where 100% is perfectly healthy bone.

Section five includes a line plot that shows the progression or regression of bone health
through time with the Y-axis as the bone health and X-axis as the time in days. Section six is a

graphic presentation of how different cells within the bone matrix interact with each other.

Basic 20%  40% 60%  80%  100%
shape active active active active active

Osteoblasts

Osteocytes u

Figure 6 Different phases of each cell type.

Figure 5 Graphic presentation of the
simulation
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Figure 6 demonstrates the alteration of the shape of the cells within the simulation
according to the number of activated receptors. The reason there are no changes in the osteocytes
-though they have active surface receptors- is that their number is much greater than both
osteocytes and osteoclasts together which -with individual changes of each cell- will require
greater processing power and time for processing each step. The software will have to sort
through each osteocyte to measure the cell’s activity and assign a shape to that cell while
processing all the other calculations running in the simulation. The ability to provide a graphic
presentation of the simulation is an advantage among many advantages of ABM; the graphic
presentation can be quite useful as a cheaper and simpler substitute to cell cultures and individual
cell’s tagging in the laboratories [5, 219, 220].

The graphic presentation in our model can aid researchers that focus on the behavior of
individual bone cell as these cells are exposed to certain conditions such as changes in PH
because shifts in the extracellular environment may induce apoptosis [221]. Some research
efforts concentrate on creating conditions that induce osteoblasts proliferation or increase their
activity such bone-graft or bioactive materials transplant that operate as a scaffold for osteoblasts
and supports the growth of new bone tissue [221-223]. Other current research efforts study the
effect of cytokines such as IL-1B or TNF-a on an osteoblasts cell’s activity, proliferation or
lifespan [224].

Our model allows the user to follow any individual cell and view its activity level and
surface receptors saturation until the cell expires. Instead of going through the process of
extracting the cells, preparing cultures and marking individual cells, and following up the
through the culture period which will cost a lot of time and funding, our model allows the user to

follow the cells to follow an individual cell and view the effect of the intervention within minutes

66



and at a negligible cost. Our model can be modified by adding the proper rules and the agents -
chemical or cellular- that are the focus of a research experiment and run the simulation to view
the results the simulation in no time. Although this is not within the scope of this dissertation,

those changes could be introduced in the future versions of the model.

3.5 MODEL’S VALIDATION PROCESS

In this section, we will explain the process for validating the model using data from the literature.
This step includes the data selection, data description, the statistical test used for comparing the
data collected from the literature with the outcomes gathered from the model, and the results of

the statistical test.

3.5.1 Similar Models And Their Validation Methods.

To validate our model, we reviewed the previous models created by other researchers for
modeling bone-related conditions. In the following table, we can see the different models, their

designs, and their validation method.

Table 6 Different models that simulate bone related processes and their validation methods.

Number Models purpose BMD Validation method Reference
measurement
1. Simulate the bone None Not validated using human data. [41]

remodeling process

Simulate the interactions
2. between osteoblasts and None Not validated using human data. [38]
osteoclasts

Graphical simulation of the

. None Not validated using human data. [42]
bone remodeling process.
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Table 6 Continued

Simulate the osteocytes role

4. in the bone formation None Not validated using human data. [60]
process
Simulate the cellular Validated using values from the
5. signaling during the bone None literature. No case-to-case [225]
remodeling process specific comparison performed.
. They used DXA scan images
simulate the bone structure :
o from two patients to compare the
6. and density in the neck of None . . [226]
results the visual output provided
the femoral bone .
by the mathematical model.
The model was validated using
Simulation of MSCs’ values from a single paper
7 cellular differentiation. None reporting ranged values obtained [170]
from mice.
Simulation of bone 20 cases samples from human
8. remodeling in None P [161]
. cadavers.
hypoparathyroidism
Simulate the bone refilling . . .
9. in the BMU of the cortical None fro_m asingle article that provided [61]
animal data.
bone
Simulate the changes in
10. | vertebrae bone density to g/cm?® Not validated using human data. [36]
predict fracture risk.
11. Predict t_he fracture risk in g/lcm? Not validated using clinical data. [159]
the proximal femur.
Compare bone changes Bone density measurement was
12. between osteomyelitis and Percentage y me [227]
. not validated
0steoporosis.
Validated using ranged values
. . . Thickness inmm/ | from an article, no actual case-t-
13. Simulation of osteoporosis . . e : [40]
Percentage simulation specific comparison
performed.
Estimate the bone density 3 Used different sites from a single
14. in the head of the tibia bone glem case [228]
Estimate the bone density Percentage based Used a single subject’s 3D model
15. - L on WHO - [229]
in the iliac bone e of the pelvis bone.
classification
Simulate the head of the 220 cases DXA scan images for
femurs bone density and 3 developing creating the model.
16. shape in osteoarthritis and glem No validation process for clinical [167]
normal cases. use was performed.
. S 45 (males) cases were used for
17. Predict the fracture risk in g/cm?® validating the model. Not [165]
the proximal femur. . L
validated for clinical use.
predict the risk of fracture E cases of cada\(/jefr Ic ferIT}(cj)ra_I
in the proximal femur ones were used for validation.
18. g/cm?® Does not provide BMD [230]

based using data from DXA
scan

measurements that can be used in
clinical setting.
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We researched the methods that other researchers used for validating different
mathematical, statistical and agent-based models. We can see that some models used different
sample size for the validation process. In our case, the model is an agent-based model and does
not require cases for training like mathematical or statistical models. Although we prefer as
many cases as possible to perform the validation process, the difficulty of obtaining the data and
the multiple simulations that we will perform for each case makes having a sample size of 50
cases is quite reasonable. Also, in the validation process, we are searching for a difference or an
effect size, we are just comparing the readings between the model and the DXA-scan
measurements to ensure that the model is simulating the changes in bone health correctly and
providing a reasonably accurate prediction.

It is essential to understand that predictive modeling does not produce -nor expected to- a
100% accurate predictions and that the longer the duration of simulation the more the prediction
IS expected to be less accurate. Predicting the weather changes is limited to few days and mostly
two weeks, even with the relatively stable pattern of weather changes over decades and the use
of the most sophisticated equipment that provide real-time measurements of the weather
parameters.

Predicting the changes in biological process in the human body and in our case -bone
density- is a challenging task. That is why our purpose at this stage is to validate the model for
use in the research setting. Indeed, the model can be modified to simulate the risk of fracture and
the bone density changes in clinical setting. However, that is on of our future goals, and we
expect that this model we require many modifications, calibrations, and clinical testing of
thousands of cases over many years before it can be a robust, clinically trusted tool for bone

density prediction and measurement.
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3.6 DATA ACQUISITION AND ANALYSIS

In the following sub-sections, we will describe the data acquisition process, the sample

description, and data handling.

3.6.1 Data Acquisition Process

We have obtained an IRB from the University of Pittsburgh. We have also obtained an IRB from
the King Fahd Medical City (KFMC) Research Center which is located in Riyadh, Kingdom of
Saudi Arabia. The data was collected from DXA scan reports and medication charts via the

electronic medical record system. The data collection was performed in summer 2017.

3.6.2 Data Description

We obtained a file that includes all the patients who are registered in the osteoporosis clinic in
the KFMC. The total number of patients who are enrolled in the clinic is 416 patients. We

filtered the cases according to the following inclusion and exclusion criteria:

Table 7: Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
1. Age 240. 1. Genetic bone tissue diseases.
2. DXA scan results available 2. Conditions that may induce secondary
(two or more consecutive osteoporosis such as hyperparathyroidism
readings preferred). or chronic intake of glucocorticoids’.

3. Patients who have received bone health
treatment over the years.

70




The total number of cases that fulfilled the criteria is 17 cases. The reason for this small number
of cases is because the patients who follow up in the clinic mostly are under treatment for
osteoporosis, or were screened and did not receive treatment, so they ignored the follow up
because they considered it unnecessary. For this step, we need cases that are not taking treatment
to test the model’s validity before inserting the therapeutic agent which will happen in the next
step. Also, we need at least two consecutive readings to check the model’s ability to predict the
change in the bone health over time. All the cases were females, with ages between 44 and 70
years. We could not find any male cases that fulfilled the criteria; the male patients had multiple
conditions that caused secondary 0steoporosis.

The follow-up period between the readings ranged from six months to four years, which
is useful for testing the model’s ability in predicting the changes over a range of different time
periods. All the cases were de-identified, and each case was assigned a serial number to be used

during the data analysis process.

3.7 DATA ANALYSIS AND RESULTS

We coded the data in the SPSS as follows: Age (continuous variable), BMI (ordinal), and DXA
scan’s second reading and the Model’s simulation for the second reading both as continuous
variables. We did not code the other variables because all the cases were nonsmokers, had no
record of weight-bearing physical activity, and did not have their serum estrogen level measured

at the time when the DXA scan was performed.
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A Kolmogorov-Smirnov test was used to for the DXA scan second readings data set to test for
normality. The result was statistically not significant P = 0.2, which indicates that the data is
normally distributed.

We used the Paired Sample T-test to compare the DXA-scans second reading and the Models
simulations of the second readings. The test result was statistically not significant t (16) = -1.6, p
=0.12. based on the result we conclude that there was no significant difference between the

DXA-scan readings and the readings obtained through the model’s simulations.

3.8 DISCUSSION

The purpose of the patients’ data collection and the above statistical analysis is to validate the
model’s ability to predict the change in bone density over time. The results indicated that
model’s simulations were statistically not different from the actual DXA scan readings obtained
from patients during their clinic visits. Such outcome enables us to declare that the model is valid
for predicting the bone density changes in human subjects. However, the sample contained only
female cases, who were non-smokers. Which means that there is a need in the future to collect
another sample that contains male cases, smoking individuals, and serum estrogen readings to
validate the other functions in the model. At this point, this is enough proof to demonstrate
model’s concept and ability to encourage further research and later, the use in clinical practice.
Computerized tools predict bone fracture using simple parameters such as age, weight,
history of fracture, and previous DXA scan reading. Our model also uses simple and easy to
obtain information, but the model's internal mechanisms are complex and are not like using

historical statistical data or fixed mathematical calculations. ABM allows the computational
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model to simulate as closely as possible the biological conditions. In our model, all the factors
have independent behavior and random trajectories while interacting with each other within the
virtual space to provide the end outcome of that chain reaction; which is the bone density

percentage.

3.8 TESTING THE MODEL’S ROBUSTNESS AND STABILITY

Now that the model has been validated, we shall proceed to test the reliability, sensitivity,

specificity, and accuracy of the model’s outputs.

3.8.1 Reliability Tests

We performed a reliability test to examine the model's reliability as a tool. In following
subsections, we will describe the test, how data was collected, and how we performed the data

analysis.

3.8.1.1 Test-Retest reliability test : In this step, we had the model run simulations for ten virtual
subjects. For each subject, we had the model run twice (Test/Retest) for a total of 20 simulations
each for the duration of one month (30 ticks). After organizing the data, we compared the values
from the first ten test simulations to the retest simulations regarding changes observed in the
agents and the outcomes to see if there were remarkable differences or minimal (acceptable)

differences that fall within the normally expected limits.
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Table 8: Test runs for testing the reliability of the model, including different values of the agents. for each
parameter, two readings are recorded. The shaded columns represent the Re-test values. The diagnosis is

either Normal (N), Osteopenia (O.P), Osteoporosis (O), and Severe Osteoporosis (S.O).

Subject | Age | Gender Oség?%tes Os’::eooubr:i\sts Osteoclasts count | Bone health % Diagnoses
1. 31 F 399 | 400 39 38 8 8 [99.41(9940| N N
2. 45 M 372 | 371 38 39 8 8 | 924 (9241 | N N
3. 49 F 367 | 364 35 38 8 8 [90.39 (9041 | N N
4, 54 F 352 | 354 36 34 8 8 [86.87(86.85| N N
5. | 55 F 352 | 348 33 37 8 8 [86.09[86.13| N N
6. 59 F 335 | 339 38 34 8 8 8314|831 |0.P|O.P
7. | 63 M 338 | 337 36 37 8 8 [83.38| 834 | O.P|O.P
8. 68 F 309 | 313 37 33 8 8 | 7638|7636 | 0O.P|O.P
9. | 74 F 291 | 289 37 39 8 8 [71.89|71.88| O O
10.| 80 F 274 | 271 36 39 8 8 [67.38| 674 |S.0|S.0

We coded the data in the SPSS as follows: Age (continuous variable), Gender (nominal),

Osteocytes Count 1%t and 2" run (continuous variable), Osteoblasts count 1%t and 2" run

(continuous variable), Osteoclasts 1% and 2" run (continuous variable), Bone health Percentage

1%t and 2" run (continuous variable), and Diagnosis for 1%t and 2" run (Ordinal variable).

For testing the test-retest reliability of the model, we used Inter-class coefficient or ICC

reliability test because of it a proper approach and the commonly used method for analyzing the

reliability of medical instruments measuring continuous variables [231-233]. We chose

Cronbach’s alpha test for testing the model's reliability through the Test-Retest approach. We

performed the test for each variable separately, comparing the first run with the second run for

the ten subjects.
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Table 9: Cronbach’s alpha values between the first run and the second run.

Bone
Variable | Eirst run Osteocytes | Osteoblasts | Osteoclasts health Diagnosis
Count Count Count
percentage
Second run
Osteocytes Count 0.99

Osteoblasts Count
Osteoclasts Count
Bone health
percentage
Diagnosis

The results as shown in Table 9: the interclass coefficient between osteocytes count, bone
health, and diagnosis is over 0.9 which means excellent consistency. For osteoblasts, the ICC is
0.8 which is considered as a good consistency. The test cannot be performed for osteoclasts the
reason for that is that there is no difference between the readings, osteoclasts numbers are
limited, and they change every two weeks (the lifespan of the cells). Therefore, osteoclasts cell

number is constant as estimated by the model according to the simulation rules.

3.8.2 Sensitivity, Specificity, And Accuracy Testing

We defined the sensitivity of the model to be the percentage that the model will diagnose the
subject to have less than normal bone density (osteopenia or worse) when the subject, in fact, had
a bone density below normal level. We defined the Specificity of the model to be the percentage
that the model diagnosed the subject to have normal bone density while the subject has healthy
and normal bone density. We coded the cases into the SPSS and performed the analysis. The
sensitivity or true positive rate was 85.7%, and the specificity or true negative rate was

calculated to be 100%.
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To test the accuracy of the model we used the SPSS to plot the Receiver Operating
Characteristic (ROC) Curve. In the SPSS, we assigned the cases that had normal bone density 0
indicating the absence of the condition and assigned 1 for any subjects that had lower than
normal bone density diagnosis for the two datasets. We performed the ROC test, and the results

are in the following table:

Table 10: Results of ROC analysis

Area Under the Curve

Asymptotic 95% Confidence
Asymptotic Interval
Area Std. Error | Significance | Lower Bound | Upper Bound
929 .081 .003 77 1

The area under the curve is 0.929 which indicates excellent accuracy. The asymptotic
Significance is 0.00 which is less than the P value of 0.05. Therefore, we say that the results obtained

from the model are more accurate than readings obtained by chance.

3.8.3 Discussion of The Results

The Test-retest reliability performed, included ten randomly selected (Virtual) subjects. The ICC
values ranged from 0.8 to 1 indicating a good to very high consistency between the datasets from
the test and the retest. In comparison to our model, the DXA scan test-retest reliability which
ranged from 0.98 to 0.99 in the lower limb bone density measurements and scored between 0.89
to 0.97 for measurement of soft tissues in the lumbar region [234-236]. We compared our model

reliability to that of the DXA scan because it is considered to gold-standard for measuring the
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bone density, and because we used it as the standard for validating our model. By comparing the
reliability of our model to that of the DXA scan, we can say that the model is reliable.

We calculated the model’s sensitivity (true positive rate) to be 85.7%, and the specificity (true
negative rate) was calculated to be 100%. The model's sensitivity and specificity were calculated

by comparing the model's readings to those obtained from the golden standard tool (DXA scan).

The DXA scan, its self, has a sensitivity of 88.2 to 94.1 % and specificity of 25 to 62.5%
[183]. It is quite possible to have different -and more representative- values of the model's
sensitivity and specificity if a bigger sample size was used. Also, the fact that a small difference
in the measurement can move the case from negative to positive which can be as little as 1% may
have a significant impact on the sensitivity/specificity analysis, in particular with the small
sample size. In the ROC test, the area under the curve was 0.929 which indicates an excellent
level of accuracy of the model’s measurement. Based on the small sample size that we used for
the ROC analysis, it is fairly possible that testing the model’s accuracy using data from different,

or bigger -more diverse- populations may provide different levels of the Model’s accuracy.

3.9 HYPOTHESIS TESTED IN THE FIRST STEP

Osteoblasts in their active form produce collagen to build up the bone density, while active
osteoclasts -conversely- break down the bone matrix releasing acid-phosphatase and Cathepsin-
K, and both processes are a part of the bone remodeling process [19, 25, 28, 44, 52, 56, 57, 68,
133]. In theory, more active osteoblasts and less active osteoclasts mean more bone density, but

to measure that in a real situation; bone samples must be obtained from live individuals who
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have variable bone density levels. Such procedure is quite difficult and may not be possible,
most of the studies are done on mice and samples obtained from cadavers [43, 76, 83, 164, 230].
We will use the model to perform the simulations and explore the possible relation between the
Acid phosphatase to collagen ratio and bone density in the virtual environment. The virtual space
of the model is unique because it keeps the cells in their active form, unlike what happens when
they are separated from their natural environment during the sampling and preservation process.
Having the model validated and tested for reliability, we can perform simulations to test the

hypothesis as we test our hypothesis in an In-silico experiment.

3.9.1 Simulations and Virtual Subjects

The sample consists of 30 virtual cases, all females. Age of the subjects ranged between 26 and
87 years of age with a mean of 51.4 + 16 years. The bone density of the subjects was between
99% to 62%, which corresponds to Hip-T-scores between 0 to -3.8. We chose to use default
values for physical activity and estrogen serum levels for all the subjects to avoid the
confounding effect of those variables on the outcome of simulations. For each case, the
simulation was performed for 60 days, during which, we record the highest value of the Acid
Phosphatase to collagen. We chose to use this period -sixty days- because during hundreds of
simulations we noticed that the Acid phosphatase to collagen ratio reaches a peak between 30 to

50 days and then starts dropping.
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3.9.2 Data Analysis

We coded the data in the SPSS as follows: Age (continuous variable), Bone density percentage

as (continuous variable), and Acid phosphatase to collagen ratio as (continuous variable).

Pearsons' correlation test was used to test the correlation between the two factors: Bone density

percentage and Acid phosphatase/collagen ratio.

3.9.3 Results

Pearson’s correlation coefficient value was (-0.878) which is considered as a very strong

negative relation. The P value was (0.000), indicating that the relation between the two factors is

highly significant.

Table 11: Pearson’s correlation test as it appears in SPSS.

Pearson’s Correlation

Bone density

AcidP/Collagen Ratio

Bone density

-0.878

AcidP/Collagen Ratio

-0.878

Significant. (2-tailed test)

0.000

3.9.4 Discussion

Using the model’s simulations to answer a theoretical question is one of the benefits of using

computational models. In our model, we chose to run simulations to test the hypothesis that there
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is a relation between the AcidP/Collagen Ratio and the bone density. We opted to test this
hypothesis because evidence in the literature supports that as individuals age, Osteoblasts
activity is reduced and - as a consequence - the collagen production is decreased [19, 20, 22, 23,
44, 45,52, 54-56, 62, 72, 76, 237].

The model can simulate changes that happen within the BMU in the virtual space. Even
though the model needs further validation in the future, using the model to perform virtual
experiments for testing the hypothesis proves the concept that this model can be employed to
scientifically test hypotheses or answer possible questions that relate to changes in bone density.
Especially when experimenting in a lab using live human cases is very difficult if possible at all.
Our statistical analysis of the simulations revealed a highly significant correlation between the
AcidP/Collagen Ratio and the bone density with a P value of (0.000). The correlation analysis
results of our simulations showed that there is a strong negative relationship between the
AcidP/Collagen Ratio and the bone density with Spearman’s correlation coefficient (-0.878).
Based on the results and the analysis, we chose to conclude there is a strong negative relation

between the AcidP/Collagen Ratio within the bone matrix and the bone density.

3.9.5 Testing the Model’s Usability

The usability and the user acceptance are essential factors for any tool -computational or
otherwise- to achieve field success and widespread user adoption [238-240]. Our model is no
exception to that rule. Therefore, we decided to perform a cross-sectional study in the form of

user’s survey to evaluate the user's acceptance of the model.
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3.9.5.1 The Survey Design and Distribution : We used a survey which is called system
usability scale or SUS [241]. We used this survey because it is a validated tool and does not
involve many questions which makes it easier for the participants to complete the survey in a
short time. Also, this survey is suitable for evaluating the model at its current stage. We built the
questionnaire on the website surveymonkey.com and prepared it for electronic distribution.

We also prepared a ten minutes video presentation to distribute it with the questionnaire,
so that the participants watch the video demonstration before answering the questionnaire. Then,
we contacted the research center in the KFMC and asked permission to distribute the E-mail
containing the survey and accompanying files to the clinicians who may be interested in
participating in the usability study. The target population is clinicians who are expected to deal
with primary osteoporosis more often than others, such as endocrinologists, geriatrics, and
orthopedics. We then contacted other clinicians who work in Saudi Arabia but in other hospitals
or clinics. Table 13 shows the questions used in the survey as they appear in the online survey,

and the expected responses.

Table 12: the survey questions and expected responses

Question :
number Question Expected response
1. | think that | would like to use this model frequently
2. | found the mode unnecessarily complex
3. | thought the model was easy to use
4 I think that I would need the support of a technical person to be able to
' use this model.
5. | found that the various functions of this model were well integrated. Five points Likert scale
6. | thought there was too much inconsistency in this model from strongly disagree
7 | would imagine that most people would learn to use this model very | as one point to five
' quickly points as strongly agree.
8. | found the model very cumbersome to use
9. | felt very confident using the model
10 I n(ijeolled to learn a lot of things before I could get going with this
mode
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Table 12 continued

11. Gender Male or Female

12. Years of working experience Number of years.

We recorded a ten minutes video presentation to demonstrate the different functions of the
model. Then we sent an email that included a link to the video and another link to the survey. In
the E-mail, we explained the purpose of the survey and how to answer the survey. The System
software survey has a unique grading method, and each survey must have the score calculated

manually.

3.9.5.2 Statistical Analysis and Results: During the 30 days that the survey was available
online, and after contacting the clinicians several times through email, the number of respondents
reached eight. We consider this number sufficient because the goal of this survey was to evaluate
this version of the model and give an idea about the user’s acceptance of the model. Also, this
survey may be repeated in the future to evaluate future versions of the model and with a bigger
sample of users. The sample contained two males and six female participants. With years of

working experience ranged from one to 20 years. The scores for the survey are available in the

table below.
Table 13: calculated scores for the participants.
Participant Experience (years) Scores

1. 20 45
2. 10 55
3. 3 47
4. 5 70
5. 10 82.5
6. 1 50
7. 12 45
8. 5 50

Mean 55.5
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The average of the SUS scores among the sample was 55.5 which considered an average
number, meaning the model has an average usability score [242, 243]. A Kolmogorov-Smirnov
test was used to for the DXA scan second readings data set to test for normality. The result was
statistically significant P = 0.024, which indicates that the data is not normally distributed.

We used the Spearman rank correlation to test the relation between the experience years
and the survey scores. Spearman rank coefficient value was (-0.28) which is considered as a very
weak negative relation. For the relation between the age and the survey scores The P value was

(0.49), indicating that the relation between the two factors is not significant.

3.9.5.3 Discussion: The results of the survey scores demonstrate average-level usability of the
model among the participants of this sample. Also, the correlation test shows that there is no
relationship between the participant's experience and between the usability of the model. There
are many factors to consider while commenting on this result; including the small sample size,
the method of the demonstration, and surveys design.

Although a sample size of 5 users is sufficient theoretically for a usability study, this
sample size is not favorable for our study because the small sample size may not reflect the
majority of the target population [244-246]. It is better to have a bigger sample to have a better
picture of the user’s opinions about the model. The method that we chose (video demonstration),
was not the most ideal for seeking the users’ opinions about a tool’s usability; It was better to
have a hands-on, one-to-one demonstration of the computational model, then ask the user to fill
the survey. Unfortunately, that was not possible because our offer to provide the demonstration
in a live session was ignored or declined by the clinicians that we contacted through the research

center.
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The survey’s design its self is unique because the questions format would allow for a reasonably
accurate assessment of any system’s usability if and only if the participants read the questions
carefully before answering the questions. If the users were planning to answer the questions with
a preconception of accepting the model and plan to answer strongly agree with all the answers,
the results would be average. Because the odd number questions format is different from the
even numbered questions.

Therefore, we can say that at this stage, we consider the model to have an average
usability level. However, this study must be repeated in the future with a larger sample and must
have a live demonstration which will include a small Q and A session to explain some minor

details that may be of concern to the users.

3.9.6 Conclusion Of The First Aim.

Our aim in this step was to design, implement, and validate an agent-based computational model
to simulate the changes in bone density. We searched the literature and selected the most
commonly accepted theories that explain the disease process. After that, we found the parameters
values for the most influential factors that control the disease process and formulated their rules
of interaction within the model based on their documented behavior in the literature.

Next, we calibrated the model and tested the validity of the model’s ability to simulate the
disease’s progression over different periods of time in a group of patients” while comparing the

Model’s output to the documented DXA scan readings for the patients’.
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We also conducted sensitivity, specificity, and reliability tests to explore the stability and
reliability of the model's predictions. Although we used a small sample for performing the tests,
we believe it is sufficient for us to conclude that the model at the current point of our research is
valid, reliable, and with acceptable sensitivity and specificity. Therefore, we can proceed to the

second aim of this dissertation.
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4.0 AIM TWO INTRODUCING THERAPEUTIC AGENT INTO THE MODEL

4.1 INTRODUCTION

In the second step of this dissertation, we introduce a therapeutic agent into the model and test
the model's ability to predict the changes in bone density in individuals receiving treatment. We
performed a literature review to choose a drug that is clinically used for treating osteoporosis.
After that, we will build the rules to integrate this agent in the model’s design. Then, we perform
sensitivity, specificity, and accuracy tests to measure the precision and reliability of the model's
predictions. If the model proves valid and reasonably accurate, the model can be used in research
to predict therapeutic interventions effects on the changes of bone density in In-Silico

experiments.

4.2 SELECTING THE THERAPEUTIC AGENT

Before choosing a drug to use as the therapeutic agent in the model, we need to be confident that
it is a commonly used drug for treating osteoporosis patients. The literature must have enough
information about the long-term effects of the drug on bone density. Also, the drug that we use

should have a clearly explained mechanism of action for changing the bone density. The sample
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that we were going to collect is from KFMC, as we previously mentioned in aim one. Therefore,
the drug must be a commonly used drug to treat the patients in the KFMC clinics; because we
needed data from patients under treatment by the same drug for validating the model’s output.
We found that the most suitable drug that fulfills the previous conditions is Alendronate also
known as (Fosamax) because after collecting the sample from KFMC, we noticed that
Alendronate is the most commonly used drug for treatment of osteoporosis cases. Also, the
literature is rich with research about alendronate’s mechanism of action, clinical results, and

changes in bone density over time [127-130, 247].

4.3 METHODOLOGY

In following sub-sections, we will explore the following steps: models modifications, data
acquisition, data description, statistical tests used for comparing the patients’ data with the

outcomes collected from the model.

4.3.1 Alendronate’s Mechanism of Action and The Model’s Modifications

Alendronate is a drug that belongs to the Bisphosphonates group. Alendronate -like other
Bisphosphonates- target’s areas in the bone of high turnover and active resorption. Alendronate
attaches to the Calcium hydroxyapatite crystals that are exposed on the bone surface of the bone
resorption areas. Alendronate then is taken into the bone tissue where it enters the osteoclasts and

initiate intercellular biochemical changes leading to a reduction of osteoclasts activity and
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increased apoptosis [132, 248, 249]. Alendronate is a well-known drug that has been commonly
used for treating osteoporosis for over 20 years [127, 128, 132, 248, 250, 251].

Based on alendronates effect on the osteoclasts activity and lifespan, we created the rules
for alendronate as an agent and introduced it into the model. Like the all the other rules that we
built before, the values that we used were inferred from values and information from research
papers about Alendronate. The rules in table 15 include finalized values after the model's

calibration.

Table 14: rules and values that are used for alendronate in the model.

Agent Mechanism Input mo_des Rules of interaction and references
and units
Alendronate | Reduces 5mg, 10 Reduction of osteoclasts activity: [127, 128,
osteoclasts mg, 20 mg/ | 5 mg per day - 0.15% to 0.4% 132, 247,
activity (Anti- | Duration in | 10 mg per day = 0.3% - 0.8% 250]
resorptive months. 20 mg per day > 0.45% - 1%
action).

4.3.2 Data Acquisition Process & Data Description

We selected the patients who are registered in the osteoporosis clinic in the KFMC who fulfill
the inclusion/exclusion criteria. The total number of patients who are enrolled in the clinic is 416
patients. We filtered the cases according to the following inclusion and exclusion criteria in table

16:
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Table 15: Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria

1. Age 240. 1. Genetic bone tissue diseases.

2. DXA scan results available (2 or 2. Conditions that may induce secondary
more consecutive readings osteoporosis such as
preferred). hyperparathyroidism

3. The patient must be receiving 3. Patients taking medications or
alendronate for the treatment of substances that affect the bone density
the condition at the time the DXA such as chronic intake of
scan readings were performed glucocorticoids’.

The total number of cases that fulfilled the criteria is 43 cases. We consider this number
to be reasonable considering that many patients have multiple health conditions in addition to
osteoporosis such as hypothyroidism, hyperthyroidism, or rheumatoid arthritis. There are many
patients how are receiving hormonal therapy post-breast surgery as a part of breast cancer
treatment. Also, we need clear documentation about the duration of treatment and that the patient
was compliant with the drug treatment.

All the cases were females, with ages between 42 and 77 years. The subjects received
Alendronate (Fosamax) as a unified dose which is 70 mg once per week orally. However, we
could not find any male cases that fulfilled the criteria; the male patients had multiple conditions
that caused secondary osteoporosis. The follow-up period between the readings ranged from six
months to four years, which is useful for testing the model’s ability in predicting the changes
over a range of different time periods. Of the 43 cases, 29 cases subjects had two documented
readings (initial and one follow up), and 14 cases had three documented readings (initial and two

follow up visits). Table 17 below provides the descriptive statistics for the sample.
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Table 16: Descriptive statistics of the sample

Parameter Minimum [Maximum| Mean SD
Age 42 77 58.72 7.6+
Difference from ideal BMI -2 14 4.19 36+
Bone Density % 70 100 85.14 7.3 %

All the cases were de-identified, and each case was assigned a serial number that we used
during the data analysis process. After organizing the data, and running the simulations, we will

proceed to statistical analysis.

4.3.3 Statistical Analysis and Results

We coded the data in the SPSS as follows: Age (continuous variable), BMI (ordinal), and DXA
scan and the Model’s simulation readings both as continuous variables. We did not code the
other variables because all the cases were nonsmokers, had no record of weight-bearing physical
activity, and did not have their serum estrogen level measured at the time when the DXA scan
was performed.

A Kolmogorov-Smirnov test was used to for the DXA scan second readings data set to

test for normality. The result was statistically not significant P = 0.2, which indicates that the

90



data is normally distributed. Based on that result, we can use a parametric test to analyze the
data.

We used the Paired Sample T-test to compare the DXA-scans second reading and the
Models simulations of the second readings. The test result was statistically not significant t (42)
= 8.1, p = 0.28. based on the result we conclude that there was no significant difference between
the DXA-scan readings and the readings obtained through the model’s simulations.

We checked the normality of the DXA scan third readings obtained from the sample. We
performed the Kolmogorov-Smirnov test to test for normality. The result was statistically not
significant P = 0.2, which indicated that the data is normally distributed. Next, we performed the
Paired Sample T-test to compare the DXA-scans third readings and the Models simulations of
the third readings. The test result was statistically not significant t (14) = 1.413, p = 0.181. based
on the result we conclude that there was no significant difference between the DXA-scan

readings and the readings obtained through the model’s simulations.

4.3.4 Results Discussion

The purpose of the patients’ data collection and the above statistical analysis is to validate the
model’s ability to predict the change in bone density over time in patients who are under
treatment by Alendronate. The results indicated that model’s simulations were statistically not
different from the actual DXA scan readings obtained from patients during their clinic visits. The
results allow us to claim that the model is valid for predicting the bone density changes in
patients receiving alendronate for the treatment of osteoporosis. The model managed to simulate

the changes in subjects receiving the intervention over different time periods that ranged from six
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months to four years. As with the sample used in the first aim, this sample used here contains
only female cases, who were non-smokers. Which means that there is a need in the future to
collect another sample that contains male cases, smoking individuals, and serum estrogen
readings to validate the other functions in the model. At this point, this is enough proof to
demonstrate model’s concept and ability to encourage further research and later, the use in
clinical practice.

Currently, there are no computational tools that predict the changes in bone density in
patients who are receiving alendronate. This model introduced a new method to study effects of
different medications on bone density. Instead of the traditional research methods that consume
time and resources, this model can be modified to test experimental interventions or scientific
theories via In-silico experiments. This model needs further validation using many different

samples from various populations before it can be used in clinical practice.

4.4 SENSITIVITY, SPECIFICITY, AND ACCURACY TESTING

In the previous step, we tested the model’s reliability. Our model is built using ABM, and one of
the advantages of ABM is having a modular design. In this step, we merely added alendronate as
an agent with its pertaining rules without performing any changes to the other agents in the
model, which keeps the model’s performance and internal mechanics unchanged and therefore
do not require repeating the reliability tests. However, in this step, we have validated the model's
simulations of the second and third readings obtained from the DXA scan. Therefore, we need to

test the sensitivity, specificity, and accuracy for simulations of the second and third readings.
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4.4.1 Sensitivity, Specificity Tests and Results

We defined the sensitivity of the model to be the percentage that the model diagnosed the subject
to have less than normal bone density (osteopenia or worse) when the subject, in fact, had a bone
density below the normal level. We defined the Specificity of the model to be the percentage that
the model diagnosed the subject to have normal bone density while the subject has healthy and
normal bone density. We coded the cases into the SPSS and performed the analysis. For
simulating DXA Scans second readings, the sensitivity or true positive rate was 90%, and the
specificity or true negative rate was calculated to be 91.3%. For simulating DXA Scans third
readings, the sensitivity or true positive rate was 100%, and the specificity or true negative rate

was calculated to be 100%.

4.4.2 Accuracy Tests and Results

To test the accuracy of the model we used the SPSS to plot the Receiver Operating Characteristic
(ROC) Curve. In the SPSS, we assigned the cases that had normal bone density 0 indicating the
absence of the condition and assigned 1 for any subjects that had lower than normal bone density

diagnosis for the two datasets.

We performed the ROC test for measuring the accuracy of simulating DXA Scan’s

second readings, and the results are in the following table:
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Table 17: Results of ROC analysis for the second readings simulations.

Area Under the Curve

Asymptotic 95% Confidence

Asymptotic Interval
Area Std. Error | Significance | Lower Bound | Upper Bound
.907 .052 .000005 .804 1

The area under the curve is 0.907 which indicates excellent accuracy. The asymptotic

Significance is 0.000005 which is less than the P value of 0.05. Therefore, we say that the results

obtained from the model are more accurate than readings obtained by chance.

For measuring the accuracy of simulating DXA Scan’s third readings, and the results are in the

following table:

Table 18: Results of ROC analysis for the third readings simulations.

Area Under the Curve

Asymptotic 95% Confidence

Asymptotic Interval
Area Std. Error | Significance | Lower Bound | Upper Bound
1 0 .01 1 1

The area under the curve is which indicates perfect accuracy. The asymptotic

Significance is 0.01 which is less than the P value of 0.05. Therefore, we say that the results

obtained from the model are more accurate than readings obtained by chance.
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4.4.3 Discussion Of Results

In the second aim, we performed the sensitivity/specificity, and accuracy analysis for model’s
simulations of DXA Scans second and third readings of the patients. The model’s sensitivity
(true positive rate) ranged from 90% to 100%, and the sensitivity ranged from 91.3% to 100%.
To be 85.7%, and the specificity (true negative rate) was calculated to be 100%. The area under
the curve value for the model ranged between 0.9 to 1. The DXA scan, its self, has a sensitivity
of 88.2 to 94.1 % and specificity of 25 to 62.5% [183]. The area under the curve ranged for the

DXA scan ranges from 0.82 to 0.91 [252].

The results seem impressive (100% sensitivity and specificity) and unusually high for a
computational predictive tool, but that is because of the small sample used in the analysis. Still,
the results are very appealing and encourage us to use other samples to see how the model will
fair when different sample sizes obtained from different populations are used for validation and
accuracy testing. In the ROC test, the model’s area under the receiver operating curve (AUROC)
was 0.9 to 1 which is a higher score than that of the DXA scan. Again, the small sample size here
is the reason for this high AUROC score, because the ROC plot is the relation between the

sensitivity and 1- specificity.

4.5 CONCLUSION

In the second aim, we tested the model’s ability to predict changes in bone density in patients

who are under treatment by a therapeutic agent for osteoporosis. We introduced Alendronate as
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the therapeutic agent into the model and performed the simulations to by using data from patients
from the KFMC sample which we used in the first aim. The statistical analysis that we used to
compare the model’s output to the DXA Scan readings demonstrated that the model is valid, and
with high specificity, and sensitivity in predicting bone density changes over time in patients

who are receiving treatment for osteoporosis.

The sample size was small, which have affected the results. The results of the analysis,

however, are very inspiring, which motivate us to perform further analysis of the model using

larger samples obtained from different populations.
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5.0 AIM THREE: TESTING THE MODEL'S ABILITY TO PREDICT THE BONE

DENSITY AS A DIAGNOSTIC TOOL

5.1 INTRODUCTION

In the third aim, we will test the model’s ability to estimate the bone density as a first reading.
This aim introduces a new approach to diagnose osteoporosis using an agent-based
computational model. We will select the cases from the KFMC sample, perform the statistical
comparison, and explore the possible uses of the model as a clinical diagnostic tool for

osteoporosis.

5.2 METHODOLOGY

In following sub-sections, we will explore the following steps: case selection, data description,
statistical tests used for comparing the patients’ data with the outcomes collected from the

model, and the results of the statistical test.
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5.2.1 Selection of Cases

We selected the patients who are registered in the osteoporosis clinic in the KFMC and fulfilled
the inclusion/exclusion criteria. We filtered the cases according to the following inclusion and

exclusion criteria:

Table 19: Inclusion and exclusion criteria.

Inclusion Criteria Exclusion Criteria
1. Age 240. 1. Genetic bone tissue diseases.
2. DXA scan of the total Hip 2. Conditions that may induce secondary
available. osteoporosis such as
hyperparathyroidism

3. Patients taking medications or
substances that affect the bone density
such as chronic intake of
glucocorticoids’.

5.2.2 Sample Description

The total number of cases that fulfilled the criteria is 55 cases. All the cases were female cases
with their ages ranged from 44 to 90 years old. All the subjects are nonsmokers, and there are no
serum estrogen readings that were measured at the time of the DXA scan examination. No male
cases were among the subjects selected because all the male cases had medical conditions that

affected the bone density and thus were excluded.
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Table 20: Descriptive statistics of the sample.

BMI
Age group | Weight (Kg) | Height (Cm) BMI difference DXA Scan
from normal
40-50 83.41+10.6 146 + 5.6 345+426 | 818+4.7 02+£17
51-60 70+ 13.3 154.3+6.47 | 29.4+5.27 53147 0.8+£0.98
61-70 68.7 +12.2 15346+ 7.2 | 29.5+5.2 6.2+6.5 -1.79+0.74
71 and over 69.9 + 17 151 + 8.85 31+6.46 6.7+£6.3 -2.3+0.66

5.2.3 Simulations and Data Analysis

We performed the simulations using the model for each subject by entering specific parameters
values that pertain to that subject such as age, BMI, or smoking status. We entered inputs to the
model and run the model to see how the model’s outputs compare to the initial DXA Scan
readings of the cases. Also, for each case, we ran the simulation for six months to allow for
proper interaction between the agents. After collection the results of the simulations, we

performed the statistical tests for the sample as a whole and then for each age group separately.

5.2.4 Statistical Analysis and Results

We performed the Kolmgrove-Smirnov test to check the normality for each group and then for
the whole sample. According to the results of the tests, we selected the Paired sample T-test for
the groups that show normal distribution, and the Wilcoxon-sign test for the groups that are not
normally distributed. The table below shows the types of tests used for each group and the test

results.
99



Table 21: Statistical tests used the results for each group.

Group
Age group N Test 2-tailed P value P value
1 40-50 13 | Wilcoxon-sign test 0.196 P> 0.05
2 51-60 13 Wilcoxon-sign test 0.02 P <0.05
3 61-70 15 Paired T-test 0.039 P <0.05
4 71 and over 14 Paired T-test 0.005 P <0.05
All Total sample 55 | Wilcoxon-sign test 0.000 P <0.05

5.2.5 Discussion of The Results

In the third aim, we tested the limits of the model's capability by testing the model's ability to
predict the proper bone density level of the subjects by feeding the model limited inputs. To our
knowledge, there are no similar models that predict the bone density of an individual using such
inputs.

The test for the first group did not show a significant difference between the patients
DXA scan readings and the model's simulation results. However, for all the other groups the test
results demonstrated a significant difference between the actual readings of bone density and
model’s predictions. We noticed that difference significance is increased between the groups,
the older the age group, the higher the difference in the test results, however, this may be a
random occurrence. We believe that a possible reason for the results is sample size.

We believe using larger samples and obtaining samples from different populations may
provide very different and exciting results. Another possible reason is that the older groups
generally have many other factors that may affect the bone density but is not accounted for, such

malnutrition, undiagnosed conditions that may cause secondary osteoporosis or genetic factors
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that may allow the patient to have higher -or lower — than average bone density levels. All the
previous factors increase the level of uncertainty and unpredictability which makes it difficult for
a computational model to simulate the conditions and estimate the proper bone density level of

the individual.

5.3 CONCLUSION OF THE THIRD AIM

In the third step of this dissertation, we tested the model’s ability to estimate the bone density of
the individuals without an initial DXA scan value. The model successfully estimated the subjects
bone density under fifty years of age. It was not able to predict correctly the bone density of
older patients. That is possible because the factors that are not present in the simulation or not
accounted for such as genetic or coexisting medical conditions during the sample collection. In
future versions, We hope that we can obtain larger samples with complete details about the
subjects involved in the study, and that we will be able to add other factors to the model so that
the model develops into a useful tool that can be used not only to estimate the progression of the

bone density but as a screening tool for osteoporosis.

5.4 POSSIBLE APPLICATIONS FOR PUBLIC HEALTH

Different computational models are currently in use for public health studies or public health

projects. One notable project is MIDAS which is funded by the NIH. MIDAS - as defined by
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the project developers- is a collective group of researchers and scientists who build and use
computational, statistical and mathematical models to study infectious disease dynamics that aid
the authorities to act proactively in detecting, eradicating and preventing various infectious
disease threats [253, 254]. The models are developed to study the disease spread rate and
possible communication routes and are designed to predict the possible outbreaks of

communicable diseases such as measles and influenza.

Many innovative and valuable models were developed and supported by MIDAS such as
Framework for Reconstructing Epidemiological Dynamics or FRED, Legal network analyzer
LENA, and project Tycho [253]. Our computational model is designed to study the disease
process in individual cases, but it can be used to study the possibility of osteoporosis
development in individuals from samples collected from specific age groups and use the results

to predict the prevalence of osteoporosis in that specific group.

5.5 IMPACT ON THE E.H.R AND CLINICAL DOCUMENTATION

Our model in the current state operates separately from any other software. However, it can be
connected to E.M.R to allow for the transfer of information directly to the patient's electronic
record. It can also be improved to run the predictions periodically while being updated by data
collected from the patient most visits and DXA scan reports. The nature of data that is fed to the
model and the collected output data is in the form of numbers (structured data) which does not
require high-speed connections. Not only our model does not require high-speed connections, but

it can also operate on any computer because the NetLogo requires small processing power and
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memory space; it can work on Windows XP with a 64 MB RAM. This will also make it easier
for mobile devices and smartphones to run this model in the future when we develop a version

for mobile devices.

5.6 RESEARCH LIMITATIONS

In the literature review step, we used scientific articles and research papers that were in the
English language. This can be a limitation because there are hundreds of papers that are available

in different languages that may contain useful information for our research project.

During the design phase, there were many missing values for the agents that we use in the
model those values are not available in the literature. To solve this problem, we used parameter
values that were calculated by other researchers for use in their models. We consider this a
limitation; however, it is an acceptable limitation in modeling and specifically agent-based

modeling.

The small sample size that we used in validating the model is another limitation. It was
very difficult to acquire the data for validation because it was obtained from a clinical source, but
we believe this small sample is sufficient at this step to validate the model at this preliminary

phase and to prove the concept of the model.

In the third step of this dissertation, we tested the model’s ability to predict the bone

density without a starting value obtained from the DXA scan. There many factors that limit the
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ability of the model to perform such prediction. Many factors that may affect the bone density
cannot be accounted for in the simulation. Factors such as genetic, environmental, coexisting
medical conditions, drugs or herbal medications can affect the bone health, but it is very difficult
to obtain all the details from the clinical notes because of the poor handwriting, missing and

unorganized data of the scanned charts.

5.7 FUTURE DIRECTIONS

Our model, Similar to FRAX®, can be more accurate in simulating the disease process for
specific populations if the rules were modified to simulate disease behavior in those particular
populations. FRAX®which was endorsed by the WHO and NOF as the best tool to predict the
ten years’ risk of osteoporotic fracture has 63 models that are used to predict the fracture risk for

populations in 58 countries around the world [255].

The reason for that is that every population have different factors that may contribute or
delay the progression of Osteoporosis and osteoporotic fractures; Such factors can be genetic,
environmental, nutritional habits or others [21-23, 25, 30, 52, 55, 68, 69, 73, 120, 121, 256-258].
The model can be improved to predict the fracture risk by integrating the relevant agents into the
model. The model can then predict the fracture risk at specific parts of the bony skeleton such as

the wrist or the femoral neck bones.
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Other future improvements to the model include adding different therapeutic agents
including other medications in use for treatment of osteoporosis including various types of

bisphosphonates, and Parathyroid hormone (teriparatide) [19, 69, 78, 120].

The model may have different versions to study conditions that cause secondary
osteoporosis such as chronic intake of glucocorticoids, hyperparathyroidism, or Renal
osteodystrophy [21, 30, 59, 96, 120, 133]. To create the previously mentioned changes, sufficient
information about the internal mechanisms of the new agents and all the relevant parameters
values must be available to develop the interactions rules and integrate the new agents into the
model. Also, each version must be validated and tested for sensitivity and specificity. New
medications that are under investigations can be added as agents to the model where virtual
experiments can be performed numerous times to test the efficacy of the new drug and its effects

on the bone cells functions and longevity.

This model will need more testing against data from different populations in clinical
settings before considered as a valid diagnostic clinical tool. It will also undergo many changes
and updates according to the changes in the research field regarding the disease process. New
biochemical factors or inflammatory mediators may emerge as important players that can change
the disease’s course. Older and well-known factors may prove insignificant or of low importance
in the affecting the disease mechanism. The model will be changed to accommodate the

expected changes.
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Osteoporosis and the complications that result from it exert a great financial burden on
the healthcare providers and is a major concern of policymakers and top healthcare leaders.
Medical costs in the united states in 2015 of a patient’s admission who suffered from an
osteoporosis fracture or related injury was estimated to be $30,550. Also, Osteoporosis fall

injuries including fatal and non-fatal were calculated to be around $32 billion [259].

Such great costs could be reduced by anticipating and preventing the complications with
early detection and treatment of osteoporosis. Our model could be modified and improved to
perform simulations of a population then these simulations -using analytical software- can
provide benchmarks for expected incidence and costs of complications. It may also perform
simulations for the patients, and these simulations can be transformed to informative charts using
analytical software that provide a better understanding for decision-makers to make the best

decision according to the updated disease status in the served population.

106



BIBLIOGRAPHY

Hippisley-Cox, J. and C. Coupland, Predicting risk of osteoporotic fracture in men and
women in England and Wales: prospective derivation and validation of
QFractureScores. BMJ, 2009. 339: p. b4229.

Looker, A.C., et al., Osteoporosis or low bone mass at the femur neck or lumbar spine in
older adults: United States, 2005-2008. NCHS Data Brief, 2012(93): p. 1-8.

Blume, S.W. and J.R. Curtis, Medical costs of osteoporosis in the elderly Medicare
population. Osteoporos Int, 2011. 22(6): p. 1835-44.

David A. Dickey, N.C.S.U., Raleigh, NC, Introduction to Predictive Modeling with
Examples. SAS Global Forum 2012, 2012.

An, G., et al., Agent-based models in translational systems biology. Wiley
interdisciplinary reviews. Systems biology and medicine, 2009. 1(2): p. 159-171.

Ron Kohavi, N.J.R., Evangelos Simoudis, Emerging trends in business analytics.
COMMUNICATIONS OF THE ACM, August 2002. Volume 45(Issue 8): p. Pages 45-
48.

Li, Y., J. Zhang, and X. Zhang, Modeling and Preventive Measures of Hand, Foot and
Mouth Disease (HFMD) in China. Int J Environ Res Public Health, 2014. 11(3): p. 3108-
17.

Jafri, M.S. and R. Kumar, Modeling mitochondrial function and its role in disease. Prog
Mol Biol Transl Sci, 2014. 123: p. 103-25.

Lampert, A. and A. Korngreen, Markov modeling of ion channels: implications for
understanding disease. Prog Mol Biol Transl Sci, 2014. 123: p. 1-21.

107



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Mondal, C., et al., Cholesteryl ester transfer protein inhibitors in coronary heart disease:
Validated comparative QSAR modeling of N, N-disubstituted trifluoro-3-amino-2-
propanols. Comput Biol Med, 2013. 43(10): p. 1545-55.

O'Neill, A.C. and S.D. Ricardo, Human kidney cell reprogramming: applications for
disease modeling and personalized medicine. J Am Soc Nephrol, 2013. 24(9): p. 1347-
56.

Harrington, H., et al., Immunocompetent 3D Model of Human Upper Airway for Disease
Modeling and In Vitro Drug Evaluation. Mol Pharm, 2014.

Goodridge, H.S., Induced pluripotent stem cell-derived myeloid phagocytes: disease
modeling and therapeutic applications. Drug Discov Today, 2014.

Jack, C.R., Jr. and D.M. Holtzman, Biomarker modeling of Alzheimer's disease. Neuron,
2013. 80(6): p. 1347-58.

Krench, M. and J.T. Littleton, Modeling Huntington disease in Drosophila: Insights into
axonal transport defects and modifiers of toxicity. Fly (Austin), 2013. 7(4).

Gutierrez de Mesa, E., et al., Modeling the impact of genetic screening technologies on
healthcare: theoretical model for asthma in children. Mol Diagn Ther, 2007. 11(5): p.
313-23.

Ross AC, T.C., Yaktine AL, et al., Committee to Review Dietary Reference Intakes for
Vitamin D and Calcium. Institute of Medicine (US) Committee to Review Dietary
Reference Intakes for Vitamin D and Calcium, 2011.

America, R.S.0.N., Bone Densitometry. 2012.

Khan, A., et al., Osteoporosis in menopause. J Obstet Gynaecol Can, 2014. 36(9): p. 839-
40.

Takahashi, N., N. Udagawa, and T. Suda, Vitamin D endocrine system and osteoclasts.
Bonekey Rep, 2014. 3: p. 495.

Mosekilde, L., P. Vestergaard, and L. Rejnmark, The pathogenesis, treatment and
prevention of osteoporosis in men. Drugs, 2013. 73(1): p. 15-29.
108



22,

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

Khosla, S., M.J. Oursler, and D.G. Monroe, Estrogen and the skeleton. Trends
Endocrinol Metab, 2012. 23(11): p. 576-81.

Rachner, T.D., S. Khosla, and L.C. Hofbauer, Osteoporosis: now and the future. Lancet,
2011. 377(9773): p. 1276-87.

Vasikaran, S., et al., Markers of bone turnover for the prediction of fracture risk and
monitoring of osteoporosis treatment: a need for international reference standards.
Osteoporos Int, 2011. 22(2): p. 391-420.

Eriksen, E.F., Cellular mechanisms of bone remodeling. Rev Endocr Metab Disord, 2010.
11(4): p. 219-27.

Shead, E.F., et al., Osteoclast function, bone turnover and inflammatory cytokines during
infective exacerbations of cystic fibrosis. J Cyst Fibros, 2010. 9(2): p. 93-8.

Mueck, A.O. and H. Seeger, Smoking, estradiol metabolism and hormone replacement
therapy. Curr Med Chem Cardiovasc Hematol Agents, 2005. 3(1): p. 45-54.

Bone Health and Osteoporosis, in Bone Health and Osteoporosis : A Report of the
Surgeon General. 2004: Rockville (MD).

Holick, M.F., Vitamin D: importance in the prevention of cancers, type 1 diabetes, heart
disease, and osteoporosis. Am J Clin Nutr, 2004. 79(3): p. 362-71.

Riggs, B.L., S. Khosla, and L.J. Melton, 3rd, Better tools for assessing osteoporosis. J
Clin Invest, 2012. 122(12): p. 4323-4.

El Maghraoui, A. and C. Roux, DXA scanning in clinical practice. QIM, 2008. 101(8): p.
605-617.

Blake, G.M. and I. Fogelman, DXA scanning and its interpretation in osteoporosis.
Hospital Medicine (London. 1998), 2003. 64(9): p. 521-525.

Bonabeau, E., Agent-based modeling: methods and techniques for simulating human
systems. Proc Natl Acad Sci U S A, 2002. 99 Suppl 3: p. 7280-7.

109



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

An, G., Agent-based computer simulation and sirs: building a bridge between basic
science and clinical trials. Shock, 2001. 16(4): p. 266-73.

Badilatti, S.D., et al., Computational modelling of bone augmentation in the spine.
Journal of Orthopaedic Translation, 2015. 3(4): p. 185-196.

Amjadi Kashani, M.R., et al., An in silico parametric model of vertebrae trabecular bone
based on density and microstructural parameters to assess risk of fracture in
osteoporosis. Proc Inst Mech Eng H, 2014. 228(12): p. 1281-95.

Paoletti, N., et al. Osteoporosis: a multiscale modeling viewpoint. in Proceedings of the
9th International Conference on Computational Methods in Systems Biology. 2011.
ACM.

Lemaire, V., et al., Modeling the interactions between osteoblast and osteoclast activities
in bone remodeling. J Theor Biol, 2004. 229(3): p. 293-309.

Seeman, E., Reduced bone formation and increased bone resorption: rational targets for
the treatment of osteoporosis. Osteoporos Int, 2003. 14 Suppl 3: p. S2-8.

Gong, H., Y.B. Fan, and M. Zhang, Computational Simulation for Osteoporosis at the
Basic Multicellular Unit Level, in 7th Asian-Pacific Conference on Medical and
Biological Engineering: APCMBE 2008 22-25 April 2008 Beijing, China, Y. Peng and
X. Weng, Editors. 2008, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 182-185.

Bartocci, E., et al., Multiple Verification in Complex Biological Systems: The Bone
Remodelling Case Study, in Transactions on Computational Systems Biology XIV:
Special Issue on Computational Models for Cell Processes, C. Priami, I. Petre, and E. de
Vink, Editors. 2012, Springer Berlin Heidelberg: Berlin, Heidelberg. p. 53-76.

Gerhard, F.A., et al., In silico biology of bone modelling and remodelling: adaptation.
Philosophical Transactions of the Royal Society of London A: Mathematical, Physical
and Engineering Sciences, 2009. 367(1895): p. 2011-2030.

Tyagi, A.M., et al., Estrogen deficiency induces the differentiation of IL-17 secreting
Th17 cells: a new candidate in the pathogenesis of osteoporosis. PL0S One, 2012. 7(9):
p. e44552.

110



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lerner, U.H., Bone remodeling in post-menopausal osteoporosis. J Dent Res, 2006.
85(7): p. 584-95.

Raisz, L.G., Pathogenesis of osteoporosis: concepts, conflicts, and prospects. J Clin
Invest, 2005. 115(12): p. 3318-25.

Jilka, R.L., Biology of the basic multicellular unit and the pathophysiology of
osteoporosis. Med Pediatr Oncol, 2003. 41(3): p. 182-5.

Shead, E.F., et al., Osteoclast function, bone turnover and inflammatory cytokines during
infective exacerbations of cystic fibrosis. Journal of Cystic Fibrosis. 9(2): p. 93-98.

Taichman, R.S., Blood and bone: two tissues whose fates are intertwined to create the
hematopoietic stem-cell niche. Blood, 2005. 105(7): p. 2631-9.

Clarke, B., Normal bone anatomy and physiology. Clin J Am Soc Nephrol, 2008. 3 Suppl
3: p. S131-9.

D. Medeiros, R.W., National Osteoporosis Foundation: Are You at Risk? . Advanced
Human Nutrition, 2012,

Gustavo de la Roza, H.G. Histology of Bone. 2014 Apr 3, 2014; Available from:
http://emedicine.medscape.com/article/1254517-overview#al.

Hadjidakis, D.J. and Androulakis, 11, Bone remodeling. Ann N Y Acad Sci, 2006. 1092:
p. 385-96.

Ravindran, S. and A. George, Multifunctional ECM proteins in bone and teeth. Exp Cell
Res, 2014. 325(2): p. 148-54.

Bellido, T., Osteocyte-driven bone remodeling. Calcif Tissue Int, 2014. 94(1): p. 25-34.

Albogami, M.M., A.S. Jawad, and R.A. Mageed, Bone loss in osteoporosis and arthritis.
Pathogenesis and therapeutic strategies. Saudi Med J, 2014. 35(3): p. 224-33.

Raggatt, L.J. and N.C. Partridge, Cellular and molecular mechanisms of bone
remodeling. J Biol Chem, 2010. 285(33): p. 25103-8.

111


http://emedicine.medscape.com/article/1254517-overview#a1

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Osteoporosis prevention, diagnosis, and therapy. NIH Consens Statement, 2000. 17(1):
p. 1-45.

IOF. osteoporosis. [cited 2014; Available from:
http://www.iofbonehealth.org/epidemiology.

Gruber, R., P. Pietschmann, and M. Peterlik, Introduction to Bone Development,
Remodelling and Repair, in Radiology of Osteoporosis, S. Grampp, Editor. 2008,
Springer Berlin Heidelberg. p. 1-23.

Buenzli, P.R., Osteocytes as a record of bone formation dynamics: A mathematical model
of osteocyte generation in bone matrix. J Theor Biol, 2015. 364: p. 418-27.

Buenzli, P.R., P. Pivonka, and D.W. Smith, Bone refilling in cortical basic multicellular
units: insights into tetracycline double labelling from a computational model. Biomech
Model Mechanobiol, 2014. 13(1): p. 185-203.

Franz-Odendaal, T.A., B.K. Hall, and P.E. Witten, Buried alive: how osteoblasts become
osteocytes. Dev Dyn, 2006. 235(1): p. 176-90.

Knothe Tate, M.L., et al., The osteocyte. Int J Biochem Cell Biol, 2004. 36(1): p. 1-8.

Destaing, O., et al., Podosomes display actin turnover and dynamic self-organization in
osteoclasts expressing actin-green fluorescent protein. Mol Biol Cell, 2003. 14(2): p.
407-16.

Duong, L.T., et al., Integrins and signaling in osteoclast function. Matrix Biol, 2000.
19(2): p. 97-105.

Kini, U. and B.N. Nandeesh, Physiology of Bone Formation, Remodeling, and
Metabolism, in Radionuclide and Hybrid Bone Imaging, I. Fogelman, G. Gnanasegaran,
and H. van der Wall, Editors. 2012, Springer Berlin Heidelberg. p. 29-57.

Coughlan, T. and F. Dockery, Osteoporosis and fracture risk in older people. Clin Med,
2014. 14(2): p. 187-91.

Igbal, M.M., Osteoporosis: epidemiology, diagnosis, and treatment. South Med J, 2000.
93(1): p. 2-18.
112


http://www.iofbonehealth.org/epidemiology

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

gynecologist., A.c.0.0.a., Osteoporosis Guidelines Issued. Obstetrics & Gynecology,
2012(september).

CMS, Medicare chronis conditions dashboard. 2012, CMS.

Yoon, V., N.M. Maalouf, and K. Sakhaee, The effects of smoking on bone metabolism.
Osteoporos Int, 2012. 23(8): p. 2081-92.

Klein-Nulend, J., et al., Bone cell mechanosensitivity, estrogen deficiency, and
osteoporosis. J Biomech, 2015. 48(5): p. 855-65.

Sinnesael, M., et al., Testosterone and the Male Skeleton: A Dual Mode of Action. Journal
of Osteoporosis, 2011. 2011.

Al-Azzawi, F. and S. Palacios, Hormonal changes during menopause. Maturitas, 2009.
63(2): p. 135-137.

Dawson-Hughes, B., et al., Implications of absolute fracture risk assessment for
osteoporosis practice guidelines in the USA. Osteoporos Int, 2008. 19(4): p. 449-58.

Wei, W., et al., Osteoclast progenitors reside in the peroxisome proliferator-activated
receptor gamma-expressing bone marrow cell population. Mol Cell Biol, 2011. 31(23):
p. 4692-705.

Jia Chang, Z.W., ,Eric Tang,Zhipeng Fan,Laurie McCauley,Renny Franceschi,Kunliang
Guan,Paul H. Krebsbach,Cun-Yu Wang., Inhibition of Osteoblast Functions by IKK/NF-
kB in Osteoporosis. Nat Med., 2009

Eriksen, E.F., Parathyroid Hormone: Anabolic Treatment of Osteoporosis. Osteoporosis:
Diagnosis and Management, 2013: p. 158-177.

Hodge, J.M., et al., M-CSF Potently Augments RANKL-Induced Resorption Activation in
Mature Human Osteoclasts. PLoS ONE, 2011. 6(6): p. e21462.

Clapauch, R., et al., Total estradiol, rather than testosterone levels, predicts osteoporosis
in aging men. Arquivos Brasileiros de Endocrinologia & Metabologia, 2009. 53: p. 1020-
1025.

113



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Yao, G.Q., et al., A Role for Cell-Surface CSF-1 in Osteoblast-mediated
Osteoclastogenesis. Calcified Tissue International, 2002. 70(4): p. 339-346.

Suehiro, A, et al., Age related elevation of serum macrophage colony stimulating factor
(M-CSF) level. Archives of Gerontology and Geriatrics, 1999. 29(1): p. 13-20.

Hayashida, C., et al., Osteocytes produce interferon-beta as a negative regulator of
osteoclastogenesis. J Biol Chem, 2014. 289(16): p. 11545-55.

Bonewald, L.F., The Amazing Osteocyte. Journal of Bone and Mineral Research, 2011.
26(2): p. 229-238.

Kramer, I., et al., Osteocyte Wnt/beta-catenin signaling is required for normal bone
homeostasis. Mol Cell Biol, 2010. 30(12): p. 3071-85.

Jilka, R.L., B. Noble, and R.S. Weinstein, OSTEOCYTE APOPTOSIS. Bone, 2013. 54(2):
p. 264-271.

Poole, K.E., et al., Sclerostin is a delayed secreted product of osteocytes that inhibits
bone formation. FASEB J, 2005. 19(13): p. 1842-4.

Ohlsson, C. and L. Vandenput, The role of estrogens for male bone health. European
Journal of Endocrinology, 2009. 160(6): p. 883-889.

Riggs, B.L., The mechanisms of estrogen regulation of bone resorption. The Journal of
Clinical Investigation, 2000. 106(10): p. 1203-1204.

Lindsay, R., F. Cosman, and J. Nieves, Estrogen: effects and actions in osteoporosis.
Osteoporos Int, 1993. 3 Suppl 1: p. 150-2.

Riggs, B.L., et al., Population-Based Study of Age and Sex Differences in Bone
Volumetric Density, Size, Geometry, and Structure at Different Skeletal Sites. Journal of
Bone and Mineral Research, 2004. 19(12): p. 1945-1954.

Asomaning, K., et al., The association between body mass index and osteoporosis in
patients referred for a bone mineral density examination. Journal of Women's Health,
2006. 15(9): p. 1028-1034.

114



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Morin, S., J.F. Tsang, and W.D. Leslie, Weight and body mass index predict bone
mineral density and fractures in women aged 40 to 59 years. Osteoporosis International,
2009. 20(3): p. 363-370.

Barrera, G, et al., A high body mass index protects against femoral neck osteoporosis in
healthy elderly subjects. Nutrition, 2004. 20(9): p. 769-771.

Graat-Verboom, L., et al., Risk factors for osteoporosis in Caucasian patients with
moderate chronic obstructive pulmonary disease: A case control study. Bone, 2012.
50(6): p. 1234-12309.

Prabha, V. and A.M. Stanly, Effect of body mass index on bone mineral density. 2017,
2017. 2(4): p. 4.

Post, T.M., et al., Application of a mechanism-based disease systems model for
osteoporosis to clinical data. J Pharmacokinet Pharmacodyn, 2013. 40(2): p. 143-56.

Seibel, M.J., Biochemical markers of bone turnover: part I: biochemistry and variability.
Clin Biochem Rev, 2005. 26(4): p. 97-122.

Vasikaran, S.D., S.A. Chubb, and H.G. Schneider, Towards optimising the provision of
laboratory services for bone turnover markers. Pathology, 2014. 46(4): p. 267-73.

Glover, S.J., et al., Establishing a reference interval for bone turnover markers in 637
healthy, young, premenopausal women from the United Kingdom, France, Belgium, and
the United States. J Bone Miner Res, 2009. 24(3): p. 389-97.

Seibel, M.J., Biochemical Markers of Bone Turnover Part Il: Clinical Applications in the
Management of Osteoporosis. Clin Biochem Rev, 2006. 27(3): p. 123-38.

Glendenning, P., Markers of Bone Turnover for the Prediction of Fracture Risk and
Monitoring of Osteoporosis Treatment: A Need for International Reference Standards:
Osteoporos Int 2011;22:391-420. Clin Biochem Rev, 2011. 32(1): p. 45-7.

Krege, J.H., et al., PINP as a biological response marker during teriparatide treatment
for osteoporosis. Osteoporos Int, 2014. 25(9): p. 2159-71.

115



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

IOF. Radiological Assessment and Bone Turnover Markers [cited 2014; Available from:
http://www.iofbonehealth.org/radiological-assessment-and-bone-turnover-markers.

Windham, G.C., et al., Cigarette Smoking and Effects on Hormone Function in
Premenopausal Women. Environmental Health Perspectives, 2005. 113(10): p. 1285-
1290.

Canalis, E. and A.M. Delany, Mechanisms of Glucocorticoid Action in Bone. Annals of
the New York Academy of Sciences, 2002. 966(1): p. 73-81.

Cormier, C., J.-C. Souberbielle, and A. Kahan, Primary hyperparathyroidism and
osteoporosis in 2004. Joint Bone Spine, 2004. 71(3): p. 183-189.

Eastell, R. and R.A. Hannon, Biomarkers of bone health and osteoporosis risk. Proc Nutr
Soc, 2008. 67(2): p. 157-62.

Garnero, P., Markers of bone turnover for the prediction of fracture risk. Osteoporos Int,
2000. 11 Suppl 6: p. S55-65.

El Maghraoui, A., Interpreting a DXA Scan in Clinical Practice. DUAL ENERGY X-
RAY ABSORPTIOMETRY, 2011: p. 1.

White, C.D. Bone mineral density test. 2014; Available from:
https://www.nlm.nih.gov/medlineplus/ency/article/007197.htm.

St-Onge, M.P., et al., Dual-energy x-ray absorptiometry-measured lean soft tissue mass:
differing relation to body cell mass across the adult life span. J Gerontol A Biol Sci Med
Sci, 2004. 59(8): p. 796-800.

Jiang, X, et al., Osteoporosis screening in postmenopausal women aged 50-64 years:
BMI alone compared with current screening tools. Maturitas, 2015.

Carey, J. and M. F. Delaney, T-Scores and Z-Scores. Vol. 8. 2009. 113-121.

Rubin, K.H., et al., Comparison of different screening tools (FRAX®, OST, ORAI,
OSIRIS, SCORE and age alone) to identify women with increased risk of fracture. A
population-based prospective study. Bone, 2013. 56(1): p. 16-22.

116


http://www.iofbonehealth.org/radiological-assessment-and-bone-turnover-markers
https://www.nlm.nih.gov/medlineplus/ency/article/007197.htm

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Lydick, E., et al., Development and validation of a simple questionnaire to facilitate
identification of women likely to have low bone density. Am J Manag Care, 1998. 4(1): p.
37-48.

Cadarette, S.M., et al., Development and validation of the Osteoporosis Risk Assessment
Instrument to facilitate selection of women for bone densitometry. CMAJ: Canadian
Medical Association Journal, 2000. 162(9): p. 1289-1294.

Yoon, V., N.M. Maalouf, and K. Sakhaee, The effects of smoking on bone metabolism.
Osteoporosis International, 2012. 23(8): p. 2081-2092.

Maimoun, L. and C. Sultan, Effects of physical activity on bone remodeling. Metabolism,
2011. 60(3): p. 373-88.

Cosman, F., et al., Clinician’s Guide to Prevention and Treatment of Osteoporosis.
Osteoporosis International, 2014. 25(10): p. 2359-2381.

Céandido, F.G. and J. Bressan, Vitamin D: Link between Osteoporosis, Obesity, and
Diabetes? International Journal of Molecular Sciences, 2014. 15(4): p. 6569-6591.

Islam, M.Z., et al., Effect of vitamin D, calcium and multiple micronutrient
supplementation on vitamin D and bone status in Bangladeshi premenopausal garment
factory workers with hypovitaminosis D: a double-blinded, randomised, placebo-
controlled 1-year intervention. Br J Nutr, 2010. 104(2): p. 241-7.

Dawson-Hughes , B., et al., Effect of Calcium and Vitamin D Supplementation on Bone
Density in Men and Women 65 Years of Age or Older. New England Journal of Medicine,
1997. 337(10): p. 670-676.

Jackson , R.D., et al., Calcium plus Vitamin D Supplementation and the Risk of
Fractures. New England Journal of Medicine, 2006. 354(7): p. 669-683.

Avenell, A, et al., Vitamin D and vitamin D analogues for preventing fractures
associated with involutional and post-menopausal osteoporosis. Cochrane Database of
Systematic Reviews, 2005(3).

Fleisch, H., Bisphosphonates: Mechanisms of Action. Endocrine Reviews, 1998. 19(1): p.
80-100.

117



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Bone , H.G,, et al., Ten Years' Experience with Alendronate for Osteoporosis in
Postmenopausal Women. New England Journal of Medicine, 2004. 350(12): p. 1189-
1199.

Liberman , U.A,, et al., Effect of Oral Alendronate on Bone Mineral Density and the
Incidence of Fractures in Postmenopausal Osteoporosis. New England Journal of
Medicine, 1995. 333(22): p. 1437-1444.

Watts, N.B. and D.L. Diab, Long-term use of bisphosphonates in osteoporosis. J Clin
Endocrinol Metab, 2010. 95(4): p. 1555-65.

Yates, J., A meta-analysis characterizing the dose-response relationships for three oral
nitrogen-containing bisphosphonates in postmenopausal women. Osteoporos Int, 2013.
24(1): p. 253-62.

Chesnut, C.H., et al., Effects of Oral Ibandronate Administered Daily or Intermittently on
Fracture Risk in Postmenopausal Osteoporosis. Journal of Bone and Mineral Research,
2004. 19(8): p. 1241-1249.

Cummings, S.R., et al., Effect of alendronate on risk of fracture in women with low bone
density but without vertebral fractures: Results from the fracture intervention trial.
JAMA, 1998. 280(24): p. 2077-2082.

Lippuner, K., The future of osteoporosis treatment — a research update. Swiss Med
WKly, 2012.

Black , D.M., et al., Once-Yearly Zoledronic Acid for Treatment of Postmenopausal
Osteoporosis. New England Journal of Medicine, 2007. 356(18): p. 1809-1822.

Hou, N., et al., Hormone Replacement Therapy and Breast Cancer: Heterogeneous Risks
by Race, Weight, and Breast Density. Journal of the National Cancer Institute, 2013.
105(18): p. 1365-1372.

Rosenberg, L., et al., Postmenopausal Female Hormone Use and Estrogen Receptor—
Positive and —Negative Breast Cancer in African American Women. Journal of the
National Cancer Institute, 2016. 108(4).

118



137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

Neer , R.M., et al., Effect of Parathyroid Hormone (1-34) on Fractures and Bone Mineral
Density in Postmenopausal Women with Osteoporosis. New England Journal of
Medicine, 2001. 344(19): p. 1434-1441.

Minisola, S., et al., Gender differences in serum markers of bone resorption in healthy
subjects and patients with disorders affecting bone. Osteoporos Int, 2002. 13(2): p. 171-
5.

Leder, B.Z., et al., Effects of Abaloparatide, a Human Parathyroid Hormone-Related
Peptide Analog, on Bone Mineral Density in Postmenopausal Women with Osteoporosis.
The Journal of Clinical Endocrinology & Metabolism, 2015. 100(2): p. 697-706.

Miller, P.D., et al., Effect of abaloparatide vs placebo on new vertebral fractures in
postmenopausal women with osteoporosis: A randomized clinical trial. JAMA, 2016.
316(7): p. 722-733.

Albertazzi, P., R. Di Micco, and E. Zanardi, Tibolone: a review. Maturitas, 1998. 30(3):
p. 295-305.

Genazzani, A.R., et al., Beneficial effect of tibolone on mood, cognition, well-being, and
sexuality in menopausal women. Neuropsychiatric disease and treatment, 2006. 2(3): p.
299.

Fadda, S., et al., Serum levels of osteoprotegerin and RANKL in patients with rheumatoid
arthritis and their relation to bone mineral density and disease activity. The Egyptian
Rheumatologist, 2015. 37(1): p. 1-6.

Srivastava, S., et al., Estrogen decreases osteoclast formation by down-regulating
receptor activator of NF-kappa B ligand (RANKL)-induced JNK activation. J Biol Chem,
2001. 276(12): p. 8836-40.

Tat, S.K., et al., OPG/membranous—RANKL complex is internalized via the clathrin
pathway before a lysosomal and a proteasomal degradation. Bone, 2006. 39(4): p. 706-
715.

Costa, A.G., J.P. Bilezikian, and E.M. Lewiecki, Update on romosozumab: a humanized
monoclonal antibody to sclerostin. Expert Opinion on Biological Therapy, 2014. 14(5):
p. 697-707.

119



147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Lewiecki, E.M., Sclerostin: a novel target for intervention in the treatment of
osteoporosis. Discov Med, 2011. 12(65): p. 263-73.

Shah, A.D., D. Shoback, and E.M. Lewiecki, Sclerostin inhibition: a novel therapeutic
approach in the treatment of osteoporosis. International Journal of Women's Health,
2015. 7: p. 565-580.

Song, L., X. Liang, and Y. Zhou, Estrogen-mimicking isoflavone genistein prevents bone
loss in a rat model of obstructive sleep apnea-hypopnea syndrome. Int J Clin Exp Pathol,
2014. 7(4): p. 1687-1694.

Yamaguchi, M. and Y.H. Gao-Balch, Role of dietary soybean genistein in osteoporosis
prevention. Int J Food Sci Nutr Diet, 2013. 2(2): p. 27-34.

Lynch, P., The origins of computer weather prediction and climate modeling. Journal of
Computational Physics, 2008. 227(7): p. 3431-3444.

Winters-Miner, L.A. Seven ways predictive analytics can improve healthcare Elsevier
connect 2014 [cited 2017; Available from: https://www.elsevier.com/connect/seven-
ways-predictive-analytics-can-improve-healthcare.

Canlas, R., Data mining in healthcare: Current applications and issues. School of
Information Systems & Management, Carnegie Mellon University, Australia, 2009.

Koh, H.C. and G. Tan, Data mining applications in healthcare. J Healthc Inf Manag,
2005. 19(2): p. 64-72.

Ringel, J.S., et al., Modeling Health Care Policy Alternatives. Health Services Research,
2010. 45(5 Pt 2): p. 1541-1558.

Weinstein, M.C., et al., Principles of good practice for decision analytic modeling in
health-care evaluation: report of the ISPOR Task Force on Good Research Practices--
Modeling Studies. Value Health, 2003. 6(1): p. 9-17.

Schutte, L.J., An Agent-based Model for Evaluating Cellular Mechanisms of Bone
Remodeling. 2012.

120


https://www.elsevier.com/connect/seven-ways-predictive-analytics-can-improve-healthcare
https://www.elsevier.com/connect/seven-ways-predictive-analytics-can-improve-healthcare

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

Mc Donnell, P., et al., Simulation of vertebral trabecular bone loss using voxel finite
element analysis. Journal of Biomechanics, 2009. 42(16): p. 2789-2796.

Lopez, E., et al., A mechanical model for predicting the probability of osteoporotic hip
fractures based in DXA measurements and finite element simulation. BioMedical
Engineering OnLine, 2012. 11(1): p. 1-17.

Widmer Soyka, R.P., et al., Numerical description and experimental validation of a
rheology model for non-Newtonian fluid flow in cancellous bone. J Mech Behav Biomed
Mater, 2013. 27: p. 43-53.

Christen, P., et al., Patient-specific bone modelling and remodelling simulation of
hypoparathyroidism based on human iliac crest biopsies. J Biomech, 2012. 45(14): p.
2411-6.

Whitmarsh, T., et al., A statistical model of shape and bone mineral density distribution
of the proximal femur for fracture risk assessment. Med Image Comput Comput Assist
Interv, 2011. 14(Pt 2): p. 393-400.

Sarkalkan, N., H. Weinans, and A.A. Zadpoor, Statistical shape and appearance models
of bones. Bone, 2014. 60: p. 129-140.

Barratt, D.C., et al., Instantiation and registration of statistical shape models of the femur
and pelvis using 3D ultrasound imaging. Medical Image Analysis, 2008. 12(3): p. 358-
374.

Bredbenner, T.L., et al., Fracture Risk Predictions based on Statistical Shape and
Density Modeling of the Proximal Femur. Journal of bone and mineral research : the
official journal of the American Society for Bone and Mineral Research, 2014. 29(9): p.
2090-2100.

Whitmarsh, T., et al., Hip fracture discrimination from dual-energy X-ray absorptiometry
by statistical model registration. Bone, 2012. 51(5): p. 896-901.

Waarsing, J.H., et al., A statistical model of shape and density of the proximal femur in
relation to radiological and clinical OA of the hip. Osteoarthritis and Cartilage, 2010.
18(6): p. 787-794.

121



168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

An, G., In silico experiments of existing and hypothetical cytokine-directed clinical trials
using agent-based modeling. Crit Care Med, 2004. 32(10): p. 2050-60.

Bankes, S.C., Agent-based modeling: a revolution? Proc Natl Acad Sci U S A, 2002. 99
Suppl 3: p. 7199-200.

Bayrak, E.S., et al. Agent-based modeling of osteogenic differentiation of mesenchymal
stem cells in porous biomaterials. in 2014 36th Annual International Conference of the
IEEE Engineering in Medicine and Biology Society. 2014.

Agur, Z., Y. Daniel, and Y. Ginosar, The universal properties of stem cells as pinpointed
by a simple discrete model. Journal of Mathematical Biology, 2002. 44(1): p. 79-86.

Kurhekar, M. and U. Deshpande, Agent-Based Deterministic Modeling of the Bone
Marrow Homeostasis. Advances in Bioinformatics, 2016. 2016: p. 12.

Bonabeau, E., Agent-based modeling: Methods and techniques for simulating human
systems. Proceedings of the National Academy of Sciences of the United States of
America, 2002. 99(Suppl 3): p. 7280-7287.

Garcia-Fontana, B., et al., Sclerostin serum levels in prostate cancer patients and their
relationship with sex steroids. Osteoporos Int, 2014. 25(2): p. 645-51.

Watts, N.B. and D.L. Diab, Long-term use of bisphosphonates in osteoporosis. J Clin
Endocrinol Metab Apr, 2010. 95.

Wilensky, U. NetLogo. 1999; Available from: http://ccl.northwestern.edu/netlogo/.

Chiacchio, F., et al., Agent-Based Modeling of the Immune System: NetLogo, a Promising
Framework. BioMed Research International, 2014. 2014: p. 6.

McGuire, M.F., M.S. lyengar, and D.W. Mercer, Computational Approaches for
Translational Clinical Research in Disease Progression. Journal of investigative
medicine : the official publication of the American Federation for Clinical Research,
2011. 59(6): p. 893-903.

Schmidt, S., et al., Coping with time scales in disease systems analysis: application to
bone remodeling. J Pharmacokinet Pharmacodyn, 2011. 38(6): p. 873-900.
122


http://ccl.northwestern.edu/netlogo/

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Stark, Z. and R. Savarirayan, Osteopetrosis. Orphanet J Rare Dis, 2009. 4: p. 5.

El-Kishawi, A.M. and A.M. El-Nahas, Renal osteodystrophy: review of the disease and
its treatment. Saudi J Kidney Dis Transpl, 2006. 17(3): p. 373-82.

Hwang, H.J., et al., Differences in Bone Mineral Density between the Right and Left Hips
in Postmenopausal Women. Journal of Korean Medical Science, 2012. 27(6): p. 686-690.

Humadi, A., R.H. Alhadithi, and S.1. Alkudiari, Validity of the DEXA diagnosis of
involutional osteoporosis in patients with femoral neck fractures. Indian Journal of
Orthopaedics, 2010. 44(1): p. 73-78.

Lorente-Ramos, R., et al., Dual-energy x-ray absorptiometry in the diagnosis of
osteoporosis: a practical guide. AJR Am J Roentgenol, 2011. 196(4): p. 897-904.

Kanis, J.A., et al., Assessment of fracture risk. Osteoporos Int, 2005. 16.

Kannus, P., et al., Epidemiology of hip fractures. Bone, 1996. 18.

Johnell, O. and J. Kanis, Epidemiology of osteoporotic fractures. Osteoporos Int, 2005.
16.

Herrera, A., et al., Epidemiology of osteoporotic hip fractures in Spain. Int Orthop, 2006.
30.

Tellache, M., et al., Femoral neck fracture prediction by anisotropic yield criteria. Eur J
Comp Mech, 20009. 18.

Manolagas, S.C., Birth and death of bone cells: basic regulatory mechanisms and
implications for the pathogenesis and treatment of osteoporosis. Endocr Rev, 2000.
21(2): p. 115-37.

Yajima, A, et al., Increased osteocyte death and mineralization inside bone after
parathyroidectomy in patients with secondary hyperparathyroidism. J Bone Miner Res,
2010. 25(11): p. 2374-81.

123



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Ardawi, M.-S.M., et al., Determinants of serum sclerostin in healthy pre- and
postmenopausal women. Journal of Bone and Mineral Research, 2011. 26(12): p. 2812-
2822.

Palomo, T., F.H. Glorieux, and F. Rauch, Circulating sclerostin in children and young
adults with heritable bone disorders. J Clin Endocrinol Metab, 2014. 99(5): p. E920-5.

Ardawi, M.-S.M., et al., High serum sclerostin predicts the occurrence of osteoporotic
fractures in postmenopausal women: The center of excellence for osteoporosis research
study. Journal of Bone and Mineral Research, 2012. 27(12): p. 2592-2602.

Storck, S. Estradiol blood test. 2013; Available from:
http://www.nlm.nih.gov/medlineplus/ency/article/003711.htm.

Ettinger, B., et al., Associations between Low Levels of Serum Estradiol, Bone Density,
and Fractures among Elderly Women: The Study of Osteoporotic Fractures. The Journal
of Clinical Endocrinology & Metabolism, 1998. 83(7): p. 2239-2243,

Aging, N.l.o. menopause. 2013; Available from:
https://www.nia.nih.gov/health/publication/menopause.

Gomez-Cabello, A, et al., Effects of training on bone mass in older adults: a systematic
review. Sports Med, 2012. 42(4): p. 301-25.

Salamat, M.R., et al., Relationship between Weight, Body Mass Index, and Bone Mineral
Density in Men Referred for Dual-Energy X-Ray Absorptiometry Scan in Isfahan, Iran.
Journal of Osteoporosis, 2013. 2013: p. 205963.

van der Voort, D.J., P.P. Geusens, and G.J. Dinant, Risk factors for osteoporosis related
to their outcome: fractures. Osteoporos Int, 2001. 12(8): p. 630-8.

Igbal, S.1., et al., The Outcome of Bone Mineral Density Measurements on Patients
Referred From General Practice. Journal of Clinical Densitometry. 8(2): p. 178-182.

Sarahrudi, K., et al., Elevated levels of macrophage colony-stimulating factor in human
fracture healing. J Orthop Res, 2010. 28(5): p. 671-6.

124


http://www.nlm.nih.gov/medlineplus/ency/article/003711.htm
https://www.nia.nih.gov/health/publication/menopause

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

Sanda, M.G,, et al., Intravenous administration of recombinant human macrophage
colony-stimulating factor to patients with metastatic cancer: a phase | study. J Clin
Oncol, 1992. 10(10): p. 1643-9.

Tarrant, J.M., Blood cytokines as biomarkers of in vivo toxicity in preclinical safety
assessment: considerations for their use. Toxicol Sci, 2010. 117(1): p. 4-16.

Yang, S., et al., Functions of the M-CSF receptor on osteoclasts. Bone, 1996. 18(4): p.
355-60.

Robert I. Handin, S.E.L., Thomas P. Stossel, Blood: Principles and Practice of
Hematology. Vol. Volume 1. 2003: Lippincott Williams & Wilkins. 2304

Lapauw, B., et al., Serum sclerostin levels in men with idiopathic osteoporosis. European
Journal of Endocrinology, 2013. 168(4): p. 615-620.

Maodder, U.1., et al., Relation of Age, Gender, and Bone Mass to Circulating Sclerostin
Levels in Women and Men. Journal of Bone and Mineral Research, 2011. 26(2): p. 373-
379.

laboratories., M.m. Testosterone, Total, Bioavailable, and Free, Serum. 2015; Available
from: http://www.mayomedicallaboratories.com/test-
catalog/Clinical+and+Interpretive/83686.

laboratories., M.m. Estrogens, Estrone (E1) and Estradiol (E2), Fractionated, Serum.
2015; Available from: http://www.mayomedicallaboratories.com/test-
catalog/Clinical+and+Interpretive/84230.

Ginsburg, E.S., et al., Half-life of estradiol in postmenopausal women. Gynecol Obstet
Invest, 1998. 45(1): p. 45-8.

Mellstrom, D., et al., Older men with low serum estradiol and high serum SHBG have an
increased risk of fractures. J Bone Miner Res, 2008. 23(10): p. 1552-60.

Falahati-Nini, A., et al., Relative contributions of testosterone and estrogen in regulating
bone resorption and formation in normal elderly men. Journal of Clinical Investigation,
2000. 106(12): p. 1553-1560.

125


http://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/83686
http://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/83686
http://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/84230
http://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/84230

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Rothem, D.E., et al., Nicotine modulates bone metabolism-associated gene expression in
osteoblast cells. Journal of Bone and Mineral Metabolism, 2009. 27(5): p. 555-561.

Lappin, D.F., et al., Effect of smoking on serum RANKL and OPG in sex, age and
clinically matched supportive-therapy periodontitis patients. J Clin Periodontol, 2007.
34(4): p. 271-7.

Morozumi, T., et al., Smoking cessation increases gingival blood flow and gingival
crevicular fluid. J Clin Periodontol, 2004. 31.

Gerdhem, P. and K.J. Obrant, Effects of Cigarette-Smoking on Bone Mass as Assessed by
Dual-Energy X-ray Absorptiometry and Ultrasound. Osteoporosis International, 2002.
13(12): p. 932-936.

Berry, S.D., et al., Repeat Bone Mineral Density Screening and Prediction of Hip and
Major Osteoporotic Fracture. JAMA : the journal of the American Medical Association,
2013. 310(12): p. 1256-1262.

Thorne, B.C., A.M. Bailey, and S.M. Peirce, Combining experiments with multi-cell
agent-based modeling to study biological tissue patterning. Briefings in Bioinformatics,
2007. 8(4): p. 245-257.

Merelli, E., et al., Agents in bioinformatics, computational and systems biology. Briefings
in bioinformatics, 2007. 8(1): p. 45-59.

Gough, J.E., J.R. Jones, and L.L. Hench, Nodule formation and mineralisation of human
primary osteoblasts cultured on a porous bioactive glass scaffold. Biomaterials, 2004.
25(11): p. 2039-2046.

Murphy, C.M., et al., Cell-scaffold interactions in the bone tissue engineering triad.
2013.

Samavedi, S., A.R. Whittington, and A.S. Goldstein, Calcium phosphate ceramics in
bone tissue engineering: a review of properties and their influence on cell behavior. Acta
biomaterialia, 2013. 9(9): p. 8037-8045.

126



224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

Sidney, L.E., G.R. Kirkham, and L.D. Buttery, Comparison of osteogenic differentiation
of embryonic stem cells and primary osteoblasts revealed by responses to IL-15, TNF-a,
and IFN-y. Stem cells and development, 2013. 23(6): p. 605-617.

Schutte, L.J., An Agent-based Model for Evaluating Cellular Mechanisms of Bone
Remodeling. 2012.

Kim, T., et al. Mathematical network model for bone mineral density (BMD) and bone
quality assessment. in Proceedings of the 2nd ACM Conference on Bioinformatics,
Computational Biology and Biomedicine. 2011. ACM.

Lio, P., et al., Modelling osteomyelitis. BMC Bioinformatics, 2012. 13(14): p. S12.

Pang, H., et al., Computational modeling of bone density profiles in response to gait: a
subject-specific approach. Biomechanics and Modeling in Mechanobiology, 2012. 11(3):
p. 379-390.

Kimel-Naor, S., S. Abboud, and M. Arad, Parametric electrical impedance tomography
for measuring bone mineral density in the pelvis using a computational model. Medical
Engineering & Physics, 2016. 38(8): p. 701-707.

Nicolella, D.P. and T.L. Bredbenner, Development of a parametric finite element model
of the proximal femur using statistical shape and density modelling. Comput Methods
Biomech Biomed Engin, 2012. 15(2): p. 101-10.

Zaki, R., et al., A Systematic Review of Statistical Methods Used to Test for Reliability of
Medical Instruments Measuring Continuous Variables. Iranian Journal of Basic Medical
Sciences, 2013. 16(6): p. 803-807.

Koo, T.K. and M.Y. Li, A Guideline of Selecting and Reporting Intraclass Correlation
Coefficients for Reliability Research. J Chiropr Med, 2016. 15(2): p. 155-63.

Hopkins, W.G., Measures of reliability in sports medicine and science. Sports Med,
2000. 30(1): p. 1-15.

Lohman, M., et al., Reproducibility of dual-energy x-ray absorptiometry total and
regional body composition measurements using different scanning positions and
definitions of regions. Metabolism, 2009. 58(11): p. 1663-1668.

127



235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

246.

Glickman, S.G., et al., Validity and reliability of dual-energy X-ray absorptiometry for
the assessment of abdominal adiposity. J Appl Physiol (1985), 2004. 97(2): p. 509-14.

El Maghraoui, A., et al., Reproducibility of bone mineral density measurements using
dual X-ray absorptiometry in daily clinical practice. Osteoporosis International, 2005.
16(12): p. 1742-1748.

Gourlay, M.L., et al., Bone-Density Testing Interval and Transition to Osteoporosis in
Older Women. New England Journal of Medicine, 2012. 366(3): p. 225-233.

Davis, F.D. and V. Venkatesh, Toward preprototype user acceptance testing of new
information systems: implications for software project management. IEEE Transactions
on Engineering Management, 2004. 51(1): p. 31-46.

Davis, F.D., User acceptance of information technology: system characteristics, user
perceptions and behavioral impacts. International Journal of Man-Machine Studies,
1993. 38(3): p. 475-487.

Zarmpou, T., et al., Modeling users’ acceptance of mobile services. Electronic Commerce
Research, 2012. 12(2): p. 225-248.

Brooke, J., SUS-A quick and dirty usability scale. Usability evaluation in industry, 1996.
189(194): p. 4-7.

System Usability Scale (SUS). [cited 2018; Available from:
https://www.usability.gov/how-to-and-tools/methods/system-usability-scale.html.

Bangor, A., P. Kortum, and J. Miller, Determining what individual SUS scores mean:
adding an adjective rating scale. J. Usability Studies, 2009. 4(3): p. 114-123.

Nielsen, J. Why You Only Need to Test with 5 Users. 2000.

Lewis, J.R., Sample sizes for usability tests: mostly math, not magic. interactions, 2006.
13(6): p. 29-33.

Turner C, L.J., Nielsen J., Determining usability test sample size., in International
encyclopedia of ergonomics and human factors., B. Raton, Editor. 2006, CRC Press: FL.

128


https://www.usability.gov/how-to-and-tools/methods/system-usability-scale.html

247.

248.

249.

250.

251.

252.

253.

254,

255.

256.

257.

Black, D.M., et al., Randomised trial of effect of alendronate on risk of fracture in women
with existing vertebral fractures. The Lancet, 1996. 348(9041): p. 1535-1541.

Reszka, A.A. and G.A. Rodan, Bisphosphonate mechanism of action. Current
Rheumatology Reports, 2003. 5(1): p. 65-74.

Porras, A.G., S.D. Holland, and B.J. Gertz, Pharmacokinetics of Alendronate. Clinical
Pharmacokinetics, 1999. 36(5): p. 315-328.

Tuccli, J.R., et al., Effect of three years of oral alendronate treatment in postmenopausal
women with osteoporosis. The American Journal of Medicine, 1996. 101(5): p. 488-501.

Keaveny, T.M., et al., Femoral Bone strength and its relation to cortical and trabecular
changes after treatment with PTH, Alendronate, and their combination as assessed by
finite element analysis of quantitative CT scans. J Bone Miner Res, 2008. 23.

Swezey, R.L., D. Draper, and A.M. Swezey, Bone densitometry: comparison of dual
energy x-ray absorptiometry to radiographic absorptiometry. J Rheumatol, 1996. 23(10):
p. 1734-8.

Gur, A., etal., The role of trace minerals in the pathogenesis of postmenopausal
osteoporosis and a new effect of calcitonin. Journal of Bone and Mineral Metabolism,
2002. 20(1): p. 39-43.

Austin, L.A. and H. Heath, 3rd, Calcitonin: physiology and pathophysiology. N Engl J
Med, 1981. 304(5): p. 269-78.

Diseases, W.H.O.C.C.f.M.B., FRAX Release Notes, WHO, Editor. 2016.

Liao, E.Y., et al., Age-related bone mineral density, accumulated bone loss rate and
prevalence of osteoporosis at multiple skeletal sites in chinese women. Osteoporos Int,
2002. 13(8): p. 669-76.

EL-DESOUKI, #160, and M. 1., Osteoporosis in postmenopausal Saudi women using
dual X-ray bone densitometry. Vol. 20. 1999, Riyadh, ARABIE SAOUDITE: Saudi
Medical Journal.

129



258. National Osteoporosis Foundation Guide, C. Making a Diagnosis. [cited 2016
04.12.2016]; Available from: http://nof.org/articles/8.

259. Burns, E.R., J.A. Stevens, and R. Lee, The direct costs of fatal and non-fatal falls among
older adults - United States. J Safety Res, 2016. 58: p. 99-103.

130


http://nof.org/articles/8

	TITLE PAGE
	COMMITTEE MEMBERSHIP PAGE
	ABSTRACT
	TABLE OF CONTENTS
	List of tables
	List of figures
	1.0 Introduction
	1.1   research aims
	1.2 research SIGNIFICANCE

	2.0  LITERATURE REVIEW
	2.1 Literature Search Process
	2.1.1 General Information About Osteoporosis Epidemiology & Histopathology
	2.1.2 Information About the Use of Modeling for Medical Purposes in General And Osteoporosis Specifically

	2.2 Bone Histology and Physiology
	2.2.1   General Information About the Bone
	2.2.2 Bone Histology
	2.1.1.1 Bone various histological structures:  Cortical bone forms 80% of the total bone structure. Dense and stable in composition, the cortical bone basic building unit – or osteon – is called the Haversian system. Haversian systems are cylindricall...
	2.1.1.2 The Bone Matrix:  Type I collagen is the core organic component of the bone matrix by constituting 90% of the organic composition.  Collagen fibers are organized either in parallel fashion in trabecular lamellae or concentric manner encircling...
	2.1.1.3 Basic Multicellular Unit BMU:  BMU is the structural and functional unit in the bone in charge of bone formation and resorption. It is comprised of osteocytes, osteoblasts, and osteoclasts [22, 28, 44, 45, 51, 54, 57, 58]. It was estimated tha...
	2.1.1.4 Osteocytes:  They are basically osteoblasts that are entrapped within the osteoid. Osteocytes compose 90% of the cellular matrix but have a limited role in matrix production. Osteocytes have an essential role in bone homeostasis, through adapt...
	2.1.1.5 Osteoblasts:   Osteoblasts are the primary building units of the bone, producing most of the bone matrix components. Osteoblasts are organized in clusters along the lining of the layer of bone matrix which they create [52, 54]. Osteoblasts sec...
	2.1.1.6 Osteoclasts:  Osteoclasts are multinucleated giant cells; their diameter can reach up to 100 mm. Osteoclasts are the main cells responsible for bone resorption [52, 54].   Osteoclasts attach to the bone surface by small active binding structur...

	2.2.3 Bone Physiology
	2.1.1.7 Bone remodeling:  Bone remodeling is an ongoing physiological process. Damaged or old bone is continuously replaced by a newly built healthy bone [51, 52]. Between 5 and 10% of the human skeleton is replaced per year [66].


	2.3 Osteoporosis
	2.3.1 Information About The Disease
	2.3.2 Osteoporosis Disease Mechanism

	2.4 FACTORS INVOLVED IN OSTEOPOROSIS DEVELOPMENT
	2.4.1 Hormones
	2.4.2 Chemical Agents Within The BMU
	2.4.2.1 RANK, RANK-L, and OPG: Receptor activator of nuclear factor-ҡ B ligand (RANK-L) is a cytokine produced by the osteoblasts. RANK-L binds to its receptor activator of nuclear factor-kB (RANK) present on the surface of osteoclasts causing osteocl...
	2.4.2.2 M-CSF   :Macrophage colony-stimulating factor or (M-CSF) which is produced by Osteoblasts binds to a surface receptor present on the osteoclasts precursors promoting the maturation of osteoclasts and increasing their numbers [19, 21, 44, 52, 5...
	2.4.2.3 Acid phosphatase and Cathepsin-K: Activated osteoclasts release Acid phosphatase and Cathepsin-K breaking down the bone’s hydroxyapatite crystals and collagen fibrils and resulting in bone resorption [23, 25, 26, 28, 44, 52, 56, 57, 68, 72, 77...
	2.4.3 Cellular Factors of the BMU
	2.4.3.1 Osteocytes: Osteocytes are critical in regulating the process of bone resorption and formation by producing mediators that control the activity of osteoclasts and osteoblasts [21, 25, 54-56]. Osteocytes were found to produce interferon-β that ...
	2.4.3.2 Osteoblasts: Osteoblasts are the primary cells responsible for bone formation as they build the bone matrix by producing collagen, the main protein that composes most of the organic matrix. Reduction of osteoblasts activity is directly linked ...
	2.4.3.3 Osteoclasts : Bone resorption is carried out by osteoclasts, in osteoporosis, the number of osteoclasts is increased and are found to be more active [19, 21, 23, 51, 55, 69].Osteoclasts secrete H+ ions that acidify the resorption compartment c...
	2.4.4 Age and Gender
	2.4.5 Vitamin D
	2.4.6 Body Mass Index
	2.4.7 Serum Biomarkers

	2.5 Diagnosing Osteoporosis
	2.5.1 Clinical Assessment
	2.5.2 Laboratory Tests
	2.5.3 Bone Density Tests
	2.5.4 The DXA Scan

	2.5.5 Online and Computer-Based Tools
	2.6 Osteoporosis Treatment
	2.6.1 Treatment Options
	2.6.2 Lifestyle Adjustment and Supplements
	2.6.3 Current Medications Used
	2.6.4 New Treatments Under Evaluation

	2.7 COMPUTATIONAL MODELING APPLICATIONS IN BONE HEALTH RESEARCH
	2.7.1 Predictive Computational Modeling In Different Professions
	2.7.2 Computational Modeling for Studying Bone Health
	2.7.3 Mathematical Models
	2.7.4 Examples of Mathematical Models
	2.7.5 Statistical Models
	2.7.5.1 Statistical models’ examples: group of researchers created a model that compares and fits the bone surface landmarks information from the patterns of data to QCT images obtained for the subject. The model then generates a 3-D picture of that a...

	2.7.6 Agent-Based Modeling
	2.7.7 ABM For Bone Research

	2.8 GAPS IN KNOWLEDGE

	3.0   Aim one building AN AGENT-based model to simulate osteoporosis
	3.1 INTRODUCTION
	3.2 THE MODEL'S DESIGN
	3.3 DESIGN JUSTIFICATION
	3.4 MODEL’S DESIGN
	3.4.1 Software
	3.4.2 Basic Concepts of The Model’s Design
	3.4.3 Agents Involved in The Simulation
	3.4.4 Parameters Values and Agents’ Rules of Interaction.
	3.4.5 The Bone Mineral Density (BMD)
	3.4.6 Agents in The Model
	3.4.6.1 Osteoblasts: Osteoblasts in the model are in the active mature form. A fixed number of osteoblasts is set at the beginning of the simulation, however; the number of osteoblasts may increase or decrease according to the outcome of the reaction ...
	3.4.6.2 Osteoclasts: Osteoclasts average lifespan is 14 days after which it expires [46, 190]. Osteoclasts in the model are in the mature active form. Each osteoclast reduces bone density by 2.5% per day [37]. A fixed number of osteoclasts is set at t...
	3.4.6.3 Osteocytes : Osteocytes lifespan reaches 25 years [63].  The number of osteocytes in a BMU is 369.9 ±101.0; therefore, we will consider each BMU to have 400 osteocytes [191]. More Osteocytes in our model do not signify stronger bone; it is, ho...
	3.4.6.4 Sclerostin : Osteocytes produce Sclerostin, which inhibits osteoblasts bone formation activity [21, 54]. The baseline value for Sclerostin serum level that we use in our study is 30 pmol/L [192]. Because Sclerostin serum level increases with a...
	3.4.6.5  Estrogen Premenopausal serum level 30 to 400 pg/mL [195]. Postmenopausal women with serum level under 5 pg/mL have twice the fracture risk of cases with serum level of 5-25 pg/mL [196]. Although the age at which menopause occurs is highly var...
	3.4.6.6 Smoking: Smoking reduces the level of estrogen in the blood and diminishes the protective effect that estrogen provides for the bone. Smoking also nullifies the therapeutic effects of hormonal replacement therapy [27, 105]. Non-smokers, when c...
	3.4.6.7 Age and gender : Bone mass density decreased among patients aged 20 to 90 was greater in females than in males, as it was measured to be 39–55% for females and 34–46% for males [91]. In our model, we assume that the bone density decreases by 0...
	3.4.6.8 Physical activity: Mechanical loading and physical activity have various positive effects on bone health, depending on the type of activity, gender, and age [54, 72, 119, 198].
	3.4.6.9 Body mass index: Studies showed that underweight individuals have a greater risk of lower BMD and osteoporosis [96, 199, 200]. Each increase in BMI by one unit reduced the chance of BMD loss by 12% [92]. In Men, a BMI of  > 25 is associated wi...

	3.4.7 Table of parameters of agents and external factors
	3.4.8 Models Calibration and Values Adjustment
	3.4.9 The User’s Interface
	3.4.9.1 The User’s screen Figure 4 above shows a screenshot of the model as it appears in windows-10. Section one includes a slider that controls the speed of the simulation process.


	3.5 MODEL’S VALIDATION PROCESS
	3.5.1 Similar Models And Their Validation Methods.

	3.6 DATA ACQUISITION AND ANALYSIS
	3.6.1 Data Acquisition Process
	3.6.2 Data Description

	3.7 DATA ANALYSIS AND RESULTS
	3.8   DISCUSSION
	3.8 TESTING THE MODEL’S ROBUSTNESS AND STABILITY
	3.8.1 Reliability Tests
	3.8.1.1 Test-Retest reliability test : In this step, we had the model run simulations for ten virtual subjects. For each subject, we had the model run twice (Test/Retest) for a total of 20 simulations each for the duration of one month (30 ticks).  Af...

	3.8.2 Sensitivity, Specificity, And Accuracy Testing
	3.8.3 Discussion of The Results

	3.9 HYPOTHESIS TESTED IN THE FIRST STEP
	3.9.1 Simulations and Virtual Subjects
	3.9.2 Data Analysis
	3.9.3 Results
	3.9.4 Discussion
	3.9.5 Testing the Model’s Usability
	3.9.5.1 The Survey Design and Distribution : We used a survey which is called system usability scale or SUS [241]. We used this survey because it is a validated tool and does not involve many questions which makes it easier for the participants to com...
	3.9.5.2 Statistical Analysis and Results: During the 30 days that the survey was available online, and after contacting the clinicians several times through email, the number of respondents reached eight. We consider this number sufficient because the...
	3.9.5.3 Discussion: The results of the survey scores demonstrate average-level usability of the model among the participants of this sample. Also, the correlation test shows that there is no relationship between the participant's experience and betwee...

	3.9.6 Conclusion Of The First Aim.


	4.0   aim two Introducing therapeutic agent into the model
	4.1 INTRODUCTION
	4.2 SELECTING THE THERAPEUTIC AGENT
	4.3 METHODOLOGY
	4.3.1 Alendronate’s Mechanism of Action and The Model’s Modifications
	4.3.2 Data Acquisition Process & Data Description
	4.3.3 Statistical Analysis and Results
	4.3.4 Results Discussion

	4.4 SENSITIVITY, SPECIFICITY, AND ACCURACY TESTING
	4.4.1 Sensitivity, Specificity Tests and Results
	4.4.2 Accuracy Tests and Results
	4.4.3 Discussion Of Results

	4.5 CONCLUSION

	5.0   Aim Three: testing  THE MODEL'S ABILITY to predict the bone denSIty as a diagnostic tool
	5.1 INTRODUCTION
	5.2 METHODOLOGY
	5.2.1 Selection of Cases
	5.2.2 Sample Description
	5.2.3 Simulations and Data Analysis
	5.2.4   Statistical Analysis and Results
	5.2.5    Discussion of The Results

	5.3 CONCLUSION OF THE THIRD AIM
	5.4 POSSIBLE APPLICATIONS FOR PUBLIC HEALTH
	5.5 IMPACT ON THE E.H.R AND CLINICAL DOCUMENTATION
	5.6 RESEARCH LIMITATIONS
	5.7 FUTURE DIRECTIONS

	Bibliography



