Testing and Modeling Mechanical Properties of Ex Vivo Trabecular
Bone

by
Luisa A. Meyer

A dissertation submitted in partial fulfillment of

the requirements for the degree of

Doctor of Philosophy

(Mechanical Engineering)

at the
UNIVERSITY OF WISCONSIN — MADISON
2016

Date of final oral examination: 05/02/2016

This dissertation is approved by the following members of the Final Oral Committee:
Heidi-Lynn Ploeg, Associate Professor, Department of Mechanical Engineering
Melih Eriten, Assistant Professor, Department of Mechanical Engineering
Karen E. Hansen, Associate Professor, School of Medicine and Public Health
Tim Osswald, Professor, Department of Mechanical Engineering
Krishnan Suresh, Associate Professor, Department of Mechanical Engineering

www.manaraa.com



ProQuest Number: 10110975

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQQuest.
/ \

ProQuest 10110975
Published by ProQuest LLC (2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346

www.manaraa.com



Abstract

An osteoporotic fracture occurs approximately every three seconds. Worldwide, this
sums to nearly 9 million annual fractures caused by osteoporosis—a systemic, degenerative
skeletal disorder that is characterized by low bone mass and increased bone tissue fragility.
Although the individual and economic burden of osteoporosis nearly outweighs that of most
cancers and many chronic illnesses, the existing methods for treatment are insufficient and
many who are at risk remain undiagnosed. To develop improved osteoporosis treatments,
prevent osteoporotic fractures, and promote bone health throughout the aging process, it is
imperative to understand bone biomechanical behavior and the factors contributing to bone
mechanotransduction and adaptation. Consequently, the first objective for the presented
research was to characterize the effects and interactions of mechanical stimulus and
biochemical signaling activity on the modeling and remodeling response of bovine and human
trabecular bone through the use of ex vivo organ culture. The second objective for the research
was to simulate the mechanical behavior and dynamic remodeling response of bone tissue
through the use of finite element analyses and analytical cell population models. Collectively,
the presented research illustrated that bone modeling and remodeling can be affected by the
amount and type of applied mechanical stimulus and biochemical exposure. In addition, the
research showed that, despite current limitations, simulation and prediction of bone response to

applied stimulus is feasible with additional development of existing models.
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Chapter 1

1. Introduction
1.1 Background

In the United States, more than 50% of all reported injuries are musculoskeletal [1]. It is
estimated that an osteoporotic fracture occurs every 3 seconds which adds to 8.9 million fractures
annually worldwide [2]. Osteoporosis is a debilitating health condition in which bone mineral density
decreases. Reduction in the bone mineral density leads to deterioration of bone's microstructure which in
turn leads to the decline in skeletal resilience and increased likelihood of bone fracture [3]. Currently,
about 55% of adults over the age of 50 years are affected with osteoporosis [4]. Of the aforementioned
55%, about 50% of the women and 25% of the men will experience some bone fracture in their remaining
lifetime [4]. Individuals who suffer bone fracture as a result of osteoporosis during old age are have a
much higher risk of premature mortality and a three to four fold higher risk for subsequent fractures [5,6].
Osteoporosis related fractures accounted for about $19 billion in medical expenditures in 2005 and is
predicted to escalate to $25 billion by the year 2025 [6]. Although osteoporosis treatments exist, there is
no known cure or infallible prevention scheme.

Understanding bone biomechanical behavior is imperative for developing methods for promoting
bone health throughout the aging process, and thus averting fractures and improving treatment options.
Many researchers have recognized the disparity in knowledge regarding bone mechanics and have thus
put forth effort to characterize the material and mechanical properties of bone. Although many studies
have been conducted that investigate relevant parameters related to material and mechanical properties,
much is still unknown. One potential limitation is the lack of research funding. At present, less than 2% of
the National Institute of Health budget is dedicated to musculoskeletal research despite the expected

increases in musculoskeletal conditions over the next two decades [1].
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The prediction of trabecular bone's biomechanical (biological and mechanical) behavior has long

eluded researchers and orthopaedic specialists in part due to bone's non-homogeneity and its anisotropic,
nonlinear biomechanical behavior [8]. Although many studies have been dedicated to studying this
complex biological material, few have examined the biomechanical properties of live bone at the tissue
level. Understanding mechanics and modeling/remodeling mechanisms of live bone at the tissue level
would greatly aid in developing methods for preventing and treating bone diseases. Finite Element
Analysis (FEA) used in conjunction with live bone tissue experimentation would yield both
morphological and material property information about bone on the micro and macro level, in addition
gaining information about remodeling in response to various stimuli. Knowledge of the modeling and
remodeling mechanisms, specifically understanding how to predict modeling and remodeling, would
contribute greatly to the development of improved osteopenia and osteoporosis treatments and provide
insight on prevention strategies. In addition, bone response predictive abilities would aid in the design of

patient specific implants, and improved surgical success.
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Chapter 2

2. Summary of Research
2.1 Motivation and Goals

The goal of this research is to improve understanding of the underlying mechanics and mechanisms of
bone turnover in order to inform methods for predicting the time-dependent macro and micro level
remodeling response of human trabecular bone tissue mechanical and biochemical stimuli. Specifically,
the project aim is to observe how human bone tissue responds to mechanical and biochemical stimuli and
guantify this response by documenting its changes in mechanical, biochemical, and morphological
properties ex vivo. Upon completion of the ex vivo studies, FEA and analytical modeling of the bone can

be compared to the results from the ex vivo study.

2.2 Objectives and Specific Aims

The overall objectives for this research are to:

1. Assess and characterize bone tissue adaptation through the use of a controlled ex vivo
testing environment

2. Model bone structural, material, and biochemical properties of the bulk tissue and of its
constituents to determine multi-scale tissue contributions to bulk tissue mechanical

properties and predict bone tissue response and adaptation to applied stimulus.
The specific aims designed to address Objective 1 are as follows:

1.1: Measure and characterize the mechanical properties and the change in mechanical
properties of ex vivo trabecular bone tissue in response to mechanical and biochemical

stimuli.
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1.2: Measure and characterize the biochemical response of ex vivo trabecular bone tissue to

mechanical and biochemical stimuli.

1.3: Assess the morphological properties of ex vivo trabecular bone tissue.

The specific aims designed to address Objective 2 are as follows:

2.1: Determine local stresses and strains of human trabecular bone tissue resulting from
applied mechanical load using a finite element (FE) model that reflects the structural

and mechanical properties of human trabecular bone measured ex vivo.

2.2: Simulate ex vivo bone tissue adaptation to mechanical and biochemical stimulus by
developing an algorithm that models biochemical and cellular changes of human

trabecular bone tissue.

2.3 Document Structure

This document includes 11 chapters and an appendix. Chapter One presents the motivation for the
research in trabecular bone mechanics. Chapter Two outlines the objectives for this particular research in
understanding trabecular bone mechanics. Chapter Three provides a literature review of existing
knowledge of bone composition and behavior and serves as a concise introduction to the field of bone
tissue research. The chapter also includes brief summaries of various methods that can be used to assess
trabecular bone tissue structure, mechanics, and behavior.

Chapter Four describes the use of a bone loading and bioreactor system to observe the ex vivo
response of bovine trabecular tissue to mechanical loading and pharmacological introduction of
biochemical factors. Portions of this work were presented at the 2012 and 2013 American Society for
Bone and Mineral Research annual meetings and the World Congress of Biomechanics in 2014. The full

study was published in Bone in February of 2016 [9].
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Chapter Five describes the use of a bone loading and bioreactor system to observe the ex vivo
response of human trabecular bone tissue to mechanical loading and pharmacological inhibition of
biochemical factors. A portion of this work was presented at the American Society for Bone and Mineral
Research annual meeting in October of 2015 and at the Orthopedic Research Society annual meeting in
March of 2016.

Chapter Six describes an analysis of the morphological properties of human trabecular bone
tissue. Specifically, the research aims to elucidate the relationship between trabecular bone mechanical
properties and bone trabecular structure and biochemistry. A portion of this work will be presented at the
European Society of Biomechanics annual meeting in July of 2016.

Chapter Seven details the use of finite element methods to assess the macro-, micro-, and nano-
level mechanical properties of injection molded bioceramic scaffolds sintered at multiple temperatures.
The purpose of this project was to determine if the results of experimental testing could be reproduced
using finite element analyses. A portion of this work was presented at the 2015 annual meeting for
Computer Methods in Biomechanics and Biomedical Engineering.

Chapter Eight presents the use of finite element methods to model human trabecular tissue. The
developed model is compared to results from the ex vivo study outlined in Chapter Five. The purpose of
this project is to set the ground work for future development of micro-level finite element analyses that
investigate trabecular strain in order to predict areas of bone remodeling.

Chapter Nine presents an algorithm developed for the purpose of simulating human bone
modeling and remodeling. This work incorporates an empirical approach to bone cellular activity and
biochemistry to predict human bone turnover in response to a mechanical stimulus. A portion of this work
was presented at the annual conference for Computer Methods in Biomechanics and Biomedical
Engineering in 2015.

Chapter Ten describes the adaptation of viscoelastic models to mathematically approximate the

mechanical behavior of human trabecular bone tissue. This developed model is compared to the results
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from the ex vivo study presented in Chapter Five. The purpose of this project is to supplement the
development of a predictive model for simulating human bone tissue.

Finally, Chapter Eleven outlines the overall conclusions from the research projects presented in

the preceding chapters and offers perspective on areas where future research can and should be

conducted.
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Chapter 3

3. Literature Review
3.1 Bone Composition and Structure

The function of bone includes mechanical support of the biological system, protection of the vital
organs, facilitation of movement, mineral storage, calcium homeostasis, and blood cell formation. There
are two types of bone—cortical (also called compact) and trabecular (also called cancellous) bone which
are distinguished by their location in the skeletal system, and by material and mechanical properties [10].
Cortical bone forms the outer layer of all boney structures [10]. Trabecular bone, which accounts for
approximately 80% of bone surface area in the human body but only about 20% of total bone mass,
generally fills the interior of a boney structure and tends to be concentrated in areas frequently subjected
to compressive forces [11,12]. The structure of bone is shown in Figure 3.1. Trabecular bone has high
porosity, ranging anywhere from 75-95% [12]. Cortical bone has little porosity, ranging from 5-10% [12].
Each has a matrix of both a mineral and an organic phase. The mineral phase is composed of
hydroxyapatite, calcium, and small amounts of sodium, magnesium, and fluoride [13]. The organic matrix

contains type | collagen, non-collagenous proteins, proteoglycans, and numerous growth factors [14].
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Figure 3.1 - Structure and location of trabecular and cortical bone[15]

There are four bone cell types: osteoclasts, osteoblasts, lining cells and osteocytes [16].
Osteoclasts are multinucleated bone-resorption cells. Osteoclasts resorb existing bone, leaving resorption
cavities where bone had previously resided [16]. Osteoblasts are bone-forming cells. These develop from
mesenchymal stem cells that transform into osteoblasts. Bone-lining cells are quiescent osteoblast cells.
Osteoblasts line the resorption cavities and produce osteoid (collagenous matrix) in the wake of the
osteoclasts' resorption [16]. Deactivated osteoblasts become osteocytes which make up 95% of all bone
cells. [16]. Bone cells communicate with via gap junctions which allow them to respond and adapt to

biochemical and mechanical stimuli [17].
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3.2 Bone Mechanical and Material Properties

Bone forms the vertebrate skeleton and provides structural support for gravitational resistance and
ambulatory endeavors. For bipedal mammals, such as humans, compressive loads are experienced in the
lower limbs during walking, running and jumping. These physiological loads typically occur at a
frequency of 2-5 Hz, at a magnitude of two to ten times body weight which corresponds to peak bone
strain that ranges from -1,000 to -5,000 pe [18-20]. In addition to compressive loading, long bones are
also subjected to bending due to skeletal architecture and moments produced during physical activities
[14,21]. Depending on whether bone is axial or appendicular, it can also be subjected to torsion or
combined modes of loading but is most resilient in compression and bending [22,23].

In addition to being a heterogeneous composite, like other biological connective tissue, bone is
also viscoelastic which implies its load response is both rate and temperature dependent [23].
Mechanostat Theory, developed by Frost, postulates that bone adaptation is related to the stimulus within
a certain range (Figure 3.2) [24-26]. Excessive or insufficient loading outside of this ideal range results in
either bone fracture (overuse) or resorption (disuse) [25]. The stimulus intensity is considered a function
of the magnitude of a load on the bone, the frequency of the load application, and the total number of

loading cycles [27,28].
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Figure 3.2 - Usage window of mechanical stimulation of bone according to Mechanostat Theory, where
MESr, MESm, and MESp correspond to the remodeling, modeling, and pathological mechanical thresholds.
Biochemical stimuli are required to initiate and perpetuate adaptation below the MESr threshold. Between
MESr and MESm, the dominant driving force is mechanical loading. Above the MESp threshold, irreversible
damage can occur from the mechanical force, whereas above the threshold, the mechanical loading is
reversible (adapted from [29]).

3.3 Bone Modeling and Remodeling

Bone optimizes its stiffness to reduce fracture risk while maintaining minimal bone mass through
modeling and remodeling [30,31]. Remodeling of bone is site specific and hypothesized to be locally
mediated [32]. Between 30-40% of bone remodeling is site-specific for replacing bone which has been
mechanically compromised due to microcracks from fatigue or impact [11]. Modeling forms bones
through activation of osteoblasts; whereas, remodeling activates osteoclasts and osteoblasts in a sequence
that reforms bone [33,34]. The remodeling process consists of six stages: activation, resorption, reversal,

formation, mineralization, and quiescence. Osteoclasts begin to form resorption cavities in the bone
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causing activated osteoblasts to follow in their wake, filling the cavities with osteoid and organic matrix
material (Figure 3.3) [33,35]. After roughly 30 days, mineralization begins to occur and calcium
phosphate and calcium carbonate in the form of hydroxyapatite and other minerals are deposited in the
osteoid. Finally, paracrine signaling molecules deactivate the osteoblasts which become osteocytes
embedded within the bone microstructure [35,36]. The whole process can take 100 to 400 days. The
remodeled bone section is maintained by the osteocytes and the lining cells return to a quiescent stage

until activated by another stimulus to start the remodeling process again.

Apoptosis \
% %Liﬂiug cells

1. Quiescence Osteocytes

Preosteoclasts Osteoblasts

2. Recruitment and
Differentiation

\ Osteoclasts

Apoptosis /
i Preosteoblasts

7

3. Bone resorption 4. Recruitment and
Differentiation

Figure 3.3 - Stages of bone remodeling, excluding mineralization[36]

3.4 Methods for Directly Evaluating Bone Mechanics

Mechanical and material properties of bone can be determined through experimentation with
destructive testing of cadaveric tissue or by testing bone in vitro, in vivo, and ex vivo. Cadaveric testing,
while generally the easiest to setup and conduct, is not appropriate for understanding the biomechanics of
living tissue [37]. In addition to the tissue lacking the active modeling/remodeling response, cadaveric
tissue can be more brittle compared to living tissue due to lower water content, depending on the tissue

preparation. More appropriately, testing can be done on living bone cells or living tissue. On the cellular
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level, in vitro, it is possible to examine bone’s response to load and biochemical stimuli; however, the
observed response is typically modeling and not remodeling. In addition, cultured bone cells are typically
not as differentiated as naturally occurring tissue so little to no information can be gathered regarding the
mechanical or material properties of the bone [18]. On the tissue level, it is possible to conduct testing in
vivo where the tissue remains in its original physiological environment. Methods can include strain gage
implantation or use of external fixators to determine bone displacement in response to load both quasi-
statically and dynamically [38-40]. Such methods are extremely invasive, typically only capable of
providing information about the bone surface, and are prone to placement error and interference from
nearby soft tissues [41-44]. Finally, it is possible to test tissue ex vivo—outside the body but in a
simulated physiological environment typically with bioreactor systems [45,46]. The use of bioreactors
further allows for parallel use of mechanical testing apparati. Specifically, use of a uniaxial compression
loading system in conjunction with bone tissue bioreactors allows for simultaneous application of
simulated physiological loads and treatment with biochemical factors [46-48]. Remodeling response can
then be tracked by monitoring biochemical, mechanical properties and morphological adaptations with

time [46-48].

3.5 Imaging Methods for Evaluating Bone

The most traditional methods for non-invasively assessing bone structure include x-rays, dual
photon energy x-ray absorptiometry (DXA), and computed tomography (CT) [49,50]. Typically, these
methods are used to measure bone mineral density (BMD) and infer bone mechanical integrity from those
measurements to diagnose or predict structural bone diseases and disorders, including osteoporosis and
osteopenia [50]. Though DXA is a low-dose (< 0.5 mSv) technique and scanners are readily available in
most clinics and used for many research applications, there are multiple issues associated with using DXA
scans alone to estimate bone mechanical properties [51]. The final output of a DXA scan is a one-

dimensional set of body composition values that have been converted from a projected two dimensional
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image of the scanned object. Scans from DXA screening are affected by multiple factors including
additional mineral content in the body resulting from various pathologies including kidney disease, aortic
calcification, and degenerative spinal changes [49,51]. Furthermore, depending on the patient population,
DXA results are interpreted differently due to known variances in fracture risk at higher BMD values
[52].

Use of CT scans to image bone allows for three-dimensional (3D) evaluation of the tissue [53—
57]. The data provided by CT scanning is a stack of high resolution image slices of the scanned object.
The density of the voxels (three dimensional pixels) in each slice can be correlated to the density of the
scanned tissue [56,57]. This is a distinct advantage over DXA scanning since it allows for enhanced
assessment of bone structure and its material properties. To generate CT images, a higher radiation dose is
required (~8 mSv for abdominal scans) and can potentially be more harmful to the scanned recipient [58].
Additionally, clinical CT cannot provide sufficiently high resolution to accommodate micro-level
evaluation of bone structure since voxel sizes are operating in the range of a few millimeters [54,57,59].

Peripheral quantitative CT (pQCT) scans are an alternative method for obtaining 3D images of
appendicular bone tissue. Resolutions of 17-800 um can be attained depending on the scanner and allow
for detailed images of bone microstructure [60]. Scanning with pQCT allows for lower radiation doses (1-
5 uSv), although higher resolutions require higher doses [58]. Use of micro-CT (uUCT) scans is also a
possible method for evaluating bone tissue in high resolution (4-100 pum) [60,61]. Although pCT
scanning can easily capture micro-level bone structures including trabecular dimensions and is well-suited
for ex vivo purposes, it has a few considerable limitations. Scanning on the micro-level is limiting due to
the amount of radiation necessary to achieve such high resolutions, the small bore size of available
scanners, and the necessary computing power to produce images of macro-scale skeletal portions

[54,57,58].
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3.6 Modeling Bone Structure and Mechanics
Finite element analysis (FEA) or the finite element method (FEM) is a computational tool for
determining approximate solutions to complex boundary value problems [62]. Applications for FEA are
varied including mechanical and thermal calculations for large structures, automotive design, and

biological systems.

In the late 1980s and early 1990s, orthopaedic surgeons equipped with improved medical imaging
technology—namely dual-energy x-ray absorptiometry (DEXA)—were finding that hip replacement
surgeries were failing or requiring revisions much earlier than anticipated due to bone resorption at the
implantation site [63,64]. To address this problem, van Rietbergen et al., investigated the comparative
mechanical properties of femoral bone tissue and manufactured total hip stems [65]. This assessment was
conducted by using CT scans of canine femurs to generate a finite element (FE) model with which to
simulate body forces on an implanted femoral head. The FEM was implemented in conjunction with a
strain based (assumed normal strain as only stimulus) remodeling algorithm based on Mechanostat theory
(shown in Figure 3.2). The study concluded that large differences between bone and implant stiffness
resulted in extreme bone resorption due to “stress shielding”, and suggested that more compliant implants
be used clinically [65]. Unfortunately, the study was limited by the remodeling algorithm which
considered strain as the sole remodeling stimulus, suboptimal mesh quality, and lack of microlevel bone

mechanics [65].

More than a decade later, researchers are still attempting to quantify bone mechanics and
characterize bone remodeling. VVarious methods have included imaging based methods which implement
DEXA, clinical CT, peripheral computed tomography (pQCT), and micro computed tomography (LCT)
to determine approximate bone stiffness. Clinical CT based FE methods are dependent on empirical

relationships between bone mineral density to mechanical properties. [66]. Others have developed
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methods for incorporating traditional FE meshing with voxel-based methods (Figure 3.4) to both

accommaodate minute changes in geometry in addition to reducing computational time [67]

A B

Figure 3.4 - A) Voxel-based of femoral head B) Mesh of femoral head using quadratic tetrahedral elements.
Figure adapted from Schmitt et al. [67]

Crawford et al. compared bone mineral density (as determined from DXA and QCT scans)
strength prediction methods and FEM strength prediction using voxel-based meshes [66]. The individual
compressive strengths of pQCT scanned vertebral samples were estimated using voxel-based FEM and
densitometric data from the scans. To validate the computational results, the vertebrae were tested until
failure in compression. It was determined that the voxel-based FE model provided superior estimates of
each specimen’s compressive strength compared to estimates based on bone density alone [66]. Similarly,
in 2008, van Rietbergen et al. found that FEA was superior than densitometric methods in predicting the
location and magnitude of failure-inducing loads in wrists of postmenopausal women [68]. VVoxel-based
FE models were generated from pQCT images of wrists prior to fracture and used to predict the location

and magnitude of the failure-inducing load [68].
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Given that CT-based mesh FE models provide improved estimation of bone strength (non-
destructively) over traditional bone densitometric methods, researchers have attempted to expand the use
of FEA to not just estimating mechanical properties but also to predict areas of bone remodeling. Kotha
and Muller et al. predicted location specific strain and resulting bone formation in rat ulnas using FEM.
Strain results from the FEA were validated with in vivo mechanical data from strain-gaged rat ulnas and
bone formation was determined from histological analysis of a sacrificed subset of the tested subjects
[69]. The researchers found that areas determined to be subjected to higher compressive strain in the FE
model highly correlated with a greater bone formation aligned with the bone axis as determined from
histology [69].

As an alternative to FEA, it is possible to describe bone mechanical properties by determining
analytical and semi-analytical models for the micromechanical properties and interactions of bone tissue
using multi-scale continuum mechanics [70-72]. These models account for the hierarchical structure of
bone since it is based on the relative volumes of various bone constituents and their individual mechanical
properties and interactions. A variation on these continuum mechanics approaches allows for changes in
the volume fractions of bone constituents (namely bone cell populations) and thus prediction of bulk bone
volume evolution with time [70,71]. Scheiner et al. developed mathematical models to describe the
activation, deactivation, differentiation, necrosis rates of osteoblasts, osteoclasts, osteocytes, and other
biological factors integral to bone modeling and remodeling [71]. Based on empirical relationships and
experimental data, they generated a system of mathematical relationships that altogether describe the
mechano- and biological regulation of bone remodeling. The researchers concluded, however, that the
model requires additional factors to completely and accurately describe the major signaling pathways
between bone cell types and the mechanisms they employ to sense mechanical stimulus [71]. While the
exact factors were not identified, the researchers did continue to add that their use of strain energy density
(SED) is likely not completely representative of the mechanical stimulus interaction in bone’s anabolic

and catabolic system since both of their analytical models for these systems implement the same SED
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variable. In addition, their model is purely based on strain thresholds from Mechanostat theory and does

not predict bone’s fatigue response such as in the case of stress fractures [71].
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Chapter 4

4. Exposure to Big Endothelin-1 in Bovine Sternal Cores Mimics Mechanical
Loading

Note: This study has been published in Bone, the official Journal of the International Bone and Mineral
Society. Additional document authors are MG Johnson?, DM Cullen?, JF Vivanco®, RD Blank*®, H-L
Ploeg®, EL Smith’

!Department of Medicine, University of Wisconsin — Madison, 2Department of Biomedical Sciences, Creighton
University, 3Facultad de Ingenieria y Ciencias, Universidad Adolfo Ibafiez-Chile, “Department of Medicine, Medical
College of Wisconsin, SDepartment of Endocrinology, The Clement J. Zablocki VA Medical Center, Milwaukee,
W], $Department of Mechanical Engineering, University of Wisconsin — Madison, "Department of Population
Health Sciences, University of Wisconsin-Madison,

4.1 Abstract

Increased bone formation resulting from mechanical loading is well documented; however, the
interactions of the mechanotransduction pathways are less well understood. Endothelin-1, a ubiquitous
autocrine/paracrine signaling molecule promotes osteogenesis in metastatic disease. In the present study,
it was hypothesized that exposure to big endothelin-1 (big ET1) and/or mechanical loading would
promote osteogenesis in ex vivo trabecular bone cores. In a 2x2 factorial trial of daily mechanical loading
(-2000 pe, 120 cycles daily, “jump” wave-form) and big ET1 (25 ng/mL), 48 bovine sternal trabecular
bone cores were maintained in bioreactor chambers for 23 days. The bone cores' response to the treatment
stimuli was assessed with percent change in core apparent elastic modulus (Eapp), static and dynamic
histomorphometry, and prostaglandin E2 (PGE2) secretion. Two-way ANOVA with a post hoc Fisher's
LSD test found no significant treatment effects on Eayp (p=0.25 and 0.51 for load and big ET1,
respectively). The Eapp in the “no load + big ET1” (CE, 13£12.2%, p=0.56), “load + no big ET1” (LC,

17+3.9%, p=0.14) and “load + big ET1” (LE, 19+4.2%, p=0.13) treatment groups were not statistically
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different than the control group (CC, 3.3%%8.6%). Mineralizing surface (MS/BS), mineral apposition
(MAR) and bone formation rates (BFR/BS) were significantly greater in LE than CC (p=0.037, 0.0040
and 0.019, respectively). While the histological bone formation markers in LC trended to be greater than
CC (p=0.055, 0.11 and 0.074, respectively) there was no difference between CE and CC (p=0.61, 0.50
and 0.72, respectively). Cores in LE and LC had more than 50% greater MS/BS (p=0.037, p=0.055
respectively) and MAR (p=0.0040, p=0.11 respectively) than CC. The BFR/BS was more than two times
greater in LE (p=0.019) and LC (p=0.074) than CC. The PGE2 levels were elevated at 8 days post-
osteotomy in all groups and the treatment groups remained elevated compared to the CC group on days
15, 19 and 23. The data suggest that combined exposure to big ET1 and mechanical loading results in

increased osteogenesis as measured in biomechanical, histomorphometric and biochemical responses.

4.2 Introduction

Mechanical loading is a well-known stimulus in the process of bone modeling, remodeling and
homeostasis; however, the interactions of the mechanotransduction pathways are less well understood
[19,73-77]. Frost suggested that bone has an internal mechanical set point that controls bone's response to
mechanical stimuli that he termed the mechanostat. He postulated the existence of a strain set point; with
ambient strains below it eliciting bone resorption and ambient strains above it eliciting bone formation
[78,79]. Studies by the authors and others on ex vivo cultured trabecular bone cores exposed to
mechanical bulk strains of -2000 to -4000 pe found, in comparison to controls, increased percent change
in apparent elastic modulus (Eapp), histological and biological markers of bone formation, demonstrating
that bone's response to load can be recapitulated in an organ culture sys-tem [46,48,80-83]. Ex vivo
testing provides a controlled environment, without systemic effects, to investigate mechanotransduction
in live bone.

Bone modeling and remodeling are affected by genetic factors in addition to mechanical stimulus.

The discovery that low-density lipoprotein receptor-related protein 5 (LRP5) gene mutations alter skeletal
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mass provided a direct demonstration that skeletal mass is under genetic control. These findings
demonstrate that the WNT signaling pathway occupies a central role in regulating mechanotransduction
in bone [84-87]. In particular, the WNT inhibitor sclerostin (SOST) is expressed by mature osteocytes,
and its expression is inhibited in response to mechanical loading [88]. In addition to the WNT pathway,
mechanotransduction is also modulated by prostaglandins, parathyroid hormone (PTH) and a variety of
identified and unidentified molecules (reviewed in [87,89,90]). If any of these signaling pathways are up-
or down-regulated, bone formation and resorption are affected. Increased levels of prostaglandin E2
(PGE2) and PTH each decrease SOST gene expression [91,92].

Previously, we demonstrated that big endothelin-1 (big ET1) increased osteoblast mineralization
in vitro and changed the expression of multiple miRNA known or hypothesized to affect expression of
proteins that affect bone physiology, including SOST [93]. These results showed that big ET1 regulated
SOST in a post-transcriptional manner [93].

A segment of mouse chromosome 4 harbors a gene or genes that modulate the magnitude of the
bone modeling response to experimental loading [94]. We identified endothelin converting enzyme 1
(Ecel) as a candidate gene within the quantitative trait loci bmd7 on mouse chromosome 4 which is
responsible for 40% of the variation in bone size, strength and density between the recombinant congenic
mice strains HCB8 and HCB23 [95-97].

The purpose of this study was to investigate the biomechanical, histomorphometric and
biochemical responses of ex vivo cultured bovine trabecular bone cores to exposure to big ET1 in
conjunction with regular mechanical loading. The authors have demonstrated in previous studies that big
ET1 added to cell culture increased osteogenesis [93]; however, it is yet to be shown that the cell culture
result translates to a similar finding in trabecular bone organ culture. In the current study it was
hypothesized that exposure to big ET1 and/or mechanical loading would promote osteogenesis in bovine

trabecular bone organ culture.
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4.3 Materials and Methods
In a 2x2 factorial trial of big ET1 (25 ng/mL) and daily mechanical loading (-2000 pe, 120 cycles
daily, “jump” waveform), 48 bovine sternal trabecular bone cores were maintained in bioreactor
chambers for 23 days. The cores were equally allocated to four groups based on rank order of their
apparent elastic modulus (Eapp) S0 that each group had approximately the same average Eapp: CC (no load
+ no big ET1), CE (no load + big ET1), LC (load + no big ET1), and LE (load + big ET1). Cores in the
CE and LE treatment groups were given 25 ng/mL of big ET1 daily. The concentration of big ET1 used in
the current experiment was approximately equivalent to the lowest published concentration of active ET1
used in cell culture experiments [98]. Cores in the LC and LE treatment groups were loaded (-2000 pe,
120 cycles daily, “jump” waveform) through the bioreactors' sapphire pistons using ZETOS Bone
Loading and Bioreactor System (ZETOS) [18,45,46,48,80-82,99]. Bone formation in the cores was

assessed with Eapp, static and dynamic histomorphometry, and PGE2 secretion.

4.3.1. Preparation and culture of bovine trabecular bone cores

A bovine sternum was removed from one 13+1 month old animal obtained from a local
slaughterhouse. The animal was determined to be free of disease and infection. Within an hour of
slaughter, sample preparation started under sterile conditions. Individual trabecular bone cores (10 mm
diameter by 5 mm high) were excised from the sternum by machining according to the procedure
developed by Smith and Jones [18,45,46,48,80-82]. The cylindrical axis for all cores was oriented along
the cranial-caudal axis of the sternum. After machining, the cores were washed twice with culture
medium to remove any residual bone left from the machining process and to minimize the risk of
infection. A total of 52 bone cores were prepared from the single bovine sternum. The stiffest 48 cores

were selected for the experiment.

After excision, machining, and washing, each bone core was inserted into a polycarbonate

bioreactor chamber between two sapphire pistons. After preparation, the bone cores were allowed to
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recover for 48 h before initiating the load and big ET1 treatments on day 1 of the experiment. While in
these chambers, the bone cores were supplied with circulating culture medium (6.6 mL/h) using two 24-
channel peristaltic pumps (model Ismatec ISM939D, IDEX Health & Science SA, Glattburgg,
Switzerland); maintained at 37 °C and a pH of 7.2-7.3 throughout the 23-day experiment. A separate
sterile test tube containing 5 mL of the culture medium was allocated to each bioreactor and replaced
every 24 h. The culture medium, standard Dulbecco's Modified Eagle Medium, contained: 10% fetal calf
serum, 2 mM of glutamine, 50,000 U/L each of streptomycin and penicillin G, 10 pg/mL of Vitamin C,
0.12 g/L of sodium bicarbonate, and 10 mM of HEPES. Calcein dye (60 pg/mL) for double labeling was

added to the culture medium on days 9 and 19 and allowed to perfuse for 24 h.

4.3.2 Load treatment and mechanical analysis

The loading regimen for each of the cores in the LC and LE treatment groups consisted of daily
dynamic loading. Each core was cyclically loaded in compression to a maximum change in bulk strain of
2000 pe every 0.5 s for 120 cycles for 23 days [9-13,30-32]. The dynamic loading implemented in the
study mimicked a “jump” wave-form, the shape of which was determined from normative human jump
data [100]. The vertical ground reaction forces from the jump trials were used to define the shape of a
“jump” waveform which is simulated in ZETOS (Figure 4.1). In this study, the average time to achieve
maximum change in bulk strain was 0.375 s; therefore, the average strain rate during this period was

approximately -5000 pe/s.

To monitor bone core response for Eapp, €ach specimen was tested quasi-statically at a rate of
0.04-0.08 pe/s, with a maximal bulk compressive strain of 4000 pe on days 1 and 23 of the study. The
axial stiffness (Kaxia) Of the cores was measured with this quasi-static compression (Figure 4.2) through
the bioreactors' sapphire pistons using ZETOS [18,45-48,80-82,99]. To ensure contact between the
loading piston and bone core, a preload of 10 N was applied before quasi-static testing and the dynamic

loading stimulus. For each loading trial, force and deformation data were recorded. The bone cores' Eapp
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was determined assuming Hooke's Law (Eq. 1) [11,12,101-103]; where, F is the measured axial force, L

is the core height (5 mm), & is the axial deformation, and A is the cross-section area (78.5 mm?).

0.5s
+——

Ground Reaction Forces

Time

Figure 4.1 - ""Jump’* waveform as determined from normative data of vertical ground reaction forces from
subject trials [100]. Highlighted portion shows specific waveform that was used in the study representative of
landing after a jump.

FL

Equation 4.1 Egpp, = 32

The Kauia for each core was determined from the slope of the linear region of the F-6 curve
(Figure 4.2 and 4.3). A custom-made code in MATLAB (MathWorks Inc., Natick, MA) was used to
determine the slope of the most linear region. An iterative algorithm performed linear regressions of the
curve that gave both a coefficient of determination greater than 0.9 and maximized the number of data

points in the regression analysis.
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Figure 4.2 - Sample force versus deformation plots from quasi-static loading of representative bovine cores of
groups CC and CE on day 23 of live bone study. Linear fit demonstrates axial stiffness to determine apparent
elastic modulus. Groups are: CC (no load + no big ET1) and CE (no load + big ET1).
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4.3.3 Histological and biochemical analyses

At the conclusion of the study, each bone core was extracted from its bioreactor and placed in
70% ethanol for static and dynamic histomorphometry using standard measures [58,104]. Over 14 days,
the cores were dehydrated in graded ethanols and acetone, and then embedded individually in modified
methylmethacrylate. The embedded cores were cut in half along the long axis (Leica SP1600 Saw
Microtome, Buffalo Grove, IL). Thin sections (5 and 8 um) were cut from the center of the core parallel
to the direction of force application (Leica 2255 Rotary Microtome, Buffalo Grove, IL). One slide was
examined without further staining under ultra-violet light; a second slide was stained with Goldner's
trichrome stain. Each set of slides was given a random number to obscure specimen identity from the
observer. Sections were analyzed using a light/epifluorescent microscope and a video camera interfaced
with BIOQUANT TCW software (Bioguant Image Analysis Corp., Nashville, TN). The magnification for
measurements was calibrated at the start of the study. Single label lengths were measured at 200x
magnification; and, double label distances were measured at 400x magnification. The unstained specimen
was used for assessing fluorochrome labeling, bone volume (BV/TV) and dynamic measurements of bone
formation. The Goldner's stained section was used for static measurements of bone area. For data
collection, a standard area (16 mm2) was outlined in the central region of the slide containing only
cancellous bone and marrow. Mineralizing surface (MS/BS, %) was calculated as 100 x (0.5 single
labeled surface length + double labeled surface)/bone surface. The mineral apposition rate (MAR,
um/day) was calculated from distance between calcein labels over the interlabel time (10 days). Bone
formation rate (BFR/ BS, um®um?/year) was calculated from MAR x (MS/BS), and extrapolated to a
year by multiplying by 365 days/year. Bone specimens without double-labels were assigned a MAR of
0.3 um/day [104]. Prostaglandin E2 secretions were measured in 5 mL of culture medium collected at 24

hour intervals and stored at —80 °C on days 0, 2, 4, 8, 12, 15, 19, and 23 using Prostaglandin E2
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parameter Assay Kit (R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer's

protocol.

4.3.4 Statistical analysis

One-way analysis of variance (ANOVA) and two-tailed two-sample t-tests were used to test that
there was no difference between groups' mean Eapp 0n day 1, and groups' mean BV/TV measured at the
end of the experiment. From the 48 bone cores, seven samples with Ea,p on day 1 less than 40 MPa (one
from CC, one from CE, two from LC and three from LE) were not included in the statistical analyses as
their stiffness was outside the calibration range (Eapp=40-1500 MPa) of ZETOS. Four additional bone
cores (one each from CC and CE and two from LC) were not included in the histological analysis due to
damage of the cores in tissue preparation. The percent change in Eap (Eapp=100%(Eapp,day23-
Eapp.day1)/Eapp,day1) Was calculated for each core between days 1 and 23 and averaged for each group. Four
cores, one from LE and three from CC groups, had Eapp outside two standard deviations of their group's
mean and were excluded from the statistical analysis of Eap. The effects of load and big ET1 on Eapp,
MS/BS, MAR and BFR/BS were determined using two-way ANOVA and post hoc Fisher's least
significant difference (LSD) test. Prostaglandin E2 measurements from all samples in a group were
averaged to estimate the PGE2 secretion for time points 0, 2, 4, 8, 12, 17, 19 and 23 days. The effects of
load and big ET1 on PGE2 secretion were determined using two-way ANOVA with time as a repeated
measure (RM) and the Holm-Sidék test for multiple comparisons. A significance level, a=0.05, was used
for all statistical analyses. Normal probability plots confirmed the normality of all data. All statistical

analyses were performed with Minitab version 15 (Minitab Inc., State College, PA).

4.4 Results
The initial mean Eap and standard error of all 41 bones cores was Eqpp,=136+£12.8 MPa with no
statistical difference between groups (Table 4.1). Bone volume measured at the end of the experiment was

also not different between groups (BV/TV=16.8+0.74%) (Table 4.1). Two-way ANOVA with a post hoc
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Fisher's LSD test found no significant treatment effects on Eap, (p=0.25 and 0.51 for load and big ET1,
respectively). The Eapp in the CE (13+12.2%, p=0.56), LC (17£3.9%, p=0.14) and LE (19+4.2%, p=0.13)
treatment groups were not statistically different than the CC group (3.3% * 8.6%) (Table 4.1 and Figure
4.4A).
Two-way ANOVA with a post hoc Fisher's LSD test found no difference between CC groups and
CE or LC treatment groups in all histological bone formation markers (Table 4.1 and Figure 4.4B and
Figure 4.5C & 4.5D). However, greater MS/BS and BFR/BS in LC treatment group compared to CC
group approached significance in (p=0.055 and p=0.074, respectively). The LE treatment group was
significantly greater in MS/BS, MAR and BFR/BS than CC group (p=0.037, 0.0040 and 0.019,
respectively). Cores in LE and LC treatment groups had more than 50% greater MS/ BS (p=0.037,
p=0.055 respectively) and MAR (p=0.0040, p=0.11 respectively) than CC group. The BFR was more than
two times greater in LE (p=0.019) and LC (p=0.074) treatment groups than CC group. The MAR and
BFR of the cores in the LE treatment group were larger than the CE treatment group by 66% (p=0.021)
and 98% (p=0.044), respectively. The LC and LE treatment groups were not different from each other for
any of the bone formation markers. Two-way ANOVA with RM found PGE2 levels were elevated at 8
days post-osteotomy in all groups and the treatment groups remained elevated compared to the CC group

on days 15, 19 and 23 (Figure 4.6).
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Table 4.1 - Mean and standard error of the day 1 apparent elastic modulus (Eapp), percent change in apparent
elastic modulus (AEapp) from day 1 to 23, bone volume (BV/TV) mineralizing surface (MS/BS), mineral
apposition rate (MAR), and bone formation (BFR/BS) for each group. Asterisks represent statistical
difference with a=5% significance compared to CC, where n is sample size, CC (no load + no big ET1), CE

(no load + big ET1), LC (load + no big ET1), and LE (load + big ET1).

Measurement CC CE LC LE
Ezpp (MPa) Day 1 135 (24) 132 (19) 144 (30) 149 (28)
n 11 11 10 9
Days1-23 | -1.7 (7.5) 13 (12.2) 17 (3.9)* 19 (4.2)*
AEqpp (%) n 10 11 10 8
p-value - 0.34 0.041 0.041
Day 23 17.9 (1.6) 16.5 (1.6) 16.5 (0.86) 16.2 (1.8)
0)
BVITV (%) n 10 10 8 9
Days 9-19 14 (3.1) 16 (2.9) 22 (3.9) 23 (2.0)*
(0)
MS/BS (%) p-value - 0.61 0.055 0.037
Days9-19 | 0.89(0.21) | 1.08(0.23) 1.4 (0.24) 1.8 (0.14)*
MAR (um/day) =" o lie : 0.50 0.11 0.0040
BFR/BS Days 9-19 63 (24) 76 (22) 131 (38) 151 (16)*
(pm®/pm?/yr) p-value - 0.715 0.074 0.019
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Figure 4.4 - Percent change in apparent elastic modulus between days 1 and 23; B) mineralizing surface.
Graphs represent medians, first and third quartiles, and the lowest/highest datum with 1.5 interquartile
lower/higher range for each treatment group. Asterisks indicate outliers (CC outlier greater than 100% is not
shown). Horizontal bars indicate statistically significant difference with 0=5% significance. Groups are: CC

no load + no big ET1), CE (no load + big ET1), LC (load + no big ET1), and LE (load + big ET1).
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shown). Horizontal bars indicate statistically significant difference with a=5% significance. Groups are: CC

no load + big ET1), LC (load + no big ET1), and LE (load + big ET1).
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Figure 4.6 - Prostaglandin E2 secretion measured from culture medium sampled daily over duration of
experiment. Data represent mean and standard error for each treatment group. Asterisks indicate
statistically significant difference in all treatment groups from CC with a = 5% significance using Holm-
Sidék test for multiple comparisons. Groups are: CC (no load + no big ET1), CE (no load + big ET1), LC
(load + no big ET1), and LE (load + big ET1).

4.5 Discussion

Bone modeling and remodeling in response to mechanical stimuli are controlled by the interactive
relationship of stem cells, osteoblasts, osteocytes and osteoclasts, in differentiation, formation,
maintenance and resorption in bone [90]. Recent studies have shown that bioreactor systems are
advantageous for bridging the experimental gap between in vitro cell culture and animal or clinical
studies [105,106]. Ex vivo organ culture allows investigations of whole tissues without disrupting the
interactions among neighboring cells and the extracellular matrix [107]. The ZETOS Bone Loading and
Bioreactor System (ZETOS) allows isolation and maintenance of trabecular bone cores with active and
viable stem cells, osteoblasts, osteocytes, osteoclasts necessary to maintain bone homeostasis

[18,45,48,80-83,99]. Bone formation in response to mechanical and biochemical stimuli during a multi-
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week experiment was assessed by measuring changes in axial stiffness of bone cores, using the ZETOS
mechanical testing apparatus, and secretions of metabolic biomarkers [18,45,48,80-82,99]. Static and
dynamic histomorphometry was used to trace morphological changes resulting from modeling and
remodeling [18,48,82]. Contributors to mechanical stimulus are the magnitude of the load (pe), the rate of
load application (pe/s), the number of loading cycles, and the rest periods between loads [19,73,77].
Previous ex vivo studies have investigated the impact of mechanical loading on trabecular bone including
human, bovine, and ovine and found that these species respond similarly to mechanical load
[46,48,80,82].

Endothelin-1 (ET1) was first recognized as a highly potent vasoconstrictive agent [108]. The
active molecule consists of 21 amino acids and is produced by cleavage of the 34 amino acid, inactive big
ET1, by a variety of proteases [109,110]. The ET1 signaling pathway is ancient and found, along with
Notch [111], Hedgehog [112], and WNT [113] pathways, as far back in the evolutionary lineage as Hydra
[114]. Like the other ancient pathways, the ET1 signaling axis is critical for development. Global ablation
of any of the ET1 signaling axis genes leads to developmental lethality with ablation of ET1, the
endothelin receptors type A (ETA) and B (ETB) type receptor, and Ecel leading to multiple abnormalities
in neural crest-derived structures [115-117]. The ablation of ETA causes a decrease in trabecular volume
in postnatal development [118]. The secretion of ET1 impacts local cell growth and differentiation and
has been shown to promote mineralization by osteoblasts and disorganized bone growth in osteoblastic
metastases of breast and prostate cancer [93,119-121].

This is the first study to explore the potential impact of big ET1 expo-sure and mechanical
stimulus on osteogenesis in ex vivo cultured trabecular bone cores. The data suggest that combined
exposure to big ET1 and mechanical loading results in increased osteogenesis as measured in
biomechanical, biochemical and histomorphometric responses. Treatment with big ET1 and daily
dynamic loading increased E.p, MS/ BS, MAR and BFR/BS in bovine trabecular bone cores in

comparison to CC group. Also, the study results suggested that trabecular bone expo-sure to big ET1
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evoked similar responses to mechanical loading, quantified by Ea,p and PGE2 secretion in the treatment
groups compared to the CC group.

Both treatments, big ET1 and load, significantly affected the secretion of PGE2 on days 15, 19,
and 23. PGE2 levels were elevated at 8 days post-osteotomy in all groups and the treatment groups
remained elevated compared to the CC group on days 15, 19 and 23. The initially elevated levels of PGE2
secretion were a reflection of the healing process induced by the osteotomy [122]. That the secretion of
PGE2 remained elevated in all treatment groups, in comparison to the control group, implies that big ET1
and mechanical load are similar in their stimulation of trabecular bone [123-125]. The PGE2 secretion
results support the Espp and histological findings. While SOST could not be measured in this study
because ELISAs for bovine SOST are not available, other studies have found elevated PGE2 decreased
expression of SOST resulting in an increase in WNT signaling and an increase in bone formation [91,92].
We have also previously demonstrated that addition of exogenous big ET1 to mouse osteoblasts decreases
SOST secretion [93]. Therefore the PGE2 findings are consistent with the Eap, and histological results
from the current study.

Although all treatment groups showed an overall increase in Eap, from day 1 to 23 of the study,
the Eapp in the treatment groups com-pared to CC group were not statistically significant. The increase in
Eapp Was reflected in the histological analysis. Bone formation was greater in LE treatment group
compared to CC and CE groups, with LC treatment group trending to greater bone formation and no
significant difference between the CE and CC groups.

Previous studies with a similar experimental setup and sample size to the current study reported a
statistically significant difference in Eapp due to loading [46,48,80,82]. Type Il error may be associated
with some of the lack of statistical significance in the measured effects, a result of high variance and low
sample sizes. Although 48 samples (twelve per group) may be sufficient to reduce type Il error in ex vivo
testing of trabecular bone cores [46,48,80,82], eleven samples (one to four per group) in the current study

were not included in the statistical analyses of the Eayp and histological results. Variance in the data could
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have arisen from a number of sources including the inherent variability in trabecular tissue and loss of
connectivity caused by excision [12,101-103]. In this study, the mechanical behavior (Eapp and AEag) of
trabecular bone cores was assessed. It is important to keep in mind that the Eapp Of the cores is dependent
on bone volume fraction and trabecular orientation. These parameters are highly variable in trabecular
bone (Table 4.1) and could not be assessed at the start of the experiment without interfering with the
sterility and viability of the specimens. The orientation of the trabecular structure relative to the tested
load direction may have varied between cores depending on their in situ location in the sternum. The
sternum is a non-weight bearing bone, where muscle pull may vary along the length of the sternum.
However, use of a single bovine sternum enabled all cores to be harvested from one animal, avoiding
variance due to genetics.

Potential sources of error in compression testing of trabecular bone include machine compliance,
end artifacts and side artifacts [47,126-128]. Several steps in the mechanical testing procedure were
designed to reduce these errors and sources of variance. The ZETOS loading sys-tem has been calibrated
for Eapp range of 40 to 1500 MPa [45,99]. Reference bodies tested within this range demonstrated a 3%
accuracy in Eagp [99]. Standard ZETOS specimen dimensions (10 mm diameter, 5 mm height) meet the
main goal of maintaining core viability for several weeks [18,46], and are adequate for continuum
assumptions [47,126-128] as required for equations of Hooke's Law. The aspect ratio of the bone cores
(0.5) although favorable for maintaining viability could increase end artifacts in the measurement of Eapp
because of specimen-platen interface conditions and structural end artifacts [47,126-128]. The F-6 curves
(Fig. 2) did not reveal a large “toe” region indicating machine compliance and possible end-artifact errors
have been minimized.

Despite the study's limitations, the results of the current study align with those of previous
loading studies. Increased secretion of PGE2 has been reported following mechanical stimulation of
osteocytes [124,125] and bone [123], a similar result to the increased PGE2 secretion in all treatment

groups in the current study. Ex vivo experiments on bovine trabecular tissue under dynamic loading with
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a maximum bulk strain of —4000 pe found an average increase in the Eapp Of approximately 50% over the
course of 21 days [46]. The comparatively lower observed change in Eapp in the present study (17-19%)
may be due to the lower applied strains (-2000 ue) or normal biological variation between different
animals. Endres and co-workers experimented with the level of dynamic loading, finding a direct dose—
response relationship for bulk strains between -1000 and -4000 pe [82]. Similarly, comparative
histological bone formation markers have been reported: MAR 0.94+05 pum/day [48]; MAR 0.53+0.08
um/day [129]; and MS/BS 25+5%, MAR 1.0+0.3 pum/day, and BER/BS 10011 pum/year [83].

Previous in vivo studies demonstrated that -1000 to -2500 pe corresponds to physiological strain
levels experienced during walking and other daily activities; however, compressive strains as high as
3000 to 5000 ue have been measured during high intensity activities [19,130-132]. In these studies, strain
was measured in vivo from strain gauges fixed to the outer surface of the cortex during physiological
activities. In contrast, in the current study, strain was determined from the bulk compression of the
trabecular bone core, including the initial non-linear “toe” region of the force-deformation curve that
remained be-yond the 10 N preload. Therefore, the actual strain of the bulk of the bone core may be less
than calculated. The loading of the trabeculae in the bone core is complex and depending on their
morphology and orientation include tensile, compressive, bending and shear strains. A recent numerical
study found 2.2-12% of total bone in bone cores, under -2000 pe bulk strain, experienced local trabeculae
strains between -1000 and -3000 pe [83]. To determine the relationship between the bulk strain of the
bone core and local strain in the trabeculae micro computed tomography based finite element analysis is

required, and is the subject of a subsequent study.

4.6 Conclusion
This study successfully showed that combined exposure to big ET1 and mechanical loading
promoted osteogenesis in ex vivo bovine trabecular bone. Specifically, MAR, BFR/BS and PGE2

secretion were higher in LE treatment group compared to CC group. The findings will be used to design
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studies on ex vivo human trabecular tissue with the goal of investigating mechanotransduction signaling

pathways and the role of big ET1 in bone modeling and remodeling.
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Chapter 5

5. Human Trabecular Bone Response to Mechanical Loading is Dependent on
Endothelin-1 Signaling

Note: This study will be submitted to Calcified Tissue International and Musculoskeletal Research, an
official journal of the International Osteoporosis Foundation. Additional document authors are MG
Johnson?!, EL Smith?, MW Squire®, KE Hansen®#, RD Blank®, H-L Ploeg’

!Department of Medicine, University of Wisconsin — Madison, 2Department of Population Health Sciences,
University of Wisconsin — Madison, 3University of Wisconsin Hospital and Clinics, “University of Wisconsin —
Madison School of Medicine and Public Health, °Department of Medicine, Medical College of Wisconsin,
Department of Endocrinology, The Clement J. Zablocki VA Medical Center, Milwaukee, W1 "Department of
Mechanical Engineering, University of Wisconsin — Madison

5.1 Abstract

It is widely recognized that mechanical loading promotes bone modeling, remodeling, and
homeostasis; however, the interactions of the mechanotransduction pathways are not as well understood.
Research has demonstrated that the WNT signaling pathway, the activity of which is indicated by
secretion of certain genes including endothelin (ET1) and sclerostin (SOST), plays a critical role in
regulating mechanotransduction. SOST is a WNT signaling antagonist and is tonically secreted by
osteocytes. The purpose of this study was to investigate if pharmacological antagonism of the endothelin
receptor A would inhibit relevant mechanotransduction pathways leading to bone modeling and
remodeling in human trabecular bone. The study hypothesis was tested by conducting a 2x2 factorial trial
whereby human trabecular bone cores were subjected to daily mechanical loading (-3000 e, 120 cycles
daily) and 10 uM BQ-123, an endothelin receptor A antagonist. Forty eight cores (5 mm x 10 mm) were
obtained from two donors (1 male, 1 female) undergoing total hip arthroplasty and allocated to four

groups: control (CC), control+BQ-123 (CB), load+control (LC) and load+BQ-123 (LB). Each specimen,
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maintained individually in a bioreactor, was tested quasi-statically with a maximal bulk compression of
4000 pe on days 1,8,15, and 22 of the study to measure Eapp. Culture medium from each sample was
analyzed for secretion of insulin-like growth factor (IGF1), SOST, and ET1 on days 0, 8, 11, 18, and 25.
Biochemical and mechanical data were analyzed by Kruskal-Wallace tests, followed by paired analysis
via Wilcoxon tests. Significant differences were found in IGF1, SOST and ET1 secretion over time and
between the LC and LB groups. The LB group showed increased secretion of SOST and ET1 and
decreased secretion of IGF1. The percent change in Eapp Over the duration of the experiment was not
significantly different between groups, however, the mean percent change in Eap, in the LC group (28+6.4
%, p=0.096) tended to be higher than the other groups (CC 32+7.2%, CB 10£3.6%, LB 17+5.6%). The
results also show that blockade of ET1 signaling is associated with an increase in SOST secretion in
response to mechanical load. Increases in IGF1 secretion in response to mechanical load and the decrease
in secretion when ET1 signaling is blocked suggest that ET1 signaling interacts with pathways that
respond to mechanical load. The increase in ET1 secretion in the CB and LB groups indicates the
presence of a feedback loop. The study results imply that ET1 signaling is required for transduction of

mechanical into biochemical signals during the anabolic response of bone to mechanical load.

5.2 Introduction

Bone modeling, remodeling, and homeostasis are stimulated in part by mechanical loading—a
process which has been well studied in literature [19,73-75,77]. Bone tissue response to mechanical
stimulus is dependent on the level of stimulus [26,78]. At the cellular level, bone tissue is largely thought
to respond to applied strain, wherein strain below a set point causes bone resorption and applied strains
above that set point cause bone formation [26,78]. Multiple studies conducted on ex vivo trabecular bone
tissue showed that applied bulk strains ranging from -2000 to -4000 pe caused greater increases in the
apparent elastic modulus (Eapp) compared to samples not exposed to an applied mechanical stimulus

[9,46,48,80-82]. In addition, many of these studies simultaneously found increased presence of
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biochemical and histological markers of bone formation [9,46]. These findings demonstrate that 1) ex vivo
testing is a productive method for studying factors affecting to bone mechanotransduction in an
environment that is controlled and excludes systemic effects and 2) illustrates that bone’s known response
to mechanical stimulus can be replicated in an ex vivo culture system.

Literature has also demonstrated that bone modeling, remodeling, and homeostasis are largely
affected by genetic and biochemical factors in addition to mechanical stimulus. Multiple studies have
demonstrated that the WNT signaling pathway, a family of secreted proteins that regulate the activity and
life cycles of cells, plays a primary role in regulating bone mechanostransduction [84-87,133]. The WNT
pathway is controlled by cellular secretion of select inhibitors including proteins from the sclerostin
(SOST) and Dickkopf (DKK) families, the expression of which are inhibited in response to mechanical
loading [88,89,133,134]. These factors bind to low-density lipoprotein receptor-related protein 5 (LRP5),
and are markers of WNT pathway activity [84,86-88,92,135]. Factors including prostaglandins,
parathyroid hormone (PTH), and insulin growth factors (IGF) reduce SOST expression and contribute to
bone mechanotransduction [87-89,92].

Prior studies have investigated the effects of endothelin on bone tissue turnover. An in vitro study
conducted by Johnson et al. found that exposure to big endothelin-1 (ET1) increases osteoblast
mineralization compared to control [93]. This exposure also caused changes in the expression of several
miRNA that are known or hypothesized to influence expression of proteins affecting bone physiology
[93]. A further study conducted by Meyer et al. found that ET1 exposure to bone tissue ex vivo also
resulted in increased mineralization, increased bone formation, and increases in mechanical properties [9].

Since ET1 exposure has been shown to affect cell signaling pathways in bone in previous studies,
the purpose of this study was to investigate if ET1 signaling is essential for physical and biochemical
responses of bone to mechanical loading. The study hypothesis was that pharmacological antagonism of
endothelin receptor A would inhibit mechanotransduction pathways leading to modeling and remodeling

in human trabecular bone.
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5.3 Materials and Methods
The study hypothesis was tested by conducting a 2x2 factorial trial of daily mechanical loading
(3000 pe, 120 cycles daily, “jump” waveform) and endothelin receptor A (ETa) antagonism (10 uM BQ-
123) with 48 human hip trabecular bone cores. Using a protocol that was approved by the Institutional
Review Board at the University of Wisconsin — Madison and after obtaining consent, 2 human femoral
heads were obtained from 2 donors (48-year-old male, 68-year-old female) undergoing total hip
arthroplasty. The 48 obtained bone cores were maintained in individual bioreactors for 25 days. Excised
bone cores were allocated equally to four study groups according to the rank order of their measured
apparent elastic modulus (Eapp): CC (no load + no ET1 block), CB (no load + ET1 block), LC (load + no
ET1 block), and LB (load + ET1 block). The groups were assembled such that each group had
approximately the same mean Eayp and number of cores from each donor hip. Cores in the CB and LB
group were given BQ-123 daily and cores in the LC and LB groups were loaded daily (-3000 pe, 120
cycles, “jump” waveform) through the bioreactors’ sapphire pistons sing the ZETOS Bone Loading and
Bioreactor System (ZETOS) [45,99]. Bone modeling and remodeling was assessed by tracking changes in

Eapp (AEapp) and secretions in SOST, DKK1, IGF1, ET1, and prostaglandin E2 (PGE2).

5.3.1 Preparation and culture of human trabecular bone cores

Two human femoral heads were obtained from one 48 year old male and one 68 year old female
who were undergoing total hip arthroplasty (THA). Sample preparation was initiated within 30 minutes of
femoral head extraction during the THA surgery. Trabecular bone cores (5 mm height, 10 mm diameter)
were excised under sterile conditions from each femoral head based on the procedure developed by Smith
and Jones [45]. The fovea was identified for each femoral head and 7 mm slices were in parallel
directions using a diamond band saw (Exakt, Norderstedt, Germany). Cores 10 mm in diameter were then
excised from each slice using a custom diamond-tipped coring bit. Excised cores were then milled on

both terminal ends along the cylindrical axis such that each core had a uniform, final height of 5 mm.
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After the cores were through the machining process, each was washed twice using culture medium to
remove residual bone debris and to minimize infection risk. Each bone core was placed in a
polycarbonate bioreactor immediately following excision, machining, and washing (Figure 5.1). The
cores were then individually tested in quasi-static axial compression to a maximum strain of -4000 pe to
determine the axial stiffness (Kaxa) and Eapp. A total of 58 bone cores were excised and the stiffest 48

were selected for the experiment.

J

i“ 9%

Figure 5.1 - Bone cores in polycarbonate bioreactors with culture medium perfused with peristaltic pumps.

After excision and initial Eapp measurement, the bore cores were rested for 48 hours before
initiating treatments. Whilst inside the bioreactors, each bone core was supplied with culture medium that
was continually perfused through the chamber (6.6 mL/hr) by two 24-channel peristaltic pumps (Ismatec
ISM939D, IDEX Health & Science SA, Glattburgg, Switzerland) and maintained at 37°C and a pH of
7.2-7.3 for the duration of the 25-day experiment. Each bone core was allocated a separate, sterile 5 mL
supply of culture medium that was replaced daily. Dulbecco’s Modified Eagle Medium was used for the
culture medium and consisted of 10% fetal calf serum (FCS), 2 mM glutamine, 10 mM HEPES, 0.12 g/L
sodium bicarbonate, 10 pg/mL Vitamin C, and 50,000 U/L each of streptomycin and penicillin G [136].
5.3.2 Mechanical and Biochemical Treatment Application and Analysis

Bone cores in the LC and LB treatment groups were subjected to daily dynamic mechanical

loading. The ZETOS was used to apply the dynamic loading—a cyclic compression pattern that resulted
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in a maximum change in bulk strain of 3000 pe every 0.5 seconds for 120 cycles every loading
application [46,48,80,82,137]. This loading pattern simulated a “jump” waveform determined from
normative human jump data that had been characterized during a previous study [100]. To track the
mechanical response of the bone cores, each sample was evaluated on a weekly basis (days 1, 8, 15, 22)
during the study to measure Eapp and calculate AEay. Measurements were achieved by testing each
individual core quasi-statically (0.04-0.08 ue/sec) to a maximum of -4000 pe. Compression was applied
through the sapphire pistons in the bioreactors encasing the bone cores. Prior to conducting quasi-static
testing or applying the dynamic loading stimulus, each bone core was preloaded to 10 N to ensure it was
contacting the loading piston. Force and deformation data were recorded during each quasi-static test and
dynamic loading circuit. Using Hooke’s Law (Equation 1), the Eapp for each core was determined using
the measured axial force F, the bone core height L, the axial deformation d, and the bone core cross-
sectional area A. The precise bone core dimensions were determined at the end of the study from micro-
computed tomography (UCT) scans of the bone cores (Siemens microCATII, 34 um, 80 kVp, 50 pA).
The force-displacement data and the bone core dimensions were used to calculate Kaxia for each bone core
by implementing a custom program within MATLAB (MathWorks, Inc., Natick, MA) to calculate the
slope of the linear region of the F-6 curve. The linear regressions calculations were accomplished through
an iterative process whereby the coefficient of determination (> 0.9) and number of included data points

were simultaneously maximized.

FL

Equation 5.1 Eapp = 52

Culture medium from each bone core were changed daily and collected on days 0, 8, 11, 18, and
25. The collected media were analyzed using enzyme linked immunosorbent assays (ELISA) to determine

secreted amounts of SOST, DKK1, ET1, IGF1, and PGE2.
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5.3.3 Statistical Analysis of Collected Data

The change in Eapp (AEapp = 100 X (Eapp, day 22- Eapp, day 1)/ Eapp, dayr) fOr each bone core was
calculated between days 1 and 22. The means and standard deviations were determined for each group.
Values that were more than three standard deviations from the mean were considered as outliers and were
excluded from statistical analyses. Normality probability plots were generated for all data sets and
confirmed a lack of normality. For both the mechanical (Eapp, AEap) and biochemical (SOST, DKK1,
ET1, IGF1, PGE2) data sets, the effects of loading and ET1 blockade were determined using Kruskal-
Wallace tests. Paired comparisons were conducted with Wilcoxon tests. A significance level of o = 0.05
was used for all statistical analyses. All statistical analyses were performed using R (R Foundation for
Statistical Computing, Vienna, Austria).
5.4 Results

The mean and standard error of Eap, for all 48 cores across all treatment groups was Eapp= 309
37.7 MPa with no statistical differences between groups. Kruskal-Wallace tests found a significant
treatment effect on AEay resulting from ET1 blockade (p=0.022) but no significant effect from
mechanical loading (p= 0.965). Wilcoxon tests showed significant changes in Eagp between days 1 and 22
in all treatment groups (p = 0.000, 0.001, 0.000, and 0.005 for the CC, CB, LC, and LB groups,
respectively). Further testing showed no significant differences in AEay, were found between groups
though AEap, tended to be higher in the LC group (28+6.4 %, p=0.096) compared to the other treatment
groups (CC 32+7.2%, CB 10£3.6%, LB 17+5.6%) (Figure 5.2). Examining the patients separately
resulted in near significance between the LC (39+£12%) and LB (7.4+5.6%) and between the LC and CB

(4.6£4.0%) groups from patient 1 (p=0.095 and 0.1508, respectively) (Figure 5.3).
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Figure 5.2 - Change in elastic modulus between days 1 and 22 for both patients in all treatment groups.
Asterisk indicates a determined outlier. Graph shows medians, first and third quartiles, and the
lowest/highest datum within 1.5 interquartile lower/higher range.
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Figure 5.3 - Change in elastic modulus between days 1 and 22 for each patient in each treatment group.
Asterisks indicate outliers. Graph shows medians, first and third quartiles, and the lowest/highest datum
within 1.5 interquartile lower/higher range.

Kruskal-Wallace tests found significant effects of treatment on ET1 secretion on days 8, 11, and
18 (p=0.024, 0.0002, and 0.006, respectively). Wilcoxon tests found significant increases from baseline in
ET1 secretion on days 18 and 25 in the CB (p=0.001, 0.002) and LB (p=0.005, 0.009) groups (Figure
5.4). Significant differences were also found on days 8, 11, and 18 between CB and LC groups (p=0.008.
0.00008, 0.0009) and the LC and LB groups (p=0.024, 0.011, 0.026). The patients were also examined
separately, and no significant differences were found between patients in any group at any time point

(Figure 5.5).
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Figure 5.4 - ET1 secretion in all groups as measured at given time points. Error bars show 95% confidence
interval for each time point.
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Figure 5.5 - ET1 secretion for both patients in all treatment groups as measured at given time points. Error
bars show 95% confidence interval for each time point.

Kruskal-Wallace tests found significant effects of treatment on SOST secretion on days 8
(p=0.007). Wilcoxon tests found significant increases from baseline in SOST secretion on days 8, 11, 18
and 25 in the CB (p=0.000, 0.007, 0.003, 0.001) and LB (p=0.005, 0.016, 0.003, 0.0005) groups (Figure
5.6). Significant differences were also found on days 8, 11, and 18 between CB and LC groups (p=0.008,
0.008, 0.00009) and on days 8 and 18 between the LC and LB groups (p=0.0008, 0.01). The patients were
also examined separately, and no significant differences were found between patients in any group at any

time point (Figure 5.7).
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Figure 5.6 - SOST secretion for all treatment groups as measured at given time points. Error bars show 95%
confidence interval for each time point.
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Figure 5.7 - SOST secretion for both patients in all treatment groups as measured at given time points. Error
bars show 95% confidence interval for each time point.

Kruskal-Wallace tests found significant effects of treatment on IGF1 secretion on days 8 and 18
(p=0.0001, 0.00002). Wilcoxon tests found significant decreases from baseline in IGF1 secretion on days
8, 18 and 25 in the CC group (p=0.002, 0.000, 0.001). Secretion of IGF1 significantly decreased from
baseline on days 8, 11, 18, and 25 in the CB group (p=0.001, 0.005, 0.005, 0.003) (Figure 5.8). Secretion
of IGF1 was significantly lower than baseline on day 11 (p=0.003) and approaching significance on day
25 (p=0.052). Significant differences were also found on days 8, 18, and 25 between CC and LC groups
(p=0.035, 0.024, 0.00007) and on days 8, 11, 18, and 25 between the LC and LB groups (p=0.00004,
0.0001, 0.043, 0.0005, 0.037). The patients were also examined separately, and no significant differences

were found between patients in any group at any time point (Figure 5.9).
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Figure 5.8 - IGF1 secretion in all treatment groups as measured at given time points. Error bars show 95%
confidence interval for each time point.
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Figure 5.9 - IGF1 secretion for both patients in all treatment groups as measured at given time points. Error
bars show 95% confidence interval for each time point.
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Kruskal-Wallace tests found significant effects of treatment on DKK1 secretion on days 8 and 18
(p=0.0021, 0.006). Wilcoxon tests found significant increases from baseline in DKK1 secretion on days 8,
11 and 25 in the CB group (p=0.003, 0.001, 0.000). Secretion of DKKZ1 significantly increased from
baseline on days 8 and 11 in the LB group (p=0.031, 0.042) (Figure 5.10). Significant differences were
also found on days 8, 11, and 25 between CB and LC groups (p=0.040, 0.050, 0.015) and on days 8 and
18 between the LC and LB groups (p=0.028, 0.003). The patients were also examined separately, and no

significant differences were found between patients in any group at any time point (Figure 5.11).
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Figure 5.10 - DKK1 secretion in all treatment groups as measured at given time points. Error bars show 95%
confidence interval for each time point.
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Figure 5.11 - DKK1 secretion for both patients in all treatment groups as measured at given time points.
Error bars show 95% confidence interval for each time point.

Kruskal-Wallace tests found significant effects of treatment on PGE2 secretion on day 0 and day
8 (p=0.027, 0.0002). Wilcoxon tests found significant increases from baseline in PGE2 secretion on days
11, 18, and 25 in the CC group (p=0.007, 0.007, 0.0005) and LC group (p=0.016. 0.016, 0.0005).
Secretion of PGE2 significantly increased from baseline on days 8 and 18, and 25 in the CB group
(p=0.0005, 0.001, 0.0005) (Figure 5.12). Secretion of PGE2 was significantly higher than baseline on
days 8 and 25 in the LB group (p=0.002, 0.005). Significant differences were also found on days 8
between the CC and CB groups (p=0.008), between the CC and LB groups (p= 0.000), and between the
LC and LB groups (p=0.003). The patients were also examined separately, and no significant differences

were found between patients in any group at any time point (Figure 5.13).

www.manaraa.com



54

160 -
Variable - o
—+—CC 1 I -
140 B
—s—LC e |
120 |—»— LB

PGE2 (pg/ml)

oo
=
1

[=2)
(=]
1

40 -

20 -
Day 0 8 11 18 25

Figure 5.12 - PGE2 secretion for all treatment groups measured at given time points. Error bars show 95%
confidence interval for each time point.
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Figure 5.13 - PGE2 secretion for both patients in all treatment groups measured at given time points. Error
bars show 95% confidence interval for each time point.

5.5 Discussion

Bone adaptation in response to mechanical stimulus is modulated by the synergistic interactions
of stem cells, osteoblasts, osteocytes, and osteoclasts [12,102,103]. Bone adaptation has been successfully
studied in a myriad of ex vivo studies, illustrating that the use of ex vivo organ culture systems is an
effective method for investigating whole tissue without complications arising from systemic effects
[9,46,48,80,82,83,107]. The ZETOS used in this study is an ex vivo organ culture system that has been
used successfully in numerous previous studies to investigate bone adaptation [9,46,48,80,82]. These
studies, in the same manner as the present study, have implemented both mechanical and biochemical

assessments to evaluate bone (bovine, human, and ovine) response to an applied stimulus [9,46,48,80,82].
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This is the first study to investigate the possible impact of ET1 blockade and mechanical stimulus
on ex vivo human trabecular bone adaptation. Overall, the data imply that blockade of ET1 via BQ-123
impedes trabecular bone response to mechanical stimulus. Groups in which ET1 receptor A was
antagonized (CB and LB) exhibited increased SOST secretion and decreased IGF1 secretion in response
to the applied stimulus. In addition, the ETa blocked groups also tended to exhibit lower AEap, compared
to the control and load control groups (CC and LC). These results suggest that ET1 signaling is required
for human trabecular bone response to mechanical stimulus and indicate that ET1 signaling interacts with
pathways that respond to mechanical stimulus.

Overall, the biochemical results support the initial study hypothesis. Increases in secretion of
WNT pathway inhibitors SOST and DKK1 in the CB and LB groups and decreases in SOST and DKK1
secretion in the LC group indicate that ET1 signaling interacts with pathways that respond to load. These
observed changes in SOST secretion from baseline caused by the applied treatments are also in agreement
with results observed in vivo [138]. Further, decreased secretion of WNT pathway facilitator IGF1 in
groups treated with the ETa antagonist indicate reduced bone formation and adaptation activity resulting
from ET1 blockade. This effect is further demonstrated by higher IGF1 secretion in the CC group and
much higher in the LC group compared to the CB and LB groups. Additionally, increased ET1 secretion
in blocked groups implies the presence of a feedback loop within the signaling pathway.

While statistical significance was not achieved between treatment groups for the AEap
measurements, the observed trends supported the initial study hypothesis: AEay, was lowest in the CB and
LB groups and highest in the LC group. Though previous studies with similar experimental setup and low
sample sizes have reported statistically significant AEqp due to mechanical loading [88], the lack of
statistical significance in the AEqp, results from the present study could have been influenced by Type Il
error caused by small sample sizes, high variance, excision methods, and sampling from multiple human

subjects with inherently different biology and pathology.
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Although the applied dynamic loading regimen (-3000 pe) used for this study was well within the
range of accepted and appropriate loads for mimicking physiological activity [19,130-132], the lack of
bone tissue response as measured by statistical insignificance in AEap could potentially result from
mechanically loading the bone cores in a direction that was unaligned with the physiological loading axis
pre-excision. Ex vivo experiments on bovine trabecular tissue subjected to dynamic loading with a
maximum bulk strain of —4000 pe found an average AEap, of approximately 50% after 21 days [46]. A
similar study using bovine trabecular tissue observed lower AEay (17-19%) after 23 days [9]. The
excision methods implemented for this study were largely designed to maximize the number of usable
excised bone cores and not necessarily for machining cores that would share the same loading axis as the
previous physiological loading axis in the human hip. This discrepancy could have contributed to the
cores’ lower than expected response to mechanical stimulus. Clarification of this potential source of error
could be achieved through analysis of micro computed tomography scans of the bone cores and
determining the degree of anisotropy and magnitude of the fabric tensors for each core.

Type 1l error could have potentially been exacerbated by the choice of statistical test. Non-
parametric methods were chosen for analyses since the data sets including both subjects appeared to be
non-normal; however, when the subjects were analyzed for normality individually it was difficult to
determine if the data sets were normal or non-normal due to the small sample size. As such, it was
impossible to know if non-parametric or parametric methods were the most appropriate when analyzing
the samples individually. As stated previously, the Wilcoxon tests found no significant differences
between treatment groups for either patient. Using a student t-test found statistical differences between
the CC and CB (0.031), CC and LB (0.040), CB and LC (0.012), and LC and LB (0.018) groups for
patient one. The discrepancy between results from implementing parametric versus non-parametric
statistical methods highlights the inadequacy of normality tests for small data sets and, consequently, the

impact of selecting an appropriate statistical method.
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Variance in the study results can be attributed to the intrinsic variability in trabecular bone tissue,
loss of connectivity caused by the excision process, and the biological and pathological differences
between the two subjects from which the bone cores were sourced. In addition to differences in age and
gender, the two subjects included in this ex vivo study were subject to different medications and other
systemically altering medical treatments prior to THA; however, the patients’ health history was not
known prior to the start of the study and as such, neither subject was deemed unacceptable for inclusion
in the ex vivo study. Differences in patient pathology and medications history would affect the magnitude
of the observed responses of the excised trabecular bone cores to applied mechanical stimulus and ETa
blockade.

There were potential sources of error associated with compression testing of the trabecular bone
cores including compliance of the loading machine, and end effects on the sample [99,126-128]. Multiple
steps were taken to reduce error and sources of variance in the experimental procedures. The calibrated
range for the ZETOS loading system was calibrated prior to the start of the ex vivo experiment and found
to have a 3% accuracy in Eagp within the range of 40-1500 MPa [99]. Additionally, the geometry and
dimensions of the trabecular bone cores allowed for sustaining specimen viability and satisfied
stipulations for continuum assumptions required for implementing Hooke’s Law [128]. Although the 5
mm x 10 mm core dimensions and resulting 0.5 aspect ratio are advantageous for preserving specimen
viability, it does introduce the possibility of exacerbated end effects; however, since minimal “toe” region
was present in the force-displacement data collected during quasi-static testing, any potential end effects
appear to be minimal.

5.6 Conclusion

This study successfully demonstrated that ET1 blockade through ETA antagonism inhibits
osteogenesis in ex vivo human trabecular bone by interfering with signaling pathways responsible for
mechanotransduction. This conclusion is supported by observed increases in WNT pathway inhibitors

(SOST, DKK1), decreases in WNT pathway facilitators (IGF1), and lower AEq, in blocked groups
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compared to non-blocked groups. The findings of this study will be used for further investigations of bone

adaptation and the roles of factors within the WNT pathway on trabecular bone adaptation in response to

mechanical stimulus.
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Chapter 6

6. Using Morphological and Biochemical Factors to Predict Human Trabecular
Bone Stiffness

Note: This study will be submitted to the Journal of Biomechanics, a journal affiliated with a multitude of
Biomechanics societies worldwide. Additional document authors are DJ Hess?, MG Johnson?, EL Smith?,
KE Hansen*®, H-L Ploeg®
!Department of Biomedical Engineering, University of Wisconsin — Madison,?Department of Medicine, University
of Wisconsin — Madison, *Department of Population Health Sciences, University of Wisconsin — Madison,
4University of Wisconsin Hospital and Clinics, *University of Wisconsin — Madison School of Medicine and Public
Health, 8Department of Mechanical Engineering, University of Wisconsin — Madison

6.1 Abstract

Understanding bone biomechanical behavior is necessary to identify the causes and improve
treatment of osteoporosis and other structural and systemic diseases in bone. While it is well documented
that mechanical loading promotes bone modeling and remodeling, the additional contributions from
mechanotransduction pathways and tissue level morphology are less understood. The purpose of this
study was to investigate the impact of biochemical factors on bone stiffness in cores donated by two hip
arthroplasty patients. Twenty-four human trabecular bone cores (5 mm x 10 mm) were prepared from
bone removed during two hip arthroplasties (48-year-old male, 68-year-old female). The bone cores were
allocated to two groups using block randomization based on the donor and apparent elastic modulus (Eapp)
determined on day 0. One group was the control group (“Control”) and the other (“Load”) was subjected
to daily mechanical loading (-3000 pe, 120 cycles daily). The cores were maintained in individual
bioreactors for 25 days. A quasi-static compression test of 4000 pe measured Eapp On day 22. Culture
medium from each sample was analysed for secretion of insulin-like growth factor (IGF1) and Dickkopf
protein 1 (DKK1) on days 0, 8, 11, 18 and 25. At the end of the ex vivo study, the cores were imaged

using a micro-CT scanner at a_resolution of 10 um to calculate the core volume, bone volume/total
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volume (BV/TV), bone surface area (BSA), trabecular thickness (T.Th), trabecular spacing (T.Sp),
connectivity, degree of anisotropy (Anisotropy) and the structural model index (SMI). The measured
biochemical factors and the calculated morphological factors were then combined using principal
components analysis to determine the predicting factors for Eapp. Best general linear model with Akaike
Information Criterion was used to determine the appropriate model. A best General Linear Model (GLM)
approach was subsequently implemented to determine the factors that could best predict Eagp. It was found

that BV/TV was the best predictor of Eap (p=0.022) for both patients.

6.2 Introduction

At least half of women older than 50 years will sustain an osteoporotic fracture within their
lifetime [139]. Osteoporosis is a systemic skeletal disease that causes deterioration of bone tissue [140].
Individuals who have sustained osteoporotic fractures have higher (1.3 to 3-fold) mortality risk compared
to those who have not experienced fracture [3]. Understanding bone biomechanical behavior is imperative
for identifying the causes and improving the treatment options for osteoporosis and other systemic,
degenerative bone diseases.

Mechanical loading has been proven multitudinously to promote bone modeling and remodeling;
however, the additional contributions from mechanotransduction pathways and tissue level morphology
are less understood [74]. Previous studies (conducted by the authors and others) have investigated the
effects of compression testing to -2000 pe and -4000 ue on ex vivo trabecular bone cores and found that
mechanical loading causes bone adaptation, quantified by percent change in apparent elastic modulus
(AEapp), biological markers of bone formation, and histological evidence of osteogenesis [9,46,48,80,82].

Bone adaptation is also largely affected by genetic factors. Specifically, cellular signaling
pathways, such as the WNT pathway, and factors responsible for pathway modulation occupy a dominant

role in controlling bone mechanotransduction where up- or down-regulation of key factors can cause bone
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formation or resorption [40,86,92,133]. Monitoring the secretion of select WNT pathway factors can
provide evidence of bone adaptive activity [133,141].

Bone mechanical properties can be used to assess bon health. Non-invasive methods for
assessing bone mechanical properties, specifically bone stiffness, are often implemented for diagnosing
and predicting the onset of degenerative bone diseases such as osteoporosis [60,61]. Previous studies have
investigated the ability of computed tomography (CT) imaging to non-invasively determine the bone
stiffness [60,61]. Using CT imaging, the macro- and micro-level structure of bone tissue can be
characterized. Depending on the scanner resolution, metrics including bone volume, trabecular thickness,
trabecular spacing, connectivity and degree of anisotropy can be measured. Unfortunately, CT imaging
alone is often insufficient for accurately determining bone mechanical properties since metrics determined
from CT imaging are not the sole contributors to bone mechanical properties and do not incorporate any
pathological factors.

The purpose of this study was to determine which CT-based metric could best predict Eapp in
trabecular bone tissue that are subject to regular mechanical stimulus and bone tissue that is not regularly
stimulated. In addition, the study aimed to investigate if CT-based prediction of bone stiffness could be
enhanced with knowledge of biochemical factors. The study hypothesis was that prediction of bone

stiffness using CT imaging could be improved by including biochemical factors.

6.3 Materials and Methods

The study hypothesis was tested by conducting an ex vivo investigation on human trabecular bone
tissue excised from the femoral hip heads of two patients undergoing total hip arthroplasty (THA). Two
human femoral heads were donated by one 48-year-old male and one 68-year-old female donor
undergoing THA. The implemented protocol was approved by the Institutional Review Board at the
University of Wisconsin — Madison and consent was obtained from both donating individuals. Twenty-

four bone cores were excised from the two femoral heads and subsequently maintained in bioreactors for
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25 days. The bone cores were allocated to two treatment groups: Control and Load. The cores in the
Control group were maintained for the duration of the experiment without any applied mechanical
stimulation. The cores in the Load group were mechanically loaded daily (-3000 pe, 120 cycles daily,
“jump” waveform) using the ZETOS Bone Loading and Bioreactor System (ZETOS) to mimic trabecular
bone tissue subjected to regular physiological activity [9,45,46,48,80,82]. Both groups were assembled
such that both had approximately the same mean apparent elastic modululs (Easp) and number of cores
from each donor hip. Modeling and remodeling of the bone cores was monitored through changes in Eagp

(AEqpp), Dikkopf protein (DKK1), and insulin growth factor (IGF1).

6.3.1 Preparation and Culture of Bone Cores for Ex Vivo Study

Two femoral heads were donated by two THA patients (48-year-old male, 68-year-old female).
Trabecular bone cores (5mm height, 10 mm diameter) were excised immediately upon receipt of the
femoral heads which had been excised no longer than 30 minutes prior. The entire excision and
machining process of the bone cores was executed under sterile conditions derived from the protocols
developed by Smith and Jones [45]. Femurs were first sliced into parallel 7 mm sections using a diamond
band saw (Exact, Norderstert, Germany). Cores measuring 10 mm in diameter were then excised from the
femoral sections with a diamond-tipped coring bit and subsequently milled on both terminal axial ends to
a final height of 5mm. Bone cores were washed with culture medium to eliminate debris remaining from
excision and to reduce risk of infection. Cores were then placed into polycarbonate chambers and
mechanically tested quasi-statically in compression to -4000 pe to ascertain the axial stiffness (Kaxiar) and,
consequently, Eapp. TO promote bone core viability for the duration of the 25-day ex vivo portion of the
study, culture medium (Dulbecco’s Modified Eagle Medium) was constantly perfused through each
bioreactor (6.6 ml/hr) using peristaltic pumps (Ismatec ISM939D, IDEX Health & Science SA,
Glattburgg, Switzerland) and maintained at a pH of 7.2-7.3. The entire ex vivo culture was kept in a

constant 37°C environment to mimic physiological conditions.
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6.3.2 Ex Vivo Data Collection
The bone cores were rested for 48 hours post-excision before initiating mechanical stimulus
treatments. Bone cores in the Load group were dynamically loaded on a daily basis using ZETOS. The
loading protocol mimicked a “jump” waveform generated from normative human jump data and consisted
of cyclic (120 cycles, 0.5 sec/cycle) compression to a maximum bulk strain of 3000 pe [78,82]. The Eapp
for each bone core in both the Control and Load groups was measured quasi-statically (maximum bulk
strain = -4000 pe) using the ZETOS system weekly (days 1, 8, 15, 22) and assuming Hooke’s Law [102].
Bone core adaptation ton in response to mechanical stimulus (Load group) was quantified by calculating

AEapp.

The culture medium from each bone core was changed daily and samples were collected on days
0, 8, 11, 18, and 25. Culture medium samples were analyzed with appropriate enzyme linked
immunosorbent assays (ELISA) to determine secreted amounts of DKK1 and IGF1—a WNT signaling

pathway inhibitor and promotor, respectively.

6.3.3 CT-Image Analysis of Bone Cores

At the conclusion of the ex vivo study, all bone cores were imaged with micro-CT (UCT)
(Siemens microCATII, 34 um, 80 kVp, 50 pA) (Figure 6.1). Scans were then analyzed using Mimics
(Materialise, Leuven, Belgium) and BoneJ (ImageJ, National Institute of Health) to determine the bone
core volume (BV), bone volume/total volume (BV/TV), bone surface area (BSA), trabecular thickness
(T.Th), trabecular spacing (T.Sp), connectivity, degree of anisotropy (Anisotropy), structural model index

(SMI), and fabric tensor direction (FabricTensor) [142].
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Figure 6.14 - Micro CT scan of human trabecular bone core. Scan taken at the end of the ex vivo study.

6.3.4 Statistical Analysis of Collected Data

The means and standard deviations for each measured or calculated parameter were determined.
Values that were more than three standard deviations away from the mean were considered to be outliers
and were omitted from statistical analysis. The combined mechanical, biochemical, and morphological
data sets for both patients were found to be non-normal. The data sets for each individual patient
contained too few samples to confirm normality or non-normality.

To determine potential correlations between factors (mechanical, biochemical, and
morphological), Principal Component Analysis (PCA) was conducted on the data from the final day of
the study (Day 22 for Eapp and Day 25 for all other factors). Since PCA is sensitive to both the scale of
each factor and the variance for each factor, all data sets were transformed using logarithmic functions
and subsequently standardized using the mean and standard error.

A best Generalized Linear Model (GLM) analysis was conducted on a subset of the measured
factors to determine the best model for predicting Eagp. The best GLM analysis was conducted using
results from the PCA analysis and including the five factors having the largest first principal component
and eigen values greater than one. The three factors containing the largest principal component were used
for a best GLM analysis on data sets for individual patients due to the smaller sample size. The models

were compared by calculating the Akaike Information Criterion (AIC) for each model. The model with
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the lowest AIC value was considered the best model. The goodness of fit for the model was determined
using a Hosmer-Lemeshow test.

6.4 Results

The mean and standard error of Espp on day 22 for all 24 cores in both the Control and Load
groups were Eapp = 499 + 86.4 MPa. The mean and standard error of Eap, 0n day 22 for the cores excised
from patient 1 were Eapp = 260 + 30.7 MPa. The mean and standard error of Eapp on day 22 for the cores
excised from patient 2 were Eap = 671 £ 130 MPa (Figure 6.2). Wilcoxon tests found no significant
differences in Eapp On day 22 between patients (0.082), between treatment groups (0.072), or between
patients within treatment groups (0.625). No statistical differences were found between patients, between
treatment groups, or between patients within treatment groups for any of the calculated morphological
factors (BV, SA, BSA/BV, BV/TV, T.Th, T.Sp, Connectivity, Anisotropy, SMI, or Fabric Tensor)
(Figure 6.3). Secretion of IGF1 on day 25 was significantly different (p=0.018) between the Control and
Load groups and nearly significant between patients in the Load group (p=0.063) (Figure 6.4). No
significant differences in DKK1 secretion were found between patients, treatment groups, or between
patients within treatment groups. The results from the ex vivo study, uCT scans, and post-scanning

analysis are Table 6.1, 6.2, and 6.3, respectively.
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Figure 6.2 - Apparent elastic modulus for each patient in both treatment groups. Error bars show 95%
confidence interval. Patient 1 and Patient 2 represent data from the female and male patients, respectively.
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Figure 6.3 - Bone volume/Total volume for each patient in both treatment groups. Error bars show 95%
confidence interval. Patient 1 and Patient 2 represent data from the female and male patients, respectively.
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Figure 6.4 — IGF1 secretion for each patient in both treatment groups. Error bars show 95% confidence
interval. Patient 1 and Patient 2 represent data from the female and male patients, respectively.

Table 6.1 - Summary of ex vivo study results. Means and standard error are shown for each parameter

Final Eapp IGF1 DKK1
AEapp (%
(MPa) w0 (%) (pg/mL)  (pg/mL)
Patientl e84 576 336+128 520+228 321+ 160
(Female)
Control

Patient 2 703+235 31.2+920 524+268 458+ 150

(Male) . e o )
Patient 1
(Female) ~ 231%230 30.2+118 706892 205:395

Load

Patlent2 6394131 1424430 605402 3764175

(Male)
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Table 6.2 - Summary of bone core morphological properties as determined from uCT imaging. Means and
standard error are shown for each parameter.

Bone Bone Bone
Bone Surface Surface Volume/ Trabecular Trabecular
Volume A Area /Bone Total Thickness Spacing
3 rea
(mm?) (mm?) Volume Volume (pm) (pm)
(mm2/mm3)  (mm3¥*mm?)
Patientl nch 1 74 1505+49 14704129 0847+003 2284+171 189 + 16
(Female)
Control
P(f"l\;':?;)z 942 +45 1535+66 1483+88 0.844+0.02 2563+169 176+ 17
Patientl o0 64 1420479 15204135 0835+002 2360+153 203 + 15
(Female)
Load

P(f"l\;':?;)z 927+42 1342+70 1465+92 0.848+002 2085+96.9 180 + 14
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Table 6.3 - Summary of bone core trabecular orientation properties as determined from pCT image analysis.

Means and standard error are shown for each parameter.

Structural Fabric
Connectivity . Tensor
2 Model Anisotropy .
(mm?) Index Alignment
©)
Patient 1 1784035  -154+15 054+002 52.6+20
(Female)
Control
Patient 2 1484012  -226+11 051+004 537+13
(Male)
Patient 1 1194008  -1.29+12 060+006  52.1+40
(Female)
Load
Patient 2 -2.33 ¢
(Male) 1.58 +0.21 097 0.50 £ 0.02 509+20
Anisotropy: isotropic = 0, anisotropic = 1
Context SMI: plate =0, rod = 3, sphere = 4, concave <0

Fabric Tensor alignment: angle relative to preferential
direction of loading

After collection of data, the values for each parameter on the last day of the study were

individually compared to each other to determine potential correlations. Linear regressions were

generated for each paired combination of factors. Figure 6.5 shows a summary of the results correlation

coefficients for the parameters and Figure 6.6 shows the corresponding p-values for each correlation

coefficient between parameters. P-values for each comparison were corrected using the Benjamini and

Hochberg method to adjust for multiple comparisons. From the linear regressions, BV/TV, BSA/BV,

Anisotropy, T.Sp, and Connectivity were the most highly correlated with bone core Final Eapp, having

correlation coefficients of -0.83 (p=0.00), 0.77 (p=0.00), 0.9 (p=0.00), 0.84 (p=0.00), and 0.8 (0.00),

respectively. Biochemical factors had much lower and statistically insignificant correlation coefficients of

-0.52 (p=0.1) and 0.25 (p=0.43) for IGF1 and DKK1, respectively.
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Figure 6.5 - Correlation plot for factors measured during ex vivo study and during pCT scanning of
trabecular bone cores. Color scheme relates to the correlation coefficient and corresponds to the bottom x-
axis of the plot. The values present in each cell indicate the correlation coefficient for each correlation
between the two corresponding factors.
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Figure 6.6 - Correlation plot for factors measured during ex vivo study and during pCT scanning of
trabecular bone cores. Color scheme indicates the correlation coefficient and corresponds to the bottom x-
axis of the plot. The values present in each cell indicate the adjusted p-value for each correlation between the
two corresponding factors.

Principal Component Analysis was subsequently conducted to determine the contributions of
measured parameters to the final apparent stiffness (Eapp) Of the trabecular bone cores. The complete list
of factors and their first and second principal components are listed in Table 6.4. Figure 6.7 shows the

loading plot for the PCA results.
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Table 6.4 - Summary of principal components for factors contributing to trabecular bone core Eapp. Factors
above the dotted line indicate the five factors with the highest first principal component.

Factor Principal Component

1st 2nd
Bone Volume/Total VVolume 0.3919 0.0318
Trabecular Spacing -0.3913 -0.0334
Bone Surface Area/Bone Volume -0.3823 0.0503
Anisotropy -0.3571 -0.0324
Connectivity -0.3038 0.0698
Structural Model Index -0.2907 0.0374
Bone Volume 0.2725 0.4561
Trabecular Thickness 0.2688 0.3215
Bone Surface Area -0.2073 0.6129
Fabric Tensor 0.1878 0.0009
DKK1 -0.1061 0.2995
IGF1 0.0822 -0.4597
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Figure 6.7 - Loading plot for factors contributing to trabecular bone core Eapp. Labeled vectors illustrate the
relative direction and magnitude of the first two principal components for each factor.

A best general linear model (GLM) analysis was conducted on the combined data set for both

patients to determine the best linear model for predicting Eapp, using the five highest correlated factors

identified with PCA. The model with the lowest Akaike information criterion (AIC) was selected as the

best model. Best GLM results showed that a model using only Bone Volume to Total Volume ratio

(BV/TV) had the best predictive capability with a correlation coefficient of -0.83 (p=0.022) (Equation

6.1, Figure 6.8). The Hoslem-Lemeshow test was used to determine goodness of fit (p=1). A model

having only a marginally higher AIC included only T.Sp (correlation coefficient = -0.97, p=0.022) to

predict Eapp (Equation 6.2, Figure 6.9).

Equation 6.1

Equation 6.2

Eapp1z = —4069 2 + 3933

Eapp12 = 5.247 T.Sp — 474.6
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Figure 6.8 - Final Eapp versus Bone Volume/Total volume for both patients with best GLM shown
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Figure 6.9 - Final Eapp versus trabecular spacing for both patients with second best GLM shown

The best GLM approach was used to determine the best predictors for Eapp within each patient

data set using the three highest correlated factors identified with PCA. Using data exclusively from

patient 1 (female), the best model (with the lowest AIC) included both BSA/BV (p=0.0038) and BV/TV

(0.0016) (Equation 6.3). The next best model for the female patient included T.Sp in addition to BSA/BV

and BV/TV. Data exclusively from patient 2 (male) showed that the best model required only T.Sp

(p=0.00046) (Equation 6.4). The next best model for the male patient included BSA/BV in addition to

T.Sp. The best GLM models for the female and male patients both passed the Hosmer-Lemeshow

goodness of fit test with p-values of 1.

Equation 6.3 Eapppt = —5938 . — 0.9275° 2 + 6646
Equation 6.4 Eappp2z = 9.845T.Sp — 1084
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6.5 Discussion

Bone mechanical and material properties are dependent on both the tissue composition and tissue
morphology [12,143]. The overarching goal of this study was to determine how to improve prediction of
Eapp Using CT-based metrics and biochemical data. The primary aim of the study was to determine the
most appropriate CT-based metric for predicting Eapp. Furthermore, it was hypothesized that prediction of
trabecular bone Eapp could be improved by inclusion of biochemical factors related to WNT pathway
signaling, and consequently, bone modeling, remodeling, and homeostasis.

Overall, the study showed that Bone Volume/Total Volume is the best CT-based parameter for
predicting the apparent elastic modulus of human trabecular bone cores that are both mechanically
stimulated and not stimulated. Principal component analysis showed that the morphological properties of
the bone cores determined from YUCT generally had the largest first principal component, indicating the
biggest contribution to elastic modulus. The measured biochemical factors IGF1 and DKK1 generally had
larger second principal components compared to the morphological factors indicative of a secondary role
in contributing to the bone core Eapp. Using the five parameters with the largest principal components, the
best GLM approach demonstrated that the best predictor for Eagp Was solely BV/TV.

The PCA and subsequent best GLM analyses were for both patients individually and using three
factors to adjust for the smaller sample size. Using the female patient data only, it was determined that the
best prediction of Eayp was only possible using both BV/TV and BSA/BV. PCA and linear regression
analyses demonstrated strong correlations between factors descriptive of trabecular architecture and
trabecular bone Eapp. Although many of these morphological factors were not determined to provide best
predictive capability for Eapp, a few factors including Connectivity, Anisotropy, and T.Sp were identified
as strongly correlating to Eapp. The lack of statistical significance between many of the parameters
describing trabecular bone morphology and trabecular bone Eap, could have been largely influenced by

small sample sizes, high variance among the measured parameters, and the method used for excising the
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bone cores from the donated tissue. Moreover, variability and subsequent Type Il error within the
presented results could be attributed to excising trabecular bone cores from two patients with inherently
different underlying biology and pathology and exacerbated further due to differences in age.

Additional variability could have been introduced during the process through which mechanical
stimulus was applied during the ex vivo study or from loss of connectivity resulting from the bone core
excision process. It is also possible that the uCT scanner or scanner settings used for determination of the
trabecular bone core morphological parameters were not ideal for accurately capturing the necessary
detail of the trabecular bone structure.

Although the study hypothesis was that inclusion of biochemical factors in addition to CT-based
parameters would improve Eqqp prediction, the study results showed that the best predictors for trabecular
bone core Eapp did not include biochemical factors. While IGF1 and DKK1 were not found to be
significantly correlated to Eapp, PCA found that the second principal components of IGF1 and DKK1 were
largest compared to the measured morphological parameters, indicating a secondary role in contributing
to the mechanical properties of the trabecular bone tissue. Further biochemical contributions could
potentially be observed if other factors were monitored. Although this study only monitored the secretions
of IGF1 and DKK1 (WNT pathway promotor and inhibitor, respectively), it is possible that other related
biochemical factors, especially those contributing to the WNT signaling pathway, play a greater role in
the contributing to the mechanical properties of trabecular bone tissue.

While it is possible that presented results were influenced by the aforementioned sources of
variability and consequent Type Il error, the study showed that non-invasive, CT-based methods have
high potential for accurately predicting trabecular bone mechanical properties. Given that one CT-based
parameter, BV/TV, was statistically significantly correlated to E.yp, for trabecular bone cores in both the
Control and Load groups, for the pooled groups with cores from both patients, and individually for each

patient indicates that Eapp prediction could be possible for a wide range of patient populations.
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6.6 Conclusion
This study successfully demonstrated that human trabecular bone Eapp can be predicted by Bone
Volume/Total Volume as measured using UCT. The study also showed that biochemical factors affecting
tissue signaling pathways have a secondary role in contributing to trabecular bone Eayp but are not
necessary for prediction of Eap, given CT-based parameters. Further study should be conducted to validate
the predictive models generated in the present study and to determine how predictive methods could be

improved for specific patient populations.
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Chapter 7

7. Macro-, Micro-, and Nano-level Mechanical Analysis of Injection Molded Beta
Tricalcium Phosphate Bone Scaffolds

Collaborators on this project include JF Vivanco?, J Slane?, and H-L Ploeg?
Facultad de Ingenieria y Ciencias, Universidad Adolfo Ibafiez — Chile, 2Department of Mechanical Engineering,
University of Wisconsin — Madison

7.1 Abstract

Voids in bone tissue can be repaired through the implantation of porous three-dimensional (3D)
scaffolds that support and stimulate existing tissue. Tricalcium phosphate (TCP) is used extensively in
clinical and research applications due to its biocompatibility and bioresorbability. Since the success of
scaffolds is greatly dependent on their ability to osteointegrate, it is imperative to understand their
mechanical behavior and appropriately select material to use for scaffolds that would mimic not only
bone morphology, but also bone mechanical properties. Fifty TCP scaffolds were injection molded
(approximate bulk dimensions: 5.4x5.4x4.2mm?®) and sintered at 950°C, 1050°C, and 1150°C. A finite
element (FE) model was made using bulk dimensions of the scaffold. The model was compressively
loaded in two orthogonal directions (Abaqus 6.11, Simulia) to mimic mechanical testing of the actual
scaffold samples (quadratic tetrahedral elements, 0.2 mm). The Eap of the simulated scaffold was
calculated from the maximum force and deflection, assuming Hookean behavior. The analysis was done
using the micro-level elastic modulus (Emicro) and the nano-level elastic modulus (Enano). The results of the
FE model were compared to experimental data collected previously by authors. The FE analysis produced
Eapp Values that were 1.5-2.8 times larger than experimental results using Enano and Emico;, however, using
Enano produced results that were closer to experimental results by 5%, 8%, and 33% for the scaffolds
sintered at 950 °C, 1050 °C, and 1150°C, respectively. Based on the results of the FE analysis, the bulk

properties of the bone scaffold more closely matched the material properties of the TCP on the nano-
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level. This implies that the bulk mechanical properties of the scaffold are more affected by the nano-level
material and mechanical properties than on the micro-level. Therefore, manufacturing control variables
for injection molded TCP scaffolds should be selected based on their effect on the nano-level mechanical
and material properties of the intended scaffold design. Limiting factors include idealization of the
scaffold geometry implemented in the FE model and lack of TCP porosity consideration. Future studies
should include more representative scaffold geometry from micro computed tomography images, for use

in the FE model and account for additional TCP material properties such as porosity.

7.2 Introduction

Approximately half of clinically reported injuries are musculoskeletal [1]. These injuries can arise
from a multitude of causes, though many are the result of bone tissue fracture [1,144]. Bone fracture can
be caused by an isolated traumatic incident or the result of gradual degradation of bone tissue [145]. More
than 50% of adults older than 50 years suffer from osteoporosis, a systemic degenerative skeletal disease
that causes low bone mass and microarchitectural deterioration of bone tissue [139,140]. Low bone mass
and deterioration of bone microstructure results in increased bone fragility and, consequently, an
increased susceptibility to fractures [145]. Treatment of bone tissue fractures incurs a substantial cost of
medical care. Nearly $19 billion was spent in 2005 in the United States on fracture related medical
expenses and the cost is expected to increase to $25 billion by the year 2025 [139,146]. In 2004, $34
billion was spent on total opportunity costs and the cost is projected to increase to $41 billion by 2025
[147].

There are a few existing methods to address and treat bone fractures resulting from degenerative
diseases including osteoporosis. One of the most widely implemented methods for repairing bone
fractures includes implantations. These implants include invasive joint replacements, as is the case with
fractured hips, and bone plates to repair long bones. Implantation of non-biological material limits the

surrounding bone tissue adaptation response to physiological conditions and loading, often resulting in
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resorption due to stress shielding or re-operation due to failure of the implant [37,65,148]. Alternatively, a
pharmaceutical approach is implemented for prevention or treatment of microarchitectural bone fractures.
These methods include prescription of anti-resorptive medications and anabolic agents [140,149-153].
Anti-resorptive drugs and anabolic agents affect the signaling pathways that regulate bone modeling,
remodeling, and adaptation and cause an increase in bone formation while inhibiting bone resorption
[140,149]. The implementation of such drugs often has limited efficacy and frequently causes adverse
side effects including increased fractures in peripheral bone tissue [140,149,150,154]. In addition, the
optimal dosage and duration for use of many of the ant-resorptives and anabolic agents are unknown
[154].

Implantation of bone scaffolds provides an alternative method for bone tissue repair. Bone
scaffolds incorporate applied mechanical engineering principles in the context of tissue engineering to
produce an implantable scaffold that can integrate with host bone architecture to regenerate tissue and,
consequently, regain mechanical integrity [137,155-157]. Bone scaffolds, immediately upon
implantation, provide temporary mechanical support to defective or injured bone. If designed
appropriately, scaffolds can subsequently maintain biocompatibility and support tissue regeneration via
mass transport to restore bone tissue [158-160].

In a previous study, Vivanco et al. partnered with Phillips Plastics (Hudson, WI) to manufacture
fifty injection molded beta tricalcium phosphate (TCP). These rectangular scaffolds each had bulk
dimensions of 5.4 x 5.4 x 4.2 mm?® [155]. Each scaffold consisted of approximately six 500 um? beams
layered in alternating orthogonal directions [155]. The scaffolds were sintered at 950 °C, 1050 °C, and
1150 °C. Subsets of the scaffolds were subsequently evaluated to determine the effect of sintering
temperature on their architectural, material, and mechanical properties [155,156,161]. To determine the
effect of sintering temperature on the scaffold dimensions, a subset of the scaffolds was evaluated using a
stereo microscope and a scanning electron microscope (SEM) [155][161]. Additionally, dry and wet bulk

weight and dimensions were measured using digital scales and calipers [155,156]. It was found that
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increased sintering temperature decreased the scaffold volume, water absorption, and porosity [161]. A
separate subset of the sintered scaffolds was evaluated using nano-indentation to determine the nano-level
material properties [157]. It was found that the nano-level hardness (Hnao) and elastic modulus (Enano)
were significantly increased in scaffolds sintered at 1050 °C compared to 950 °C, but Epamo Was
significantly decreased in scaffolds sintered at 1150 °C compared to 1050 °C [157]. An additional subset
of scaffolds was evaluated using micro-indentation to determine the micro-level material properties [161].
Experimentation found that micro-level hardness (Hmicro) and elastic modulus (Emicro) Were significantly
increased in scaffolds sintered at 1050 °C compared to 950 °C and Emicro Was slightly decreased for
scaffolds sintered at 1150 °C compared to 1050 °C [161]. Finally, a subgroup of the scaffolds was
subjected to macro-level axial compression using the ZETOS Bone Loading and Bioreactor System
(ZETOS) to determine the bulk mechanical properties (Eappexp) [155,156]. A trend similar to those
observed in nano- and micro-level testing was found where Eappexp Was increased in scaffolds sintered at
1050 °C compared to 950 °C but decreased in scaffolds sintered at 1150 °C compared to 1050 °C
[155,156]. The overall conclusions of this series of studies conducted by Vivanco et al. were that
sintering temperature had a significant effect on the morphological, material, and mechanical properties
of TCP scaffolds.

The purpose of the present study was to build upon previous research conducted by Vivanco et al.
to evaluate the mechanical properties of three-dimensional (3D), injection molded beta TCP scaffolds
sintered at different temperatures to design materials that would be biocompatible, bioresorbable,
osteointegrate, and mimic the morphological and mechanical properties of bone tissue. Since the success
of scaffold implantation as a tool for facilitating bone repair is dependent on scaffold’s ability to
osteointegrate, it is imperative to understand their mechanical behavior and appropriately select scaffold
material that would not only mimic bone morphology, but also bone mechanical properties. The specific
aim of the present study was to determine if the bulk mechanical properties of beta TCP scaffolds is more

reflective of the nano- or micro-level material properties of the material.
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7.3 Materials and Methods
Finite element (FE) models were generated using data from prior studies conducted by et al.
Computer aided design (CAD) models were created using Solidworks 2013 (SolidWorks Corp., Dassault
Systemes, Waltham, Massachusetts) using the average bulk dimensions (Table 7.1) and average strut
thicknesses (Table 7.2) for scaffolds sintered at 950 °C, 1050 °C, and 1150 °C to simulate structures
representative of scaffolds sintered at each temperature. Figure 7.1 shows a stereoscope image of a

representative TCP scaffold.

Figure 7.1 - Stereoscope image of a representative TCP scaffold [155]

Table 7.1 — Bulk dimensions for CAD models of TCP scaffolds taken from results from studies conducted by
Vivanco et al [161].

Sintering Bulk Dimension (mm)
Temperature
(°C) x-direction  y-direction  z-direction
950 6.11+0.021 6.11+0.024 4.66+0.018
1050 5.61+0.032 5.61+0.036  4.28+0.030
1150 5.45+0.033 5.46+0.149 4.17+0.030
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Table 7.2 - Strut dimensions for CAD models of TCP scaffolds taken from results from studies conducted by
Vivanco et al [161].

Sintering Strut Dimension (mm)
Temperature
(°C) Xy-plane xz-plane y-z plane
950 0.537+£0.056 0.464+0.077 0.448+0.019

1050 0.498+0.066 0.440+0.008 0.439+0.007

1150 0.494+0.079 0.414+0.006 0.407+0.009

The CAD models were subsequently used to generate FE models in Abaqus (Simulia, Dassault
Systemes, Waltham, Massachusetts) (Figure 7.2). The side of the scaffold directly opposing the direction
of loading was pinned on all beam faces and one node near the center of the bottom face was fixed in all
directions. The model was designed such that deformation of the scaffold was caused by displacement of
a rigid platen (diameter = 8 mm, thickness = 0.5 mm, E =100,000,000 GPa) atop the scaffold along the x-
axis (Figure 7.3). The model was designed to mimic the axial compression conducted during Vivanco’s
studies and thus implemented hard contact at the loading surface of the scaffold (Figure 7.3). The contact-
pair was modeled as having a friction coefficient of 0.01. The scaffold was defined as being the “slave”
and the loading platen was defined as the “master.” The bottom surface of the platen was placed such that
it was coincident with the top surface of the scaffold at the start of the simulation. The platen was

subsequently displaced 10 pum in the negative direction along the x-axis. Quadratic tetrahedral elements
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with global element length (GEL) of 0.125 mm were used for meshing on both the scaffold and loading

platen (Figure 7.3).

Figure 7.2 - Representative CAD model of TCP scaffold with axes shown

Figure 7.3 - Representative FE model of TCP scaffold with axes, boundary conditions, and applied
displacement shown.

(-
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To determine how the bulk mechanical properties of the TCP scaffolds were affected by the
nano- and micro-level material properties, the FE model was evaluated twice for each representative
scaffold from each sintering temperature: first using the nano-level material properties for the scaffold
and then again using the micro-level material properties for the scaffold. The values used for Enano and
Emicro Were sourced from Vivanco et al. and are shown in Table 7.3. After the FE analyses were complete,
the Eap from the model (Eapp,re) Was calculated from the sum of the forces located at the platen (F), the
initial length of the scaffold in the direction of loading (L), the bulk cross-sectional area of the scaffold
(A), and the change in length of the scaffold dimension in the direction of loading (6) (Equation 7.1). The
scaffold material was assumed to be linearly elastic, isotropic, homogeneous, and have a Poisson’s ratio

(v) of 0.27.

Table 7.3 - Summary of material and mechanical properties of TCP scaffolds as determined from
experiments conducted by Vivanco et al [155-157,161].

Sintering Scaffold Property
Temperature
(°C) Enano (GPa)  Emicro (GPa)  Eappexp (GPA)
950 44357 46.5+42 6.41+2.3
1050 87.8+£7.6 104.5£2.5 11.1+0.76
1150 73.8+4.3 103.1+£3.3 9.07£1.3
Equation 7.1 EappFE = %
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The apparent elastic modulus calculated from the FE analyses (Eappre) for each of the three

scaffolds modeled with material properties reflecting Enano and Emicro Were compared to the corresponding

apparent elastic modulus values determined from axial compression tests (Eapp,exp). Figure 7.4 shows the

displacement distribution for a representative scaffold FE model. A representative stress distribution in

the direction of the loading axis of the scaffold is shown in Figure 7.5. The maximum applied force for

the 950°C scaffold was 870 N and 914 N when Eagpnano and Eappmicro Were used for the FE analysis,

respectively. The maximum applied force for the 1050 °C scaffold was 1628N and 1760 N when Eapp nano

and Eappmicro Were used for the FE analysis, respectively. The maximum applied force for the 1150 °C

scaffold was 1026 N and 1431 N when Eapp nano and Eappmicro Were used for the FE analysis, respectively.
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Figure 7.4 - Deformation distribution in the direction of displacement application for representative FEA of

TCP scaffold. Units are in millimeters (mm).
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Figure 7.5 - Stress distribution in the direction of displacement application for representative FEA of TCP
scaffold. Stresses are listed in units of MPa.

Overall, the FE analyses for all three scaffolds resulted in Eappre Values that generally followed
similar trends observed by Vivanco et al. The FE analysis modeled with Eappnano for the TCP material
properties showed increased Eapp for the scaffold representative of the 1050 °C sintering group compared
to the representative 950 °C scaffold (Figure 7.6). Modeling with Eapp nano 2150 showed decreased Eapp e for
the scaffold representative of the 1150 °C compared to the 1050 °C scaffold (Figure 7.6). The FE analysis
modeled with Eappmicro for the TCP material properties showed increased Eap for the scaffold
representative of the 1050 °C sintering group compared to the representative 950 °C scaffold (Figure 7.7).
Modeling with Eappnano also showed decreased Eappre for the scaffold representative of the 1150 °C

compared to the 1050 °C scaffold (Figure 7.7). The calculated apparent elastic moduli (Eapp,re) from the
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FE analyses were consistently two to three times larger than the Eapp (Eappexp) determined from axial
compression testing of the TCP scaffolds. Table 7.4 shows a summary of the results. The Eappre
determined from the analysis using Eappnano Showed 190%, 169%, and 170% error between the FE and

experimental results for the scaffolds sintered at 950 °C, 1050 °C, and 1150 °C
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Figure 7.6 - Comparison of apparent elastic modulus determined from finite element analysis using nano-
level material properties for TCP scaffolds compared to Eapp determined from macro-level axial compression
testing of TCP scaffolds. Error bars represent the standard error for Eapp.exp
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Figure 7.7 - Comparison of apparent elastic modulus determined from finite element analysis using micro-
level material properties for TCP scaffolds compared to Eapp determined from macro-level axial compression
testing of TCP scaffolds. Error bars represent the standard error for Eapp.exp.

Table 7.4 - Apparent elastic modulus values for TCP scaffolds sintered at 950 °C, 1050 °C, and 1150 °C
determined from FEA and from experimental axial compression.

Sintering FE Model Apparent Modulus Experimental
Temperature
C) Eappnano (GP2) Eappmicro (GP) Eappexp (GP2)
950 18.7 19.6 6.41+2.3
1050 29.9 32.4 11.1+0.76
1150 24.6 34.3 9.07+1.3

www.manaraa.com



93
7.5 Discussion

Overall, the present study was successful in illustrating the influences of sintering temperature
and material properties on the overall bulk mechanical properties of beta-TCP scaffolds. The study
showed that sintering temperature can substantially alter the observed mechanical properties of TCP
scaffolds, largely due to geometric and morphologic changes resulting from the sintering process.
Further, the study illustrated that the nano- and micro-level material properties influence the overall
mechanical properties of TCP differently.

The study results from Vivanco et al. showed that nano-level evaluations of TCP material
properties differed from micro-level evaluations [156,157,161]. Nano-indentation found that Eappnano Was
increased for scaffolds sintered at 1050 °C to 950 °C, but decreased from 1050 °C to 1150 °C. Micro-
indentation found that Eappmicro Was also increased from 950 °C to 1050 °C, but there was no substantial
difference between Eappmicro fOr scaffolds sintered at 1150 °C compared to 1050 °C. While studies
conducted by Vivanco et al. examined the effects of sintering temperature on the bulk elastic modulus of
the TCP scaffolds, the effects were each investigated in separate studies to quantify geometry changes and
material property differences between scaffolds. The present study was designed to investigate the effects
of sintering temperature and multi-scale material properties simultaneously. Although the results of the
FE analyses produced apparent elastic modulus values that were considerably larger than the Eapp values
determined from experimental axial compression, the observed trends remained the same. The results of
the FEA presented in this study showed that Eapp,rea determined when nano-level material properties were
used demonstrated an increase from the representative 950 °C scaffold to the 1050 °C scaffold and
decreased from the 1050 °C to the 1150 °C representative scaffold. Similarly, the FEA results showed
that Eapp,rea determined when micro-level material properties were used increased from the representative
950 °C scaffold to the 1050 °C scaffold; however, the FE model also showed a further increase in Eapprea

in the representative 1150 °C scaffold compared to the 1050 °C scaffold. Based on the results of the FEA,
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and given the findings of Vivanco et al., the nano-level material properties appear to be the best
predictors of the bulk mechanical properties of TCP bone scaffolds.

The sizeable discrepancy between the experimental axial compression results and the FEA results
can be attributed to a number of causes. First, the FE model in the present study implemented a single,
idealized geometry that was designed using average dimensions from measurements obtained by Vivanco
et al. for scaffolds sintered at each of the 950 °C, 1050 °C, and 1150 °C temperatures. The axial
compression tests; however, were conducted on a multitude of scaffolds, each of which had a slightly
different morphology—even within the same subgroup of scaffolds sintered at the same temperature. In
addition, the exact architecture of each scaffold, determined from micro computed tomography images,
varied with some scaffolds having more or less struts than others or having partial struts due to fractures
resulting from handling. Furthermore, the FE model of the TCP scaffolds did not account for the porosity
of the TCP material. Vivanco et al. reported significant differences in porosity, 24%, 6% and 0% [161]
for scaffolds sintered at 950 °C, 1050 °C, and 1150 °C, respectively. The FEA did not include affects due
to microstructure, connectivity, damage or porosity.

Despite the difference in magnitude between FE and experimental results, the findings still
provide insight on the effect of the nano- versus micro-level material property contributions to the bulk
mechanical properties. Using Eapp,nano iN the FEA resulted in bulk Eapp values that were 5%, 8%, and 33%
closer to Eappexp resulting from axial compression tests compared to FEA results generated using Eapp,micro
for the 950 °C, 1050 °C, and 1150 °C sintering temperatures, respectively . This implies that not only is
the overall mechanical behavioral trend of TCP scaffolds better predicted by the nano-level material
properties, but that the magnitude of the bulk mechanical properties is better predicted by the nano-level
material properties.

7.6 Conclusion
Overall, the present study successfully demonstrated that geometric and morphological

differences in beta-TCP bone scaffolds caused by sintering at 950 °C, 1050 °C, and 1150 °C can be
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reflected using FEA. In addition, the study showed that Eapp calculations using Eappnano Within the TCP
scaffold FE model were closer in magnitude to experimentally determined scaffold Eapp. Furthermore, FE
analyses conducted with nano-level TCP material properties exhibited the same trends in changes in
mechanical properties with sintering temperature as determined from axial compression testing. The
results of this study indicate that the bulk mechanical properties of beta-TCP scaffolds are better predicted

by the nano-level material properties than micro-level material properties.
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Chapter 8

8. Modeling of Human Trabecular Bone Mechanical Properties Using Finite
Element Analysis

8.1 Abstract

Currently, about 55% of adults older than 50 years are affected by or at risk for osteoporosis—a
systemic skeletal disease causing deterioration of bone tissue and associated with a high mortality risk.
Understanding bone biomechanical behavior is imperative to promote bone health throughout aging,
preventing fractures, and improving treatment options. In the present study, micro computed tomography
(CT) images of a human trabecular bone core (height = 5 mm, diameter = 10 mm) were used to generate
multiple finite element models of the bone core subject to axial compression in order to evaluate the
feasibility of implementing traditional FE methods for the purpose of modeling the mechanical properties
of trabecular bone. The first FE model simulated axial compression with hard contact of a geometric part
reflecting the micro-level bone morphology with homogeneous material properties assumed. A second FE
model was developed that simulated axial compression with hard contact of a simplified geometry with
heterogeneous material properties assigned from bone mineral density determined from the CT images. A
third FE model was generated that simulated axial compression without contact of a simplified geometry
with heterogeneous material properties assigned from bone mineral density determined from the bone
core CT images. The available computational resources during the study did not allow for convergence of
the generated FE models due to complications with mesh generation. Future studies will investigate the

use of voxel-based meshing to generate viable FE models of trabecular bone tissue.

8.2 Introduction
Fifty percent of women and twenty-five percent of men older than 50 years will sustain bone

fracture caused by osteoporosis, increasing their risk of morbidity and mortality [139]. Osteoporosis is a
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systemic skeletal disease that causes deterioration of bone tissue [140,145]. Medical costs associated with
osteoporotic fractures and subsequent treatment reached $19 billion in 2005 and has been projected to
exceed $25 billion by 2025 [139]. Of those costs, an estimated 57% was associated with inpatient care
[7]. The economic burden of osteoporosis treatment is even more drastic when considering the total
opportunity cost which reached $34 billion in 2004 and has been projected to increase to $41 billion by
2025 [147].

Understanding bone biomechanical behavior is imperative to identify the causes of, improve
treatment options for, and prevent the onset of osteoporosis. It is well known that mechanical loading of
bone tissue promotes modelling and remodeling [12,26,79,141,143]. Non-invasive methods exist for
predicting bone mechanical properties, including the use of computed tomography-based metrics
[49,56,60,162]. While CT-based metrics for bone tissue are generally accessible by clinicians and
researchers, the accuracy of the predicted bone tissue mechanical properties is often lacking [60,163,164].
In addition, use of CT images alone does not provide insight on the stress and strain distributions within
the bone tissue caused by an applied mechanical load. To understand how and where bone tissue is likely
to adapt to an applied load through modeling or remodeling, it is necessary to understand its localized
response to mechanical stimulus.

One method for evaluating the mechanical behavior of bone tissue is finite element analysis
(FEA). FEA methods implement non-invasive modeling of the bone tissue and can simulate application
of mechanical loading. Use of FEA to model bone tissue has been used by many a researcher to model
bone structure and material properties to determine its bulk mechanical response [69,127,165-168]. The
purpose of this study was to compare FEA methods for modeling human trabecular bone tissue and
determine the system requirements and limitations associated with using traditional FEA to model human

bone tissue.
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8.3 Materials and Methods

A human trabecular bone core (approximate bulk dimensions: height =5 mm, diameter = 10 mm)
used in a previous study conducted by Meyer et al. was obtained [9]. The bone core was excised from the
proximal femur of a 48-year-old male undergoing total hip arthroplasty. Micro-CT images (Siemens
microCATII, 34 um, 80 kVp, 50 nA) of the bone core were obtained and subsequently segmented using
Mimics (Materialise, Leuven, Belgium) (Figure 8.1). Three separate finite element (FE) models were then
generated in Abaqus (Simulia, Dassault Systemes, Waltham, Massachusetts) to simulate axial
compression of the bone core similar to the methods presented in previous ex vivo studies conducted by
Meyer et al. and others [9,46,48,80,82].

For the first model, the bone core was exported to 3-matic (Materialize, Leuven, Belgium), an FE
pre-processor, for meshing. Due to the nature of the trabecular bone tissue, there were orphan pieces of
tissue within the core. The floating pieces that were visible were removed using Boolean operations
within 3-matic. A volume mesh was then created for the bone core using tetrahedral elements with a
global edge length of 0.2 mm. The resulting volume mesh was then exported to Abaqus. A layer of nodes
on the bottom of the bone core (along the y-axis) were fixed in the y-direction with 4 nodes fixed in all
directions. A compressive displacement of 20 um in the y-direction was then applied to the bone core
through a rigid cylindrical platen (E = 1 x 10° GPa, Poisson’s ratio = 0.3). The model assumed “hard”
contact with the platen acting as the “master” surface and the top surfaces of the bone core acting as the
“slave” surfaces. The contact was modeled with a tangential friction coefficient of 0.01. This first model
assumed linear elastic, homogeneous material properties for the bone core tissue and consequently an
elastic modulus of 1 GPa and a Poisson’s ratio of 0.3 were assumed from literature.

For the second model, the bone core volume was then exported to 3-matic (Materialize, Leuven,
Belgium) where a cylindrical outline was superimposed upon the trabecular bone core. This operation
was done to minimize error within the FE solver due to small or isoparametric elements caused by sharp

geometries. A volume mesh was then created for the encasing cylinder using tetrahedral elements with a
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global edge length of 0.2 mm. The bone core was assigned material properties within Mimics using
known relationships between bone tissue density and Haunsfield units for human trabecular bone (HU)
[169,170]. The HU calibration was done using air and water scans. The volume mesh was then assigned
material properties based on the HU distribution within the volume (Figure 8.2). Twenty materials were
used for the assignment and the Poisson’s ratio was assumed to be 0.3. After material assignment was
complete, the mesh was exported to Abaqus. A layer of nodes on the bottom of the cylinder (along the y-
axis) were fixed in the y-direction with 4 nodes fixed in all directions. A compressive displacement of 20
um in the y-direction was then applied to the cylinder through a rigid cylindrical platen (E = 1 x 10° GPa,
Poisson’s ratio = 0.3). The model assumed “hard” contact with the platen acting as the “master” surface
and the top surfaces of the cylinder acting as the “slave” surfaces. The contact was modeled with a
tangential friction coefficient of 0.01.

A third model was generated that mimicked the second FE model. The same steps were taken to
generate a 3D geometry and assign volume mesh material properties based on CT-image HU distribution.
To reduce computation time, load application was implemented by applying a compressive 20 um to a

layer of surface nodes on the top of the cylinder in the y-direction.
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Figure 8.1 - Micro-CT scan of human trabecular bone core used for FE modeling

Figure 8.2 - Cylindrical model of trabecular bone core with heterogeneous material properties applied

8.4 Results

For all three FE models, the limiting factor was computational power. The first model (Figure
8.3), which used the trabecular bone core geometry from the CT image but a homogeneous material
assignment, could not complete the calculations successfully. Multiple iterations were run with varied
element sizes. While increasing the global element size (and thus reducing the number of elements and

corresponding degrees of freedom) does aid in reducing the time required for the FEA to generate a
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solution, the number of sharp edges within the trabecular bone structure and corresponding low-quality
elements resulted in a non-convergence of the FE model. Reducing the global element length (increasing
the number of elements within the model) reduced the number of low-quality elements, but there was
insufficient available computational power to compete the FE calculations. The added computational
requirements to model contact on the numerous irregular surfaces of the trabecular bone geometry likely

also contributed to the lack of convergence.

Figure 8.3 - FE model of trabecular bone geometry with applied load and boundary conditions shown.

The second model (Figure 8.4) which used the cylindrical geometry and material properties
assigned from the CT image could not complete the calculations successfully. Multiple iterations were
run with varied element sizes. While increasing the global element size (and thus reducing the number of
elements and corresponding FE equations) does aid in reducing the time required for the FEA to generate
a solution, the distribution of assigned material properties becomes increasingly coarse, leading to a non-
convergence of the model. Increasing the number of elements exceeded the available computational
power. This was likely only further exacerbated by the computations required for modeling surface-

surface contact.
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Figure 8.4 - FE model of cylindrical representation of trabecular bone core with heterogeneous material
properties.

The third model (Figure 8.5) which used the cylindrical geometry and material properties
assigned from the CT image could not complete the calculations successfully. Multiple iterations were
run with varied element sizes. While increasing the global element size (and thus reducing the number of
elements and corresponding FE equations) does aid in reducing the time required for the FEA to generate
a solution, the distribution of assigned material properties becomes increasingly coarse. The non-contact
model converged on a solution and the determined elastic modulus was 11 MPa. Mechanical testing of
the modeled trabecular bone core ex vivo determined the elastic modulus to be 237 MPa. Figures 8.6 and
8.7 show the displacement distribution and von Mises stress distribution within the model, respectively.
In addition, the deformed mesh shows uneven displacement throughout the model in addition to bulging

elements along the outside border of the cylinder.
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Figure 8.5 - Non- contact FE model of cylindrical representation of trabecular bone core with heterogeneous

material properties.

u,u2
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-1.537e-03
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-1.517e-02
-1.687e-02
-1.858e-02
-2.028e-02

Figure 8.6 - Displacement distribution within the non-contact FE model of cylindrical representation of

trabecular bone core with heterogeneous material properties
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Figure 8.7 - von Mises stress distribution within the non-contact FE model of cylindrical representation of
trabecular bone core with heterogeneous material properties

8.5 Discussion

Overall, the study was successful in demonstrating the enormous computational cost of
conducting FEA on models with complex micro-scale geometries or with varying material properties. The
findings of the study indicate that use of traditional FEA to model and predict bone mechanical properties
on the micro-scale is not feasible for widespread practical applications.

Besides the computational requirements for generating a tetrahedral volume mesh for a complex
structure, added complications arise from the presence of low-quality elements within the native mesh
resulting in a low-quality mesh. Low-quality elements include elements that are distorted, which, for
tetrahedral elements, includes elements that have isoparametric angles outside of the suggested limits and
have exceedingly sharp vertices. Mesh quality could potentially be improved through the use of different
FE pre-processors. The software used for this study, 3-matic, is designed largely for the purpose of
generating surface meshes from CT-images so that the resulting mesh can be used for three-dimensional

(3D) printing or similar applications. Various existing software packages are designed more specifically
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for generating volume meshes to be used within FE models. It is possible that using a higher quality mesh
generated with an alternate FE pre-processor could have led to convergence of the FE models presented in
this study.

Previous studies have demonstrated that the FE method itself can be successful on whole bone
analyses and provide useful information about the bulk mechanical properties of the skeleton; however,
van Rietbergen et al. and others have repeatedly reported numerous complications associated with using
traditional FE methods to model bone tissue on the micro level [171-173]. In several of his published
works, van Rietbergen has listed reasons for avoiding traditional FEA of bone tissue microstructure, often
attributing convergence failures of uFE models to excessive computational cost, further highlighting its
limited accessibility as a modeling method. Many research studies interested in reducing computation
time for FE models of bone tissue implement voxel-based meshes [162,169]. Muller et al. have reported
success with voxel-based meshing methods in modeling bone tissue mechanics [171]. This meshing
technique is convenient for solvers since it uses the native voxel size of the CT images to generate
elements. The method loses effectiveness with decreased image resolution, however, for the CT images
used in this study with a voxel size of 34 um, a voxel-based mesh would be comparable with the quality
of the mesh generated through 3-matic.

8.6 Conclusion

Overall the study illustrated that using traditional FEA techniques for modeling trabecular bone

tissue mechanics has substantial limitations that reduce its accessibility and feasibility. Future studies

should investigate alternative meshing methods including voxel-based meshing.
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Chapter 9

9. Algorithm for Simulating Human Cortical Bone Remodeling

Additional contributing authors include CJ Collins?, K Suresh?, and H-L Ploeg*
!Department of Mechanical Engineering, University of Wisconsin — Madison

9.1 Abstract

More than half of adults over the age of 50 years is affected by or at risk for osteoporosis—a
systemic skeletal disease causing deterioration of bone tissue and associated with a high mortality risk.
Understanding bone biomechanical behavior is imperative to promote bone health throughout aging,
preventing fractures, and improving treatment options. The goal of the current study was to develop an
algorithm that could simulate human cortical bone adaptation on a simple two-dimensional (2D)
geometric model, in real time. The inputs for biochemical factors (RANK, RANKL, OPG, PTH, and
TGF-p) cell concentrations, initial bone porosity (5%), and isotropic mechanical properties were assumed
from literature (elastic modulus=10 GPa, Poisson’s ratio=0.3) and were assigned to a simple 2D geometry
under 500 N compressive uniaxial loading and a finite element analysis (FEA) with 4000 linear
guadrahedral elements was performed. Calculated strain energy density (SED) and assumed biological
factors were used to minimize the SED in load bearing tissue by changing the porosity in relevant areas.
Doses of PTH (1-50x10* pM), PTH production rate (2.5-20x10% pM/day), and PTH deactivation rate (4.3-
17.2 day*) were varied. Each time, the algorithm was repeated for 5, 10, and 20 time steps to simulate
bone adaptation with time. VVon mises stress increased by approximately 11% and the maximum porosity
in the bone decreased by approximately 30% with a consistent 3% difference between the maximum and
minimum porosity values. The SED was decreased by nearly 100%. Variation of PTH dose minimally
affected the changes in stress, porosity and SED during the iterations, however changing PTH activation
and deactivation altered the rates of stress increase and porosity decrease by approximately 5%. The

algorithm shows promise in that the results were consistent with known physiological bone remodeling
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patterns. Incorporation of additional contributing biochemical factors is necessary to fully mimic
physiological bone remodeling. Furthermore, the algorithm will be tested on additional 2D structures

more representative of bone

9.2 Introduction

Approximately 55% of adults older than 50 years are affected by or at risk for osteoporosis—a
systemic skeletal disease that is characterized by reduced bone mass and subsequent bone fragility
[52,139]. An estimated 75 million individuals are affected by osteoporosis in Europe, the United States,
and Japan [174]. Deterioration of bone tissue resulting from osteoporosis increases risk of bone fracture
and is associated with a high mortality risk [3,175]. Cost of treating osteoporotic fractures and
osteoporosis related medical complications accounted for nearly $20 billion in 2005—a figure which is
projected to exceed $25 billion by the year 2025 [139]. Many osteoporosis treatments include anti-
resorptive drugs and anabolic agents to inhibit the bone resorption process or to increase bone formation
activity, respectively [152-154]. These available treatments for osteoporosis are woefully inadequate and
often cause adverse side effects [150]. In addition, the methods for diagnosis and prevention of
osteoporosis is imperfect, with many patients remaining undiagnosed until bone deterioration is
irreversible with current medical advances [52,176,177]. Understanding bone biomechanical behavior is
imperative to promoting bone health throughout aging, preventing fractures, and improving treatment
options of widespread systemic skeletal disorders such as osteoporosis.

Bone adaptation to mechanical and biochemical stimulus occurs through modeling, remodeling,
and homeostasis. The bone adaptation process is modulated by osteoclasts, osteoblasts, and osteocyte
activity which are responsible for bone resorption, bone formation, and bone maintenance, respectively
[12,18,143,178,179]. The interactions of these bone-native cell types are governed by signaling pathways,
including the WNT signaling pathway [84,89,180,181]. These signaling pathways are influenced by key

biochemical factors, including parathyroid hormone (PTH), transforming growth factor beta 1 (TGF-B),
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osteoprotegerin (OPG), and receptor activator of nuclear factor kappa-B and the corresponding ligand
(RANK and RANKL, respectively) [71,87,92,179,182,134,183,184].

Recently, Scheiner et al. implemented one-dimensional (1D) analytical stress analysis, and
system’s biology in tandem to develop mathematical models to predict the morphological changes in bone
resulting from mechanical and biochemical stimuli [71]. The purpose of Scheiner’s model was to estimate
tissue level adaptation to mechanical stimulus, quantified by changes in porosity, by simulating
interactions between relevant bone-native cells and biochemical factors. To predict changes in bone
porosity, a single mechanical stimulus was mathematically applied in the form of strain energy density
(SED). In the model, each cell type and biochemical factor was associated with a set of governing
equations that dictated their activation and deactivation within the bone tissue. In the case of osteoclasts
and osteoblasts, there were additional mathematical relationships to account for the progenitor and
precursor activity, in addition to equations governing cell apoptosis. Upon “load application” to bone
cells, subsequent calculations were carried out separately for each bone cell type (osteoclasts, osteoblasts,
and osteocytes)—influenced by concentrations and activity of relevant biochemical factors. Finally, the
new activity level and concentration of bone-native cells was related to density and porosity of the overall
bone tissue.

The goal of the current study was to build upon the work of Scheiner et al. to simulate cortical

bone adaptation on a simple two-dimensional (2D) geometric model, in real time.

9.3 Materials and Methods

An algorithm (detailed in Appendix E) to predict cortical bone adaptation on a simple 2D
geometric model was developed in MATLAB (version R2013a, MathWorks, Simulink, Natick, MA) by
modifying the analytical models determined by Scheiner et al. for bone cell interactions to interface with
a 2D finite element (FE) solver. The algorithm was designed to have four distinct sections (Figure 9.1).

The first section of the algorithm initialized the predictive process by inputting starting bone cell
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concentrations, biochemical factor concentrations, defining the model geometry, and applying the
mechanical stimulus. The second section of the algorithm implemented the FE method for determining
the stresses, strains, and SED throughout the geometric model. In the third section, the outputs from the
FE analysis were then used as further inputs into the cell population models adapted from Scheiner’s
previous work. Finally, the changes in cell populations and biochemical factors determined from the cell
population models were related to porosity and density of the model material in the fourth and final

portion of the code. The algorithm then iterates through segments two to four to simulate bone

remodeling.
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Figure 9.1 - Schematic illustrating the structure of the presented bone remodeling algorithm

To initialize the algorithm, the inputs for biochemical factors (RANK, RANKL, OPG, PTH, and
TGF-B), bone-native cell concentrations, and initial bone porosity (5%) were assumed from literature
[70,71]. For each of the biochemical factors, a corresponding activator equilibrium constant, repressor
equilibrium constant, and degradation rate was needed. For each of the bone cell populations,
corresponding cell precursors, cell progenitors, cell differentiation rate, and cell apoptosis rate were
required. Figure 9.2 shows a schematic of the bone cell population model implemented within the
algorithm. Due to the complexity of the cell population models, not all factors implemented within

Scheiner’s 1D work were accounted for within the 2D algorithm. Table 9.1 shows the initial
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concentrations of bone cell populations for the computational model. Table 9.2 outlines the differentiation
and apoptosis rates used for osteoblasts and osteoclasts in the computational model. Table 9.3 shows the
initial concentrations, and activator and repressor equilibrium coefficients for the biochemical factors

included within the algorithm.
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Figure 9.2 - Schematic of bone cell population model for remodeling

Table 9.1 - Initial concentrations of bone cell populations within the computational model.

Cell Type Initial Concentration

(PM)
Osteoblast precursors Cos,po 0.001
Active Osteoblasts Cos.a0 0.005
Osteoclast precursors Cocro 0.001
Active Osteoclasts Coc.n0 0.0001
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Table 9.2- Apoptosis and differentiation rates for osteoblast and osteoclast populations within the
computational model.

Initial Concentration

G

Factor
Osteoblast apoptosis rate Aoga
Osteoblast differentiation rate Dogp
Osteoclast apoptosis rate Aoca
Osteoclast differentiation rate Docp

2.111x10?
1.657 x 101
5.649 x 10
2.100 x 10°

Table 9.3 - Initial concentrations, activator equilibrium constants, and repressor equilibrium constants for
biochemical factors included within the computational model.

.Factor

Initial Concentration
(PM)

PTH dosage

PTH activator
equilibrium constant

PTH repressor
equilibrium constant

TGF-B dosage

TGF-B activator
equilibrium constant

TGF-p repressor
equilibrium constant

PptHd

KpTH,Act,0b

KpTH,Rep,0b

Prcrd

KtF Act,0b

KTGF Rep,0b

5.000 x 10*

1.500 x 102

2.226 x 101

5.000 x 10*

5.633 x 10

1.754 x 10*
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After initializing the algorithm, the finite element problem was defined and solved. To avoid
additional complications associated with using a complex geometry, a simple rectangular model (1600
mm width, 600 mm height) with a central hole (100 mm radius) was used for this study (Figure 9.3).
Isotropic mechanical properties were assumed from literature (elastic modulus=10 GPa, Poisson’s
ratio=0.3). These properties were assigned to the 2D rectangular geometry under 500 N compressive
uniaxial loading and a finite element analysis (FEA) with 4000 linear quadrahedral elements was
performed (Figure 9.4). The algorithm, using the initial biological factors detailed previously and the
calculated strain energy density (SED) from the FE analysis, repeated to minimize the SED in load
bearing tissue by changing the porosity in relevant areas. The porosity was used to calculate the bone
volume and subsequently the bone density (p). Changes in stiffness of the bone were assumed to be
related to p®. The algorithm was repeated for 5, 10, and 20 time steps to simulate bone adaptation with

time.
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Figure 9.3 - Schematic of 2D geometry used for algorithm
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bl

Figure 9.4 - Schematic of 2D finite element model with boundary conditions and applied load shown

9.4 Results

Overall, the algorithm results showed evidence of osteoblast and osteoclast coupling with active
changes in the bone cell populations with every iteration. Concentrations of biochemical factors TGF-
and PTH were also changed regularly with each iteration. It was found, however, that changing the initial
dose of PTH resulted in minimal differences (< 5%) in the activation and deactivation of bone cell
populations.

As expected, the simulation found the maximum Von mises stress located in the stress
concentration caused by the hole (Figure 9.5). After 20 iterations, the maximum Von mises stress
increased by 11% whereas the SED was decreased by nearly 100%. The maximum porosity within the
modeled bone, initially 5%, decreased by 30% with a 3% difference between the maximum and minimum
porosity values. During the 20 iterations, the model tried to reduce porosity in the regions with the highest
SED. At the end of the simulation, the maximum porosity within the model was 3.48% and the minimum
porosity was 3.39%.

Changing the initial dose of PTH was found to minimally affect the changes in stress, porosity

and SED during the iterations, however changing PTH activation and deactivation constants altered the
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rates of stress increase and porosity decrease by approximately 5%. and bone material adapted to reduce

porosity at that location (Figure 9.5).

Figure 9.5 - Von mises stress distribution throughout rectangular model after 20 iterations.

Lo

Figure 9.6 - Predicted porosity distribution across hole after 20 iterations

9.5 Discussion

Overall, the algorithm developed in the present study successfully mimicked bone remodeling in
two dimensions with a simplified geometry. The intent of the current research was to expand Scheiner’s
algorithm from 1D analytical stress analysis and show remodeling of simulated bone in response to initial

concentrations of biochemical factors, porosities, and mechanical stimuli.
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There were a few limitations associated with the generation of the presented computational
model. First and foremost, the developed algorithm does not include all biochemical factors needed to
accurately model bone adaptation to mechanical stimulus. Some of the factors present in Scheiner’s initial
1D models, including OPG, RANK, and RANKL were excluded due to the added complexity associated
with the inclusion of these added factors and the corresponding equations governing their activity within
the simulated bone tissue. Including only PTH and TGF-$ without the appropriate factors to interact with
likely contributed to the majority bone formation response of the simulated bone tissue, evidenced by
exclusive porosity decrease in areas with high SED but no simultaneous porosity increase in areas with
comparatively lower SED. An added limitation of the presented model is associated with the geometry
used to simulate bone remodeling. While the rectangular geometry used in the present study allows for
guantitative verification of the FE method and qualitative verification of the observed remodeling trends,
it was not representative of bone tissue on any level. The simplistic nature of the geometric model in
addition to the uniformity of the applied load could have contributed to the lack of porosity distribution
throughout the model. Since the algorithm is not designed to accommodate a specific geometry, future
work could be done to adapt more complex geometries to model bone adaptation. A study conducted by
Mercuri et al. adapted the bone population models developed by Scheiner et al. and applied them to
generic a 2D femoral geometry without microstructural detail [185]. While Mercuri et al. were able to
demonstrate the bone cell population models on a 2D geometry, the FE model could not be validated.

The current algorithm was limited in the time scale of the simulated remodeling process. Scheiner
et al. did not include time as a factor within the developed bone cell population models. Given the
omission of time within the models, the only parameter to illustrate advancement of the bone remodeling
process was the number of iterations to run the algorithm. Since it was assumed that one iteration of the
algorithm encompassed a full activation and deactivation cycle for both osteoblasts and osteoclasts, the

resolution of the simulated remodeling process was very low. From a biological standpoint, one full bone
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remodeling cycle is completed over the course of 6-8 weeks. Future work is required to adapt the present
algorithm to predict bone turnover within a shorter time period.

Finally, the present model implemented the global SED present in the geometric model as an
input for the bone cell population models so that Scheiner’s bone population models could be readily
adapted; however, it is yet unknown if SED is the most appropriate FE-based mechanical stimulus for
inducing bone remodeling. Future work is needed to investigate the use of localized stress and strain in
addition to SED for implementation into the presented algorithm.

9.6 Conclusion

The algorithm shows promise in that the results were consistent with known physiological bone
remodeling patterns. Incorporation of additional contributing biochemical factors is necessary to fully
mimic physiological bone remodeling. Furthermore, the algorithm should be tested on additional 2D
structures more representative of bone. Finally, the algorithm will be expanded to three dimensions to

model whole bone.
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Chapter 10

10. Conclusions and Future Work

10.1 Conclusions

. Overall, the studies presented within this document represented multiple facets of biomechanics
research. The objectives driving the research presented in this document were 1) Assess bone tissue
adaptation and its contributing factors using an ex vivo testing environment and 2) Model structural,
material, and biochemical properties of the bulk tissue and of its constituents to simulate and predict bone
tissue response and adaptation to applied stimulus.

The studies presented in Chapters 4-6 successfully demonstrated the utility of ex vivo organ
culture for studying the effects of specific factors contributing to bone tissue biomechanical properties
and bone modeling and remodeling. The ex vivo culture environment is a valuable tool for evaluating the
response of bone tissue and observing its real time changes in mechanical and material properties. Though
traditional engineering methods can provide some information about the mechanical and material
properties of bone tissue, the results are often lacking since bone physical properties are dynamic and
adapt in response to applied stimuli. Through the use of ex vivo culture, it is possible to simulate a
physiological environment where systemic effects can be eliminated and observed changes within the
maintained bone tissue can be attributed to isolated factors. This unique capability of ex vivo testing was
evidenced in both Chapters 4 and 5, wherein it was determined that the endocrine/paracrine signaling
molecule big endothelin-1 (ET1) and its receptors play a key role in the ability of bone to adapt to an
applied mechanical stimulus. It was found that introduction of ET1 increased the rate of bone formation
and increased the overall apparent elastic modulus of bovine trabecular bone cores. In the follow-up
study presented within Chapter 5, it was determined that inhibition of ET1 signaling receptors

significantly reduced the ability of human trabecular bone cores to adapt to an applied load.
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Even after the conclusion of the ex vivo study, it was possible to evaluate changes within the bone
tissue using a variety of methods that would have been less useful if alternative live culture testing had
been conducted. In addition to being able to determine the bulk mechanical properties of the bone tissue
and surveying the changes in biochemical activity through culture medium, it was possible to assess the
micro level adaptations within the bone tissue in response to applied stimulus. This was accomplished
through the use of histomorphometry whereby bone tissue was sectioned and analyzed to quantify the
changes in tissue formation, mineralization, and cellular activity. In addition, morphological properties of
the bone tissue could be analyzed and subsequently related to ex vivo-determined parameters. Analysis of
the bone morphology found that bulk mechanical properties of trabecular bone tissue can be predicted by
CT-based metrics. Moreover, these findings indicate that bone tissue mechanical properties are dependent
on geometry in addition to the material properties of the underlying tissue.

Modeling of bone tissue is a valuable method for understanding contributions of multi-scale
material and mechanical properties to the overall bulk tissue mechanical properties. Within the presented
research, finite element (FE) analyses were successfully conducted on beta tricalcium phosphate (TCP)
bone scaffolds—materials designed to mimic bone architecture and mechanical properties. By generating
FE models that implemented the micro-level and nano-level material properties of the TCP scaffolds, it
was possible to determine how the overall bulk mechanical properties were influenced by the properties
of the framework material. This FE modeling was taken a step further to model human trabecular bone.
Although computational limitations prevented quantitative modeling of trabecular bone, areas for model
improvement were identified. Consistent with observations reported within literature, it was determined
that using traditional FEA for modeling bone microstructure is not a broadly feasible method due to
complications associated with mesh generation. A literature review found that generating a voxel-based
mesh prior to conducting FEA would reduce computational requirements and improve determined results.

Finally, within the presented research, it was determined that bone modeling and remodeling can

be simulated by implementing an iterative process that accounts for both mechanical stimulus and cellular
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interactions within the tissue. An algorithm was generated that could successfully mimic bone remodeling
by accounting for bone-native cell populations, relevant endocrine factors contributing to bone cell
signaling, and an applied mechanical stimulus determined from FEA. While the developed algorithm did
not include all necessary factors to fully represent a physiological environment accurately, the results
suggest that future improvements to the model could have potential to predict human bone remodeling in
real time.

10.2 Future Work

There are multiple areas for improvement and future research opportunities to follow the
presented studies within this thesis. While ex vivo organ culture is an extremely useful tool for
investigating the effects of mechanical and biochemical stimulus on the adaptation of bone tissue, there
are a few limitations associated with the methods presented within this thesis. First and foremost, the
axial loading apparatus used within the ex vivo culture system lacks mechanisms that would allow for
control of strain rate and exact displacement application since the load applicator is voltage controlled.
Future research should be focused on the development of an improved axial loading apparatus that would
provide consistent displacement application across bone tissue samples, regardless of their bulk elastic
modulus. Within the ex vivo culture system, improvements could be made to the experimental setup. The
ZETOS ex vivo culture system used for the studies presented in Chapters 4-6 was limited by the lack of
modularity and portability. Due to the inability to move any portion of the ex vivo system, acquiring
micro-CT images of trabecular tissue prior to the start of the live testing was impossible and as such,
determining changes in morphology resulting from the treatments administered during the study was not
feasible.

With regards to the data collected during the ex vivo study process, there are also potential areas
for further research. Besides acquiring micro-CT images of bone cores at the start of the study, it would
be beneficial to acquire images throughout the course of live testing. This would allow for non-invasive

(compared to histological methods) tracking of trabecular bone microstructure adaptations to applied
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mechanical and biochemical stimulus. In addition, dual energy micro CT scans could be obtained for the
bone cores. This would allow for increased ability to distinguish between phases of bone tissue and
permit measurement of osteoid content. The capability for tracking osteoid content within trabecular bone
samples would provide invaluable insight into the localized regions where bone formation is being
initiated. In addition, implementing CT-based methods for evaluating microstructural changes within
bone tissue would likely prove more cost-effective and allow for increased data collection to characterize
the dynamic changes within bone tissue compared to traditional histomorphometric methods. This would
subsequently increase the sensitivity of time-related bone remodeling analyses.

Within additional capability to survey the microstructural adaptations of trabecular bone tissue
using CT-based methods comes an increased capability for validating FEA results. Future work should
focus on correlating localized stresses, strains, and SED determined from FEA to the areas of highest
mineral apposition or osteoid formation. The combination of FEA modeling with CT-based monitoring of
live trabecular tissue could subsequently lead to comparison and evaluation of the underlying mechanisms
regulating bone modeling and remodeling in response to mechanical loading.

Presented finite element methods used to model trabecular bone tissue could be improved through
the use of CT-based voxel meshes. As stated in literature and as determined through the studies presented
within this thesis, traditional FEA meshing is often too computationally expensive to model trabecular
bone microstructure. A much more practical method would use the voxel size and position from bone CT
scans to define mesh size and node positions. The resulting mesh could then be assigned uniform material
properties or material density determined from the CT images could be used to assign a heterogeneous
material model.

Finally, there are future research directions worth pursuing with regards to the developed bone
remodeling algorithm presented in Chapter 9. First and foremost, the finite element method implemented
could be improved such that geometric inputs would more closely reflect that of trabecular bone tissue.

Ideally, the algorithm would be compatible with CT images so that the aforementioned voxel-based
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meshing methods could be used for assigning initial material properties and for improved mesh quality
within the FE solver. Since the ideal FE-based mechanical stimulus is yet unknown, the algorithm should
be designed such that both strain and stress could be investigated as mechanical inputs in addition to the
currently used strain energy density. The current model simulates bone as being linearly elastic and
homogeneous. Given the non-linear, viscoelastic, and heterogeneous nature of bone, the current model is
inadequate. Scheiner et al. has continued work in the area of analytical modeling and prediction of bone
remodeling and has, in his most recent work, incorporated poroelasticity within the framework of the
developed predictive models [71,186-188]. Future work should be driven towards expanding the current
algorithm to reflect Scheiner’s advancements and accommodate a more accurate simulation of bone’s
mechanical properties and remodeling response.

In addition, the algorithm should be expanded to three dimensions (3D) to accurately model bone
geometrical adaptations. It is possible that this expansion into 3D will require a shift in the methods used
to relate apparent elastic modulus and density of the simulated bone tissue. The current two-dimensional
algorithm implements density-based stiffness relationships whereby the elastic modulus is related directly
to the density cubed. Expanding this to 3D has the potential to cause discontinuities within the volume.
Alternative methods, including topology optimization, should be investigated for further development of
the predictive algorithm. Lastly, detailed validation of the bone remodeling algorithm is impossible if the
factors included within the model to not match the factors measured and investigated within ex vivo
studies. Future research should focus on designing ex vivo studies that investigate biochemical factors and

mechanical loading schemes that are simulated within the bone remodeling algorithm or contrariwise.
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Appendix A

A. List of Terms and Abbreviations

A cross-sectional area, mm?

BFR/BS bone formation rate, um? pum?/year
big ET1 Big endothelin

BS bone surface, pm

BVITV bone volume, %

) axial deformation, mm

AEapp percent change in apparent elastic modulus
Eapp apparent elastic modulus

Ecel endothelin converting enzyme 1
ET1 Endothelin-1

ETa endothelin receptor type A

ETe endothelin receptor type B

F axial force, N

K axial axial stiffness, N/mm

L length, mm

LRP5 lipoprotein receptor-related protein 5
MAR mineral apposition rate, um/day
MS/BS mineralizing surface, %

PGE2 prostaglandin E2

PTH parathyroid hormone

SOST sclerostin
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ZETOS
IGF1
DKK1
GLM

THA

BV
BVITV
BSA
BSA/TV
T.Th

T.Sp
Anisotropy
SMI
FabricTensor
PCA

AIC

A%

TCP

CAD

Enano
Emicro
Eapp,exp
Eapp.re
Eapp,nano

Eapp,micro
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ZETOS Bone Loading and Bioreactor System
Insulin-like growth factor 1
Dickkopf protein 1
general linear model
total hip arthroplasty
bone volume, mm?
bone volume/total volume, mm?3/mm?3
bone surface area, mm?
bone surface area/total volume, mm%/mm3
trabecular thickness, um
trabecular spacing, pm
degree of anisotropy
structural model index
fabric tensor direction, 6
principal component analysis
Akaike information criterion
Poisson’s ratio
tricalcium phosphate
computer aided design
elastic modulus of a material at the nano-level
elastic modulus of a material at the micro-level
apparent elastic modulus of macro-level structure determine experimentally
apparent elastic modulus of macro-level structure determine using FE
calculated apparent elastic modulus of macro-level structure using Enano

calculated apparent elastic modulus of macro-level structure using Emicro

www.manaraa.com



143

SED strain energy density

TGF-B transforming growth factor beta

OPG osteoprotegerin

RANK receptor activator of nuclear factor kappa-B
RANKL receptor activator of nuclear factor kapp-B ligand
Cos.ro osteoblast precursor concentration, pM
Cos.A0 active osteoblast concentration, pM

Cocro osteoclast precursor concentration, pM
Coc.a0 active osteoclast concentration, pM

Aosa osteoblast apoptosis rate, d*

Dosp osteoblast differentiation rate, d

Aoca osteoclast apoptosis rate, d*

Docp osteoclast differentiation rate, d*

PpTH.d PTH dosage, pM

KpTH,Act,0b PTH activator equilibrium constant, pM
KprH,Rep,0b PTH repressor equilibrium constant, pM
Prcrd TGF-B dosage, pM

Krer.Actob TGF- B activator equilibrium constant, pM
K1GF Rep,0b TGF- B repressor equilibrium constant, pM
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Appendix B

B. Force versus Displacement plots for Bovine Specimens, Chapter 4

35 I I

Stiffness = 1.9857 N/um
30+  |Strain rate = 0.06 mm/min R

15

Force (N)

10

-5 1 1
0 5 10 15

Displacement (um)
Figure B.1 - Force vs. displacement plot of bovine sample 1 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.
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25 T T T

Stiffness = 0.98084 Nfum
Strain rate = 0.06 mm/min

Force (N)

5 I | | | | | I I I
0 2 4 & g 10 12 14 16 18 20

Displacement (um)

Figure B.2 - Force vs. displacement plot of bovine sample 2 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.

6 T T T

Stiffness = 0.24654 MNium
AL Strain rate = 0.06 mm/min

Force (N)

2 L ! L L
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Figure B.3 - Force vs. displacement plot of bovine sample 3 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.
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10 I I I I

Stiffness = 0.45226 M/um
8 Strain rate = 0.06 mm/min .

Force (N)
I

M3

ok -

A I I I I | | | | |
0 2 4 6 g 10 12 14 16 18 20

Displacement (um)

Figure B.4 - Force vs. displacement plot of bovine sample 4 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.
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Stiffness = 1.4718 Nfum
30 - Strain rate = 0.06 mm/min

Force (N)
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Displacement (um)

Figure B.5 - Force vs. displacement plot of bovine sample 5 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.
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5 T T

Stiffness = 0.18543 N/um
Strain rate = 0.06 mm/min

Force (N)

-1 | | | 1 1 1 1 | |
0 2 4 6 8 10 12 14 16 18 20
Displacement (um)

Figure B.6 - Force vs. displacement plot of bovine sample 6 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.

25 T T

Stiffness = 1.0962 MN/um
Strain rate = 0.06 mm/min
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Displacement (um)

Figure B.7 - Force vs. displacement plot of bovine sample 7 on day 23 of live bone study. Linear fit shown to
determine bulk stiffness.
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Stiffness = 0.79627 MN/um
Strain rate = 0.06 mm/min

14
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14
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18 20

Figure B.8 - Force vs. displacement plot of bovine sample 8 on day 23 of live bone study. Linear fit shown to

60

determine bulk stiffness.

T T T T T T "’f
Stiffness = 2.9908 N/um y
Strain rate = 0.06 mm/min
a0 —
g i
@
=
O i
L
_10 | | | | | | | |
0 2 4 8 10 12 14 16 18 20

Displacement (um)

Figure B.9 - Force vs. displacement plot of bovine sample 9 on day 23 of live bone study. Linear fit shown to

determine bulk stiffness.
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'q'n T T T T T T T
Stifness = 1.9308 N/um ol
EL Strain rate = 0.06 mm/min 1
= _
[14]
=
0 —
L
_5 | | | | | | | |
0 2 4 8 10 12 14 16 18 20

Figure B.10 - Force vs. displacement plot of bovine sample 10 on day 23 of live bone study.

12 T

Displacement (um)

to determine bulk stiffness.

Linear fit shown

Stiffness = 055937 N/um

10 - Strain rate = 0.06 mm/min

Force {N)

Figure B.11 - Force vs. displacement plot of bovine sample 11 on day 23 of live bone study.

8 10 12
Displacement (um)

to determine bulk stiffness.
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18 20

Linear fit shown
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140 I I I I

Stiffness = 7.3636 N/um ras”

120 Strain rate = 0.06 mm/min _

100

80

60

Force (N)

40

20

20 I I | I I | I I I
0 2 4 b g 10 12 14 16 18 20

Displacement (um)

Figure B.12 - Force vs. displacement plot of bovine sample 12 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.

30 T T T T T I

Stiffness = 1.2496 MN/um
25 Strain rate = 0.06 mm/min |

Force (N)

5 ] ] | ] ] ] | ] ]

] 2 4 6 a 10 12 14 16 18 20
Displacement (um)

Figure B.13 - Force vs. displacement plot of bovine sample 13 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Stiffness = 0.47318 M/um
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Displacement (um)

Figure B.14 - Force vs. displacement plot of bovine sample 14 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.15 - Force vs. displacement plot of bovine sample 15 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Stiffness = 1.8414 Nfum
3B Strain rate = 0.06 mm/min

Force (N)

Figure B.16 - Force vs. displacement plot of bovine sample 16 on day 23 of live bone study.

B 10 12
Displacement (um)

to determine bulk stiffness.
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18 20

Linear fit shown

60 T

Stiffness = 2.5989 N/um
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]
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Figure B.17 - Force vs. displacement plot of bovine sample 17 on day 23 of live bone study.
to determine bulk stiffness.
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Linear fit shown
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Figure B.18 - Force vs. displacement plot of bovine sample 18 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.19 - Force vs. displacement plot of bovine sample 19 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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|
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Figure B.20 - Force vs. displacement plot of bovine sample 20 on day 23 of live bone study. Linear fit shown

35
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to determine bulk stiffness.
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|
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Figure B.21 - Force vs. displacement plot of bovine sample 21 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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35 I T T T T T T T
o
Stifiness = 1.7754 N/um 4
30 Strain rate = 0.06 mm/min ¢ _
Zz
m p—
=
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Figure B.22 - Force vs. displacement plot of bovine sample 22 on day 23 of live bone study.

Displacement (um)

to determine bulk stiffness.

Linear fit shown

Force {N)

50 T T T T T T T PP
i
Stifiness = 3.3207 N/um gt
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10 | | ! ! ! ! ! L
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Displacement (um)

Figure B.23 - Force vs. displacement plot of bovine sample 23 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.24 - Force vs. displacement plot of bovine sample 24 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.25 - Force vs. displacement plot of bovine sample 25 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.26 - Force vs. displacement plot of bovine sample 26 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.27 - Force vs. displacement plot of bovine sample 27 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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¥
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Figure B.28 - Force vs. displacement plot of bovine sample 28 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.29 - Force vs. displacement plot of bovine sample 29 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.

-5 ] | ] ]

www.manaraa.com



159

Stiffness = 0.22545 MNfum
Strain rate = 0.06 mm/min

lar] 3]

(N) 22104

10 12 14 16 18 20
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Figure B.30 - Force vs. displacement plot of bovine sample 30 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.31 - Force vs. displacement plot of bovine sample 31 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.32 - Force vs. displacement plot of bovine sample 32 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.33 - Force vs. displacement plot of bovine sample 33 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.34 - Force vs. displacement plot of bovine sample 34 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.35 - Force vs. displacement plot of bovine sample 35 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.36 - Force vs. displacement plot of bovine sample 36 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.37 - Force vs. displacement plot of bovine sample 37 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.38 - Force vs. displacement plot of bovine sample 38 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.39 - Force vs. displacement plot of bovine sample 39 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.40 - Force vs. displacement plot of bovine sample 40 on day 23 of live bone study. Linear fit shown

to determine bulk stiffness.
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Figure B.41 - Force vs. displacement plot of bovine sample 41 on day 23 of live bone study.
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to determine bulk stiffness.

Linear fit shown
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Figure B.42 - Force vs. displacement plot of bovine sample 42 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.43 - Force vs. displacement plot of bovine sample 43 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.44 - Force vs. displacement plot of bovine sample 44 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.45 - Force vs. displacement plot of bovine sample 45 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.46 - Force vs. displacement plot of bovine sample 46 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.47 - Force vs. displacement plot of bovine sample 47 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Figure B.48 - Force vs. displacement plot of bovine sample 48 on day 23 of live bone study. Linear fit shown
to determine bulk stiffness.
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Appendix C

C. Force versus Displacement plots for Human Hip Specimens, Chapter 5
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Figure C.1 — Representative force vs. displacement plot of human sample 1 during live bone study. Linear fit
shown to determine bulk stiffness

www.manharaa.com




170

100 T T T — T T T

Stiffness = 7.2396 Nfum
90 | Strain rate = 0.06 mm/min Fi o

Force (N)

10 I I I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Displacement (um)

Figure C.2 - Representative force vs. displacement plot of human sample 2 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.3 - Representative force vs. displacement plot of human sample 3 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.4 - Representative force vs. displacement plot of human sample 4 during live bone study. Linear fit
shown to determine bulk stiffness.
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Figure C.5 - Representative force vs. displacement plot of human sample 5 during live bone study. Linear fit
shown to determine bulk stiffness.
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Figure C.6 - Representative force vs. displacement plot of human sample 6 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.7 - Representative force vs. displacement plot of human sample 7 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.8 - Representative force vs. displacement plot of human sample 8 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.9 - Representative force vs. displacement plot of human sample 9 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.10 - Representative force vs. displacement plot of human sample 10 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.11 - Representative force vs. displacement plot of human sample 11 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.12 - Representative force vs. displacement plot of human sample 12 during live bone study. Linear
fit shown to determine bulk stiffness

www.manharaa.com




176

50 T T T —— T

Stiffness = 3.0131 N/um
Strain rate = 0.06 mm/min . + —

s
o
T

Force (N)

10 ! ! I ! ! I ! ! I
0 1 2 3 4 5 6 7 8 9 10

Displacement (um)

Figure C.13 - Representative force vs. displacement plot of human sample 13 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.14 - Representative force vs. displacement plot of human sample 14 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.15 - Representative force vs. displacement plot of human sample 15 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.16 - Representative force vs. displacement plot of human sample 16 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.17 - Representative force vs. displacement plot of human sample 17 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.18 - Representative force vs. displacement plot of human sample 18 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.19 - Representative force vs. displacement plot of human sample 19 during live bone study. Linear
fit shown to determine bulk stiffness

250 T T T —_—— T T T
Stiffness = 17.6786 N/um
Strain rate = 0.06 mm/min
200 - o
—~ 150 i
£
)
[E]
1
[=]
L 100 -
50 - -
porvor =¥
0 1 1 1 1 1 1 1 1 1
0 1 2 & 4 5 6 7 8 9 10

Displacement (um)

Figure C.20 - Representative force vs. displacement plot of human sample 20 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.21 - Representative force vs. displacement plot of human sample 21 during live bone study. Linear
fit shown to determine bulk stiffness

80 T T T _I = e

Stiffness = 5.605 N/um '
70 b Strain rate = 0.06 mm/min

g 8

Force (N)
&

30 -
20 —
10 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10
Displacement (um)

Figure C.22 - Representative force vs. displacement plot of human sample 22 during live bone study. Linear
fit shown to determine bulk stiffness

www.manharaa.com




181

80 T T T = = T

Stiffness = 5.2674 N/um Ty
70 b Strain rate = 0.06 mm/min

Force (N)
3 3

&

&

10 ! ! I ! ! ! I ! !
0 1 2 3 4 5 6 7 8 9 10

Displacement (um)

Figure C.23 - Representative force vs. displacement plot of human sample 23 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.24 - Representative force vs. displacement plot of human sample 24 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.25 - Representative force vs. displacement plot of human sample 25 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.26 - Representative force vs. displacement plot of human sample 26 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.27 - Representative force vs. displacement plot of human sample 27 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.28 - Representative force vs. displacement plot of human sample 28 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.29 - Representative force vs. displacement plot of human sample 29 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.30 - Representative force vs. displacement plot of human sample 30 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.31 - Representative force vs. displacement plot of human sample 31 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.32 - Representative force vs. displacement plot of human sample 32 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.33 - Representative force vs. displacement plot of human sample 33 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.34- Representative force vs. displacement plot of human sample 34 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.35 - Representative force vs. displacement plot of human sample 35 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.36 - Representative force vs. displacement plot of human sample 36 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.37 - Representative force vs. displacement plot of human sample 37 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.38 - Representative force vs. displacement plot of human sample 38 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.39 - Representative force vs. displacement plot of human sample 39 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.40 - Representative force vs. displacement plot of human sample 40 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.41 - Representative force vs. displacement plot of human sample 41 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.42 - Representative force vs. displacement plot of human sample 42 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.4315 - Representative force vs. displacement plot of human sample 42 during live bone study.
Linear fit shown to determine bulk stiffness
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Figure C.44 - Representative force vs. displacement plot of human sample 44 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.45 Representative force vs. displacement plot of human sample 45 during live bone study. Linear fit
shown to determine bulk stiffness
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Figure C.46 - Representative force vs. displacement plot of human sample 46 during live bone study. Linear
fit shown to determine bulk stiffness
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Figure C.4716 - Representative force vs. displacement plot of human sample 47 during live bone study.
Linear fit shown to determine bulk stiffness
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Figure C.48s17 - Representative force vs. displacement plot of human sample 48 during live bone study.
Linear fit shown to determine bulk stiffness
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Appendix D

D. Protocol for Analysis and Modeling of Bone Tissue

D.1 Segmentation in Mimics

1.

2.

3.

7.

8.

9.

Obtain DICOM type files for CT scanning images
Start new project by selecting “New Project Wizard”
Import DICOM file into Mimics (Materialise, Leuven, Belgium)
e File 2 Import Images
o Select appropriate folder and advance through screens
Assign orientation of object within the newly imported image
To improve visual rendering of the scan object, adjust the slider contrast controls
Section scanned object
o Create profile line by selecting “Profile Line” icon
e Use the pencil tool to draw a line through the object, making sure to include points from
different grayscales
e Select “Scale to fit” once profile line menu appears
o Select “Start thresholding” and adjust threshold to isolate features of interest
o Repeat process as necessary to obtain masks for different features (e.g. bone, fat, osteoid)
Refine masks
¢ Implement Region Growing, Edit Mask, or Morphology Operations to refine existing
masks
Obtain volume for each mask to determine ratios of feature components (e.g. osteoid to bone)

Obtain dimensions of scanned object
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e Use diameter and distance functions to determine appropriate dimensions
10. Generate 3D volume for masks
e Select “Calculate 3D” icon

o Select desired mask, select “optimal” quality, and click “calculate”

D.2 Morphological Analysis in ImageJ

1. Download BonelJ plugin for ImageJ
2. Load CT images
o File & Import - Image Sequence
e Select appropriate folder containing DICOM images
¢ Fill in appropriate information within the “Sequence Options” pop-up menu and select
“Sort names numerically”
3. Adjust color scheme in view port if necessary
e Image -2 Adjustment - Threshold
e Click “apply” once appropriate adjustments have been made
4. An additional screen to “Convert Stack to Binary” will appear. Uncheck “Calculate threshold for
each image” and select “OK.”
5. Isolate features of interest by using selection tools
e Scroll through slices to determine boundaries for features
o Select “Duplicate” to create a copy stack. Title the stack appropriately and list the range
of slices for the duplicate stack
e Check “Duplicate Stack” and select “OK”
6. Analyze parameters of interest from duplicate stack

o Determine Anisotropy
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i. Select “Auto Mode” and check “Record Eigens.” Click “OK.” Results will appear
in a new window.
ii. Use eigen vectors to determine the degree of anisotropy. Determine rotation of
core by selecting “rotation” icon.
iii.  Use the dot product and magnitude of eigen vectors to determine angle between
vectors.
Determine connectivity
i. “Purify” the duplicate stack
ii. Select “Connectivity” operation
Determine Structural Model Index
i. Select “Structural Model Index” function
ii. Select “Hildebrand & Ruegsegger” as the SMI Method, enter “6” for Voxel
resampling, and “0.5” for Mesh smoothing.
iii. Click “OK”
Determine Thickness and Spacing
i. Select “Thickness” and “Spacing” in morphology prompt.
ii. Click “OK”
Determine volume fractions
i. Select “volume fraction” function
ii. Ensure that the Algorithm is set to “Voxel” and Surface and resampling is set to
«g”

iii.  Check “Use ROI manager” within the prompt
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Appendix E

E. Matlab Code for Determining Kaxial from Force vs. Displacement

function find_Stiffness
[infile, inpath]=uigetfile("*.txt','Select machine compliance input file'); %user selects file to be analyzed
data=load([inpath infile]); %load the raw data
% sampfreq = (rawdata(2,2)-rawdata(1,2))"-1; %FREQUENCY OF DATA COLLECTION
% cutoff = .51; %used to establish cut-off frequency of filter
% [B,A] = butter(6,cutoff/(sampfreq/3)); %set-up 6th order butterworth filter
% data = filtfilt(B,A,rawdata); %filter the raw data with bidirectional filter
%
force = data(:,1); %units = N
disp = data(:,2); %units = mm
disp = abs(min(disp))+disp; %shift the displacement so it starts at 0
scrsz = get(0,'ScreenSize"); %captures the size of the user's screen (this may not work on some systems/monitors.
If there is a problem, comment out the next 2 lines)
Figure('Position',[scrsz(3)/4 scrsz(4)/4 scrsz(3)/2 scrsz(4)/2]); %position the Figure in the center of the screen
plot(disp,force,"','LineWidth',3.5);
title(strrep(infile(1:length(infile)-4)," '\ "),'fontsize',12,'fontweight','b"); %use strrep to replace the _ with the "\ '
so that the title appears correctly. The -4 removes the .txt from the title
ylabel('Force (N)','fontsize',12,'fontweight','b");
xlabel('Displacement (mm)','fontsize’,12,'fontweight','b");
hold on

box = showinfowindow('Choose the start and endpoint of the linear region',NOTICE!!");

get(box,'Position’);
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set(box, Position’,[200 700 261 37]); %redefine position of the textbox. MAY NEED TO ADJUST BASED ON
MONITOR
[x,y]=ginput(2); %select linear region of graph

close(box);

[leftpoint,d] = dsearchn(disp,x(1));%find the closest displacement value to the picked point
[rightpoint,d] = dsearchn(disp,x(2));

bounds = leftpoint:rightpoint;

sample_K = polyfit(disp(bounds), force(bounds),1); %1st order curve fit on linear region of graph
fit = polyval(sample_K,disp(bounds)); %predictions

dev = force(bounds) - mean(force(bounds)); %deviations, measure of spread

SST = sum(dev.”2); %total variation to be accounted for

resid = force(bounds) - fit; % residuals, measure of mismatch

SSE = sum(resid.”2); % variation not accounted for

R2 = 1- (SSE/SST); %the coefficient of determination

h = plot(disp(leftpoint:rightpoint),

sample_K(1)*disp(leftpoint:rightpoint)+sample_K(2),'LineWidth',1.5,'Color','red"); %plot the curve fit

r =(['R"2 ="' num2str(R2)]);
h1 = textul(r,0.1); %write the R"2 value directly within the graph
button_done=0;
while button_done==0;
button = questdlg('ls this curve fit accepTable?','User Action Required’,"Yes', 'No','Yes'); %generates user
prompt on screen. USES FUNCTION 'SHOWINFOWINDOW:', IT MUST BE WITHIN THE WORKING

DIRECTORY
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switch button

case 'Yes'
button_done=1;
appK = sample_K(1)*10"-3; %the apparent modulus
delete(hl); %remove the R"2 value from the graph

case 'No’;
delete(h);
delete(hl);
box = showinfowindow('Choose the start and endpoint of the linear region',NOTICE!!");
get(box,'Position’);
set(box, Position',[200 700 261 37]); Y%redefine position of the textbox. MAY NEED TO ADJUST

BASED ON MONITOR

[x,y]=ginput(2); %select linear region of graph

close(box);

[leftpoint,d] = dsearchn(disp,x(1));%find the closest displacement value to the picked point
[rightpoint,d] = dsearchn(disp,x(2));

bounds = leftpoint:rightpoint;

sample_K = polyfit(disp(bounds), force(bounds),1); %1st order curve fit on linear region of graph
fit = polyval(sample_K,disp(bounds)); %predictions

dev = force(bounds) - mean(force(bounds)); %deviations, measure of spread

SST = sum(dev.”2); %total variation to be accounted for

resid = force(bounds) - fit; % residuals, measure of mismatch

SSE = sum(resid."2); % variation not accounted for

R2 = 1- (SSE/SST); %the coefficient of determination

www.manharaa.com




156

appK = sample_K(1); %the apparent modulus
h = plot(disp(leftpoint:rightpoint),
sample_K(1)*disp(leftpoint:rightpoint)+sample_K(2),'LineWidth',1.5,'Color’,'red");
r =([R"2 = ' num2str(R2)]);
hl = textul(r,0.1); %write the R"2 value directly within the graph
end

end

% K= ((1/appK)-((1/5.2161)+(1/62.8931)+(1/62.8931)))"-1; %account for the compliance of the machine and
sapphires used to test the specimen

% K= ((1/appK)-(1/5.2161))*-1; %account for the compliance of the machine used to test the specimen. This will
change based on the MTS frame used!!

K = ((L/appK))"-1; %the stiffness, assuming that machine compliance has already been accounted for

newK = K*1000;

txtl =(['Stiffness = ' num2str(newK) ' N/um']);

txt2 = (['Strain rate = 0.06 mm/min']);

txt3 = (['Coefficient of Determination =" num2str(R2)]);

h2 = textul ({txt1;txt2;txt3},0.1); Y%write the stiffness value directly within the graph

function h = textul(txt,place) %will add text to a graph in a specified location
a = axis;
wdth = a(2)-a(1);
ht = a(4)-a(3);
pos = [a(1)+0.05*wdth a(4)-place*ht]; %5 percent away from left

h = text(pos(1),pos(2),txt,'EdgeColor','red");
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Appendix F

F. Matlab Code for Bone Remodeling Algorithm, Chapter 8
F.1 BoneBio Class
classdef Bonebiol_1v2Revised < QuadElasticity
properties(GetAccess = 'public’, SetAccess = ‘private’);
myAge % model age
myC_OBp % concentration of osteoblast precursors
myC_OBa % concentration of active osteoblasts
myC_OCp % Concentation of osteoclast precursors
myC_OCa % Conentration of active osteoclasts
myA_OBa % rate of active osteoblast apoptosis

myD_OBp % max differentiation rate of osteoblast precursors

myP_PTH_d % PTH dosage term

myP_PTH_d_Nodes % PTH dosage at node

myP_TGF_d % TGF dosage term

myP_TGF_d_Nodes % TGF dosage at node

myCounter

myPhi_Nodes

myMaxPhi
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myMinPhi
myResultsMinPhi
myResultsMaxPhi
myResultsTime

myResultsMaxStress

myK_res % resorption rate

myK_form % formation rate

myRho % inital density

mylambda % anabolic strength parameter

myPhi % current porosity

myPi_PTH_REP_OB % repressor equilibrium constant

myPi_PTH_ACT_OB % activatior function of PTH

myB_PTH % intrinsic PTH production rate

myD_PTH % constant degradation rate of PTH

myK_PTH_ACT_OB % RANKL production-relevant equilibrium dissociation
%constant related to binding of PTH to its receptors expressed on osteoblasts
myK_PTH_REP_OB % OPG production-relevant equilibrium dissociation constant

%related to binding of PTH to its receptors expressed on osteoblasts

myPi_TGF_ACT_OB % activatior function of TGF

myPi_TGF_REP_OB % repressor equlibrium constant
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myB_TGF % intrinsic TGF production rate

myD_TGF % constant degradation rate of TGF

myK_TGF_ACT_OB % RANKL production-relevant equilibrium dissociation
%constant related to binding of TGF to its receptors expressed on osteoblasts
myK_TGF_REP_OB % OPG production-relevant equilibrium dissociation constant

%related to binding of TGF to its receptors expressed on osteoblasts

myPi_RANKL_ACT_OC % activatior function of RANKL

end
methods
function obj = Bonebiol_1v2Revised(brepFileName,nElements,shape,class) % <insert pithy
comment here>
obj = obj@QuadElasticity(brepFileName,nElements,shape,class);
end
function obj=setCellConc(obj,C_0OBpo,C_0OBao,C_0OCpo,C_0OCao) %set initial bone cell
concentrations
obj.myC_OBp(1:0bj.myNumElems)=C_OBpo; %initial molar concentration of osteoblast
precursor cells
obj.myC_OBa(1:0bj.myNumElems)=C_OBao; %initial molar concentration of active osteoblast
cells

obj.myC_OCp(1:0bj.myNumElems)=C_OCpo; %initial molar concentration of osteoclast

precursor cells
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obj.myC_OCa(1:0bj.myNumElems)=C_OCao; %initial molar concentration of active osteoclast
cells
end
function obj=setRates(obj,D_OBp,A_0OBa,K res,K_form) %set differentiation and reaction rates
obj.myD_OBp(1:0bj.myNumElems)=D_OBp; %max differentiation rate of osteoblast precursor
cells
obj.myA_OBa(1:0bj.myNumElems)=A_OBa; %apoptosis rate of active osteoblasts
obj.myK_res(1:0bj.myNumElems)=K _res; %bone resorption rate
obj.myK_form(1:obj.myNumElems)=K_form; %bone formation rate

end

function obj=setPTH(obj,P_PTH d,B_PTH,D PTH,K PTH_ACT_OB,K_PTH_REP_OB) %grand

master PTH concentration control

% if (nargin == 6)

% members = 1:0bj.myNumElems;

% else

% assert(max(members) <= obj.myNumElems);
% assert(min(members) >= 1);

% end

obj.myB_PTH(1:0bj.myNumElems)=B_PTH; %intrinsc PTH production rate
obj.myD_PTH(1:0bj.myNumElems)=D_PTH; %constant degradation rate of PTH

obj.myK_PTH_ACT_OB(1:0bj.myNumElems)=K_PTH_ACT_OB; %RANKL production-

relevant
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% equilibrium dissociation constant related to binding of PTH to its receptors expressed on
osteoblasts

obj.myK_PTH_REP_OB(1:0bj.myNumElems)=K_PTH_REP_OB; %OPG production-relevant

%equilibrium dissociation constant related to binding of PTH to its receptors expressed on
osteoblasts

obj.myP_PTH_d(1:0bj.myNumElems) =P_PTH_d.*rand(1,0bj.myNumElems); %PTH dosage

nElements=obj.myNumElems;

for elem=1:nElements %assigning PTH concentrations to each element

C_PTHElem=(obj.myB_PTH(elem)+obj.myP_PTH_d(elem))/obj.myD_PTH(elem);% molar
concentration of PTH

obj.myPi_ PTH_ACT_OB(elem)=C_PTHElem/(obj.myK_PTH_ACT_OB(elem)+C_PTHElem);
%activator function of carrying capacity of RANKL due to PTH

obj.myPi_PTH_REP_OB(elem)=C_PTHElem/(obj.myK_PTH_REP_OB(elem)+C_PTHElem);
%repressor function of OPG production following PTH

end

end

function obj=setTGF(obj,P_TGF_d,B_TGF,D_TGF,K_TGF_ACT OB,K_TGF_REP_OB) %grand

master TGF concentration control

% if (nargin == 6)

% members = 1:0bj.myNumElems;

% else

% assert(max(members) <= obj.myNumElems);
% assert(min(members) >= 1);
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% end

obj.myB_TGF(1:0bj.myNumElems)=B_TGF; %intrinsc TGF production rate

obj.myD_TGF(1:0bj.myNumElems)=D_TGF; %constant degradation rate of TGF

obj.myK_TGF_ACT_OB(1:0bj.myNumElems)=K_TGF_ACT_OB; %RANKL production-
relevant

%equilibrium dissociation constant related to binding of PTH to its receptors expressed on
osteoblasts

obj.myK_TGF_REP_OB(1:0bj.myNumElems)=K_TGF_REP_OB; %OPG production-relevant

%equilibrium dissociation constant related to binding of TGF to its receptors expressed on
osteoblasts

obj.myP_TGF_d(1:0bj.myNumElems) =P_TGF_d.*rand(1,obj.myNumElems); %TGF dosage

nElements=obj.myNumElems;

for elem=1:nElements %assigning TGF concentrations to each element

C_TGFElem=(obj.myB_TGF(elem)+obj.myP_TGF_d(elem))/obj.myD_TGF(elem);% molar
concentration of TGF

obj.myPi_TGF_ACT_OB(elem)=C_TGFElem/(obj.myK_TGF_ACT_OB(elem)+C_TGFElem);
%activator function of carrying capacity of RANKL due to TGF

obj.myPi_TGF_REP_OB(elem)=C_TGFElem/(obj.myK_TGF_REP_OB(elem)+C_TGFElem);
%repressor function of OPG production following TGF

end

end

function obj=setPorosity(obj,Phi) %change porosity of bone

obj.myPhi(1:0bj.myNumElems)=Phi; %bone porosity
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end
function obj = simulateBone(obj)

i=0;

ResultsMaxPhi=zeros(1,5);
ResultsMinPhi=zeros(1,5);
ResultsMaxStress=zeros(1,5);

ResultsTime=zeros(1,5);

obj.myResultsMaxPhi = ResultsMaxPhi;
obj.myResultsMinPhi = ResultsMinPhi;
obj.myResultsTime = ResultsTime;

obj.myResultsMaxStress = ResultsMaxStress;

while i<=5
obj=obj.solveLinearElasticityProblem();
Figure(1)
obj.plotPhi();
pause(3)
close(1)
Figure(2)

obj.plotStress();

obj=obj.assemblePhi;
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%
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pause(3)
close(2)
counter = i+1;
obj.myCounter = counter;
obj.myResultsMaxPhi(1,counter) = obj.myMaxPhi();
obj.myResultsMinPhi(obj.myCounter)= obj.myMinPhi;
obj.myResultsMaxStress(obj.myCounter)= obj.myMaxStress;
i=i+1;
for j=1:counter
ResultsMaxPhi(j)= obj.myMaxPhi;
ResultsMinPhi(j)= obj.myMinPhi;
ResultsStress(j)=(obj.myMaxStress)

end

end
end
function obj = assemblePhi(obj)
nElements = obj.myNumElems;
strainX = obj.myElemStrains(1:nElements,1,1);
strainY = obj.myElemStrains(1:nElements,2,2);

strainXY = obj.myElemStrains(1:nElements,1,2);

devStrainX= (2/3)*strainX-(1/3)*strainY’

devStrainY=(-1/3)*strainX+(2/3)*strainX;
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gamXY=2*(strainXY);

strain = 2/3*sqrt(1.5*(devStrainX.A2+devStrainY .2)+.75*gamXY .*2);

eMax = 0.8*abs(max(strain));

eMin = 0.2*abs(max(strain));

for elem=1:nElements
% if strain(elem) >= eMax
% C_OBpElem = .95*obj.myC_OBp; %decay of molar concentration of osteoblast precursor
cells in each element
% deltaC_OBaElem = (obj.myD_OBp.*C_OBpElem.*obj.myPi_PTH_REP_OB)-
obj.myA_OBa.*obj.myC_OBa; %change in active osteoblasts
% C_OBaElem = obj.myC_OBa+deltaC_OBaElem; %new value of active osteoblast

concentration

% C_OCaElem = obj.myC_OCa; %concentration of active osteoclasts in each element

% deltaPhiElem = -obj.myK_res.*C_OCaElem+obj.myK_form.*C_OBaElem; %change in
porosity

% obj.myPhi = obj.myPhi+deltaPhiElem; %new porosity

% obj.myPseudoDensity = ones(1,nElements)-obj.myPhi; %bone density as a result of
porosity

% elseif strain <= eMin

% C_OBpElem=.95*0bj.myC_OBp; %decay of molar concentration of osteoblast precursor

cells in each element
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% deltaC_OBaElem=(cobj.myD_0OBp.*C_OBpElem.*obj.myPi_ PTH_REP_OB)-
obj.myA_OBa.*obj.myC_OBa; %change in active osteoblasts
% C_OBaElem=1.05*obj.myC_OBa+deltaC_OBaElem; %new value of active osteoblast

concentration

% C_0OCaElem=1.05*0bj.myC_OCa; %concentration of active osteoclasts in each element
% deltaPhiElem=-obj.myK_res.*C_OCaElem+obj.myK_form.*C_OBaElem; %change in
porosity

% obj.myPhi=obj.myPhi+deltaPhiElem; %new porosity

% obj.myPseudoDensity=ones(1,nElements)-obj.myPhi; %bone density as a result of
porosity

% else

% C_OBpElem=.95*0bj.myC_OBp; %decay of molar concentration of osteoblast precursor

cells in each element

% deltaC_OBaElem=(obj.myD_OBp.*C_OBpElem.*obj.myPi PTH_REP_OB)-
obj.myA_OBa.*obj.myC_OBa; %change in active osteoblasts

% C_OBaElem=0bj.myC_OBa+deltaC_OBaElem; %new value of active osteoblast

concentration

% C_OCaElem=0bj.myC_0OCa; %concentration of active osteoclasts in each element

% deltaPhiElem=-obj.myK_res.*C_OCaElem+obj.myK_form.*C_OBaElem; %change in
porosity

% obj.myPhi=obj.myPhi+deltaPhiElem; %new porosity

% obj.myPseudoDensity=ones(1,nElements)-obj.myPhi; %bone density as a result of
porosity

% end
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C_OBpElem = .95*0bj.myC_OBp(elem); %decay of molar concentration of osteoblast
precursor cells in each element
if strain(elem) >= eMax
% deltaC_OBaElem =
(obj.myD_OBp(elem).*C_OBpElem.*obj.myPi_TGF_REP_OB(elem))-
obj.myA_OBa(elem).*obj.myC_0OBa(elem); %change in active osteoblasts
deltaC_OBaElem =
(obj.myD_OBp(elem).*C_OBpElem.*obj.myPi_RANKL_ACT_OC(elem))-
(obj.myA_OBa(elem).*obj.myC_OBa(elem)*.myPi_TGF_REP_OB(elem)); %change in active
osteoblasts
C_OBaElem = 1.05*obj.myC_OBa(elem)+deltaC_OBaElem; %new value of active
osteoblast concentration
C_OCaElem = obj.myC_0OCa(elem); %concentration of active osteoclasts in each element
deltaPhiElem = -obj.myK_res(elem).*C_OCaElem+obj.myK_form(elem).*C_OBaElem;
%change in porosity
obj.myPhi(elem) = obj.myPhi(elem)+deltaPhiElem; %new porosity
if obj.myPhi(elem)<0
obj.myPhi(elem)=0;
elseif obj.myPhi(elem)>1
obj.myPhi(elem)=1;
else
obj.myPhi(elem)=obj.myPhi(elem);
end

obj = obj.setPseudoDensity(elem, 1-obj.myPhi(elem)); %bone density as a result of porosity
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elseif strain <= eMin
deltaC_OBaElem = (obj.myD_OBp(elem).*C_OBpElem.*obj.myPi_TGF_REP_OB(elem))-
obj.myA_OBa(elem).*obj.myC_OBa(elem); %change in active osteoblasts
C_OBaElem = obj.myC_OBa(elem)+deltaC_OBaElem; %new value of active osteoblast
concentration
C_OCaElem = 1.05*obj.myC_OCa(elem); %concentration of active osteoclasts in each
element
deltaPhiElem = -obj.myK_res(elem).*C_OCaElem+obj.myK_form(elem).*C_OBaElem;
%change in porosity
obj.myPhi(elem) = obj.myPhi(elem)+deltaPhiElem; %new porosity
if obj.myPhi(elem)<0
obj.myPhi(elem)=0;
elseif obj.myPhi(elem)>1
obj.myPhi(elem)=1;
else
obj.myPhi(elem)=obj.myPhi(elem);
end
obj.myPseudoDensity(elem) = 1-obj.myPhi(elem); %bone density as a result of porosity
else
deltaC_OBaElem = (obj.myD_OBp(elem).*C_OBpElem.*obj.myPi_TGF_REP_OB(elem))-
obj.myA_OBa(elem).*obj.myC_OBa(elem); %change in active osteoblasts
C_OBaElem = obj.myC_OBa(elem)+deltaC_OBaElem; %new value of active osteoblast
concentration

C_OCaElem = obj.myC_0OCa(elem); %concentration of active osteoclasts in each element
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deltaPhiElem = -obj.myK_res(elem).*C_OCaElem+obj.myK_form(elem).*C_OBaElem;
%change in porosity
obj.myPhi(elem) = obj.myPhi(elem)+deltaPhiElem; %new porosity
if obj.myPhi(elem)<0
obj.myPhi(elem)=0;
elseif obj.myPhi(elem)>1
obj.myPhi(elem)=1;
else
obj.myPhi(elem)=obj.myPhi(elem);
end
obj = obj.setPseudoDensity(elem,1-obj.myPhi(elem)) ; %bone density as a result of porosity
end
end
end

% function plotPTH(obj) %plot PTH

% obj.myP_PTH_d_Nodes = zeros(1,0bj.myNumNodes); %PTH at note

% for elem = 1:0bj.myNumElems

% if (obj.myPseudoDensity(elem) == 0)

% continue;

% end

% nodes = obj.myMesh.q(1:0bj.myNodesPerElement,elem)’; %mesh

% obj.myP_PTH_d_Nodes(nodes) = obj.myP_PTH_d_Nodes(nodes) + obj.myP_PTH_d(elem);
% end
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function plotTGF(obj) %plot TGF
obj.myP_TGF_d_Nodes = zeros(1,0bj.myNumNodes); %TGF at note
nElemsConnectedToNode = zeros(1,0bj.myNumNodes);
for elem = 1:0bj.myNumElems
if (obj.myPseudoDensity(elem) == 0)
continue;
end
nodes = obj.myMesh.q(1:0bj.myNodesPerElement,elem)’; %omesh
nElemsConnectedToNode(nodes) = nElemsConnectedToNode(nodes) + 1;
obj.myP_TGF_d_Nodes(nodes) = (obj.myP_TGF_d_Nodes(nodes) + obj.myP_TGF_d(elem));
end
obj.myP_TGF_d_Nodes=0bj.myP_TGF_d_Nodes./nElemsConnectedToNode(nodes);
X = zeros(obj.myNumElems,5);
Y = zeros(obj.myNumElems,5);
Z = zeros(obj.myNumElems,5);
% nodalField = obj.myP_PTH_d_Nodes;

% nodalField(isnan(nodalField)) = 0;

nodalField = obj.myP_TGF_d_Nodes;

nodalField(isnan(nodalField)) = 0;

for count = 1:0bj.myNumElems
if (obj.myPseudoDensity(count) == 0), continue;end

nodes = obj.myMesh.q(:,count);
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X(count,:) = obj.myMesh.p(1,[nodes' nodes(1)]);
Y(count,:) = obj.myMesh.p(2,[nodes’ nodes(1)]);

Z(count,:) = nodalField([nodes' nodes(1)]);

end
fill( X', Y',Z''EdgeColor','none") % surface
axis equal; axis on;view(2);
obj.adjustFigScale();
hold on;
title(' TGF Conc =" num2str(max(nodalField))]);
end
function plotPhi(obj) %plot Phi
obj.myPhi_Nodes = zeros(1,0bj.myNumNodes); %Phi at node
nElemsConnectedToNode = zeros(1,0bj.myNumNodes);
for elem = 1:0bj.myNumElems
if (obj.myPseudoDensity(elem) == 0)
continue;
end
nodes = obj.myMesh.q(1:0bj.myNodesPerElement,elem)’; %mesh
nElemsConnectedToNode(nodes) = nElemsConnectedToNode(nodes) + 1;
obj.myPhi_Nodes(nodes) = (obj.myPhi_Nodes(nodes) + obj.myPhi(elem));
end
obj.myPhi_Nodes=0bj.myPhi_Nodes./nElemsConnectedToNode;

X = zeros(obj.myNumElems,5);
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Y = zeros(obj.myNumElems,5);

Z = zeros(obj.myNumElems,5);

nodalField = obj.myPhi_Nodes;

nodalField(isnan(nodalField)) = 0O;

for count = 1:0bj.myNumElems
if (obj.myPseudoDensity(count) == 0), continue;end
nodes = obj.myMesh.q(:,count);
X(count,:) = obj.myMesh.p(1,[nodes; nodes(1)]);
Y(count,:) = obj.myMesh.p(2,[nodes; nodes(1)]);
Z(count,:) = nodalField([nodes; nodes(1)]);
end
MaxPhi= max(nodalField)
MinPhi=min(nodalField)
obj.myCounter
obj.myMaxPhi(1,0bj.myCounter)= MaxPhi;
obj.myMinPhi(1,0bj.myCounter)= MinPhi;
obj.myMaxPhi = MaxPhi;
obj.myMinPhi = MinPhi;
obj.myMaxStress
pause
a=obj.myMaxPhi

b=0bj.myMaxStress
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% obj.myResultsMaxPhi(obj.myCounter) = obj.myMaxPhi(1,obj.myCounter);
% obj.myResultsMinPhi(obj.myCounter)= obj.myMinPhi(1,0bj.myCounter);
% obj.myResultsMaxStress(obj.myCounter)= obj.myMaxStress;
%
fill( X', Y',Z','EdgeColor','none’) % surface
axis equal; axis on;view(2);
obj.adjustFigScale();
hold on;
title(['Phi Max =" ,num2str(max(nodalField)), Phi Min =", num2str(min(nodalField))]);
end
end
end
F.2 Test Function for BoneBio Class

%% Test Bone Bio

clc; clear all; format compact; format long;

problem = 3;

nElements = 2000;

shape = 'Linear’;

C_0OBp0=0.001;% original concentration of osteoblast precursors

C_0OBa0=0.0005;% original concentration of active osteoblasts

C_0OCp0=0.001;% original concentation of osteoclast precursors
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C_0Ca0=0.0001;% original conentration of active osteoclasts

Phio=0.05;% Cortical bone porosity
elem=1:nElements;

A _OBa=2.1107e-1;

D_OBp=.1650;

K _res=2; % The Scheiner paper has 2 as value

K_form=0.4;

K _PTH_REP_0OB=2.226e-1;% repressor equlibruim constant (pM)
K_PTH_ACT_OB=1.5e2;% activation equlibruim constant(pM)
D_PTH=8.6e1;% degredation rate (1/d)

B_PTH=2.5e2;% intrinsic production rate (pM/d)

P_PTH_d=5e4;% PTH dosage (pM)

K_TGF_REP_OB=1.7543e-4;% repressor equlibruim constant (pM)
K_TGF_ACT_OBu=5.6328e-4;% activation equlibruim constant(pM)
D_TGF=1;% degredation rate (1/d)

B_TGF=2.5e2;% intrinsic production rate (pM/d)

P_TGF_d=5e4;% TGF dosage (pM)

Kd_RANKL_RANK=5.6797;% repressor equlibruim constant (pM)

Ka_RANKL_RANK=3.4118e-2;% activation equlibruim constant(pM)

174

www.manharaa.com



175

D_RANKL=1.0132;% degredation rate (1/d)

B_RANKL=1.6842e2;% intrinsic production rate (pM/d)

P_RANKL_d=5e4;% RANKL dosage (pM)

b=Bonebiol 1v2Revised('RectangleHole.brep',nElements,shape, PlaneStress');

b=b.setRANKL(P_RANKL_d,B_RANKL,D_RANKL,Kd_RANKL_RANK,Ka_RANKL_RANK)

b=b.setPTH(P_PTH_d,B_PTH,D_PTH,K_PTH_ACT OB,K_PTH_REP_OB);

b=b.setTGF(P_TGF_d,B_TGF,D_TGF,K_TGF_ACT_OBu,K_TGF_REP_OB);

b=b.setCellConc(C_OBpo,C_OBao,C_0OCpo,C_0OCao);

b=Db.setRates(D_OBp,A_OBa,K_res,K_form);

b=b.setPorosity(Phio);
b=b.setPseudoDensity(b.myNumElems,1);
b=b.fixEdge(7);

b=b.applyYForceOnEdge(3,-1);

%b=Db.solveFEProblem();
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b=b.simulateBone();

% Figure(4)

% b.plotMesh();

% b=b.solveFEProblem();
% Figure(5)

% b.plotStress();

% Figure(6);

%Db.plotTGF()

176
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Appendix G

G. Protocol for Statistical Analysis

G.1 Principal Component Analysis Using R 3.2.5
#PCA for human hip endo study

#author: Luisa Meyer

myData <- read.delim("clipboard", na.strings = c(".", "NA"))

summary(myData)

#check for mistakes

str(myData)

#define subsets

control <- subset(myData, Treatment == "CC")
endothelin <- subset(myData, Treatment == "CB")
load <- subset(myData, Treatment =="LC")

loadET <- subset(myData, Treatment == "LB")

female <- subset(myData, Sex == "FEMALE")

male <- subset(myData, Sex == "MALE")

F.control <- subset(myData, Treatment == "CC", Sex == "FEMALE")

F.endothelin <- subset(myData, Treatment == "CB", Sex == "FEMALE")
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F.load <- subset(myData, Treatment == "LC", Sex == "FEMALE")

F.loadET <- subset(myData, Treatment == "LB", Sex == "FEMALE")

M.control <- subset(myData, Treatment == "CC", Sex == "MALE")
M.endothelin <- subset(myData, Treatment == "CB", Sex == "MALE")
M.load <- subset(myData, Treatment == "LC", Sex == "MALE")

M.loadET <- subset(myData, Treatment == "LB", Sex == "MALE")

LoadOnly <- subset(myData, Load == "YES")
ETBlockOnly <- subset(myData, ETBlock == "YES")
noLoad <- subset(myData, Load == "NQO")

noETBIlock <- subset(myData, ETBlock == "NO")

factors <- c("FinalEapp", "IGF1", "DKK1", "BoneVolume", "SurfaceArea", "BSA_BV", "BV_TV",

"T.Th", "T.Sp", "Connectivity", "Anisotropy"”, "SMI", "FabricTensor")

newData <-myData[factors]

FnewData<- female[factors]

MnewData <- male[factors]

CTRL <-control[factors]

ETonly <-endothelin[factors]

EX <-load[factors]
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EXET <-loadET[factors]

F.CTRL <-F.control[factors]
F.ETonly <-F>endothelin[factors]
F.EX <-F.load[factors]

F.EXET <-F.loadET[factors]

M.CTRL <-M.control[factors]
M.ETonly <-M.endothelin[factors]
M.EX <-M.load[factors]

M/EXET <-M.loadET[factors]

LoadOnly <- LoadOnly([factors]
ETBIlockOnly <-ETBlockOnly[factors]
noLoad <-noLoad[factors]

noETBIlock <-noETBIlock[factors]

# Look at the correlations
library(lattice)
library(gclus)
library(corrplot)

stuff <- cor(newData)

corrplot(stuff, method = "circle")
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# Do the PCA
my.prc <- prcomp(newData[,-1], center=TRUE, scale=TRUE)
screeplot(my.prc, main="Scree Plot", xlab="Components")

screeplot(my.prc, main="Scree Plot", type="line" )

#get PCA results

my.prc$rotation

# Now draw the BiPlot

biplot(my.prc, cex=c(1, 0.7))

# Apply the Varimax Rotation

my.var <- varimax(my.prc$rotation)

# Correlation plot

cors<-cor(stuff)

cor.mtest <- function(mat, conf.level = 0.95) {

mat <- as.matrix(mat)

n <- ncol(mat)

p.mat <- lowCl.mat <- uppCl.mat <- matrix(NA, n, n)
diag(p.mat) <- 0

diag(lowCl.mat) <- diag(uppCl.mat) <- 1

for(iinl:(n-1)){
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for(jin(i+21):n){
tmp <- cor.test(mat[, i], matl[, j], conf.level = conf.level)
p.mat[i, j] <- p.mat[j, i] <- tmp$p.value
lowCl.mat[i, j] <- lowCl.mat[j, i] <- tmp$conf.int[1]

uppCl.mat[i, j] <- uppCl.mat[j, i] <- tmp$conf.int[2]

¥

return(list(p.mat, lowCl.mat, uppCl.mat))

}

resl <- cor.mtest(stuff, 0.95)

res2 <- cor.mtest(stuff, 0.99)

corrplot(cors, p.mat = res1[[1]], sig.level=0.05, insig="blank", cl.align="r", tl.cex=0.6, order="hclust",

type="lower", tl.srt=60, cl.ratio=0.1)

#Get adjusted p-values

pAdj <- p.adjust(c(res1[[1]]), method = "BH")

resAdj <- matrix(pAdj, ncol = dim(res1[[1]])[1])

corrplot(cors, p.mat = resAdj, sig.level=0.05, insig="p-value", cl.align="r", tl.cex=0.6, order="hclust",
type="lower", tl.srt=60, cl.ratio=0.1)

corrplot(cors, p.mat = resAdj, sig.level=-1, insig="p-value", cl.align="r", tl.cex=0.6, order="hclust",

type="lower", tl.srt=60, cl.ratio=0.1)

#my.abs <- abs(cor(my.HHdata[,-1]))
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#my.colors <- dmat.color(my.abs)
#my.ordered <- order.single(cor(my.HHdata[,-1]))

#cpairs(my.HHdata[,-1], my.ordered, panel.colors=my.colors, gap=0.5)

# DotPlot PC1

load <- my.prc$rotation

sorted.loadings <- load[order(load], 1]), 1]
myTitle <- "Loadings Plot for PC1"
myXlab <-"Variable Loadings"

dotplot(sorted.loadings, main=myTitle, xlab=myXIlab, cex=1.5, col="red")

# DotPlot PC2

sorted.loadings <- load[order(load[, 2]), 2]
myTitle <- "Loadings Plot for PC2"
myXlab <-"Variable Loadings"

dotplot(sorted.loadings, main=myTitle, xlab=myXlab, cex=1.5, col="red")

G.2 Best General Linear Model Using R 3.2.5
#Best GLM for human hip endo study

#author: Luisa Meyer
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#Read in data sets

#for data in "Revised End Data for R" tab within "Human Hip 2015 all data LM.xIs"
myData <- read.delim("clipboard", na.strings = ¢(".", "NA™))

summary(myData)

#check for mistakes

str(myData)

control <- subset(myData, Treatment == "CC")
endothelin <- subset(myData, Treatment == "CB")
load <- subset(myData, Treatment =="LC")

loadET <- subset(myData, Treatment == "LB")

female <- subset(myData, Sex == "FEMALE")

male <- subset(myData, Sex == "MALE")

F.control <- subset(myData, Treatment == "CC", Sex == "FEMALE")
F.endothelin <- subset(myData, Treatment == "CB", Sex == "FEMALE")
F.load <- subset(myData, Treatment == "LC", Sex == "FEMALE")

F.loadET <- subset(myData, Treatment =="LB", Sex == "FEMALE")

M.control <- subset(myData, Treatment == "CC", Sex == "MALE")

M.endothelin <- subset(myData, Treatment == "CB", Sex == "MALE")
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M.load <- subset(myData, Treatment == "LC", Sex == "MALE")

M.loadET <- subset(myData, Treatment == "LB", Sex == "MALE")

LoadOnly <- subset(myData, Load == "YES")
ETBIlockOnly <- subset(myData, ETBlock =="YES")
noLoad <- subset(myData, Load == "NQO")

noETBIlock <- subset(myData, ETBlock == "NO")

factors <- ¢c("BoneVolume", "BSA _BV", "BV_TV", "T_Sp", "Anisotropy", "FinalEapp")

newData <-myData[factors]

FnewData<- female[factors]

MnewData <- male[factors]

CTRL <-control[factors]
ETonly <-endothelin[factors]
EX <-load[factors]

EXET <-loadET[factors]

F.CTRL <-F.control[factors]
F.ETonly <-F>endothelin[factors]

F.EX <-F.load[factors]

F.EXET <-F.loadET[factors]
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M.CTRL <-M.control[factors]
M.ETonly <-M.endothelin[factors]
M.EX <-M.load[factors]

M/EXET <-M.loadET[factors]

LoadOnly <- LoadOnly[factors]
ETBIlockOnly <-ETBlockOnly[factors]
noLoad <-noLoad[factors]

noETBIlock <-noETBIlock[factors]

#Generate

library(bestgim)

input <- newData

summary(input)

myout <-bestglm(input, family=gaussian, IC="AIC")

myout$BestModels

#add whatever factors come out of best GLM
model <- gim(formula = FinalEapp ~ BSA.BV , data=newData, family=gaussian)
summary(model)

glm(formula = FinalEapp ~ BSA.BV , family = gaussian, data = newData)
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#Test for goodness of fit

library(ResourceSelection)

hoslem.test(newData$FinalEapp, fitted(model))

myDataF <- read.delim("clipboard", na.strings = c¢(".", "NA"))

summary(myDataF)

inputF <- myDataF

summary(inputF)

myoutF <-bestglm(inputF, family=gaussian, IC="AIC")

myoutF$BestModels

myDataM <- read.delim("clipboard"”, na.strings = c(".", "NA"))

summary(myDataM)

inputM <- myDataM

summary(inputM)

myoutM <-bestglm(inputM, family=gaussian, IC="AIC")

myoutM$BestModels
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Appendix H

H. Conference Abstracts

H.1 American Society for Bone and Mineral Research 2012
Luisa Meyer?, Michael Johnson?, Juan Vivanco!, Robert Blank?, Heidi-Lynn Ploeg?, Everett Smith?

!Department of Biomedical/Mechanical Engineering, University of Wisconsin — Madison
2Department of Medicine, University of Wisconsin — Madison

3Department of Population Health Sciences, University of Wisconsin — Madison

H.1.1 Exposure to big endothlin-1 in bovine sternal cores mimics some aspects of mechanical loading.
It is well established that mechanical loading increases bone strength by inducing bone
remodeling. Endothelin-1 (ET1), a ubiquitous autocrine/paracrine signaling molecule, is known to
promote osteogenesis in the setting of breast and prostate cancer. It was hypothesized that ET1 acts
synergistically with mechanical loading to increase the apparent stiffness of bovine trabecular bone cores.
In a 2x2 factorial trial of daily compressive loading and 25 ng/ml big ET-1, 48 bovine sternal cores were
maintained in individual polycarbonate chambers. The cores were tested in compression with a
piezoelectric controlled axial loading system with measurements of force and displacement. Apparent
stiffness was calculated from the slope of the force-displacement data and apparent elastic modulus was
determined assuming Hooke’s Law and the bulk dimensions of the bone core. The cores in the “load”
groups were subjected to dynamic loading once a day of -2000 microstrain for 120 cycles at a frequency
of 2 Hz. Apparent elastic modulus was determined from a quasistatic measurement at baseline and on
days 15, and 23. Culture media were changed daily and collected at baseline and every three days
thereafter. Prostaglandin E2 production was measured by ELISA. Loading of the bone cores significantly
(p < 0.05) increased the mean percent change in apparent elastic modulus (+26% in “load+ET-1" and

+17% and in the “load” groups). Exposure to ET-1 contributed to an increase in stiffness from baseline to
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day 23 in both the “load” and “no load” groups, 26% and 13% respectively. The effect of ET-1 alone
(+13%) and exercise alone (+17%) were not significantly different. In all treatment groups prostaglandin
production began at 8 days post osteotomy and continued throughout the remainder of the experiment,
while in the control group prostaglandin production began to decrease at day 12 and by day 15 was 70%

of the treatment groups. The study results suggest that exposure to ET1 mimicked exercise induced strain.

H.2 American Society for Bone and Mineral Research 2013

Diane M. Cullen®, Gwendolyn Alvarez*, Luisa Meyer?, Michael Johnson?, Juan Vivanco*, , Heidi-Lynn
Ploeg?, Everett Smith®

Creighton University, 2University of Wisconsin, 3Medical College of Wisconsin

H.2.1 Mechanical Loading And Big Endothelin-1 In Trabecular Bone Cores

Mechanical loads are anabolic stimuli for bone, increasing formation and strength in adaptation to
the stresses. Endothelin-1 (ET1), a ubiquitous autocrine/paracrine signaling molecule promotes
osteogenesis associated with breast and prostate cancer. In this ex vivo study we combined both anabolic
stimuli and hypothesized that bone formation would increase synergistically. Bovine sternal trabecular
bone cores (5x10mm) were maintained in individual polycarbonate chambers with media changed daily
over 23 days. Cores were placed into four groups blocked by stiffness and treated daily with compressive
loading (-2000 pe, 120 cyc, 2 Hz) and/or big ET-1 (25 ng/mL). Bone formation was labeled in culture
with calcein on days 9 and 19. Bone stiffness and prostaglandin production was measured throughout the
experiment. After collection cores were embedded in methylmethacrylate and sectioned for
histomorphometric measurement of bone area, surface, label length, and label width. Differences among
groups were analyzed by 2-way ANOVA for the effects of Load x Endothelin. There was no difference
among groups in bone volume (BV/TV) of the cores. Due to the long labeling interval, single label
predominated over double. Load cores had 50% more single label bone surface (sLS/BS) than NoLoad

cores. Mineral apposition rate (MAR) showed a stair step pattern with a positive Load impact (P=0.007)
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and ET-1 showing a positive trend (P=0.16). Bone formation rate (BFR), a product of label length and
MAR, was twofold greater in Load than NoLoad (P=0.009), but not altered by ET-1 although the same
pattern was observed. There was no significant interaction between Load and ET-1. The bone formation
response to Load and ET-1 correlate with the change in stiffness across the experiment. In conclusion, ex
vivo mechanical loads increased bone formation and stiffness of the cores. ET-1 response in this study
was less than predicted from previous work. combined effects tended to be additive rather than

synergistic.

Table H.1 - Summary of Histological results

Trt Drug N [BVTV [sLBS | MAR BFR
NoLoad | Veh 10 | 17.9(5.1) | 27 (19) | 0.89 (0.66) | 63 (75)
ET-1 10 | 16.5(4.9) | 30 (17) | 1.08 (0.74) | 76 (71)
Load Veh 9 [ 16.5(24) | 43(21) | 1.38(0.67) | 131 (107)
ET-1 9 [16.2(54) | 43(11) | 1.79(0.41) | 151 (49)
P value | Load NS 0.01 0.007 0.009
Drug NS NS NS NS

H.3 World Congress of Biomechanics 2014
Luisa Meyer?, Michael Johnson?, Diane Cullen®, Juan Vivanco?, Robert Blank?, Heidi-Lynn Ploeg?, Everett Smith*
!Department of Biomedical/Mechanical Engineering, University of Wisconsin — Madison
2Department of Medicine, University of Wisconsin — Madison
3Department of Biomedical Sciences, Creighton University
“Department of Population Health Sciences, University of Wisconsin — Madison

H.3.1 Mechanical Loading and Exposure to Big Endothlin-1 Increases Bone Formation in Ex Vivo
Bovine Trabecular Cores

Mechanical loading increases bone formation by inducing bone remodeling. Endothelin-1 (ET-1),
a ubiquitous autocrine/paracrine signaling molecule promotes osteogenesis in metastatic disease. In a 2x2
factorial trial of daily mechanical loading and big ET-1, 48 bovine sternal trabecular cores were

maintained in polycarbonate chambers for 23 days. It was hypothesized that both ET-1 and mechanical
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stimulation would contribute synergistically to bone formation. A uniaxial loading system was used to
load cores (“jump” waveform ,-2000 pe, 120 cycles, 0.375 sec/cycle, daily), and ET-1 (25 ng/ml) was
administered through the culture media. Prostaglandin E2 (PGE2) production was measuredevery 3 days;
and, calcein labeling (days 9 and 19) tracked bone formation. Quasi-static force-displacement
measurements (0.04-0.08 ue/sec, well below the threshold required for bone stimulation) were taken at
baseline, days 15 and 23. The waveform for daily “exercise” was consistent across cores and the range of
guasi-static strain rates did not affect bone formation. The effects of load and ET-1 were determined
using 2-way ANOVA. The mean percent change in core stiffness over 23 days was increased in the
“load+ET-1” group (+26%) and significantly (p<0.05) increased in the “load” group (+17%). Exposure to
ET-1 contributed to an increase in stiffness over 23 days in both the “load” (+26%) and “no load” (+13%)
groups. In treatment groups PGE2 production remained elevated for days 8-23; while, in the control
group PGE2 decreased at day 12 and was 70% of the treatment groups by day 15. At the conclusion of
the ex vivo study, the cores were embedded in methylmethacrylate and sectioned for histomorphometric
measurement of bone area, bone surface, label length, and label width. Mechanically loaded cores had
50% more single label bone surface than non-loaded cores. Mineral apposition rate was higher than the
control in the "ET-1"(+18%) and "load+ET-1" (+63%) groups, and was significantly (p = 0.007) higher in
the "load" group (+45%). Bone formation rate was two times greater in the loaded versus non-loaded
group (p=0.009), but not significantly altered by ET-1. The study results show that mechanical loading

increases bone formation and suggest that exposure to ET-1 mimics exercise induced strain.
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Figure H.1.1 - Percent Change in calculated apparent elastic modulus for each treatment group, arranged
according to evaluation days. Asterisk indicates statistically significant increase from baseline to day 23
compared to control group at 95% confidence level

H.4 European Congress of Biomechanics 2015

Luisa Meyer?, Caitlyn Collins?, Krishnan Suresh?, Heidi-Lynn Ploeg!

'Department of Mechanical Engineering, University of Wisconsin — Madison

H.4.1 Predictive Model for Simulating Trabecular Bone Remodeling in Two Dimensions

H.4.1.1 Introduction

Currently, about 55% of adults older than 50 years are affected by or at risk for osteoporosis—a

systemic skeletal disease causing deterioration of bone tissue and associated with a high mortality risk

[ACPM, 2009]. Understanding bone biomechanical behaviour is imperative to promote bone health

throughout aging, preventing fractures, and improving treatment options. It is necessary to consider

cellular level biological factors in addition to mechanical stimuli. Recently, Scheiner et al employed one-

dimensional (1D) analytical stress analysis, and system’s biology in tandem to develop mathematical

models to predict the morphological changes in bone resulting from mechanical and biochemical stimuli

[Scheiner, 2013]. The goal of the current study was to develop an algorithm that could simulate cortical

bone adaptation on a simple two-dimensional (2D) geometric model, in real time.
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H.4.1.2 Methods

The predictive algorithm was developed in MATLAB (version R2013a, Simulink) by modifying
the analytical models determined by Scheiner et al bone cell interactions to interface with a 2D finite
element (FE) solver. The inputs for biochemical factors (RANK, RANKL, OPG, PTH, and TGF-B) cell
concentrations, initial bone porosity (5%), and isotropic mechanical properties were assumed from
literature (elastic modulus=10 GPa, Poisson’s ratio=0.3) (Scheiner, 2013). These properties were assigned
to a simple 2D geometry under 500 N compressive uniaxial loading (Fig 1A) and a finite element analysis
(FEA) with 4000 linear quadrahedral elements was performed. The algorithm uses calculated strain
energy density (SED) and assumed biological factors to minimize the SED in load bearing tissue by
changing the porosity in relevant areas. The algorithm was repeated for 5, 10, and 20 time steps to

simulate bone adaptation with time.

H.4.1.3 Results

As expected, the simulation found the maximum Von mises stress located in the stress
concentration caused by the hole (Fig 1B) and bone material adapted to reduce porosity at that location.
After 20 iterations, the maximum Von mises stress increased by 11% and the maximum porosity in the
bone decreased by 30% with a 3% difference between the maximum and minimum porosity values. The

SED was decreased by nearly 100%.
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i

Figure H.4.1 - A) Von mises stress distribution at hole with high stresses in red and lower stresses in green.
Applied load and boundary conditions shown. B) Predicted porosity distribution across hole after 20
iterations.

H.4.1.4 Discussion

The presented simulation successfully mimicked bone remodelling in 2D on a simplified
geometry. The intent of the current research was to expand Scheiner’s algorithm from 1D analytical stress
analysis and show remodelling of simulated bone in response to initial concentrations of biochemical
factors, porosities, and mechanical stimuli. The algorithm has shown promise in that the results were
consistent with known physiological bone remodelling patterns. It will be tested on additional 2D
structures more representative of bone. Future versions of the algorithm will be developed to include
additional biochemical factors that contribute to the response of osteoblasts and osteoclasts. Finally, the

algorithm will be expanded to three dimensions to model whole bone.

H.4.1.5 References
American College of Preventive Medicine, Am J Prev Med, 36(4):366-75, 2009.

Scheiner, S., et al., 254:181-196, 2013.
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H.5 Computer Methods in Biomechanics and Biomedical Engineering 2015
Luisa Meyer?, Caitlyn Collins!, Krishnan Suresh?, Heidi-Lynn Ploeg*
1Department of Mechanical Engineering, University of Wisconsin — Madison

H.5.1 Algorithm for Simulating Trabecular Bone Remodeling in Two Dimensions

H.5.1.1 Introduction

About 55% of adults older than 50 years are affected by or at risk for osteoporosis—a systemic
skeletal disease causing deterioration of bone tissue and associated with a high mortality risk [ACPM,
2009]. Understanding bone biomechanical behavior is imperative to promote bone health throughout
aging, preventing fractures, and improving treatment options. It is necessary to consider cellular level
biological factors in addition to mechanical stimulH. Recently, Scheiner et al implemented one-
dimensional (1D) analytical stress analysis, and system’s biology in tandem to develop mathematical
models to predict the morphological changes in bone resulting from mechanical and biochemical stimuli
[Scheiner, 2013]. The goal of the current study was to develop an algorithm that could simulate cortical

bone adaptation on a simple two-dimensional (2D) geometric model, in real time.

H.5.1.2 Methods

The predictive algorithm was developed in MATLAB (version R2013a, Simulink) by modifying
the analytical models determined by Scheiner et al bone cell interactions to interface with a 2D finite
element (FE) solver. The inputs for biochemical factors (RANK, RANKL, OPG, PTH, and TGF-B) cell
concentrations, initial bone porosity (5%), and isotropic mechanical properties were assumed from
literature (elastic modulus=10 GPa, Poisson’s ratio=0.3) (Scheiner, 2013) and were assigned to a simple
2D geometry under 500 N compressive uniaxial loading (Fig 1A) and a finite element analysis (FEA)
with 4000 linear quadrahedral elements was performed. Calculated strain energy density (SED) and
assumed biological factors were used to minimize the SED in load bearing tissue by changing the

porosity in relevant areas. Doses of PTH (1-50x10* pM), PTH production rate (2.5-20x10% pM/day), and
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PTH deactivation rate (4.3-17.2 day™) were varied. Each time, the algorithm was repeated for 5, 10, and

20 time steps to simulate bone adaptation with time.

H.5.1.3 Results

As expected in every case, the simulation found the maximum Von mises stress located in the
stress concentration caused by the hole (Fig 1B) and bone material adapted to reduce porosity at that
location. After 20 iterations, the maximum Von mises stress increased by approximately 11% and the
maximum porosity in the bone decreased by approximately 30% with a consistent 3% difference between
the maximum and minimum porosity values. The SED was decreased by nearly 100%. Variation of PTH
dose minimally affected the changes in stress, porosity and SED during the iterations, however changing
PTH activation and deactivation altered the rates of stress increase and porosity decrease by

approximately 5%.

H.5.1.4 Conclusions

The simulation effectively emulated bone remodeling in 2D on a simplified geometry. The intent
of the current research was to expand Scheiner’s algorithm from 1D analytical stress analysis and show
remodeling of simulated bone in response to initial concentrations of biochemical factors, porosities, and
mechanical stimuli. The algorithm shows promise in that the results were consistent with known
physiological bone remodeling patterns. Incorporation of additional contributing biochemical factors is
necessary to fully mimic physiological bone remodeling. Furthermore, the algorithm will be tested on
additional 2D structures more representative of bone. Finally, the algorithm will be expanded to three

dimensions to model whole bone.

H.5.1.5 References
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H.5.1.6 Figures

Lax

Figure H.5.1 - Predicted porosity distribution across hole after 20 iterations.
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H.6.1 Multi-scale Mechanical Analysis of Injection Molded Beta Tricalcium Phosphate Bone Scaffolds
H.6.1.1 Introduction

Currently, about 55% of adults older than 50 years are affected by or at risk for osteoporosis—a
systemic skeletal disease causing deterioration of bone tissue and associated with a high mortality risk
[ACPM, 2009]. A current method for repairing affected bone tissue is the implantation of porous three-
dimensional (3D) scaffolds that support and stimulate existing tissue. Tricalcium phosphate (TCP), due to
its biocompatibility and bioresorbability, is used extensively in clinical and research applications [Kasten,
2008]. Since the success of scaffolds is greatly dependent on their ability to osteointegrate, it is imperative
to understand their mechanical behavior and appropriately select material to use for scaffolds that would

mimic not only bone morphology, but also bone mechanical properties.
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H.6.1.2 Methods

Fifty TCP scaffolds were injection molded (approximate bulk dimensions: 5.4x5.4x4.2mm?) and
sintered at 1150°C. Each scaffold was loaded in uniaxial compression twice to 5 um (in two orthogonal
directions) and then loaded until failure [Vivanco, 2011]. The apparent elastic modulus (Eap) was
determined in two orthogonal directions using Hooke’s law and the slope of the linear region of the force-
displacement curve. Micro- [Vivanco, 2012] and nano-indentation [Vivanco, 2012] was performed on
each scaffold to determine the micro- and nano-level mechanical properties of the TCP material. A finite
element (FE) model was made using bulk dimensions of the scaffold. The model was compressively
loaded in two orthogonal directions (Abaqus 6.11, Simulia) to mimic mechanical testing of the actual
scaffold samples. The model used quadratic tetrahedral elements with a side length of 0.1 mm. The Eayp
of the simulated scaffold was calculated from the maximum force and deflection, assuming Hookean
behavior. The analysis was done twice in each direction, using the micro-level elastic modulus (E,) and

then the nano-level elastic modulus (E).

H.6.1.3 Results

The Eapp determined from the mechanical testing was 11121+764 MPa and 41062000 MPa in the
two orthogonal directions, respectively. Micro- and nano-indentaton yielded 98.67+3.5 GPa and
87.76+7.57 GPa, respectively. Using the FE model, the Eapp was found to be 8064 MPa and 3214 MPa in
two orthogonal directions when the nano-level elastic modulus was used for the scaffold material. The
Eapp Was found to be 10900 MPa and 4360 MPa in two orthogonal directions when the micro-level elastic

modulus was used for the scaffold material.

H.6.1.4 Conclusions
Based on the results of the FE analysis, the bulk properties of the bone scaffold more closely

matched the material properties of the TCP on the micro-level. This implies that the bulk mechanical
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properties of the scaffold are more affected by the micro-level material and mechanical properties than on
the nano-level. Therefore, manufacturing control variables for injection molded TCP scaffolds should be
selected based on their effect on the micro-level mechanical and material properties of the intended
scaffold design. Future modeling is needed to determine if this pattern holds for multiple sintering

temperatures and different TCP porosity levels.

H.6.1.5 References
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H.6.1.6 Figures

Figure H.6.1 - Von mises stress distribution with high stresses in yellow and lower stresses in green.
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H.7.1 Endothelin 1 Signaling is Required for SOST and IGF1 Secretion in Response to Mechanical
Load

Previously we demonstrated that addition of exogenous big endothelin to ex vivo cultured bovine
bone or application of -2000 pe elicits similar biochemical and physical responses, change in apparent
elastic modulus (Eapp), mineral apposition rate and secretion of PGE2. We hypothesized that endothelin
(ET1) signaling was required for physical and biochemical responses of bone to mechanical load. To test
this hypothesis, we conducted a 2x2 factorial trial of daily mechanical loading (-3000 pe, 120 cycles
daily) and 10 (1M BQ-123, an endothelin receptor A (ETa) antagonist. Forty-eight human, trabecular
bone cores (5 mm h x 10 mm d) were obtained from 2 male donors undergoing hip replacement. Donor
cores and Eapp Were blocked to blocked to equivalency. The cores were maintained in bioreactors for 25
days post initiation of treatment. There were four groups: control (CC), control+BQ-123 (CB),
load+control (LC) and load+BQ-123 (LB). Each specimen was tested quasi-statically with a maximal
compression of ~4000 pe on days 0 and 25 of the study to measure Eapp. Culture medium from each
sample was analyzed for secretion of IGF1, SOST and ET1 on days 0, 8, 11, 18, and 25. Biochemical data
over time were analyzed by Wilcoxin test, followed by paired analysis by Kruskal-Wallace. There were
significant differences in IGF1, SOST and ET1 secretion over time and between the LC and LB groups
with the LB group having increased secretion of SOST and ET1 and decreased secretion of IGF1. The
percent change in apparent elastic modulus over the duration of the experiment was not significantly
different between groups; however, the LC group tended to be higher than the other groups. The increase
in ET1 secretion in the CB and LB groups indicates the presence of a feedback loop. The decrease in
SOST secretion in the LC group is similar to the change in SOST seen in vivo in response to mechanical

load. Blockade of ET1 signaling prevents the decrease in SOST secretion in response to mechanical load.
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The increase in IGF1 secretion in response to mechanical load and the decrease in secretion seen when
ET1 signaling is blocked suggest that ET1 signaling interacts with pathways that respond to mechanical
load. This is the first study to show that autocrine ET1 signaling is required for response to mechanical
load in human trabecular bone cores and that ET1 signaling is required for transduction of mechanical

into biochemical signals during the anabolic response of bone to mechanical load.

H.8 Orthopaedic Research Society 2016
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tUniversity of Wisconsin — Madison, Madison, W1, 2University of Wisconsin Hospital and Clinics, Madison, WI,

3Medical College of Wisconsin, Milwaukee, W1, “The Clement J. Zablocki VA Medical Center, Milwaukee, WI

H.8.1 Human Trabecular Bone Response to Mechanical Load is Dependent on Endothelin-1 Signaling

H.8.1.1 Introduction

Fifty five percent of adults older than 50 years are affected by or at risk for osteoporosis—a
systemic skeletal disease causing deterioration of bone tissue and associated with a high mortality risk [1].
It is important to understand bone biomechanical behavior to promote bone health throughout aging,
prevent fractures, and improve treatment options. While it is widely recognized that mechanical loading
promotes bone modeling, remodeling, and homeostasis, the interactions of the mechanotransduction
pathways are not as well understood [2]. Research has demonstrated that the WNT signaling pathway, the
activity of which is indicated by secretion of certain genes including endothelin (ET1) and sclerostin
(SOST), plays a critical role in regulating mechanotransduction [3]. SOST is a WNT signaling antagonist
and is tonically secreted by osteocytes. The secretion of SOST is suppressed in the setting of mechanical
loading. The purpose of this study was to investigate if pharmacological antagonism of the endothelin

receptor A would inhibit relevant mechanotransduction pathways leading to bone modeling and

www.manaraa.com



201

remodeling in human trabecular bone. The hypothesis was that ET1 signaling was essential for physical

and biochemical responses of bone to mechanical loading.

H.8.1.2 Methods

The study hypothesis was tested by conducting a 2x2 factorial trial whereby human trabecular
bone cores were subjected to daily mechanical loading (-3000 pe, 120 cycles daily) and 10 uM BQ-123,
an endothelin receptor A antagonist. Using a protocol approved by the University of Wisconsin —
Madison Institutional Review Board and after acquiring informed consent, 48 cores (5 mm x 10 mm)
were obtained from 2 donors (1 male, 1 female) undergoing total hip arthroplasty. Cores were assigned to
groups according to block randomization based on the donor and apparent elastic modulus (Eapp) On day
1. The cores were maintained in individual bioreactors for 25 days post initiation of treatment. There were
four groups: control (CC), control+BQ-123 (CB), load+control (LC) and load+BQ-123 (LB). Each
specimen was tested quasi-statically with a maximal bulk compression of 4000 pe on days 1,8,15, and 22
of the study to measure Eapp. Culture medium from each sample was analyzed for secretion of insulin-like
growth factor (IGF1), SOST, and ET1 on days 0, 8, 11, 18, and 25. Biochemical data were analyzed by

Kruskal-Wallace tests, followed by paired analysis via Wilcoxon tests.

H.8.1.3 Results

Significant differences were found in IGF1, SOST and ET1 secretion over time and between the
LC and LB groups. The LB group showed increased secretion of SOST and ET1 and decreased secretion
of IGF1. The percent change in Eapp Over the duration of the experiment was not significantly different
between groups, however, the mean percent change in Eap in the LC group (37.4+18.2 %, p=0.096)

tended to be higher than the other groups (CC 24.5%, CB 13.3%, LB 31.2%).
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H.8.1.4 Discussion

This is the first study to show that autocrine ET1 signaling is required for response to mechanical
load in human trabecular bone cores and that ET1 signaling is required for transduction of mechanical
into biochemical signals during the anabolic response of bone to mechanical load. The results of the study
show that blockade of ET1 signaling is associated with an increase in SOST secretion in response to
mechanical load. Increases in IGF1 secretion in response to mechanical load and the decrease in secretion
when ET1 signaling is blocked suggest that ET1 signaling interacts with pathways that respond to
mechanical load. The increase in ET1 secretion in the CB and LB groups indicates the presence of a
feedback loop. The decrease in SOST secretion in the LC group is similar to the change in SOST seen in
vivo in response to mechanical load [4]. Study limitations include the variability observed among the
samples which was likely caused by inherent variability in trabecular tissue from hip arthroplasty patients,

and well-documented limitations of compression testing of bone cores.

H.8.1.5 Significance

The presented study examines the role of ET1 signaling in the physical and biochemical response
of human trabecular bone to mechanical loading to better understand interactions of factors in the bone
mechanotransduction pathways. The blockade of ET1 pathways inhibits bone response to mechanical
loading as shown by decreased secretion in relevant biochemical factors and limited increases in elastic

modulus.
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Figure H.8.18 - SOST secretion over duration of experiment. Asterisks indicate significant increase from

baseline between the LB and the CL groups (¢=0.05).
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Figure H.8.2 — Change in Eapp between days 1 and 22. Graph shows medians, first and third quartiles, and the
lowest/highest datum within 1.5 interquartile lower/higher range.

H.9 European Congress of Biomechanics 2016

Luisa A. Meyer(1), Dalton J. Hess(1), Michael G. Johnson(1), Everett L. Smith(1), Karen E. Hansen(2), Heidi-Lynn
Ploeg(1)

1. University of Wisconsin — Madison, United States 2. University of Wisconsin Hospital and Clinics

H.9.1 Using Morphological and Biochemical Factors to Predict Human Trabecular Bone Stiffness

H.9.1.1 Introduction

Fifty percent of women older than 50 years will sustain an osteoporotic fracture, which causes
increased morbidity and mortality. Osteoporosis is a systemic skeletal disease that causes deterioration of
bone tissue [1]. Understanding bone biomechanical behaviour is necessary to identify the causes and
improve treatment of osteoporosis. Mechanical loading promotes bone modelling and remodelling.
However, the additional contributions from mechanotransduction pathways and tissue level morphology

are less understood [2]. Previous studies have investigated the ability of clinical computed tomography
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(CT) imaging to non-invasively determine bone stiffness [3], but metrics ascertained from CT are not the
only contributors to bone mechanical properties and do not encompass pathological factors. The purpose
of this study was to investigate the impact of biochemical factors on bone stiffness in cores donated by

two hip arthroplasty patients.

H.9.1.2 Methods

Twenty four human trabecular bone cores (5 mm x 10 mm) were prepared from bone removed
during two hip arthroplasties (48 year old male, 68 year old female). The bone cores were allocated to two
groups using block randomization based on the donor and apparent elastic modulus (Eapp) determined on
day 0. One group was the control group (“CC”) and the other (“LC”) was subjected to daily mechanical
loading (-3000 pe, 120 cycles daily). The cores were maintained in individual bioreactors for 25 days. A
guasi-static compression test of 4000 pe measured Eapp 0n day 22. Culture medium from each sample was
analysed for secretion of prostaglandin E2 (PGE2), insulin-like growth factor (IGF1), sclerostin (SOST)
and endothelin-1 (ET1) on days 0, 8, 11, 18 and 25. At the end of the ex vivo study, the cores were
imaged using a micro-CT scanner at a resolution of 10 um to calculate the core volume, bone
volume/total volume (BV/TV), bone surface area (BSA), trabecular thickness (T.Th), trabecular spacing
(T.Sp), connectivity, degree of anisotropy (DoA) and the structural model index (SMI). The measured
biochemical factors and the calculated morphological factors were then combined to generate a linear

mixed effects model to predict the E4yp 0f each bone core.

H.9.1.3 Results

Using a linear mixed effects model approach on the cores from each individual patient, the Eapp Of
each core could be predicted by evaluating the bone morphology (BV, SA, T.Th, DoA, SMI) with a
coefficient of determination of 94% (R?-adj=83%, p=0.02). Modelling cores from both patients resulted

in a much lower coefficient of determination (R?=52%, p=0.12), but including biochemical factors
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(SOST, DKK1, IGF1, PGE2) improved the accuracy of the model such that the prediction capabilities

approached those of the individual models (R?>79%, p=0.006).
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Figure H.9.1 - Measured PGE2 and elastic modulus (Eapp) at the end of the experiment. Standard error is
shown for each group.

H.9.1.4 Discussion

The study demonstrates that Esp, can be predicted by CT-based metrics alone, but inclusion of
biochemical factors improves ability to predict Eapp. The study also demonstrates that individual bone
cores behave uniquely. Additional studies should be conducted that include more bone cores, to determine
if the number of factors contributing to the predictive model can be reduced and still accurately predict

Eapp.
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