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Abstract 

Title: Multiscale Mechanics of Bone: Examining the Influence of Genetic 

Alterations 

Author: Brendyn James Miller 

Advisor: Alessandra Carriero, Ph.D. 

This MSc thesis investigates how genetic alterations involved in the 

synthesis of proteins or in the regulation of tissue remodeling affects the 

composition, structure and mechanics of bone at the multiscale levels. This was 

accomplished by performing two mouse model studies. In the first study, bone 

properties of TIMP-3 knock-out (Timp-3-/-) mice were examined by performing 

mechanical testing, µCT analysis, and FTIR analysis. Results demonstrated that the 

mechanical integrity of the Timp-3-/- bone was compromised. Decreased values for 

the yield and ultimate load, stress capacity, and fracture toughness were observed in 

both the TIMP-3 deficient bones. These reductions in the mechanical and material 

properties were attributed to alterations in the bone structure and composition. The 

Timp-3-/- cortical bone was less dense, thinner, and exhibited increase porosity and 

the trabeculae in the cancellous bone were thinner, more interconnected, and more 

tightly packed together. The composition of the Timp-3-/- bone were found to have 

altered mineralization and increased compositional heterogeneity. These geometric 

and compositional changes suggest that there is increased bone remodeling, 

possibly due to increased matrix metalloproteinase (MMP), disintegrin-

metalloproteinase (ADAM), and disintegrin and metalloproteinase with 

thrombospondin-like motifs (ADAMTS) activity, resulting from a lack of TIMP-3. 
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These results therefore suggest that TIMP-3 is crucial for maintaining optimal bone 

tissue during growth and development.  

In the second study, the cochlear intracortical structure of genetically 

modified oim mice, a mouse model of osteogenesis imperfecta (OI) or brittle bone 

disease, was examined to gain insight on the possible causes of hearing loss, typical 

in severe cases of the disease. The results from the image analysis demonstrate that 

the oim bone is much more porous with more populated and interconnected canals 

within the cochlea. This higher porosity, possibly due to high bone turnover in 

these mice, may lead to reduced bone fracture toughness, thus increasing the risk of 

consequent bone deformities and the likelihood of hearing loss.  

Both studies showed how genetic mutations at the nano-scale level can 

result in reduced mechanical properties of the bone at the macro-scale level. It is 

therefore crucial to correct any biological alterations at any level of the hierarchy to 

maintain the healthy bone structure. These studies provide a deeper understanding 

of the bone material and will ultimately lead to the development of new treatments 

for skeletal pathologies.  
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Chapter 1 
 

Introduction 

 

1.1 Thesis Background and Motivation 

Bone is a complex organ that exhibits a hierarchical structure. The 

mechanical properties of the bone at the whole bone, or macro-scale level, 

depend on the bone architecture at the tissue, or micro-scale level, and on 

the arrangement of collagen (protein) and hydroxyapatite (mineral) 

constituents at the molecular, or nano-scale level. The arrangement of 

primary molecular constituents at the nano-scale level are due to the 

coordinated activity of physiological factors that are the end products of 

biological pathways programed by genetic information contained in DNA 

and RNA molecules. It is this hierarchical structure that gives bone both 

high strength and toughness, a desirable combination for all materials. 

Furthermore, bone can adapt to mechanical loading and change its mass, 

shape, and properties in response to its mechanical environment.  

However, aging and disease change bone structure and composition 

and effect its function, having a dramatic effect on the mechanics of the 

whole bone. Prior research has also shown that genetic changes can alter the 

expression of biological factors that influence the structure and composition 

of bone. In some cases, genetic alteration can completely disrupt the 

production of certain proteins or other biological molecules that play a role 

in coordinating how the bone is formed, indirectly altering the structure of 

the bone. For example, in one study, investigators looked at how 

suppressing a specific proteinase, tissue inhibitor of metalloproteinases-3 

(TIMP-3), altered bone structure.(Javaheri et al., 2016) The results of their 

research demonstrated that TIMP-3 deficiency correlated with a reduction 
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in overall bone mass and size. In other cases, genetic variations change how 

the proteins from which bone is formed are synthesized, directly 

compromising its structural integrity. For example, osteogenesis imperfecta 

(OI) is a skeletal disorder in which alterations in the COL1A1 and COL1A2 

genes reduce either the amount or the quality of type 1 collagen in bones 

and other connective tissue. Because of their hierarchical structure, these 

changes also reduce the amount and/or the quality of the bone. These 

genetic mutations increase the risk of bone fracture in patients with OI.  

In both TIMP-3 deficiency and OI, there are correlations between 

genetic changes and altered bone structure. However, a complete 

understanding of how the bone structure changes because of genetic 

alterations remains elusive. In the first case, it is known that TIMP-3 

deficiency alters the bone structure, but exactly how the bone mechanics, 

morphology, and composition change remains in question. In the second 

case, it is known that OI alters bone structure and causes hearing loss, but 

exactly how the bone structure changes and contributes to hearing loss is 

still unknown.(Riedner, Levin, & Holliday, 1980; Swinnen, De Leenheer, 

Coucke, Cremers, & Dhooge, 2009) Therefore, the goal of this thesis is to 

examine how the properties of both TIMP-3 deficient bone and OI bone 

change to gain a more thorough understanding of bone biology and 

mechanics with the ultimate goal of developing successful therapies for 

skeletal pathologies. 

 

 1.2 Hypothesis and Thesis Outline 

 A comprehensive understanding of bone mechanics requires basic 

knowledge of how to evaluate and interpret bone properties at each scale of 

the bone hierarchy.  Chapter 2 introduces bone composition, structure, and 

mechanics, with methods for the characterization of these properties and 
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with a special interest in mouse bone. Chapters 3 and 4 explore how two 

different gene modifications affect the bone hierarchy and alter its integrity. 

Many studies examining the function of TIMP-3 have found that 

TIMP-3 deficiency adversely affects tissue integrity (Brew & Nagase, 2010; 

Cruz-Munoz, Kim, & Khokha, 2006; Cruz-Munoz, Sanchez, et al., 2006; 

Federici et al., 2005; Gill, Pape, Khokha, Watson, & Leco, 2003; Janssen et 

al., 2008; Kassiri et al., 2005; Leco et al., 2001; Mohammed et al., 2004; 

Sahebjam, Khokha, & Mort, 2007). For example, in one study researchers 

examining the lungs of TIMP-3 knock out (Timp-3-/-) mice found that 

TIMP-3 deficiency resulted in excessive extracellular matrix (ECM) 

degradation that resulted in illness and premature death (Leco et al., 2001). 

In another study, scientists observed that TIMP-3 deficiency caused 

increased collagen and aggrecan degradation in Timp-3-/- mice (Sahebjam et 

al., 2007). In each of these cases, as well as others, TIMP-3 deficiency had 

an adverse effect on the tissue being examined. However, to the best of my 

knowledge, no studies have been conducted which investigate the effects of 

TIMP-3 deficiency on bone properties. Therefore, the first aim of this thesis 

was to perform mechanical, geometric, and compositional testing on Timp-

3-/- mouse bone to quantify how the bone changes because of TIMP-3 

deficiency. 

The first hypothesis of this thesis is that genetic suppression of the 

TIMP-3 gene deteriorates the mechanics of bone by changing its 

structure and composition. 

 

Chapter 3 reports the results of a study in which bones from Timp-3-

/- mice were examined at the nano-, micro-, and macro-scale lengths to 

determine how TIMP-3 deficiency affects the mechanical, geometric, and 

compositional properties of bone.  Characterizing TIMP-3 gene-related 

changes in bone properties will help in understanding the role of this gene 
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in determining the overall mechanical integrity of the bone through changes 

in its geometry and composition. 

  

In several skeletal pathologies, compositional and structural changes 

lead to alterations in bone toughness. In osteogenesis imperfecta bone, for 

example, collagen modifications detrimentally affect its hierarchical 

structure and mechanics, making the bone more prone to fracture. Bone’s 

micro-porosity has an influence on the propagation of cracks at the micro-

scale level (Alessandra Carriero et al., 2014) and on the overall toughness 

of the bone (A. Carriero, M. Doube, et al., 2014; Yeni, Brown, Wang, & 

Norman, 1997). Additionally, osteogenesis imperfecta bone exhibits altered 

intra-cortical porosity (A. Carriero, M. Doube, et al., 2014; Vardakastani et 

al., 2014). 

 

The second hypothesis is that altered intra-cortical porosity also 

characterizes the cochlea in OI, which may affect the mechanical 

integrity of the bone and possibly contribute to the hearing loss associated 

of severe conditions of the disease. 

 

In chapter 4, the structure of the cochlea in a mouse model 

genetically modified to express mild to severe osteogenesis imperfecta was 

investigated. The geometry and morphology of the cortical bone, 

intracortical canals, and lacunae were examined by analyzing reconstructed 

3-D computed models of images obtained using synchrotron computed 

tomography (SR-CT). Quantifying geometric differences in the bone 

affected by OI will help provide insight into understanding how the 

mechanics of the bone are altered. 
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Finally, chapter 5 summarizes the main outcomes of this thesis, 

presenting the contributions of this new knowledge to the field of bone 

mechanics as well as perspectives for future research. 
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Chapter 2: 

 

Bone Quality and Quantity 

 
2.1 Introduction 

This chapter provides a brief overview of bone function, a descriptive 

summary of bone composition and structure, as well as a presentation of 

how the mechanical, geometric, and compositional properties can be 

evaluated to determine bone quality and quantity. By the conclusion of this 

chapter, the reader should be able to understand the basic bone anatomy and 

terminology that will be used in future chapters to describe the principal 

procedures and findings presented in this text.    

    

2.2 Bone Function 

Bone is a fascinating organ that performs a variety of mechanical and 

metabolic functions within the body. Bones in the body, which are 

collectively known as the skeleton, act as a structural support system, 

providing a rigid frame where muscles, tendons, and ligaments can attach to 

and act on to generate forces which enable the body to move freely in three-

dimensional space. Furthermore, bone preserves and protects internal 

organs such as the brain, heart, and lungs by acting as a casing that supports 

the organ and protects them from physical trauma. Bones also enable 

vertebrates to hear sounds by playing a role in sound transduction via the 

middle ear, allowing for sound vibrations to be transferred from the ear 

drum to the cochlea. Additionally, bone contains the bone marrow, which 

produces new blood cells and stem cells and acts as a material reservoir for 

minerals such as calcium and phosphate (Ethier & Simmons, 2007).  
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2.3 Bone Composition 

 

2.3.1 Composition Overview 
Bone is a composite structure consisting primarily of mineralized 

type I collagen fibrils, calcium hydroxyapatite (Ca10(PO4)6(OH)2) crystals, 

and water (Steve Weiner & Wagner, 1998). Up to over 200 other non-

collagenous proteins (NCPs) can also be present in bone; however, these 

proteins consist of less than 10% of bone composition and have very little 

impact on how the bone functions mechanically (Delmas, Tracy, Riggs, & 

Mann, 1984). These three major components and the trace amounts of 

NCPs combine to form the two types of bone tissue: lamellar and woven 

bone. The combination of these two bone tissue types are found in both 

kinds of bone found within the body: cortical and trabecular bone. While 

both types of bone have a similar composition; consisting of lamellar and 

woven bone. The distinction between the two types of bone is due to 

differences in their respective apparent densities and their 

microarchitecture. Trabecular bone is much more porous, having an 

apparent density that ranges typically from 0.21 to 0.3 g/cm3 while the 

apparent density of the more compact cortical bone has been traditionally 

reported as having an average value of 1.86 g/cm3 (Keaveny & Hayes, 

1993). Furthermore, trabecular bone forms a network of interconnected 

struts which help support and redistribute stresses throughout the bone, 

while cortical bone forms the outer shell and serves as the primary load 

bearing unit. The combination of both trabecular and cortical bone 

components enable the entire bone to optimize its strength-to-weight ratio 

which enables it to optimize its role in the skeletal system. 
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2.3.2 Type I Collagen Fibrils 
Type I collagen makes up roughly 20% of the total bone mass and 

consists of three polypeptide chains (2 pro-α1 molecules and 1 pro-α2 

molecule) that bind together to form a heterotrimeric, triple helical structure 

known as tropocollagen (Figure 1) (Ethier & Simmons, 2007).  

 

 

Figure 1. Schematic of the triple helical structure of tropocollagen 

("Collagene,").  

 

Both molecules have a common repeating amino acid motif of 

Glycine – X – Y, where X and Y are typically proline and hydroxyproline 

(Rich & Crick, 1955). Collectively, tropocollagen is comprised of 1,014 

amino acids and is approximately 1.5 nm in diameter and 300 nm in length 

(Miller, 1984). Micro-fibrils are constructed from neighboring strands of 

tropocollagen that are covalently cross-linked (Figure 2).  
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Figure 2. Schematic of tropocollagen packed within a micro-fibril 

("Introduction of Human Physiology Part2,"). 

 

The packing formation of the tropocollagen within the micro-fibril is 

worth noting, as the collagen molecules are aligned parallel to one another 

with small, 35 nm gaps existing between the ends of each chain (Figure 3). 

 

 

Figure 3. Packing formation of tropocollagen within a micro-fibril. The 

tropocollagen molecules are bound together by covalent crosslinks, with the 

ends of each tropocollagen spaced 35 nm from the following tropocollagen 

strand and offset by 67 nm from the adjacent tropocollagen strand 

("Extracellular matrix,").  

 

 Additionally, the gap existing between each type I collagen from 

one column within the fibril to the neighboring column is offset by 

approximately 68 nm (Hodge & Petruska, 1963). The micro-fibrils then 
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aggregate to form macro-fibrils and likewise, the macro-fibrils bind 

together to form collagen fibers. While the exact role that type I collagen 

plays in determining bone strength has yet to be fully understood, it has 

been noted that this component of the bone matrix is crucial for providing 

the bone with ductility and toughness (i.e. the ability to absorb energy) 

(Viguet-Carrin, Garnero, & Delmas, 2006).  

 

2.3.3 Hydroxyapatite Crystals 
Hydroxyapatite crystals act as the mineral component of the bone 

matrix and account for 70% of the total bone mass (Ethier & Simmons, 

2007). These crystals are characterized as thin plates that are approximately 

50 nm in length and 25 nm in width, with thicknesses that have been shown 

to vary with maturation from 1.5 nm to 4.0 nm (Figure 4) (Lowenstam & 

Weiner, 1989).  

 

Figure 4. Diagram depicting the plate-like hydroxyapatite crystals (shown 

in green) mineralized in the spaces between collagen fibrils. The 

hydroxyapatite crystals are typically 50 nm in length, 25 nm in width, and 

1.5 to 4.0 nm thick ("Characterizing the mechanical properties of bone with 

the assistance of digital light microscopy,").  
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These crystals mineralize within the spaces of the collagen fibrils 

and increase in size as the bone ages. This increase in crystal size is due to 

crystal aggregation in a process known as secondary nucleation (Augat & 

Schorlemmer, 2006). These crystals provide the bone with its rigidity and 

load bearing capability, but also cause the bone to become more brittle as 

the crystals increase in size (Viguet-Carrin et al., 2006). Therefore, a 

balance between small crystals from newly formed bone and larger crystals 

from older bone is considered optimal for healthy bone. 

 

2.3.4 Water 

 The remaining 10% of the bone mass consists of water (Ethier & 

Simmons, 2007). Water fills gaps within the collagen fibrils and plays an 

important role in dictating the mechanical behavior of the bone by directly 

altering its strength, toughness, and stiffness (Nyman et al., 2006).  

 

2.4 Bone Structure 
Bone structure can be characterized as hierarchical in nature, with 

the composition of the collagen-mineral components of bone at the nano-

scale (nm) influencing the structure of the bone tissue at the micro-scale 

(µm) which, in turn, impacts the mechanical and material properties of the 

entire bone at the macro-scale (mm) (Figure 5).   

 

2.4.1 Nano-Scale: Mineral and Collagen organization 

  The primary constituents of bone at the nano-scale level (nm) are 

organic collagen fibrils with a small number of proteoglycans and non-

collagenous proteins that are interlaced with inorganic hydroxyapatite 

crystals. The plate-like hydroxyapatite crystals are formed on the surface of 

the fibrils such that they are oriented parallel to the direction of the fibrils 

and are arranged periodically between the ends of the collagen fibrils 

(Figure 4) (Stephen Weiner & Traub, 1986) 
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Figure 5. Schematic of the hierarchical structure of bone (Barkaoui, 

Chamekh, Merzouki, Hambli, & Mkaddem, 2014).  

 

2.4.2 Micro-Scale: Bone Tissue  
At the micro-scale level (µm), bone consists of two types of bone 

tissue: woven and lamellar bone (Figure 6).  

 

 

Figure 6. Comparison of woven and lamellar bone. The woven bone is 

rapidly deposited and is therefore poorly organized. The lamellar bone is 

developed over time and is highly organized (Safadi et al., 2009).  

 

Woven bone tissue is deposited very rapidly during periods of 

accelerated bone growth or production and is very poorly organized. The 
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orientation of the collagen fibers and minerals seems to be randomly 

arranged, which would decrease the mechanical properties of the woven 

bone if it were not offset by increases in mineralization that are typically 

seen in this type of bone. Alternatively, lamellar bone is formed slowly over 

time and is arranged very specifically into thin layers of densely packed 

collagen fibers and mineral crystals that are organized parallel to one 

another. These layers are approximately 3-7 µm thick and are referred to 

individually as lamellae (Steve Weiner, Traub, & Wagner, 1999). The 

lamellae are then built up in a stack in a fashion that is like that of a 

plywood board. Each lamellae is oriented at a right angle to its neighbors 

and helps provide the bone with increased strength. Woven bone is formed 

initially during bone development and is gradually replaced by lamellar 

bone. 

 

2.4.3 Macro-Scale: Bone as an Organ 
Bone is either classified as cortical (compact) or trabecular (spongy) 

bone at the macro-scale level (mm) (Figure 7). 

 

 

Figure 7. A) Artistic representation of the femoral head depicting both the 

cortical (compact) and trabecular (spongy) bone. B) Image depicting 

trabecular bone. C) Image depicting cortical bone ("Bone Structure and 

Function,"). 
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 Cortical, also known as compact bone, has a very complex lamellar 

microarchitecture (Figure 8).  

 

 

Figure 8. Schematic of cortical bone depicting all the major anatomical 

structures ("bonestructure.gif (GIF Image, 823 × 703 pixels),"). 

 

The orientation of the lamellae differs depending on its location in 

the bone. The lamellae located on the outer and inner surfaces of the cortical 

bone are oriented parallel to one another and line the inner and outer 

circumference of the bone. The lamellae are aptly named circumferential 

lamellae. Between the inner and outer circumferential lamellae there are 

two other lamellar-based structures: the osteonal bone and the interstitial 

lamellar bone. The osteonal bone consists of lamellae that are oriented 

parallel to each other and are arranged in concentric rings to form 

cylindrical tubes that are about 200 µm in diameter and 1 cm in length. 

Packed in-between the osteonal bone and the inner and outer 
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circumferential lamellae is the interstitial lamellar bone. These layers of 

lamellae consist of partially resorbed osteonal bone that fills in the empty 

spaces in the bone matrix. Finally, cortical bone contains a complete 

network of canals through which extracellular fluid can flow and allow 

nutrients be dispersed to the cells occupying the bone matrix. These canals 

are known as haversian canals and consist of blood vessels that are lined 

with concentric lamellae. The haversian canals are typically oriented along 

the long axis of the bone and are connected to one another through canals 

called Volkmann’s canals which are oriented along the radial axis of the 

bone. Because cortical bone is much more compact than trabecular bone, it 

accounts for approximately 80% of the overall weight of bone and imbues 

the bone with much of its strength and rigidity which provides the bone 

with its supportive and protective functions (Iolascon et al., 2013).  

  

Trabecular bone, also known as cancellous bone, is the other major type 

of bone and is commonly found in the vertebrae, flat bones, and ends of 

long bones.  As mentioned previously, trabecular bone is much more porous 

and its structure differs significantly from cortical bone (Figure 9). 

Trabecular bone is constructed from a framework of interconnected rods 

and plates known collectively as trabeculae. Most trabeculae have an 

average thickness of 200 µm. Like the osteons in the cortical bone, the 

trabeculae are constructed from concentric lamellae. The spaces between 

the trabeculae are large and account for its significantly decreased density; 

trabecular bone is traditionally characterized as 75% - 95% porous. 

However, the number of trabeculae, the spacing between trabeculae, the 

shape of the trabeculae, and the overall orientation of the trabeculae can 

change depending on the anatomical location, biomechanical function, and 

age of the subject. 
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Figure 9. Drawing depicting the interwoven network of trabeculae and the 

spaces containing the bone marrow and blood vessels in trabecular (spongy) 

bone ("Pix For > Cancellous Bone Tissue,").  

As a result, the density and mechanical properties of the bone can vary 

significantly (Ethier & Simmons, 2007). Because of its network of plates 

and rod shaped trabeculae, trabecular bone provides the overall bone organ 

with the optimal combination of maximum strength and minimal weight. 

 

Both cortical and trabecular bone provide insight into understanding the 

overall bone structure, and are therefore important to consider when 

evaluating differences between the two groups of bone. Thus, in this study, 

the properties of both cortical and trabecular bone were evaluated. 
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2.5 Bone Formation and Remodeling 
The process of forming new bone is known as ossification. There are 

two types of ossification that occur within the body: intramembranous 

ossification and endochondral ossification.  

 

Intramembranous ossification is primarily responsible for the formation 

of the flat bones in the skull, mandible, maxilla, and clavicles and is the 

process by which new bone tissue is formed in mesenchyme, an embryonic 

connective tissue. This process occurs in a series of subsequent steps 

(Figure 10).  

 

 

Figure 10. The process of intramembranous ossification. A) 

Osteoprogenitor cells form an ossification center and differentiate into 

osteoblasts which secrete osteoid B) The osteoid calcifies and connects to 

form new bone C) The new bone forms a network of trabecular that is 

interwoven with blood vessels and mesenchyme condenses on the edges of 

the bone to form periosteum D) The trabecular bone on the outer edges of 

the bone thicken and form woven bones that is eventually reorganized into 

lamellar bone("Chapter 6: Bones and Skeletal Tissues,"). 

 

First, osteoprogenitor cells aggregate and differentiate into osteoblasts. 

These osteoblasts release an un-mineralized organic matrix called osteoid. 

Next, the osteoid combines with calcium and becomes mineralized, forming 
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branches of calcified bone called spicules. Then, as osteoblasts continue to 

lay down new osteoid, the spicules grow and eventually connect with one 

another, creating a network of trabeculae which form the porous structure 

known as cancellous or trabecular bone. Finally, as the network of 

trabeculae continues to grow, ossification within the inner region of the 

cancellous bone begins to slow while the mesenchyme lining the edges of 

the cancellous bone condenses and forms into a fibrous substance known as 

periosteum. As osteoblasts on the periphery of the cancellous bone continue 

to produce osteoid, the trabeculae thicken and eventually form 

interconnected layers of woven bone. This woven bone is then reorganized 

into lamellar bone.   

 

Endochondral ossification occurs in bones other than the flat bones and 

is the process by which new bone tissue is formed from an initial hyaline 

cartilage model (Figure 11). Initially during development, rods of 

condensed mesenchyme are formed which act as a template for the bone. 

These rods are replaced with hyaline cartilage. This cartilage model grows 

in length due to the activity of chondrocytes. Chondrocytes produce an 

extracellular matrix which is added to the surface of the cartilage model, 

enabling it to grow and thicken. As the cartilage model grows, the 

perichondrium, or the condensed mesenchyme tissue surrounding the 

cartilage model, matures and becomes vascularized, transitioning into 

periosteum. The periosteum contains osteoprogenitor cells which 

differentiate into osteoblasts. These osteoblasts secrete osteoid, which lines 

the outer diaphysis of the cartilage model. The osteoid then calcifies, 

forming a collar around the cartilage model made of cortical bone. As 

mineralized bone forms around the cartilage, nutrients are unable to reach 

the chondrocytes trapped within the newly formed bone and eventually 

apoptosis occurs. 
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Figure 11.Schematic describing the process of endochondral ossification. 

A) Hyaline cartilage template is formed and grows in length due to 

chondrocyte activity B )Osteoblasts secrete osteoid on 0the outer edge of 

the template, forming a bone collar around the model. C) The inner region 

of the template begins to degrade and is invaded by blood vessels to form 

the periosteal bud. D) The periosteal bud grows as the cartilage is degraded 

and replace by bone. E) The epiphyses continue to grow, causing the bones 

to elongate until the epiphyses are completely converted to bone ("Gallery 

For > Intramembranous Ossification Diagram,"). 

 

The inner cartilage begins to degrade, creating space within the bone 

that is invaded by blood vessels and a vascular connective tissue bud that 

forms in the center of the cartilage template that is called the periosteal bud. 

These blood vessels bring in important components such as nutrients, 

osteoblasts, and osteoclasts. The periosteal bud acts as the primary 

ossification center where osteoblasts begin laying down fresh osteoid that 

eventually replaces the cartilage and forms cancellous or trabecular bone. 

Over time, the cartilage model is replaced with bone. The ends of the 

model, called the epiphyses, continue to grow and elongate as new cartilage 

is laid down by chondrocytes. This allows the bones to grow and elongate. 
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Eventually, when the bone reaches maturity, the cartilage is completely 

replaced by bone. 

 

Bone remodeling is the process by which old bone is broken down and 

replaced by new bone (Figure 12). This process occurs continually 

throughout life and enables the bone to heal from injures such as fractures 

and micro damage. It also enables the bone to adapt its structure in response 

to its mechanical load bearing requirements. The ability to replace old or 

worn out bone with fresh, new bone is crucial to maintaining bone strength 

and structural integrity. The process in which old bone is broken down is 

called bone resorption, and the process by which new bone is formed is 

called bone deposition. These activates are performed by osteoclasts and 

osteoblasts, respectively. In healthy bone, there is a balance between the 

rates of bone deposition and bone resorption. There are several factors 

which effect these roles of bone formation and degradation which involve 

genetic, mechanical, vascular/nerve, nutritional, and hormonal factors as 

well as local factors such as growth factors, cytokines, and bone matrix 

proteins. Diseases or disorders which influence these factors can have a 

negative impact on bone remodeling, resulting in skeletal anomalies that 

reduce bone strength and increase the risk of bone fracture due to changes 

in bone structure and composition. Thus, a balanced rate of bone 

remodeling is critical in maintaining good bone health.  
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Figure 12. Schematic summarizing the stages of the bone remodeling 

process A) Initially, old bone is damaged.  B) Then, osteoclasts are 

activated by biological stimuli such as cytokines and hormones. C) The 

osteoclasts aggregate at the sight of the damaged bone and begin to break 

down the bone by latching on to the bone and secreting a proteinase enzyme 

called cathepsin k. This creates a cavity, or resorption pit, in the bone. D) 

The osteoclasts leave the pit, and osteoblasts migrate in and line the surface. 

E) The osteoblasts fill the resorption pit with osteoid. F) The osteoid 

mineralizes, forming new bone ("New Page 1,"). 
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2.6 Bone Cells 
Bone is maintained through a process known as bone remodeling. 

During bone remodeling, old or damaged bone is broken down and replaced 

with fresh bone. This process is crucial to preserving the structural integrity 

of bone because it removes defects from the bone that would cause it to 

fracture. Bone remodeling is accomplished through the coordinated effort of 

three primary types of bone cells: osteoclasts, which dissolve bone, 

osteoblasts, which synthesize new bone, and osteocytes, which are 

permanently encapsulated in the bone ECM and serve to transmit signals to 

other cells through the bone and help to regulate osteoblasts and osteoclast 

activity (Van Bezooijen, Papapoulos, Hamdy, Ten Dijke, & Löwik, 2005). 

Osteoclasts are large multinucleate cells that are composed from multiple 

combined macrophages. Under the direction of cytokines, these cells latch 

onto the bone at specific regions where the bone needs to be degraded, and 

they release enzymes which break down the bone tissue, leading to bone 

resorption. Osteoblasts, on the other hand, are relatively small, 

mononucleate cells which have differentiated from osteoprogenitor cells. 

They line the internal and external edges of the bone, such as the 

periosteum and the endosteum. As osteoblasts lay down new bone, called 

osteoid, it can become encapsulated and trapped within the bone. When this 

happens, the osteoblast will differentiate even further into the third type of 

bone cells: osteocytes. Despite being immobilized within the bone, the 

osteocytes are still able to communicate with other osteocytes by forming 

connected branches that are extend through small pathways in the bone 

called canaliculi. These cells generate cytokines such as growth factors 

which promote bone remodeling by triggering osteoblast and osteoclast 

activity. 
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2.7 Bone Quality and Quantity 
Bone quality and quantity are often used as measures of bone health 

(Bouxsein, 2005). The latter is simply a measure of the amount of bone, 

while the former is much more complex and involves several 

interdependent aspects of the bone structure, composition and mechanics 

such as microarchitecture, mineralization, microdamage, and matrix and 

mineral composition (Compston, 2006). These factors are primarily 

influenced by bone turnover, the process through which old bone is 

resorbed and new bone is formed (Compston, 2006).  

 

2.7.1 Bone Quantity 

Bone quantity, or the amount of bone, is typically evaluated by 

measuring the bone mineral density (BMD) or the bone mineral content 

(BMC). These measurements can be assessed using either invasive or non-

invasive methods. The primary invasive method used to determine bone 

quantity is called bone ashing and involves heating the bone to break down 

and remove the organic components of the bone to isolate the inorganic or 

mineralized portion of the bone that can be used to measure BMD (Haba et 

al., 2012). For the non-invasive methods, the primary tests include dual-

energy X-ray absorptiometry (DEXA), ultrasound (US), and quantitative 

computer tomography (QCT) (Babatunde, Fragomen, & Rozbruch, 2010). 

DEXA is a two-dimensional technique that uses x-rays at different energy 

intensities to determine both BMD and BMC of a patient in vivo. 

Ultrasound is used to evaluate new bone formation; however, this technique 

is not very accurate and therefore not used very often. QCT uses x-ray 

computed tomography to construct two-dimensional or three-dimensional 

images that can be used to evaluate BMD and BMC. 
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 2.7.2 Bone Quality 

Bone quality can be evaluated in terms of bone strength and bone 

fracture toughness. Bone strength is the bone’s ability to resist deformation 

and failure, while bone fracture toughness is a measure of the ability of 

bone to resist fracture propagation. Through the course of both clinical and 

scientific studies, researchers have developed multiple parameters to 

measure bone strength and toughness, and have related these to the 

architectural and compositional properties of the bone. Each of these bone 

properties have a variety of different analytical techniques that allow 

measurements to be taken at different scale lengths, ranging from the nano-

scale to the macro-scale level. 

 

2.7.2.1 Bone Mechanical and Material Properties 

Bone Strength  

Bone strength is a metric used to describe the bone’s resistance to 

deformation and can be evaluated by quantifying the mechanical and 

material properties of the bone. Traditional bone strength metrics include 

such measurements as the yield and ultimate loads, and stiffness. Material 

properties include measures like the yield and ultimate stress and Young’s 

modulus and are used to provide important insight and understanding of 

bone load bearing capacity.  

 

Bone Toughness 

The toughness of bone represents the amount of energy or work required 

to deform the bone. The amount of energy required to deform the bone past 

its yield point is denoted as the work to yield while the amount of energy 

required to fracture the bone is referred to as the work to fracture. The work 

to yield is typically measured quantitatively as the area under the load-

deformation curve within the elastic region, while the work to fracture is the 

area under the entire load-deformation curve (Figure 13) (Turner & Burr, 

1993).  
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Figure 13. Representative figure of load-deformation curve for a mouse 

humeri displaying the area under the curve for calculating work to yield and 

work to fracture. 
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Recently, another method for characterizing bone toughness has been 

established. This method measures bone toughness with respect to resistance 

to crack initiation and propagation by obtaining crack growth resistance 

curves and the stress intensity factor, Kc, using notched 3-point bending 

mechanical testing (Ritchie et al., 2008).  

 

Characterizing of Mechanical and Material Properties  

Methods for evaluating bone mechanical and material properties at the 

macro-scale level include whole bone mechanical tests which involve 

loading the bone to failure by applying bending, tensile, compressive, or 

torsional stress. Bending stresses are typically induced in the bone by 

performing 3-point bending, notched 3-point bending, or 4-point bending 

mechanical tests, while tensile, compressive, and torsion tests are used to 

induce tensile, compressive, and torsional stresses, respectively.  

Furthermore, bulk tissue specimen tests such as microbeam testing and 

microindentation are used to evaluate the mechanical and material 

properties of the bone at the micro-scale level. Finally, nanoindentation is 

used to investigate the mechanical and material properties of the bone at the 

nano-scale level (Turner & Burr, 1993). In this thesis, bone strength and 

bone fracture toughness were examined at the macro-scale level as the 

mechanical properties of the whole bone were of primary interest. These 

properties were evaluated using 3-point bending, notched 3-point bending, 

and compressive mechanical testing.  

 

Macro-Scale Mechanical Testing 

The metrics for evaluating bone strength that were presented above may 

be obtained directly from load-deformation curves that are obtained from 

data points measured during mechanical testing (Figure 14).  

 



 

27 
 

The load-deformation curves can be converted to stress-strain curves to 

calculate the intrinsic material properties. Load-deformation curves for bones 

loaded typically exhibit a linear slope that is indicative of elastic deformation 

(Figure 13). In this region of the load-deformation curve, the bone matrix has 

been stretched but will return to its original dimensions if unloaded. Once the 

load on the bone exceeds a specific value, the curve ceases to be linear and 

begins to exhibit non-linear behavior. This portion of the curve has been 

traditionally characterized as the plastic region and indicates that the material 

is experiencing permanent deformation.   

 

 

 

 

Figure 14. Representative load-deformation curve for a mouse humeri 

displaying the yield and ultimate load points as well as the method of 

calculating Young’s modulus from the slope of the linear region of the curve.  
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The stiffness of bone indicates how resistant the bone is to elastic 

deformation and is represented numerically as the slope of the linear region 

of the load-deformation curve. This mechanical property correlates with the 

Young’s Modulus material property, which is a factor of proportionality 

relating the stress to the strain of the bone (Turner & Burr, 1993).  

 

The point at which the load-deformation curve of the bone transitions 

from linear to non-linear is defined as the yield load and represents the 

largest load that the bone can bear before it begins to experience permanent 

deformation. The corresponding point on the stress-strain curve is likewise 

termed the yield stress and is used as a measure of bone strength prior to 

permanent deformation. The maximum load or stress a bone can experience 

prior to fracture is referred to as the ultimate load or ultimate stress, 

respectively (Turner & Burr, 1993).  

 

2.7.2.2 Geometric Properties 

In addition to changes in composition, alterations in bone structure 

can result in differences in bone quality. Changes in cortical bone result 

from increases or decreases in bone porosity, cortical bone thickness, and 

alterations in the overall shape of the bone as characterized by 

measurements in the bone cross sectional area, moments of inertia along the 

major and minor axes, and the polar moment of inertia.  

 

These changes can be assessed through several advanced imaging 

techniques which include scanning electron microscopy (SEM), optical 

microscopy, qualitative computed tomography (QCT), high-resolution 

magnetic resonance imaging (HR-MRI), micro-computed tomography 

(µCT), and synchrotron-computed tomography (SR-CT) (Turner & Burr, 
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1993). SEM and optical microscopy are used to image objects at the macro-

scale level, while QCT, HR-MRI, and µCT can obtain images at the micro-

scale level and SR-CT can capture images with nano-scale level resolution. 

In this thesis, SEM, µCT, and SR-CT were used to evaluate the geometric 

properties of bone.  

 

 Scanning Electron Microscopy 

SEM was used to obtain high-resolution 2-D images of bone at the 

macro-scale level. This technology works by shooting a beam of electrons 

from a cathode through an electron lens that focuses the beam on the 

surface of a specimen and then analyzes the number of electrons that pass 

from the specimen to a collector. It then generates an image from that data 

which provides topographical and compositional information. There are 

several components of a scanning electron microscope. First, there is the 

source of the electrons, such as an electron gun containing a tungsten 

filament cathode, which emits a beam of electrons. Next, the electron beam 

travels down a column of electromagnetic lenses which condenses and 

focuses it. The beam then passes through deflection coils and a final lens 

aperture which directs the beam to a point on the sample surface. These 

deflection coils alter the direction of the beam to allow it to raster scan the 

surface of the sample. The beam then hits the sample. Finally, secondary 

electrons from molecules on the sample surface are released due to the 

energy exchange caused by the interaction of the electron beams. These 

electrons are collected by a specialized detector which measures the 

electromagnetic radiation and converts that information into a pixel value. 

Pixel values from each point scanned on the sample surface can then be 

reconstructed to generate an image (Oatley, Nixon, & Pease, 1966).  

 Micro-Computed Tomography 

The second imaging technology that was used to assess bone 

morphology at the micro-scale level was micro-computed tomography 
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(µCT). µCT is a non-destructive imaging technique that uses x-ray 

attenuation data collected at multiple viewing angles to generate high-

resolution 3-D images. µCT works by releasing micro-focused X-rays from 

a tube that passes through a collimator and a series of filters that narrow the 

energy spectrum to a desired range. Then, these x-rays are passed through 

the object being imaged and are collected in a 2-D charge-coupled device 

(CCD) array. That data is then sent to a computer which generates 

reconstructed images of the object that can be analyzed to assess structural 

properties. Recently, this technique has become the “gold standard” for 

evaluating bone microarchitecture ex vivo (Bouxsein, 2005). Several studies 

have evaluated the accuracy of geometric measurements obtained using 2-D 

and 3-D µCT scans in studies involving both animal and human specimens 

by comparing these measurements to those obtained using 2-D 

histomorphometric techniques (Barbier et al., 1999; Bonnet et al., 2009; 

Chappard, Retailleau‐Gaborit, Legrand, Baslé, & Audran, 2005; Fanuscu & 

Chang, 2004; Kapadia et al., 1998; Kuhn, Goldstein, Feldkamp, Goulet, & 

Jesion, 1990). µCT offers several advantages over traditional 

histomorphometry in that it allows for direct 3-D imaging and assessment of 

trabecular morphology. The measurements obtained by µCT can evaluate 

much larger regions of interest more quickly than regular 

histomorphometry. 

Synchrotron-Computed Tomography 

The third technology used was SR-CT. ST-CT employs the same 

imaging modalities as µCT to obtain 2-D and 3-D scans of an object. The 

primary difference between these two imaging techniques is the resolution 

of the images that are obtained. The image resolution obtained using SR-CT 

is much greater than µCT. To obtain this increased resolution requires high 

powered, specially designed x-ray sources with highly sensitive array 

detectors. Very few laboratories possess the funds to purchase this 
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expensive equipment, so most studies involving SR-CT export their 

samples to specific external imaging facilities. For the second study in this 

thesis, bone samples were taken to a national synchrotron science facility, 

the Diamond Light Source in the UK, to be imaged. 

 

2.7.2.3 Compositional Properties 

Compositional properties of bone are used to evaluate how the 

collagen and mineral composition of the bone matrix changes and are 

thought to influence post-yield and ductile behavior of bone as well as bone 

mineral density (McCalden, McGeough, Barker, & Court-Brown, 1993). 

These properties consist of measurements of the changes in the type I 

collagen crosslinking primarily through modifications in the ratio of the 

number of pyridinoline and pyrrole (mature/irreducible) crosslinks to the 

number of ketoimine (immature/reducible) crosslinks present in the 

collagen, alterations in the collagen fiber orientation, changes in the density 

and crystallinity of hydroxyapatite minerals, and changes in the amounts of 

other elements present in the bone matrix composition.  

 

Measurements of the trivalent to divalent collagen crosslinking 

ratios have correlated to bone tissue maturity, with the ratio increasing as 

ketoimine crosslinks are replaced by pyridinoline and pyrrole crosslinks 

through spontaneous biochemical processes as the collagen ages (Lynda 

Knott & Bailey, 1998). This is thought to influence bone strength, as studies 

osteoporotic avian bone have shown that decreases in pyrrole crosslinking 

correlates with decreased bone strength (L. Knott, Whitehead, Fleming, & 

Bailey, 1995).  

 

Qualitative measurements of collagen fiber orientation determine 

how organized the bone matrix is at the compositional level. The orientation 
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of the collagen fibers has been shown to play a significant role on the 

amount of loading that a bone can bear, with increased strength exhibited in 

the direction of fiber orientation (Bakbak, Kayacan, & Akkuş, 2011).   

 

The size, crystallinity, and composition of the hydroxyapatite 

crystals in the bone also have been shown to have a significant impact on 

bone strength. It has been demonstrated that increases in mineralization, or 

the mineral content of the bone, correlates to increases in the bone breaking 

stress as well as decreases in bone toughness (Currey, 1969). This indicates 

the hydroxyapatite crystals of the bone influence both bone strength and 

toughness.  

  

Currently, there are several methods available for accessing these 

properties that include scanning electron microscopy (SEM), vibrational 

spectroscopy (Raman/Fourier transform infrared imaging), x-ray scattering 

techniques (SAXS/WAXD, nuclear magnetic resonance imaging (NMR), 

polarized light microscopy, gravimetric analyses, and chemical analyses of 

collagen crosslinking (Donnelly, 2011).  

  

Fourier Transform Infrared Imaging 

For this thesis, Fourier transform infrared imaging (FTIR-I) 

spectroscopy was used to evaluate the compositional properties of the bones 

that were examined. FTIR-I is an analytical technique that can be used to 

provide information about the molecular structure of various types of 

biological tissues. For this technique to work, a beam containing many 

frequencies of light is applied to the surface of a material. The surface of the 

material absorbs certain frequencies of light from the beam, depending on 

what molecular structures are present in the material. The molecular 

structures contain chemical bonds which vibrate at a certain frequency. 

When the light from the beam hits these bonds at that frequency, that light 
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gets absorbed by the material. Light that does not vibrate at the same 

frequency as the molecular structures in the material is transmitted through 

the material and measured by a detector. This measurement indicates how 

much energy is absorbed and at what frequencies. By applying Fourier 

transformations to these measurements, an absorbance spectrum can be 

generated and analyzed to see what frequencies were present in the material. 

Then, because these frequencies correspond to particular molecular 

structures, the spectra can be examined to quantitatively determine the type 

and amount of molecular structures that are present in the material. 

The components of an FTIR-I spectrometer include an infrared (IR) 

source, detectors, a beam splitter, and a computer that can perform the 

Fourier transform and analyze the raw data. The materials used for an IR 

source depend on the wavelength range that is desired for the analysis. In 

general, there are three wavelength ranges: near-IR, mid-IR, and far-IR. The 

near-IR consists of shorter wavelengths, ranging from 10,000-4,000 cm-1, 

and the typical IR source for this range is a tungsten-halogen lamp heated to 

about 1,200 K. For the mid-IR, the range consists of wavelengths ranging 

from 5,000-400 cm-1 and a heated silicon carbide element is typically used 

to generate the IR light. Finally, for far-IR, the wavelengths range from 

<400 cm-1 and typically require a mercury discharge lamp instead of a 

thermal source, especially for wavelengths < 200 cm-1 (Smith, Morgan, & 

Loewenstein, 1968). The next component is the detector which measures 

the IR radiation that is transmitted through the material by responding to 

changes in temperature caused by absorbing the IR radiation. These 

detectors are typically pyroelectric detectors for most applications, but can 

also be cooled photoelectric detectors for situations that require a high 

degree of sensitivity or quick response. The next component, a beam 

splitter, is used to increase the spectral IR range that can be examined using 

the FTIR-I spectrometer. For example, a beam splitter made from KBr with 
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a germanium based coating is used to absorb wavelengths beyond 400 cm-1. 

A second beam splitter, made from Csl can be used additionally to extend 

that absorbance range to 200 cm-1. The type of beam splitter and the number 

of beam splitters used is determined by the wavelength range desired for 

analysis. Finally, a computer that can process the data and apply the fast 

Fourier transform algorithm is the final component to a FTIR-I 

spectrometer and allows the user to obtain usable data for analysis. 

 

2.8 Mouse Models 

To gain a better understanding of the pathology of skeletal diseases and 

learn how to develop treatments, it is important to have disease models that 

can simulate the disease with a certain degree of accuracy while being 

readily available for a relatively low cost. For this reason, many scientific 

studies choose to develop mouse models which can simulate disease 

pathology for their research because of their mammalian physiology, low 

cost, rapid development, and high reproductivity. 

Mice models which exhibit skeletal pathologies are developed by 

scientists through genetic engineering. A specific gene or set of genes 

which are related to the skeletal disease of interest are targeted and are 

either altered or inhibited. This generates transgenic or knock-out mice 

which are then inbred to create a strain of mice that over-express or under-

express the genes that result in skeletal disease. 

For this thesis, bones from three different mouse model types were 

tested using the bone characterization techniques described previously to 

examine the mechanical, material, geometric, and compositional bone 

properties at the macro-, micro-, and nano-scale levels. These mouse 

models included the C57BL/6 (WT) mouse, the tissue inhibitor of 

metalloproteinase-3 knock out (Timp-3-/-) mouse, and the B6C3FE-
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a/aCol1a2 (oim-/-) mouse. A brief description of each mouse model is 

presented here: 

 

C57BL/6 

One of the most popular reference strains for genetic research is the 

C57BL/6 (WT) mouse model because it is one of the most genetically 

stable and best characterized inbred mouse models available (Pettitt et al., 

2009). These mice models are also popular in studying skeletal diseases 

because of the similarities in bone physiology between mice and human 

skeletons (Jilka, 2013). As a result, this model is used to study normal age-

related human bone physiology. Here, the C57BL/6 mouse model is used as 

a control to which the other mouse models are compared. 

 

Tissue Inhibitor of Metalloproteinase-3 

The Timp-3-/- mouse model is genetically modified so that the genes 

that encode tissue inhibitors of metalloproteinases-3 are suppressed. This 

prevents the mouse model from producing tissue inhibitors of 

metalloproteinases. This is thought to increase activity of matrix 

metalloproteinases (MMPs), a family of proteinases that play a role in tissue 

remodeling. Previously, this mouse model has been used to examine how 

alterations in remodeling affects the structural integrity of tissues (Leco et 

al., 2001). In this thesis, this mouse model will be used to examine how 

alterations in bone remodeling affect the bone properties at the marco-scale 

level by altering the geometric properties at the micro-scale level and the 

compositional properties at the nano-scale level.  
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Altered Collagen: Oim 

Moderate to severe osteogenesis imperfecta is replicated in the 

B6C3FE-a/aCol1a2 (oim) mouse model. This model has been used 

extensively to evaluate the properties of bone affected by osteogenesis 

imperfecta and has helped scientists and researchers to develop treatments 

for the disease (A. Carriero, M. Doube, et al., 2014). It accurately replicates 

the molecular defects which compromise the bone tissue at the macro-scale. 

This mouse model will be used in this study to examine how bone structure 

changes between mice with osteogenesis imperfecta and those without the 

disease. 

 2.9 Bone Disease 

Skeletal pathologies compromise overall bone health and decrease 

strength and toughness of the whole bone at the macro-scale level by 

altering the composition and structure of the bone at subservient levels of 

the bone hierarchy. For example, bone diseases caused by genetic mutations 

at the molecular level will create alterations in the processes of collagen 

formation and mineralization of hydroxyapatite crystals. These changes at 

the nano-scale level would alter the bone architecture at the micro-scale 

level. This changes how the bones responds to externally applied loads, 

resulting in changes in the mechanical and material properties of the bone, 

which can ultimately reduce bone strength and increase the risk of bone 

fracture. Skeletal pathologies caused by genetic abnormalities also may 

cause changes in the bone remodeling rate that could also contribute to 

decreases in bone strength by upsetting the balance between bone formation 

and resorption, a process that enables the bone to maintain proper material 

and structural integrity by replacing old, damaged bone with new bone 

(Unnanuntana, Rebolledo, Khair, DiCarlo, & Lane, 2011). By investigating 

the processes by which genetics influence bone quality and quantity, we can 

better understand how the bone mechanics is related to bone composition 

and structure at each of the different levels of the bone hierarchy. This 
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knowledge can then be utilized to improve treatments for patients with 

skeletal pathologies. In the following chapters, I investigate two skeletal 

pathologies which result from genetic alterations: TIMP-3 deficiency and 

OI, in order to learn how the bone changes in composition and structure at 

the nano-scale and mirco-scale levels in order to better understand why the 

bone mechanics change at the marco-scale level.  
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Chapter 3 
 

The role of TIMP-3 on Bone Quality and 

Quantity 

 

3.1 Tissue Inhibitor of Metalloproteinases-3 and Bone Extracellular 

Matrix 
As mentioned previously, bone consists of a combination of living 

cells and an inanimate extracellular matrix (ECM). The ECM provides the 

bone with structure and organization and also serves as a scaffold that forms 

part of the cellular microenvironment that directs cell proliferation and 

differentiation (Alberts et al., 1997; Lukashev & Werb, 1998). Thus, the 

ECM is a crucial part of maintaining bone homeostasis (McCawley & 

Matrisian, 2001). In order to maintain structural integrity, the ECM 

continually undergoes a remodeling process where inveterate components 

of the ECM are either modified or degraded and replaced with new 

segments (Lu, Takai, Weaver, & Werb, 2011).     

Matrix metalloproteinases (MMPs) are zinc-dependent 

endopeptidases that help regulate the processes of tissue remodeling in the 

ECM (Hijova, 2005; Varghese, 2006; Wojtowicz-Praga, Dickson, & 

Hawkins, 1997). This is thought to be accomplished primarily by 

proteolytic cleaving of the protein components of the ECM such as 

collagen, elastin, fibronectin, and laminin (Stamenkovic, 2003; Varghese, 

2006; Watterson, 2013). The degradation of these protein components has 

been shown to initiate tissue remodeling in the ECM by facilitating cell 

motility by exposing cryptic promigratory sites in proteins such as laminin-

5 and collagen type IV (Giannelli, Falk-Marzillier, Schiraldi, Stetler-
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Stevenson, & Quaranta, 1997; J. Xu et al., 2001). Furthermore, the 

proteolytic cleaving of the protein components of the ECM has been shown 

to release cytokines and growth factors which aid in the remodeling process 

by stimulating cell activity and promoting new tissue formation (Manes et 

al., 1999; Suzuki, Raab, Moses, Fernandez, & Klagsbrun, 1997; Whitelock, 

Murdoch, Iozzo, & Underwood, 1996). In addition to direct ECM 

degradation, MMPs also indirectly influence the process of ECM 

remodeling by activating and inactivating growth factor precursors and 

cytokines through MMP-mediated cleavage (McCawley & Matrisian, 2001; 

McQuibban et al., 2001; Mu et al., 2002; Opdenakker, Van den Steen, & 

Van Damme, 2001; Yu & Stamenkovic, 2000). The process of remodeling 

the ECM is highly sensitive and needs to be carefully controlled, as 

excessive or uncontrolled remodeling of the ECM leads to abnormal 

cellular functioning that results in a variety of different pathological 

diseases (Bonnans, Chou, & Werb, 2014; Cox & Erler, 2011). 

Consequently, the amount of active MMPs in the body must be precisely 

regulated to ensure proper ECM homeostasis (Bonnans et al., 2014). This is 

accomplished through transcriptional control of MMP expression and 

through inhibition of MMP activity (Li & Li, 2013; Murphy et al., 1991; 

Nagase, Visse, & Murphy, 2006; Seccareccia et al., 2014; Visse & Nagase, 

2003). MMP activity is inhibited primarily by either α2-macroglobulin or a 

family of proteins known collectively as tissue inhibitors of 

metalloproteinases (TIMPs) (Nagase et al., 2006). TIMP proteins are 

comprised of approximately 184 to 194 amino acids that can be subdivided 

into two domains: the N-terminal domain and the C-terminal domain 

(Nagase et al., 2006). The N-terminal domain consists of approximately 125 

amino acids that enable the protein to bind to MMPs with a 1:1 molar 

stoichiometric ratio and prevent these proteinases from cleaving 

components of the ECM (Murphy et al., 1991; Visse & Nagase, 2003). 

There are currently four TIMPs (TIMP-1, -2, -3, and -4) that have been 
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identified in mammals (Brew, Dinakarpandian, & Nagase, 2000; Murphy, 

2011; Qi et al., 2003). Studies have reported that each of the TIMPs can 

inhibit all MMPs that have currently been tested (Brew & Nagase, 2010; 

Nagase et al., 2006; Visse & Nagase, 2003). However, there are subtle 

differences between each of the TIMPs, as TIMP-1 has been shown to be 

less effective at inhibiting MT1-MMP, MT3-MMP, MT5-MMP, and MMP-

19 while TIMP-2 and -3 are less effective at inhibiting MMP-3 and MMP-7 

(Brew & Nagase, 2010; Hamze et al., 2007). Furthermore, TIMP-3 has also 

been shown to inhibit disintegrin and metalloproteases (ADAMs) (ADAM-

10, -12, and -17) and disintegrin and metalloproteases with thrombospondin 

motifs (ADAMTSs) (ADAMTS-1, -4, and -5) (Nagase et al., 2006). These 

proteins are similar MMPs in that they are thought to play a role in tissue 

remodeling by cleaving proteins. ADAMs cleave the extracellular portions 

of transmembrane proteins while ADAMTSs cleave proteins like aggrecan, 

versican, brevican, and neurocan.  

Due to their role in regulating MMP activity, TIMPs strongly 

influence ECM remodeling, and TIMP deficiency has been shown to result 

in variety of different diseases (Verstappen & Von den Hoff, 2006). In 

particular, many studies have been conducted to examine the impact that 

TIMP-3 deficiency has on TIMP-3-/- mice (Brew & Nagase, 2010).   

As a result of increased ECM degradation, TIMP-3 deficiency was 

also shown to exacerbate the inflammatory process, (Mohammed et al., 

2004) promote abnormal vascularization,(Janssen et al., 2008) increased 

bronchiole branching,(Gill et al., 2003) and increase susceptibility to 

arthritis (Sahebjam et al., 2007). In addition, TIMP-3 deficiency also 

resulted in increased pro-tumor necrosis factor-α (TNFα) as well as an 

increase in signaling between TNFα and transforming growth factor β1 

(TGF-β1) due to unregulated ADAM17 activity (Brew & Nagase, 2010). 

The increased amount of TNFα resulted in accelerating the development of 
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dilated cardiomyopathy,(Kassiri et al., 2005) increased diabetic 

symptoms,(Federici et al., 2005) more aggressive cancer dissemination 

(Cruz-Munoz, Sanchez, et al., 2006) and increased tumor growth,(Cruz-

Munoz, Kim, et al., 2006) and accelerated angiogenesis (Cruz-Munoz, Kim, 

et al., 2006). The increased cross-talk between TNFα and TGF-β1 resulted 

in excessive fibrosis (Kassiri et al., 2009). Thus, TIMP-3 deficiency has an 

impact on tissue remodeling, the development of disease, cancer 

progression, vascularization, inflammation, and innate immunity (Brew & 

Nagase, 2010). These results show that TIMP-3 deficiency is detrimental to 

tissue integrity and suggest that TIMP-3 may also have a direct impact on 

bone tissue. 

Despite the body of research that has been conducted on the role of 

TIMP-3, it is still unknown how TIMP-3 influences bone integrity. Here, 

we reveal the influence of TIMP-3 on bone composition, structure and 

mechanics at a range of length scales. Specifically, we measure bone 

strength in compression and bending and toughness at the whole bone level. 

To explain differences in mechanical and material properties, we compare 

the morphology of the bone at the micro-scale length and determine the 

contribution of TIMP3 gene to the bone composition at the bone tissue 

level. Understanding how geometry, mechanical and material properties of 

cortical and trabecular bone change in TIMP-3-/- mice provides insights into 

the role of TIMP-3 in bone development and remodeling. 

3.2 Materials and Methods 

 

3.2.1 TIMP-3 Knock-out Mouse Model 
 To evaluate the effect of TIMP-3 deficiency on bone, a TIMP-3 

knock out (Timp-3-/-) mice model was generated by suppressing the TIMP-3 

gene. This was accomplished by inserting probes of 1.8 kb Timp-3 cDNA 

into the genomic λ library from 129/Ola embryonic stem (ES) cells. 8 λ 
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clones were plated and plaque purified. Then PCR with PfuI DNA 

polymerase was used to create two Timp-3 gene fragments: a 723-bp “short 

arm” and a 6-kb “long arm”. These arms were then subcloned into the pBS-

neo vector such that the Timp-3 gene was replaced by the NeoR gene 

through the opposite transcriptional orientation. This vector was then 

introduced into the 129/Ola ES cells, which were then re-inserted into the 

mouse embryo (Leco et al., 2001). 6 wild type (WT) C57BL6 and 9 Timp-3-

/- female mice were procured from a local colony and were raised following 

the Home Office (UK) guidelines for care and use of laboratory animals. 

The animals were euthanized at 8 weeks of age and stored at -20°C. The 

femurs, lumbar vertebrae (L5), caudal vertebrae (CA6), and humeri from 

each group of mice were dissected and cleaned of soft tissue.  

 Following dissection, a thin steel razor coated with 0.05 µm 

diamond suspension was used to remove the end plates and the posterior 

components of the L5 and CA6 vertebra to isolate the vertebral body. Once 

the vertebral bodies had been isolated, a Dremel tool was used to smooth 

the cranial and caudal ends of the vertebral bodies and make them flat and 

parallel. Then the vertebrae, along with the femurs and humeri, were 

wrapped in gauze, soaked in saline (Dulbecco’s phosphate buffered saline 

solution 10x), and stored at -20°C to be maintained for micro-CT scanning, 

FTIR-I analysis, and mechanical testing. 

 3.2.2 Mechanical Properties of Bone Strength 
3-point bending and compression mechanical tests were used to 

evaluate the mechanical and material properties of the WT and Timp3-/- 

humeri, and L5 vertebrae, respectively. An electromechanical test machine 

(Instron 5866) was used to perform each of the mechanical tests 

implemented in this study. All tests were conducted at room temperature, 

and the bone specimen were loaded at a rate of 1 µm/sec until failure. 

Measurements of both the load applied to the bone specimen during testing 
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and the displacement of the linear actuator applying the load to the bone 

specimen were measured and recorded using specialized software (Bluehill 

2). An internally developed code (MATLAB R2015a) was used to evaluate 

the data and generate load-displacement and stress-strain curves from the 

raw data. The stiffness (N/mm), yield load (N), ultimate load (N), work to 

yield (mJ), work to fracture (mJ), Young’s modulus (GPa), yield stress 

(MPa), and ultimate stress (MPa), were evaluated. 

 3.2.2.1 3-Point Bending Mechanical Testing 

The mechanical and material properties of the WT and Timp3-/- 

humeri were evaluated by 3-point bending mechanical testing using an 

Instron 5866 mechanical testing machine with the testing configuration 

shown in Figure 1.  

 

The humeri were positioned on the 3-point bending test mounts such 

that the medial-lateral axis of the bone was aligned perpendicularly to the 

direction of loading as shown in Figure 15, and the bone was oriented so 

that the anterior surface was in compression and the posterior surface was in 

tension during loading.   

 

Figure 15. Schematic of the 3-point bending test of the long bone. L is the 

span length of the bone (mm), D is the displacement of the loading arm 

(mm), and F is the force applied to the bone from the loading arm (N). 
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The mounts were set apart by 6 mm to achieve the desired span 

length. Before testing, the lengths of the bone were measured using dial 

calipers, and the placement of the bones on the test rig were adjusted to 

ensure that the load was applied at the mid-shaft of each bone sample. 

Droplets of saline solution were applied to the humeri just prior to 

mechanical testing to ensure that the bones were hydrated. The humeri were 

then loaded to failure. 

 Load and displacement data were obtained directly from the 

mechanical testing and were used to determine the mechanical properties 

for the humeri. The stiffness of the material was determined by plotting the 

load-displacement curves and calculating the slope of the linear region of 

the curve. This was accomplished by selecting data points which marked 

the beginning and end of the linear region, respectively, and then 

calculating the change in the stress over the change in the strain. The yield 

load was calculated by plotting the 0.2% offset line and determining load 

corresponding with the point at which this line intersected with the load-

displacement curve. The ultimate load was obtained by determining the 

largest value for the load data. The corresponding engineering stress and 

strain data were then calculated using the load and displacement data and 

the initial geometric measurements and the following formula for 

calculating the stress and strain for 3-point bending (Turner & Burr, 1993):  

𝜎 =  
𝐹𝐿𝑐

4𝐼
     (2) 

𝜀 =
12𝑐𝑑

𝐿2      (3) 

  Where σ is the stress (MPa), F is the applied load (N), L is the span 

length (mm), c is the average radius (mm) of the humeri from the cross-

sectional centroid, I is the second moment of area about the mediolateral 

axis (mm4), and d is the displacement (mm). 
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The material properties consisting of the Young’s Modulus, 

Ultimate Stress, and Yield Stress for the humeri were obtained from the 

stress and strain data, the initial geometric measurements, and the following 

equations: 

𝐸 = 𝑆𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 × 
𝐿3

48𝐼
     (4) 

𝜎𝑢𝑙𝑡 = 𝐹𝑢𝑙𝑡× 
𝐿𝑐

4𝐼
     (5) 

𝜎𝑦𝑖𝑒𝑙𝑑 =  𝐹𝑦𝑖𝑒𝑙𝑑× 
𝐿𝑐

4𝐼
     (6) 

Where L is the span length (mm), I is the second moment of area 

about the mediolateral axis (mm4), and c is the average radius (mm) of the 

humeri from the cross-sectional centroid. 

 3.2.2.2 Compression Test  

The mechanical properties of the L5 vertebrae were evaluated using 

compression mechanical testing. The test was performed with the Instron 

5866 testing machine using the testing configuration shown in Figure 16.  

 

Figure 16. Schematic of compression mechanical testing of the short bone. 

P is the load applied to the bone from the compression plate. 

 

The lengths of the L5 vertebrae were measured using digital Vernier 

calipers and then placed in the test rig with the long axis of the vertebral 
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body aligned parallel to the application of loading. The vertebrae were 

secured in the test rig with double sided tape that was applied to the bottom 

compression plate of the test rig to minimize movement during testing. 

Immediately before testing, the samples were hydrated with drops of saline 

solution. The stiffness, yield and ultimate load, and work to yield and work 

to fracture were determined from the load-displacement data recorded 

during testing.  

3.2.2.3 Fracture Toughness 

The fracture toughness of the WT and Timp3-/- femurs were 

evaluated by notched 3-point bending tests (Instron 5866). The femurs were 

placed on the mounts of the testing rig such that the medial-lateral axis of 

the bone was aligned perpendicularly to the direction of loading and the 

lengths were measured and used to determine how to position the bone so 

that the load would be applied at the mid-shaft length. The femurs were 

then marked and then notched on the posterior surface of the bone mid-shaft 

using a razor blade coated with 0.05 µm diamond suspension. The bones 

were placed in the testing rig such that the notch was oriented downwards in 

the direction of loading. The span length for the notched 3-point bending 

was determined to be 4 times the specimen width, or 5 mm, in accordance 

with the ASTM standards for single-edge-notch testing (ASTM Standard 

E399-09e2). Each femur was hydrated with saline solution before testing. 

The femurs were then loaded to failure.  

The load and displacement data were recorded as in the 3-point 

bending mechanical testing and the fracture toughness was evaluated using 

the “fracture instability method”, which involved obtaining several 

measurements: the critical load at fracture instability, the crack angles 

(Notch and Instability angles), and the inner and outer radii of the femurs. 

The critical load at fracture instability was defined as the load value at 

failure and was measured during mechanical testing. The crack angles and 
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inner and outer radii of the femurs were evaluated from images of the cross-

sectional fractured surfaces of each femur. These images were obtained 

using a scanning electron microscope with simultaneous back-scattering 

(INCA X-Act, Oxford Instruments) in low vacuum mode with a pressure of 

30 Pa and a voltage level of 20kV. The geometric characteristics such as the 

centroid of the cross-sectional area, notch angle, instability angle, and mean 

inner and outer radii of the cortical shell were determined for each bone at 

the mid-diaphysis. All geometric values obtained were calculated from each 

image using an open-source image-processing program (ImageJ). The 

images were uploaded into the program as grayscale .tiff images that were 

then converted to a binary image using a threshold set manually in order to 

segment the cortical bone from the rest of the image. The binary image was 

then evaluated using ImageJ to determine the desired geometric properties 

for the humeri and L5 vertebrae. The centroid of each femur was calculated 

using a specialized plugin for the program (BoneJ plugin). The notch angle, 

instability angle, and mean inner and outer radii of the fractured femurs 

were evaluated manually using the appropriate tools within the imaging 

program.  

 These measurements were then used to calculate the stress intensity 

factor, Kc, using the following equation: 

𝐾𝑐 =  𝐹𝑏
𝑆𝑅0𝑃𝑖𝑛𝑠𝑡

𝜋(𝑅0
4−𝑅𝑖

4)
√𝜋𝜃𝑖𝑛𝑠𝑡𝑅𝑚𝑒𝑑   (7) 

Where Fb is the geometrical factor in the K1 solution for an edge-

cracked cylindrical pipe. S is the span length (m) between the supports used 

to hold the specimen in the testing machine. R0, Rmed, and Ri (m) are the 

outer, mean, and inner radii of the cortical bone, respectively. Pinst (N) is the 

break load. And Θinst (Radians) is the instability angle. 
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 3.2.3 Bone Morphology 

µCT scans were carried out on the humeri and CA6 vertebral bones. 

The collection and analysis of the results was carried out through a 

collaboration with Dr.  Boskey at the Hospital for Special Surgery in New 

York. Scans were obtained using a Scanco µCT 35 system (Scanco 

Medical, Brüttisellen, Switzerland) with the following settings: 6 µm voxel 

size, 55 KVp, 0.36 degrees rotation step (180 degrees angular range) and 

400 ms exposure per view. Scans were the reconstructed in 3-D using 

Scanco µCT software (HP, DECwindows Motif 1.6). Following 

reconstruction, a global threshold of 0.4 g/c was used to segment the 

volumes of the reconstructed 3-D images and then total volume (TV), bone 

volume (BV), bone volume density (BV/TV) porosity (Ct.Po = pore 

volume/TV), cortical area fraction (Ct.AR/Tt.Ar), mean cortical thickness 

(Ct.Th), the second moments of inertia along the major and minor axis (Imax 

and Imin), the polar moment of inertia (J), tissue mineral density (TMD) and 

bone mass (TMD/Ct.Po) of the cortical bone were analyzed (Bouxsein et 

al., 2010). BV, TV, BV/TV, and TMD of the trabecular bone were also 

analyzed in addition to the connectivity density (Conn-D), trabecular 

number (Tb.N), trabecular thickness (Tb.Th), and trabecular spacing 

(Tb.Sp) (Bouxsein et al., 2010).  

 

 3.2.4 Bone Composition 
FTIRI-spectroscopy was used to measure changes in the chemical 

composition and distribution of the organic and inorganic components of 

the WT and Timp-3-/- mice bone. The right femurs from each mouse were 

sent to Dr. Boskey for evaluation. Prior to scanning, the femurs were fixed 

in 905 ethanol and embedded in polymethylmethacrylate (PMMA). Scans 

were obtained using a Perkin Elmer Spotlight Imaging system with a 4 cm-1 

spectral resolution and a 6.25 µm spatial resolution. Each bone was scanned 

in 2 µm thick sections to obtain 5 images from the cortical bone of the 
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femur and 5 images from the trabecular bone. A specialized software 

(ISYS, Spectral Dimensions, Olney, MD) was then used to process the 

scans. Interference from the atmospheric H2O and the CO2 was subtracted 

from the captured spectra and normalized using a linear baseline. For this 

study, five compositional parameters were examined: the mineral-to-matrix 

ratio, the carbonate-to-phosphate ratio, the mature-to-immature collagen 

enzymatic crosslinking ratio, the mineral crystallinity, and the acid 

phosphate substitution. These parameters were obtained by evaluating the 

wave intensities for the spectra obtained during scanning. The mineral to 

matrix ratio was calculated as the ratio of the area of the 900 – 1,200 cm-1 

phosphate band to the area of the 1,520-1,720 cm-1 amide I and amide II 

band. The carbonate-to-phosphate ratio was defined as the area of the 850-

890 cm-1 carbonate band to the 1,520-1,720 cm-1 amide I and amide II band. 

The mature-to-immature collagen enzymatic crosslinking ratio was defined 

as the ratio of the relative intensity values of the peaks of the 1,660 cm-

1/1,690 cm-1 subbands to the relative intensity values of the peaks of the 

amide I and amide II 1,520-1,720 cm-1 subbands. The crystallinity was 

defined as the intensity ratio of the subbands at 1,030 and 1,020 cm-1. 

Finally, the acid phosphate content was measured by evaluating the 

intensity ratios of the 1,028 and 1,096 cm-1 sub-bands.  The heterogeneity of 

these parameters was also analyized. 

 

 3.2.5 Statistical Analysis 

A specialized statistical software package (SPSS, IBM, Somers, 

NY) was used to analyze the data obtained from the mechanical, geometric, 

and compositional results and determine which of the measured parameters 

where statistically different between the Timp-3-/- and WT mice bone. First, 

the Shapiro-Wilk test and the Levene’s test were used to evaluate the 

normal distribution and homogeneity of variance of the data for each 
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mechanical, material, and morphological parameter investigated by 

mechanically testing the humeri and the L5 vertebrae as well as the 

morphologically examined through µCT analysis of the humeri and CA6 

vertebrae. If the data for each variable was considered to have a normal 

distribution and could be considered homogeneous, then the Student’s 

independent t-test was used to evaluate statistical significance between 

groups. If the data failed the Shapiro-Wilk test, it was not normally 

distributed, and a non-parametric test known as the Mann-Whitney rank test 

was then used to determine statistically significant differences between 

groups. For the compositional parameters investigated using FTIR analysis, 

statistical significance was evaluated using analysis of variance (one-way 

nested ANOVA). For each test, parameters with calculated p-value that 

were less than 0.05 were statistically significant. 

 3.3 Results 

 

 3.3.1 Mechanics of TIMP-3-/- Bone 
The data obtained from the 3-point bending and compression 

mechanical testing indicated that the values for the yield and ultimate load, 

work to yield, and yield and ultimate stress obtained for both the humeri 

and L5 vertebrae from the Timp-3-/- mice were significantly lower than 

those obtained for the WT mice. Individually, the stiffness of the Timp-3-/- 

humeri and the work to fracture of the Timp-3-/- L5 vertebrae were also 

significantly reduced, while neither type of bone revealed significant 

differences in the elastic modulus. The results from the notched 3-point 

bending mechanical testing performed on the femurs indicated that the 

fracture toughness of the Timp-3-/- mice was significantly reduced when 

compared to their WT counterparts. This data is summarized in Tables 1, 2, 

and 3. 
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Mechanical 

Parameter 

Humeri 

WT TIMP-3-/- p-

value (N=6) (N=9) 

Stiffness (N/mm) 94.32 ± 11.10 43.85 ± 13.73 <0.001 

Yield Load (N) 10.40 ± 2.05 4.50 ± 1.28 <0.001 

Ultimate Load (N) 13.33 ± 1.52 6.42 ± 1.39 <0.001 

Work to Yield (mJ) 0.65 ± 0.25 0.25 ± 0.10 <0.001 

Work to Fracture (mJ) 2.65 ± 0.67 2.20 ± 0.99 N.S. 

Elastic Modulus (GPa) 8.66 ± 1.55 6.60 ± 2.69 N.S. 

Yield Stress (MPa) 102.80 ± 12.20 59.85 ± 15.84 <0.001 

Ultimate Stress (MPa) 133.12 ± 15.37 86.48 ± 19.35 <0.001 

 

Table 1. Mechanical and material properties obtained for the humeri of the 

WT and Timp-3-/- cortical mouse bone obtained from 3-point bending. 

These results show that the stiffness, yield and ultimate load, the work to 

yield, and yield and ultimate stress are significantly lower in the Timp-3-/-  

humeri compared to the WT counterparts. The values for Young’s modulus 

for the humeri were not significantly different, but this was due to the high 

variation within the groups. 
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Mechanical 

Parameter 

L5 Vertebrae   

WT TIMP-3-/- 
p-value 

(N=6) (N=9) 

Stiffness (N/mm) 
90.28 ± 

34.08  
63.78 ± 31.94 N.S. 

Yield Load (N) 10.35 ± 2.37 5.36 ± 2.56 <0.01 

Ultimate Load (N) 12.92 ± 2.50 6.39 ± 3.04 <0.01 

Work to Yield (mJ) 0.70 ± 0.32 0.27 ± 0.19 <0.01 

Elastic Modulus 

(GPa) 
0.11 ± 0.07 0.07 ± 0.03 N.S. 

Yield Stress (MPa) 4.67 ± 1.42 2.52 ± 1.20 <0.01 

Ultimate Stress (MPa) 5.93 ± 1.42 3.00 ± 1.41 <0.01 

 

Table 2. Mechanical and material properties obtained for the L5 vertebrae 

of the WT and Timp-3-/- cortical mouse bone obtained from compression 

testing. These results show that the stiffness, yield and ultimate load, the 

work to yield, and yield and ultimate stress are significantly lower in the 

Timp-3-/-  L5 vertebrae compared to the WT counterparts. The values for 

Young’s modulus for the vertebrae were not significantly different, but this 

was due to the high variation within the groups. 
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Mechanical 

Parameter 

Femurs 

WT TIMP-3-/- p-value 
(N=6) (N=9) 

Fracture 

Toughness 

(MPa√m) 

6.36 ± 0.68 4.28 ± 0.31 <0.01 

 

Table 3. Fracture toughness measurements in terms of the stress intensity 

factor, Kc, obtained for the femurs of the WT and Timp-3-/- cortical mouse 

bone were evaluated using notched 3-point bending. These results show that 

the fracture toughness is significantly lower in the Timp-3-/-  humeri 

compared to the WT counterparts. 

 3.3.2 Architecture of Timp-3-/- Bone 
The µCT analysis revealed that the microarchitecture of Timp-3-/- 

cortical bone in the humeri and L5 vertebrae and the trabecular bone of the 

humeri was significantly altered from the microarchitecture found in normal 

WT mice. The cortical bone was found to be smaller, thinner, had a 

different morphology, and was more porous, as indicated by significantly 

reduced TV, BV, BV/TV, Ct.Ar/Tt.Ar, Ct.Th, Imax, Imin, and J values and 

significantly increased Ct.Po. The trabecular bone was found to be more 

numerous and dense, with greater interconnectivity, but thinner and more 

tightly packed together, as indicated by significantly lower TV, Tb.Th, and 

Tb.Sp values and significantly higher BV/TV, Conn-D, and Tb.N values. 

These values are reported in Tables 4, 5, and 6. 
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µCT 

Index 

Humeri Cortical Bone 

WT TIMP-3-/- p-value 
(N=6) (N=9) 

TV (mm3) 1.41±0.08 1.11±0.07 <0.001 

BV (mm3) 0.83±0.04 0.6±0.04 <0.001 

BV/TV (%) 59±1 54±2 <0.001 

Ct.Po (%) 5.04±1.42 8.51±0.51 <0.01 

Ct.Ar/Tt.Ar (%) 59±1 54±2 <0.001 

TRI-Ct.Th (mm) 0.20±0.00 0.15±0.01 <0.001 

Imax (mm4) 0.09±0.01 0.05±0.07 <0.001 

Imin (mm4) 0.06±0.01 0.03±0.01 <0.001 

J (mm4) 0.14±0.01 0.08±0.01 <0.001 

TMD (mg/cm-3) 1124.91±4.83 1063.95±16.41 <0.001 

Bone Mass (mg) 236.50±56.35 125.35±7.83 <0.01 

 

Table 4. Geometric properties of the humeri cortical bone for both the WT 

and Timp-3-/- mice. The values of the total volume, bone volume, bone 

volume density, thickness, cross sectional area, moments of inertia, tissue 

mineral density, and overall bone mass were significantly lower for the 

Timp-3-/- mice. The Timp-3-/- mice also exhibited higher cortical porosity 

compared to their WT counterparts. 
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µCT Index 

Vertebrae Cortical Bone 

WT TIMP-3-/- 
p-value 

(N=6) (N=9) 

TV (mm3) 1.20±0.11 1.01±0.09 <0.05 

BV (mm3) 0.79±0.06 0.56±0.04 <0.001 

BV/TV (%) 66±2 56±3 <0.001 

Ct.Po (%) 7±1 16±5 <0.01 

Ct.Ar/Tt.Ar (%) 66±2 56±3 <0.001 

TRI-Ct.Th (mm) 0.18±0.01 0.11±0.02 <0.01 

Imax (mm4) 0.13±0.03 0.09±0.02 <0.01 

Imin (mm4) 0.12±0.02 0.07±0.01 <0.001 

J (mm4) 0.26±0.05 0.16±0.03 <0.01 

TMD (mg/cm-3) 938.49±12.62 892.49±72.33 N.S. 

Bone Mass (mg) 132.48±12.07 62.08±25.64 <0.001 

 

Table 5. Geometric properties of the CA6 vertebrae cortical bone for both 

the WT and Timp-3-/- mice. The values of the total volume, bone volume, 

bone volume density, thickness, cross sectional area, moments of inertia, 

and overall bone mass were significantly lower for the Timp-3-/- mice. The 

Timp-3-/- mice also exhibited higher cortical porosity compared to their WT 

counterparts. 
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µCT Index 

Humeri Trabecular Bone 

WT TIMP-3-/- p-

value (N=6) (N=9) 

TV (mm3) 1.57±0.05 1.16±0.18 <0.001 

BV (mm3) 0.19±0.02 0.16±0.03 N.S. 

BV/TV (%) 12±1 14±1 <0.05 

Conn-Dens. (mm-3) 294.13±38.84 552.83±113.67 <0.001 

Tb.N (1/mm) 4.47±0.32 6.15±0.67 <0.001 

Tb.Th (mm) 0.04±0.00 0.03±0.00 <0.001 

Tb.Sp (mm) 0.23±0.02 0.16±0.02 <0.001 

TMD (mm-3) 914.41±8.24 873.81±18.99 <0.01 

 

Table 6. Geometric properties of the humeri trabecular bone for both the 

WT and Timp-3-/- mice. The values of the bone volume density, 

connectivity density, and trabecular number were significantly higher and 

the total volume, trabecular thickness, trabecular spacing, and tissue mineral 

density were significantly lower for the Timp-3-/- mice. 

  

3.3.3 Composition of Timp-3-/- Bone 
A comparison of the chemical composition between the Timp-3-/- 

and WT bones using FTIR analysis indicated that there was less carbonate 

and more acid phosphate in the TIMP-3 deficient cortical and trabecular 

bone. The Timp-3-/- trabecular bone also had an increased collagen 

enzymatic crosslinking ratio. Mapping of the surface of the Timp-3-/- and 

WT bones revealed that the heterogeneity of the collagen crosslinking ratio 

was increased in the Timp-3-/- cortical and trabecular bone. The trabecular 

bone also exhibited a decrease in the heterogeneity of the carbonate-to-

phosphate ratio and an increase in the heterogeneity of the mineral 

crystallinity. The data from this analysis is summarized in Tables 7 and 8. 
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FTIR Index 

Cortical Bone 

WT 
TIMP-

3-/- p-value 
(N=6) (N=9) 

Mineral/Matrix Ratio 6.66 ± 0.56 6.97 ± 0.89 N.S. 

Carbonate/Phosphate Ratio 

(10-3) 6.20 ± 0.50 5.50 ± 0.80 
<0.05 

Crosslink Ratio 3.77 ± 0.13 3.87 ± 0.19 N.S. 

Crystallinity 1.20 ± 0.03 1.20 ± 0.04 N.S. 

Acid Phosphate 0.49 ±0.02 0.52 ± 0.05 <0.05 

M/M Heterogeneity 2.14 ± 0.59 2.27 ± 0.61 N.S. 

C/P Heterogeneity 
0.002 ± 

0.000 

0.002 ± 

0.000 
N.S. 

C/P Heterogeneity (10-3) 2.10 ± 0.1 2.20 ± 0.20 <0.01 

Crystallinity Heterogeneity 

(10-2) 12.97 ± 1.53 12.42 ± 2.05 
N.S. 

 

Table 7. Results of the FTIR analysis for the cortical bone from the WT and 

Timp-3-/- femurs. The analysis of the results revealed that there was an 

increase in the acid phosphate content and the heterogeneity of the mature-

to-immature collagen crosslinking ratio and a decrease in the carbonate 

substitution of the hydroxyapatite crystals for the cortical bone. 
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FTIR Index 

Trabecular Bone 

WT 
TIMP-

3-/- p-value 
(N=6) (N=9) 

Mineral/Matrix Ratio 
5.57 ± 

0.45 
5.87 ± 0.41 N.S. 

Carbonate/Phosphate Ratio 

(10-3) 

5.90 ± 

0.80 
4.30 ± 0.50 <0.001 

Crosslink Ratio 
3.96 ± 

0.20 
4.35 ± 0.24 <0.01 

Crystallinity 
1.15 ± 

0.02 
1.16 ± 0.03 N.S. 

Acid Phosphate 
0.63 ± 

0.04 
0.71 ± 0.05 <0.01 

M/M Heterogeneity 
2.51 ± 

0.49 
2.81 ± 0.65 N.S. 

C/P Heterogeneity (10-3) 
2.60 ± 

0.30 
3.30 ± 0.40 <0.001 

Crosslink Heterogeneity 
0.50 ± 

0.08 
0.85 ± 0.30 <0.05 

Crystallinity Heterogeneity 

(10-2) 

19.07 ± 

1.71 

16.72 ± 

0.81 
<0.01 

 

Table 8. Results of the FTIR analysis for the trabecular bone from the WT 

and Timp-3-/- femurs. The analysis of the results revealed that there was an 

increase in the acid phosphate content and the heterogeneity of the mature-

to-immature collagen crosslinking ratio and a decrease in the carbonate 

substitution of the hydroxyapatite crystals for the cortical bone. 

 3.4 Discussion 
In this study, the geometric, compositional, mechanical, and 

material properties of healthy bone and bone with a TIMP-3 deficiency 

were evaluated to investigate the impact of TIMP-3 on bone health. The 

results from this study revealed that TIMP-3 deficiency does indeed have a 
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significant impact on the structure, composition, and mechanics of bone and 

is important to understand in order to better assess bone health and to 

produce more effective clinical treatments for bone diseases. 

The results from the mechanical tests performed on the humeri, L5 

vertebrae and femurs showed that the Timp-3-/- mice had either similar or 

significantly reduced mechanical properties when compared to their WT 

counterparts, demonstrating that a lack of TIMP-3 adversely affects bone 

mechanical properties. This result is not surprising, as several previous 

studies found that TIMP-3 deficiency resulted in compromised tissue 

quality and function (Hammoud, Lu, Lei, & Feng, 2011; Javaheri et al., 

2016; Leco et al., 2001; Erica L. Martin et al., 2007; Mohammed et al., 

2004; Murthy et al., 2012). More specifically, both the long bones (humeri 

and femurs) and the short bones (L5 vertebrae) demonstrated significant 

reductions in the yield and ultimate load bearing capabilities, as well as 

lower yield and ultimate stress values and reduction in the work to yield. 

The long bones also had significant reductions in the stiffness of the bones 

as well as fracture toughness. In addition, the elastic modulus was  reduced 

in the Timp-3-/- bone, but the results did not turn out to be statistically 

significant due to high variation within the sample size analyzed. Bone 

strength is a function of bone quality and quantity (Donnelly, 2011). 

Therefore, the observed reductions in bone mechanical and material 

properties may be explained as a result of alterations in bone structure and 

composition as well as the overall bone mass. The results from our 

morphological and compositional analyses suggest that this hypothesis is 

correct. The data from the µCT analysis revealed that TIMP-3 deficiency 

changes both the structure of the cortical and trabecular bones. The Timp-3-

/- cortical bones were smaller, as indicated by the reduced cross-sectional 

area and volume, had altered geometry, as indicated by the changes in the 

moments of inertia, were thinner, and were more porous. The amount of 
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overall cortical bone also decreased, as the bone mass was found to be 

significantly reduced. One possible explanation for the increased cortical 

bone porosity is that there was an increase in blood vessel formation, or 

angiogenesis, in these bones, due to the excessive activity of MMPs caused 

by the lack of TIMP-3. One MMP in particular, MMP-9, has been identified 

as a stimulator for angiogenesis in the bone and may be the reason for the 

increased cortical porosity observed in this study (Bruni-Cardoso, Johnson, 

Vessella, Peterson, & Lynch, 2010). This high porosity would explain why 

the Timp-3-/- femurs exhibited reduced fracture toughness, as previous 

studies have found that high porosity increases the number of high stress 

concentration areas within the bone (Alessandra Carriero et al., 2014) and 

results in increased crack propagation velocity (Carriero, Zimmermann, 

Shefelbine, & Ritchie, 2014), both of which led to reduced resistance to 

fracture in bone (Ural & Vashishth, 2007). Another explanation for the 

increased porosity as well as the decreased cortical thickness is that the rate 

of bone remodeling in Timp-3-/- bone is significantly altered. Previous 

studies have shown that increased porosity and cortical thinning correlates 

with increased bone remodeling (Bell, Loveridge, Power, Rushton, & 

Reeve, 1999; Power et al., 2003; Shigdel et al., 2015). In support of this, 

one recent study demonstrated that TIMP-3 deficiency resulted in an 

increased number of osteoclasts, but not osteoblasts, suggesting that there 

was an increase in the amount of bone resorption, but not bone formation in 

the Timp-3-/- bone (Javaheri et al., 2016). Since MMPs, ADAMs, and 

ADAMTSs are involved in bone remodeling by breaking down the ECM 

into collagen fragments which stimulate osteoclast activity, it is possible 

that TIMP-3 deficiency indirectly increases bone remodeling by failing to 

inhibit any excessive metalloproteinase activity. The hypothesis that the 

changes in the microstructure of the bone were due to alterations in the bone 

remodeling is further supported by the changes in composition indicated by 

the results of the FTIR analysis. The decreased carbonate-to-phosphate 
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ratio, increase in acid phosphate, and increased heterogeneity of the mature-

to-immature enzymatic collagen crosslinking ratio all suggest that there is 

increased remodeling in the Timp-3-/- bone. This is because previous studies 

which investigated carbonate content in bone found that carbonate 

substitutions in the crystals increase as the bone matures, suggesting that 

less carbonate means that the bone is less mature, as it has not had the time 

to substitute the carbonate into the bone mineral (Ou‐Yang, Paschalis, 

Mayo, Boskey, & Mendelsohn, 2001). The increased acid phosphate 

content also indicates that the bone is less mature, as acid phosphate is 

found in areas of new bone formation and mineral deposition (Spevak, 

Flach, Hunter, Mendelsohn, & Boskey, 2013). Increases in the 

heterogeneity of the collagen crosslinking ratio has also been found to 

indicate increased bone remodeling (Donnelly et al., 2012).  

The results from the FTIR analysis of the Timp-3-/- trabecular bone 

also suggested an increase in bone remodelling. Like the cortical bone, the 

Timp-3-/- trabecular bone exhibited signs of increased bone remodelling.  

The results obtained in this study demonstrated decreases in the carbonate-

to-phosphate ratio and increases in the acid phosphate content The results 

also validated the heterogeneity of the mature-to-immature enzymatic 

collagen crosslinking ratio, as well as increases in the heterogeneity of the 

carbonate-to-phosphate ratio and mineral crystallinity (Donnelly et al., 

2012; Gourion‐Arsiquaud et al., 2013).  

These findings indicate that TIMP-3 deficiency impacts bone at the 

nanoscale level by altering the composition of the bone, which in turn, 

creates changes in the architecture of the bone at the microscale level. This 

ultimately cause reductions in the mechanical and material properties at the 

macroscale level. While the exact pathway by which TIMP-3 influences 

bone remodeling was not determined conclusively, results from previous 
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studies provide some insight into exactly how TIMP-3 deficiency could 

alter metalloproteinase activity and ultimately increase bone remodeling. 

For example, several studies examined the effects of increased MMP-1, -2, 

-8, -9, -13, and -14 activity on bone and found increases in bone remodeling 

due to increased collage degradation (Garnero et al., 2003; Holmbeck et al., 

1999; Inada et al., 2004; E. L. Martin et al., 2005; Ohuchi et al., 1997). 

Additionally, researchers have suggested that ADAMs and ADAMTSs 

could play a role in bone remodeling by stimulating osteoblast and 

osteoclast activity (Botter et al., 2009; Marzia et al., 2011; Verrier, Hogan, 

McKie, & Horton, 2004). Specifically, ADAM-10 and ADAM-12 were 

found to play a role in directing human peripheral blood mononuclear cells 

to differentiate into osteoblasts and osteoclasts, (Verrier et al., 2004) while 

ADAM-15 was found to increase osteoblast activity (Marzia et al., 2011). 

Thus, it is possible that by inhibiting any of these MMPs, ADAMs, and 

ADAMTSs, TIMP-3 indirectly increases bone remodeling; however, future 

studies would need to evaluate the levels of these proteinases to determine 

whether they are elevated due to TIMP-3 deficiency and would have to 

show that this increased metalloproteinase activity correlated with increased 

bone remodeling.  

 3.5 Conclusions 
The results of this research show that TIMP-3 plays a crucial role in 

maintaining bone quality and quantity, as TIMP-3 deficiency was shown to 

result in reduced mechanical and material properties as a result of altered 

bone structure and composition. Specifically, the decreases in yield and 

ultimate load, work to yield, yield and ultimate stress, and fracture 

toughness appeared to be the result of reductions in cortical bone thickness, 

increased cortical porosity, and decreases in the overall bone mass as well 

as decreases in hydroxyapatite crystal size and orientation. These changes in 

bone microarchitecture and composition appear to be the result of increased 
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bone remodeling, a hypothesis that is supported by the observed reductions 

in the carbonate-to-phosphate ratio, the increased acid phosphate content, 

and the increased heterogeneity of the cortical and trabecular bones. It is 

proposed that this increase in bone remodeling is the result of increased 

MMP, ADAM, and ADAMTS activity due to the lack of TIMP-3. Thus, 

this study found that TIMP-3 helps to maintain bone quality and quantity by 

regulating bone remodeling and enabling the bone ECM to mature. This 

allows the bone to fully develop and obtain optimal compositional, 

structural, mechanical, and material properties. Future research can use this 

data to further investigate how TIMP-3 influences MMP, ADAM, and 

ADAMTS activity, and how it indirectly alters bone properties.  This 

knowledge can help clinicians and researchers develop novel medicines and 

therapies that can be used to treat diseases involving altered TIMP-3, MMP, 

ADAM, and ADAMTS activity. 
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Chapter 4 

 

Altered Cortical Porosity and Structure in 

Osteogenesis Imperfecta Cochlea Bone 

4.1 Introduction 
Osteogenesis Imperfecta (OI) is a hereditary connective tissue 

disorder which results from mutations in the genes responsible for the 

formation of type I collagen (COL1) (Huber, 2007; Pillion, Vernick, & 

Shapiro, 2011). It is a major genetic bone disease with an incidence of 1 in 

15,000 child births (Byers & Cole, 2002; Huber, 2007; Millington-Ward, 

McMahon, & Farrar, 2005; Niyibizi, Wang, Mi, & Robbins, 2004). One 

study stated that approximately 25,000 individuals in the United States 

alone live with this condition; however, it is believed that the real incidence 

is much higher than that because of the vast number of people with mild OI 

who are never officially diagnosed with the disease (Pillion et al., 2011).  

OI is primarily characterized by an increase in bone fragility and 

skeletal deformities, however, other typical manifestations include 

dentinogenesis imperfecta (brittle teeth), blue sclera, increased 

susceptibility to bruising, joint laxity, and hearing loss (Niyibizi et al., 2004; 

Pillion et al., 2011; Rauch & Glorieux, 2004). These symptoms are the 

result of defects in tissues containing collagen such as bone, tendons, 

ligaments, skin, sclera, teeth, and middle and inner ear, with the major 

manifestation being brittle bone (Huber, 2007). OI currently manifests itself 

as 1 of 17 different clinically recognized phenotypes that are classified 

based on the symptoms and the source of the genetic mutations which cause 

alterations in connective tissue. Of these 17 phenotypes, there are 4 that are 



 

65 
 

primarily responsible for mutations in the type I collagen that results in OI. 

These primary phenotypes are summarized below in Table 9. 

Type Inheritance Clinical Incidence 

I AD Mild, blue sclerae, fractures with 

little or no deformity, hearing loss, 

dentinogenesis imperfecta (DI) 

60% 

II AD, AR Lethal, pulmonary insufficiency, 

beaded ribs, rhizomelic hearing loss 

10% 

III AD, AR Progressive deforming intrauterine 

fractures, deformed limbs, scoliosis, 

white or blue sclerae hearing loss, DI 

10% 

IV AD Moderately severe, limb deformity, 

sclerae blue early and lighten with 

age, scoliosis 

15% 

 

Table 9. Primary phenotypes of osteogenesis imperfecta phenotypes (AD = 

autosomal dominant, AR = autosomal recessive.) (Pillion & Shapiro, 

2008)..  

 

Mutations in the COL1A1 and COL1A2 cause approximately 95% 

of the OI cases. COL1A1 and COL1A2 are primarily responsible for the 

synthesis of the proalpha-1 and proalpha-2 polypeptide chains which bind 

together to form a triple helical structure known as type I collagen. 

Mutations in these genes adversely affect the type I collagen fiber, which 

results in compromised connective tissue in multiple organs throughout the 
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body ranging from bone, to the sclerae in the eye, to vascular structures in 

the mitral and aortic valves, to the auditory structures in the ear. The 

symptoms that result from these mutations can range from mild, to severe 

and lethal, depending on how the COL1A1 and COL1A2 genes are altered. 

Mutations which inhibit one allele of the COL1A1 gene result in the milder 

forms of OI, while dominant negative mutations in COL1A1 or COL1A2 

cause the severe or lethal forms of OI (Gajko-Galicka, 2002). The mutations 

which inhibit one allele of the COL1A1 gene are known as “excluded” 

mutations because these mutations result in the exclusion of product from 

the mutant allele from the mature collagen molecule. This means that only 

half of the normal amount of type 1 collagen gets produced. However, the 

structure of the type 1 collagen does not change because of the mutation. 

The other mutations which affect both the COL1A1 and COL1A2 genes are 

called “inclusive” mutations because these mutations produce altered proα1 

and proα2 chains to be incorporated into the type I collagen triple helix. The 

abnormal type I collagen chains are structurally compromised because of 

changes in the amino acids which comprise the type 1 collagen fibers. 

Normally, type 1 collagen is formed from a chain of the following repeated 

amino acid sequence: G-X-Y, where G is glycine, X is usually proline and 

Y is typically hydroxyproline. However, in cases of “inclusive” or dominant 

negative mutations, the glycine is substituted for other amino acids which 

results in improper folding of the proα chains in the helical structure, 

making the structure less stable than normal and compromising the 

connective tissue by altering the fiber structure and providing an abnormal 

template for mineralization (Baker, Ramshaw, Chan, Cole, & Bateman, 

1989; W. G. Cole, 1998; William G. Cole, 2002).   

 As mentioned previously, hearing loss is a prominent symptom of 

OI; however, the exact prevalence of hearing loss remains uncertain. 

Several studies have stated that of the patients diagnosed with OI, 
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approximately half suffer from some form of hearing loss (Kuurila, 

Johansson, Kaitila, & GrêNman, 2002; Stewart & O'Reilly, 1989). In 

reality, the actual number of patients with impaired hearing loss is most 

likely much greater, as other studies have reported that the prevalence of 

hearing loss is as high as approximately 65 – 72% (Stewart & O'Reilly, 

1989). However, differences in these reported results are most likely due to 

differences in the definitions used to quantify hearing loss (Imani, 

Vijayasekaran, & Lannigan, 2003).   

 OI-related hearing loss is classified as either conductive, 

sensorineural, or mixed, depending on the cause of hearing loss. Broadly 

speaking, conductive hearing loss refers to cases where hearing loss results 

from failure to properly transmit sound waves from the outer ear through 

the tympanic membrane to the middle ear and then into the cochlea. 

However, an exact definition remains elusive, as different studies have not 

agreed on one common term. For example, one study by Riedner et al., held 

that hearing loss in the air-bone gap was 5 dB or greater at two or more 

octave frequencies ranging from 500 to 4,000 Hz, while Shapiro et al., 

stated that the hearing loss in the air-bone gap needed to be at least 15 dB at 

one or more octave frequencies ranging from 500 to 4,000 Hz (Riedner, 

Levin, & Holliday, 1980; Shapiro, Pikus, Weiss, & Rowe, 1982). 

Sensorineural hearing loss in general results from an inability in the cochlea 

or the vestibulocochlear nerve to properly translate soundwaves into 

electrical impulses and then transmit those impulses to the brainstem. One 

study suggested that OI-related sensorineural hearing loss results from the 

atrophy of the hair cells in the cochlea, the atrophy of the stria vascularis, 

and abnormal bone formation in the cochlea due to increased risk of 

fracture; however, the exact etiology of sensorineural hearing loss has not 

been determined conclusively (Swinnen, De Leenheer, Coucke, Cremers, & 
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Dhooge, 2009). Mixed hearing loss results from a combination of both 

conductive and sensorineural hearing loss. 

 To better understand the etiology of sensorineural hearing loss and 

to develop more successful treatments for patients with OI, an in-depth 

examination of the temporal bone is required to fully understand how OI-

induced changes in the bone structure result in hearing loss. A previous 

study examined the structure of the temporal bones using CT imaging 

(Swinnen et al., 2009). However, this study was limited to examining the 

structures in 2-D, and to the best of my knowledge, no study has examined 

the 3-D structure of OI temporal bone. The aim of this study was to quantify 

3-D structural changes in the cortical bone of the cochlea to better 

understand how OI causes hearing loss. This was done by examining the 

intracortical porosity and structure of the cochlea from the oim mouse 

model of OI using synchrotron computed tomography (SR-CT) images at 

high resolution. The ultimate goal of this study was to gain a more thorough 

understanding of the relationship between bone morphology and function in 

order to aid physicians and scientists in developing more effect treatments 

for patients with OI. 

4.2 Cochlea Anatomy 

One of the primary components of the inner ear is the cochlea. The 

cochlea is a spiral shaped bone that resembles a snail shell (Figure 17). The 

cochlea is located at the end of the inner ear and coils around a central 

conical rod of spongy bone called the modiolus. Initially, the coil starts at 

the wide end of the cochlea and gradually shrinks as it winds around the 

modiolus to reach its apex. The wide end is known as the basal end of the 

coil, and the apex is referred to as the apical end of the coil. A boney bridge 

called the osseous spiral lamina projects outward from the modiolus 

towards the outer wall of the cochlea. The osseous spinal lamina is porous 

to allow blood vessels and nerves to innervate the cochlea. 
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Figure 17. Artistic representation of the inner ear with the cochlea circled 

in black ("Apologetics Press - The Intricate and Masterful Design of the 

Human Ear,"). 

 

A membrane projecting from the osseous spiral lamina and 

connecting to the outer wall of the cochlea separates the inner canal in the 

cochlea into three separate compartments. This membrane houses a middle 

fluid-filled compartment, known as the scala media. The fluid in the scala 

media is the endolymph, while the other two fluid-filled canals are the scala 

vestibule and the scala tympani. The scala media is separated from the scala 

vestibule by a portion of the membrane called Reissner’s membrane, from 

the outer wall of the cochlea by the stria vascularis, and from the scala 

tympani by a portion of the membrane called the baslar membrane. The 

portion of the cochlea which translates sound waves into electrical impulses 

that are sent to the brain and interpreted as sounds is called the organ of 

corti. The organ of corti is housed in the scala media and is supported by the 

basilar membrane. It consists of sensory cells, structural cells, and a firm 

membrane called the tectorial membrane. The sensory cells, called the inner 
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and outer hair cells, send electrical impulses to the brain when little hairs, 

known as the stereo cilia, are disturbed by sound waves. The hairs of the 

stereo cilia are connected to the tectorial membrane, an arrangement which 

holds them in a state of tension. This tension enables the stereo cilia to 

oscillate when disturbed by sound waves. These sensory cells are supported 

by structural cells known as the outer pillar cells, the inner pillar cells, and 

the phalangeal cells. These cells line the entire labyrinth of the cochlea and 

enable the cochlea to detect different frequencies of sound waves. The 

cochlea is the final component of the hearing system that allows sound 

waves to be converted into the sensation of hearing. The anatomy that is 

described here is summarized below in Figure 18. 

Because the cochlea plays a crucial role in hearing, the aim of this study 

was to quantify 3-D structural changes in the cortical bone of the cochlea to 

better understand how OI might cause hearing loss. This was done by 

examining the intra cortical porosity and structure of the cochlea from the 

oim mouse model of OI SR-CT was used specifically in this study to obtain 

high resolution images of the cochlea that could be reconstructed to analyze 

the morphology of the lacunae with a degree of accuracy that would not be 

achieved with µCT alone. An increased understanding of the relationship 

between bone morphology, mechanics, and function can be obtained by 

increasing the resolution of the cochlea bone images to investigate more 

accurate models of the bone morphology.   
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Figure 18. Cross section schematic of the cochlea, depicting the major 

anatomical components of the cochlea. These components include the three 

major canals of the cochlea: the scala media, the scala bestibuli, and the 

scala tympani, the membranes which separate the canals: the bestibular 

membrane, the stria vascularis, and the basilar membrane, and the organ of 

corti, which consists of inner and outer hair cells, phalangeal cells, and the 

tectorial membrane ("neural control and coordination - Online CBSE 

textbooks,"). 

 4.2 Materials and Methods 

 

 4.2.1 Animals 
The osteogenesis imperfecta murine (oim) mouse model (B6C3Fe 

a/a-Col1a2oim/oim) was selected for this study because the OI symptoms 

observed in this mutated C57BL/6-C3HeB/Fe mouse hybrid are similar to 
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those found in the most debilitating non-lethal forms of OI observed in 

humans (OI type III) (Chipman et al., 1993). These mice exhibit early onset 

osteopenia because of the mutations in the proα2 chain of type I collagen. 

These mutations cause the normal strain of proα chains to be altered from 

two proα1 chains and a proα2 chain to three proα1 chains and cause 

increased fragility and impaired skeletal growth due to increased cortical 

thinning and altered porosity (Alessandra Carriero et al., 2014).While it is 

still unknown if the oim mouse model experiences hearing loss, the 

similarities in the symptoms exhibited by this mouse model and those 

observed in type III OI suggest that it potentially could experience such a 

loss, and is therefore a good model for investigating OI-related deafness.    

 4.2.2 Image Processing 

For this study, six WT mice (C57BL/6) and six oim mice, all male, 

were raised to 8 weeks of age before being euthanized per local ethical 

review and Home Office approval (UK). Following euthanization, the entire 

inner ear bone was dissected, and the distal end was embedded in bone 

cement (PMMA) so that the longitudinal axis of the cochlea was aligned 

vertically. Then the bone was wrapped in gauze that was soaked in 

phosphate buffered saline (PBS) and stored at -20°C to preserve the 

structural integrity of the bone and prevent the bone tissue from drying out 

and degrading. The bones were then taken to the I13-2 beamline Diamond 

Light Source (UK) to be scanned. Prior to scanning, the bones were allowed 

to thaw and then placed on the stage of the I13-2 beamline so that the 

longitudinal axis was parallel to the rotating axis of the stage. The bones 

were then scanned using SR-CT scans to obtain high-resolution 3-D 

grayscale images of both the WT and oim cochlea. The scans were taken 

with a nominal resolution of 810 nm using a coupled system consisting of 

pco.edge 5.5 camera (2,560 x 2,160 pixels, field of view 2.1 x 1.8 mm), a 

CdWO4 scintillator, and a visual light microscope. For each cochlea, a 
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filtered polychromatic ‘pink’ beam ranging in energy intensity from 5 to 35 

keV with a mean energy of 15 keV was used to obtain 3,001 projections 

with an exposure time of 30 ms over a 180° range. Tomograms were then 

reconstructed using filtered back-projection to obtain 3-D image volumes 

that consisted of 2,159 images for a total voxel volume of 2,560 x 2,160 x 

2,159. 

The cochlear cortical bone and the intracortical lacuna and canal 

porosity were segmented for quantitative analysis using the procedure 

represented in Figure 19. First, the grayscale images were loaded into an 

open source image analysis software (ImageJ), and a histogram-based 

global thresholding technique was used to segment the bone matrix from the 

PBS and soft tissue (Figure 19.A). This technique used an iterative 

intermeans algorithm to select a threshold based on the mean foreground 

and background pixel values (Ridler & Calvard, 1978). Thresholding the 

images resulted in a binary image that displayed the foreground (the cortical 

bone) in black and the background (the intracortical porosity, soft tissue, 

and PBS) in white (Figure 19.B). The intracortical porosity that was still 

connected to the air was segmented manually for each bone using ImageJ. 

Noise was also manually removed from each image to reduce error in the 

quantitative analysis of the cochlea intracortical structure (Figure 19.C). 

The stacks of images were then duplicated and the holes in the duplicate 

stack of the binary images were filled (Figure 19.D). This stack was used to 

analyze the cortical bone for each bone. Then a SUBTRACT mathematical 

operation was used to subtract the cortical bone images from the binary 

images with the intracortical porosity to obtain images of the lacunae and 

canals embedded in the cortical bone (Figure 19.E). The Particle Analyzer 

subroutine from the BoneJ plugin of ImageJ, was then used to segment the 

intracortical porosity particles by volume, and it created two stacks of 

images for morphometric analysis: one for the lacunae (100-6600 µm3) and 
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one for the canals (> 6600 µm3) (Figure 19.F and G) (Doube et al., 2010). 

The stack of images represented in the intracortical canals was further 

processed by decomposing the canal network into single elements, and they 

were then analyized using the skeletonization tools in BoneJ 

(Skeletonize3D & Analyze Skeleton) (Figure 19.H).  

 

 

Figure 19. Graphical representation of image segmentation process applied 

on a representative 2D slice of the 3D stack of images. A) Original 

grayscale image of the bone B) Bone after the global thresholding was 

applied C) The manually edited image where the intracortical porosity 

connected to the PBS was segmented and the noise was removed D) 

Cortical bone (with the intracortical porosity filled in) E) Lacunae and 

intracortical canals after the cortical bone images were subtracted from the 

images with the intracortical porosity F) and G) show the separation 

between canals and lacunae H) Skeletonization of a single canal. 

  

 The properties of the cortical bone that were evaluated in this study 

were the cortical thickness (Ct.Th), cortical total volume (Ct.TV), cortical 

total pore volume (Po.V), and cortical porosity (Ct.Po = Po.V/Ct.TV) at the 

micro-scale length. Intracortical canal porosity and architecture was 
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investigated by measuring the number of canals (N.Ca), canal number 

density (N.Ca/Ct.TV), total canal volume (Ca.V), canal porosity 

(Ca.V/Ct.TV), canal connectivity density (Ca.ConnD = Ca.Conn/Ct.TV), 

mean canal volume (<Ca.V>=Ca.V/Ca.N), mean canal diameter (<Ca.D>), 

and mean canal length (<Ca.Le>) (Schneider et al., 2007). The number of 

lacunae (N.Lc), lacunar number density (N.Lc/Ct.TV), total lacunar volume 

(Lc.V), lacunar porosity (Lc.V/Ct.TV), and mean lacuna volume 

(<Lc.V>=Lc.V/N.Lc) were the morphometric measures used to evaluate the 

properties of the WT and oim lacunae (A. Carriero, M. Doube, et al., 2014). 

The shape and orientation of the lacunae was also evaluated using 

measurements obtained by generating a surface mesh around the voxels 

representing each lacunae using a marching cubes method and then 

calculating the best-fit ellipsoids around the major [Lc.λ1], intermediate 

[Lc.λ2], and minor [Lc.λ3] axes using the vertices of the mesh as input in an 

ellipsoid-fitting algorithm (Doube et al., 2010; Schmid, Schindelin, 

Cardona, Longair, & Heisenberg, 2010). These measurements were the 

mean lacunar equancy (sphericity) (<Lc.Eq>=<Lc.λ3/Lc.λ1>), mean 

lacunar elongation (<Lc.El>=<1- Lc.λ2/Lc.λ1>), and mean lacunar flatness 

(<Lc.Fl>=<1- Lc.λ3/Lc.λ2>). Finally, the mean lacunar orientation about 

the longitudinal axis of the bone (<Lc.θ>) was estimated by considering the 

angle between the lacuna major axis and the longitudinal axis of the cochlea 

(Carter et al., 2013; Doube et al., 2010).  

 

 4.2.3 Statistical Analysis 

The measurements obtained from evaluating the morphometric data 

were analyzed for statistically significant differences using a specialized 

statistical software package (SPSS, IBM, Somers, NY). Measurements that 

had the same number of samples between the WT and oim groups and that 

had normal distributions were evaluated using the Student’s independent t-
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test, while the measurements that had the same number of samples between 

test groups that did not have normal distributions were evaluated using the 

Mann-Whitney rank test. The measurements which did not have the same 

number of samples between groups, such as the mean properties of the 

lacunae and canals, were evaluated using multilevel linear models; these 

types of statistical models consider both the number of samples and the 

dependence between them, and they do not need to assume homogeneity of 

the data or that the data has a Gaussian distribution. For these 

measurements, the data was organized into a two level-hierarchy: ‘strain’ 

(WT/oim) and ‘sample’ (bone number). A one-sided beta/type II error test 

was employed for samples which were not found to be statistically 

significant. This test was used to determine how many samples would be 

needed to truly determine whether there is an actual difference between 

groups. For these calculations, the value of α was chosen as 0.05, and the 

power of the test was set to 0.80. 

 4.3 Results 

The results of the morphometric evaluation show that there was a 

statistically significant increase in the porosity of the oim cortical bone, 

number of canals, canal porosity, and canal connectivity compared to WT 

counterparts (Table 7). These results indicate that the oim cochlea was more 

porous with an increased network of larger canals. The remaining 

morphological differences between the WT and oim groups were not 

statistically significant.  However, the power analysis showed that Ct.TV, 

N.Ca, and N.Lc/Ct.TV could have been evaluated for statistical significance 

given a reasonably larger sample size. Thus, it is possible that these 

parameters could also be significantly different between the oim and WT 

cochlea. 

  



 

77 
 

  

Morphometric 

index 

WT 

N = 6 bones 

oim 

N = 6 bones 
p-value 

 

WT vs. 

oim 

 

Power 

Test 

Sample 

Size 

32,469 canals 54,000 canals 

884,165 

lacunae 

N = 918,357 

lacunae 

 

Ct.TV (mm-3) 1.03 ± 0.11 0.97 ± 0.10 n.s. 42 

Po.V/Ct.TV (%) 5.46 ± 1.53 8.25 ± 0.83 < 0.05 N.A. 

N.Ca 5,412 ± 2,757 9,000 ± 4,259 n.s. 18 

N.Ca/Ct.TV (mm-3) 5,352 ± 2,729 9,015 ± 3,610 <0.05 N.A. 

Ca.V/Ct.TV (%) 3.09 ± 0.95 5.75 ± 0.93 <0.05 N.A. 

Ca.Conn.D (mm-3) 2,736 ± 1,410 4,624 ± 1,873 <0.05 N.A. 

<Ca.V> (103µm3) 6.67 ± 2.22 7.28 ± 3.09 n.s. 318 

<Ca.D> (µm) 12.25 ± 2.88 12.14 ± 3.24 n.s. 10,728 

<Ca.Le> (µm) 32.67 ± 38.90 29.94 ± 33.53 n.s. 2,511 

N.Lc 
147,382 ± 

16,826 

153,058 ± 

23,848 
n.s. 219 

N.Lc/Ct.TV (mm-3) 
144,052 ± 

20,326 

158,360 ± 

26,372 
n.s. 43 

Lc.V/Ct.TV (%) 2.37 ± 0.67 2.50 ± 0.78 n.s. 446 

<Lc.V> (µm3) 
163.39 ± 

103.20 

156.89 ± 

104.76 
n.s. 3,212 

<Lc.Eq> (1) 0.363 ± 0.138 0.378 ± 0.135 n.s. 1,047 

<Lc.El> (1) 0.197 ± 0.100 0.200 ± 0.099 n.s. 13,740 

<Lc.Fl> (1) 0.529 ± 0.206 0.510 ± 0.201 n.s. 1,454 

<Lc.θ> (deg) 78.83 ± 37.97 79.68 ± 42.87 n.s. 31,454 

 

Table 10. Data from the morphological analysis of the lacunae, canals, and 

cortical bone volumes were obtained from the reconstructed SR-CT images. 

From these results, it was observed that the oim cortical bone was more 

porous and that the canals were more numerous and interconnected. Results 

from the one-sided beta/type-II error test are listed for the non-significant 

parameters to determine what sample size would be required to properly 

evaluate statistical significance. 
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4.4 Discussion 
This study quantitatively assessed the 3-D morphometrical porosity 

of osteogenesis imperfecta oim cochlea bone using SR-CT. Our results 

demonstrated that the oim cochlea had increased porosity with increased 

canal porosity, size, and architecture. This increased porosity and canal 

architecture may be due to altered metabolic functioning in the oim mice 

which increases the rate of bone turnover (Zhang, Doty, Hughes, Dempster, 

& Camacho, 2007). Increased vascular porosity has been previously related 

to reduced fracture toughness in bone (Yeni et al., 1997). More recent 

studies on long bones have also shown that intracortical bone architecture 

can influence fracture initiation and propagation(Alessandra Carriero et al., 

2014; A. Carriero, E. A. Zimmermann, et al., 2014). Increased porosity 

increases the areas of local stress and strain concentrations within the bone, 

which in turn increases crack propagation within the bone, dramatically 

decreasing its toughness (Alessandra Carriero et al., 2014; A. Carriero, E. 

A. Zimmermann, et al., 2014; Yeni et al., 1997). This makes the bone more 

susceptible to fractures. Thus, the changes in the cochlea intracortical 

architecture may cause hearing loss by affecting bone mechanical integrity 

and increasing the risk of fracture and deformities in the bone. This is 

because fractures and bone deformations would adversely affect the sound 

conductivity in the cochlea by preventing sound waves from being properly 

transmitted through the organ of corti to the temporal lobe of the brain.  

The observations that the oim cochlea have larger, more 

interconnected canals, and greater overall porosity agree with a prior study 

which investigated the canal networks in human OI cortical bone (Jameson, 

Albert, Busse, Smith, & Harris). In that study, the 3-D structure of pediatric 

cortical bone fragments were analyzed using images generated using 

microtomography with a synchrotron light source (SRµCT). The results 
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from this study suggested that the increased pore network in OI was the 

primary contributor to the observed reductions in mechanical properties.  

Furthermore, the results of the one-sided beta/type-II error test 

suggested that the cortical bone volume, number of canals, and lacunae 

density may also be significantly altered, given a larger sample size. Thus, 

while these parameters did not come to be significantly altered in our study, 

there is a trend that suggests that the cortical bone volume is decreased and 

that the number of canals and lacunae density are increased in the oim 

cochlear bone. However, because this study was the first to analyze the 

cochlea in such detail, the sample size was limited to a preliminary set of 6 

samples per group for analysis.  

The results obtained in this study correlate positively with the results 

obtained from another previous study which was performed on long bones 

of oim mice (A. Carriero, M. Doube, et al., 2014). The morphometric 

analysis of the cortical bone, canal network, and osteocyte lacunae of oim 

long bones demonstrated a few similarities between the oim long bones and 

cochlea: both types of bone exhibited more branched canals, while the 

results from the one-sided beta/type-II error test suggest that number of 

canals and the lacunae density would be greater in both types of bone, given 

a larger sample size. However, there were also some differences between 

the long bones and the cochlea: the total cortical porosity was similar 

between the oim and WT lone bone, while in this study, the cortical porosity 

was significantly increased in the oim cochlea. Additionally, in the oim long 

bone, there were observed differences in the lacunae shape and orientation, 

while here there were no statistically significant differences between the 

WT and oim bone. However, the finding that there are differences between 

the morphology of the cortical bone, intracortical canals, and lacunae in the 

long bones and the cochlea is not necessarily surprising. Previous studies 

have shown that the mechanisms which control bone remodeling in the 
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cochlea are different from the remodeling mechanisms in the long bones, 

with the bone in the cochlea being remodeled at a much slower rate 

compared to other bones in the body (Jáuregui et al., 2016). One possible 

explanation for the increased cortical porosity is that the altered collagen in 

the bone due to OI degrades much faster than normal and signals increased 

osteoclast resorption in the cochlea. Furthermore, due to its anatomical 

location within the body, the cochlea experiences lower amplitudes of 

mechanical loading compared to long bone (Vatsa et al., 2008).  In the long 

bone, the mechanical forces which act on the lacunae stimulate them to 

change shape and orient themselves in the direction of mechanical loading. 

However, because the lacunae in the cochlea do not experience this 

mechanical stimulation, there is no change in shape or orientation. 

 4.5 Conclusions 

The SR-CT imaging analysis of the cochlea in this study revealed 

that the cochlear oim bone has increased vascular porosity with larger and 

more branched canals, resulting in a greater overall intracortical porosity. 

Since bone fractured toughness is reduced in the presence of increased 

vascular porosity, it is reasonable to conclude that there are increased risks 

of bone fractures in the oim cochlea. This, in turn, could potentially cause 

deformations to the cochlea structure, changing the shape of the canals 

which conduct soundwaves to the organ of corti. These deformations could 

result in hearing loss by preventing sound from being transmitted properly. 

The deformations caused by these fractures could also cause damage to the 

organ of corti itself, further increasing the risk of hearing loss. While further 

investigation is needed to verify this hypothesis, the results presented here 

help provide a more thorough insight into understanding how OI causes 

hearing loss and could lead to improved methods of patient treatment.  
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Chapter 5 

 

Overview and Scientific Contributions 

 

5.1 Outcomes and Contributions to the Understanding of Bone 

In this thesis, two studies were performed in which the mechanical, 

structural, and compositional properties of bone from genetically altered 

mice were investigated to obtain better understanding of how genetic 

alterations affect the mechanical integrity of bone.  

In the first study, which was discussed in chapter 3, the effect of 

TIMP-3 deficiency on bone properties was examined using a mouse with 

TIMP-3 encoding gene suppression.  A series of characterization techniques 

were employed to evaluate bone quality in terms of mechanical, structural, 

and compositional metrics in a multiscale fashion.   The yield and ultimate 

load, stiffness, work to yield, and yield and ultimate stress values in the 

Timp-3-/- mice were significantly reduced. These results correlated with 

altered geometric properties such as decreased bone volume, cross sectional 

area, cortical thickness, moments of inertia, tissue mineral density, and bone 

mass, as well as increased cortical porosity.  Furthermore, the reduced 

mechanical properties also correlated with decreases in carbonate content, 

acid phosphate content, and the heterogeneity of the collagen crosslinking 

in the cortical bone as well as a reduced carbonate content, a reduction in 

mature to immature collagen cross link ratio, and changes in the 

heterogeneity of the carbonate, collagen cross link ratio, and crystallinity. 

These results show that TIMP-3 deficiency compromises the mechanical 

integrity by altering bone geometry and composition at the tissue level. 

Because TIMP-3 inhibits MMP activity, it is believed that TIMP-3 

deficiency results in excessive MMP activity, which may in turn accelerate 
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bone remodeling. An increase in bone remodeling may explain the changes 

in structure and composition observed in TIMP-3 deficient bones, and their 

inferior mechanical properties. This research demonstrates the importance 

of sustaining proper levels of TIMP-3 in the bone to maintain mechanical 

integrity. 

In the second study, presented in chapter 4, there was an 

examination of the cochlear bone microstructure in a mouse model of 

osteogenesis imperfecta using SR-CT scans acquired at the Diamond Light 

Source. The analysis of the images revealed that intracortical porosity is 

higher in OI cochlea due to an increase in size and connectivity of the 

intracortical vascular canals. Because bone with high porosity has low 

toughness, and fractures generate bone deformities in OI due to poor bone 

healing, the results of this study suggest that hearing loss often occurs in 

patients with osteogenesis imperfecta because of the increased likelihood of 

fractures in their cochlea that affect the cochlea’s ability to conduct sound 

waves to the organ of corti. This information can help clinicians and 

researchers better understand how to prevent hearing loss in patients with 

osteogenesis imperfecta. Overall, both studies demonstrate the important 

role of genes in developing and maintaining bone integrity. Bone itself is a 

strong and tough material that articulates at different length scales. 

However, changes in the structure and composition of the bone, even at the 

nano- scale, can ramify to higher levels of the hierarchy and can 

significantly compromise the mechanical integrity of the bone and its 

function. Therefore, due to the bone’s hieratical structure, skeletal 

pathologies must be treated from the smallest scale length up to maintain or 

improve bone health. 

5.2 Future Work 

The studies presented in this thesis demonstrated that genetic 

alterations result in changes in the mechanical, geometric, and 
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compositional bone properties. However, for both studies that were 

conducted, further investigation is required in order build a more 

comprehensive understanding of how these genetic alterations effect bone 

structure.  

For the first study, the mechanical and material properties of the 

long and short bones of Timp-3-/- and WT mice were examined at the 

macro-scale level using 3-point bending, notched 3-point bending, and 

compression testing, while the geometric properties at the micro-scale level 

were evaluated using µCT image analysis. FTIR-I was used to access the 

compositional properties of the bone at the nano-scale level. These 

techniques demonstrated that the genetically altered Timp-3-/- mice had 

reduced mechanical properties and altered geometry and composition and 

suggested that these observations may be a result of altered bone 

remodeling due to increased MMP activity; however, this study did not 

examine markers for osteoblast and osteoclast activity or for MMP levels to 

determine how these biological factors might play a role in linking TIMP-3 

deficiency to the changes in bone properties. Thus, future studies will be 

needed to be able to quantify these biological factors. Osteoclast activity 

can be evaluated using tartrate resistant acid phosphatase (TRAP) staining 

to analyze bone histology at the micro-scale level (Javaheri et al., 2016). An 

alkaline phosphatase (ALP) assay can be used to measure osteoblast activity 

by measuring the alkaline phosphatase osteoblast biomarker in bone tissue 

culture samples (Sabokbar, Millett, Myer, & Rushton, 1994). The MMP 

activity could also be evaluated using a commercially available red 

fluorometric MMP activity assay kit. This kit could be used to evaluate the 

activity of MMPs-1, -2, -8, -9, -13, and -14, given their perceived role in 

collagen degradation and bone tissue remodeling.  

The properties of the of the Timp-3-/- bone need to be further 

quantified at each scale length. The study presented in this thesis 
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investigated the mechanical properties of the bone at the macro-scale 

length, but a comprehensive understanding of the bone mechanics requires 

knowledge at the micro- and nano-scale levels as well. Micro-indentation 

could be used to evaluate the bone mechanics at micro-scale and nano-

indentation could be used to evaluate the bone mechanics at the nano-scale. 

A micro-indentation tip could be affixed to the linear actuator of a Bose 

ElectroForce mechanical test instrument while nano-indentation could be 

performed using an atomic-force microscope. 

The geometric properties of the bone at the nano-scale level could 

also be investigated with more precision than with µCT using x-ray 

scattering techniques such as small-angle x-ray scattering (SAXS) or wide-

angle x-ray diffraction (WAXD) to evaluate the crystalline structure of the 

hydroxyapatite mineral. This would provide valuable insight into how 

mineralization occurs in TIMP-3 deficient bone, and how the size, shape, 

and orientation of the mineral effects bone mechanical properties. 

The composition of the Timp-3-/- bone could also be examined at the 

micro-scale level using a specific technique called backscattered electron 

microscopy (BSE SEM) to evaluate the degree of mineralization. 

Thermogravimetric analysis (TGA) could be used to determine the bulk 

mineral-to-matrix ratio of the bone at the macro-scale level [Rodriguez-

Florez, et al., 2015]. Finally, polarized light microscopy could be employed 

to investigate the fiber orientation of the collagen in TIMP-3 deficient bone 

to determine whether changes in the fiber alignment might help explain the 

decreased mechanical and material properties observed in this study 

(Bakbak et al., 2011).   

For the second study, the mechanics of the cochlea could be further 

assessed by analyzing the distribution of stresses and strains present in the 

cochlear cortical bone when a hydrostatic pressure is applied to the surfaces 
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of the semicircular canals in the cochlea. This could be accomplished by 

constructing a CAD model of the cortical bone from the reconstructed nano-

CT scans and then importing that CAD model into a finite element 

modeling (FEM) software, applying the appropriate boundary conditions, 

and performing the analysis to evaluate stress and strain. The CAD model is 

constructed by a multi-step process involving several open source and 

commercially available software packages (Kumara, 2011). The first step in 

analyzing the stress and strain distributions in the cochlea would be to 

compile the images into a stack using open source software (ImageJ) and 

then importing that stack as a .stl file into a mesh editing software 

(MeshLab) to be refined and smoothed through a series of filters. Once the 

stl mesh was refined, it could then be imported into a commercially 

available CAD modelling software (Rhino 5.0) that could convert the mesh 

into a .sat file that could be read by commercially available FEM software 

packages like ANSYS. Once the CAD model had been generated, it could 

be imported into ANSYS and assigned material properties based on prior 

research which attempted to model the human cochlea using FEM (L. Xu, 

Huang, Ta, Rao, & Tian, 2015). Once the material properties had been 

assigned, the model would be meshed and loading conditions would be 

applied. The cochlea would be assigned a fixed boundary condition at the 

basal end of the coil and a hydrostatic pressure would be applied to the 

interior of the canals in the cochlea.  The analysis could then be conducted 

to determine whether the structure of the oim cochlea would alter the 

distribution and magnitude of the induced stresses and strains. Finally, in 

addition to modelling the mechanics of the cochlea using FEM, BSE SEM 

analysis could also be performed on the SR-CT scans to evaluate the 

mineralization of the oim bone. This would then be correlated to the 

changes in the mechanics of the cochlear bone observed by performing the 

FEM analysis. 
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In both studies, the bone disorders were the result of alterations or 

mutations of normal genes, indicating the important role that genes play in 

ultimately determining bone health. Interestingly, in both cases, the genetic 

abnormalities seemed to primarily influence bone health by altering bone 

remodeling. This suggests that there is a very precise range in which the 

rate of bone remodeling can be considered “healthy”, and if the rate falls 

outside of that range, it is detrimental to the overall health of the bone. If 

there is an imbalance in the rates of bone formation and resorption, then too 

much or too little bone can form which alters the bone properties. These 

changes then affect the overall bone strength. Therefore, to develop 

treatments for diseases related to TIMP-3 deficiency or OI, biomedical 

engineers, scientists, and physicians need to begin developing medical 

treatments for skeletal diseases by addressing the problems in bone health at 

a genetic level.  
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Appendix A: Matlab Script 
A.1 Matlab Script to Analyze Mechanical and Material Properties 
clc,clear,close all 
folderName = uigetdir('','Select MECHANICAL DATA FOLDER'); 
folderName1 = uigetdir('','Select GEOMETRIC DATA FOLDER'); 
folderName2 = uigetdir('','Select folder for SAVING RESULTS'); 
directoryName = fullfile(folderName,'*.xlsx'); 
excelFiles = dir(directoryName); 
numberFiles = length(excelFiles); 
directoryName1 = fullfile(folderName1,'*.xlsx'); 
excelFiles1 = dir(directoryName1); 
%% Humeri Analysis 
l = 9; 
fileName1 = fullfile(folderName1, excelFiles1(1).name); 
excelData1 = xlsread(fileName1); 
CSA = excelData1(:,1); 
diameter = excelData1(:,2); 
MOI = excelData1(:,3); 
for i = 1:numberFiles 

     
    fileName = fullfile(folderName, excelFiles(i).name); 
    excelData = xlsread(fileName); 
    extension = excelData(:,1); 
    load = excelData(:,2); 

  
    for j = 1:length(load)  
        if load(j) >= 0.5 
            startPoint = j; 
            break 
        end 
    end 
    extension = extension(startPoint:end)-extension(startPoint); 
    load = load(startPoint:end)-load(startPoint); 
    figure(i); 
    plot(extension,load); 
    title(excelFiles(i).name(1:3)); 
    xlabel('Extension (mm)'); 
    ylabel('Load (N)'); 
    [extensionPoints, loadPoints] = ginput(2); 
    for j = 1:length(extension) 
       if extension(j) >= extensionPoints(1) 
           linearStart = j; 
           break 
       end 
    end 
    for j = 1:length(extension) 
       if extension(j) >= extensionPoints(2) 
           linearEnd = j; 
           break 
       end 
    end 
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    linearFit = 

polyfit(extension(linearStart:linearEnd),load(linearStart:linearEnd

),1); 
    m = linearFit(1); 
    b = linearFit(2); 
    linearCurve = m*(extension-(0.002))+(b); 
    figure(i); 
    hold on 
    plot(extension,load); 
    plot(extension,linearCurve,'r'); 
    title(excelFiles(i).name(1:3)); 
    xlabel('Extension (mm)'); 
    ylabel('Load (N)'); 
    hold off 
    for j = length(load):-1:1 
        if linearCurve(j) <= load(j) 
            yieldPoint = j; 
            break 
        end 
    end 
    stiffness = m; 
    yieldLoad = load(yieldPoint); 
    ultimateLoad = max(load); 
    energyYield = 

trapz(extension(1:yieldPoint),load(1:yieldPoint)); 
    energyFailure = trapz(extension,load); 
    yieldStress = (yieldLoad*l*(diameter(i)/2))/(4*MOI(i)); 
    ultimateStress = (ultimateLoad*l*(diameter(i)/2))/(4*MOI(i)); 
    youngsModulus = m*(l^3)/(48*(MOI(i))); 
    results(i,1) = stiffness; 
    results(i,2) = yieldLoad; 
    results(i,3) = ultimateLoad; 
    results(i,4) = energyYield; 
    results(i,5) = energyFailure; 
    results(i,6) = youngsModulus/1000; 
    results(i,7) = yieldStress; 
    results(i,8) = ultimateStress; 
end 
fileName2 = strcat('Results','.xlsx'); 
xlswrite(fullfile(folderName2,fileName2),results,1,'A1'); 

  
%% Vertebrae Analysis 
fileName1 = fullfile(folderName1, excelFiles1(1).name); 
excelData1 = xlsread(fileName1); 
CSA = excelData1(:,1); 
l = excelData1(:,2); 
for i = 1:numberFiles 

     
    fileName = fullfile(folderName, excelFiles(i).name); 
    excelData = xlsread(fileName); 
    extension = excelData(:,1); 
    load = excelData(:,2); 

     
    for j = 1:length(load)  
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        if load(j) >= 0.5 
            startPoint = j; 
            break 
        end 
    end 
    extension = extension(startPoint:end)-extension(startPoint); 
    load = load(startPoint:end)-load(startPoint); 
    figure(i); 
    plot(extension,load); 
    title(excelFiles(i).name(1:3)); 
    xlabel('Extension (mm)'); 
    ylabel('Load (N)'); 
    [extensionPoints, loadPoints] = ginput(2); 
    for j = 1:length(extension) 
       if extension(j) >= extensionPoints(1) 
           linearStart = j; 
           break 
       end 
    end 
    for j = 1:length(extension) 
       if extension(j) >= extensionPoints(2) 
           linearEnd = j; 
           break 
       end 
    end 
    linearFit = 

polyfit(extension(linearStart:linearEnd),load(linearStart:linearEnd

),1); 
    m = linearFit(1); 
    b = linearFit(2); 
    linearCurve = m*(extension-(0.002))+(b); 
    figure(i); 
    hold on 
    plot(extension,load); 
    plot(extension,linearCurve,'r'); 
    title(excelFiles(i).name(1:3)); 
    xlabel('Extension (mm)'); 
    ylabel('Load (N)'); 
    hold off 
    for j = length(load):-1:1 
        if linearCurve(j) <= load(j) 
            yieldPoint = j; 
            break 
        end 
    end 
    stiffness = m; 
    yieldLoad = load(yieldPoint); 
    ultimateLoad = max(load); 
    energyYield = 

trapz(extension(1:yieldPoint),load(1:yieldPoint)); 
    energyFailure = trapz(extension,load); 
    yieldStress = (yieldLoad/(CSA(i))); 
    ultimateStress = (ultimateLoad/(CSA(i))); 
    youngsModulus = (m*(l(i)/(CSA(i)))); 
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    results(i,1) = stiffness; 
    results(i,2) = yieldLoad; 
    results(i,3) = ultimateLoad; 
    results(i,4) = energyYield; 
    results(i,5) = energyFailure; 
    results(i,6) = youngsModulus/1000; 
    results(i,7) = yieldStress; 
    results(i,8) = ultimateStress; 
end 
fileName2 = strcat('Results','.xlsx'); 
xlswrite(fullfile(folderName2,fileName2),results,1,'A1'); 

  



 

108 
 

Appendix B: ImageJ Subroutines 
B.1 Skeletonize3D and Analyze Skeleton 

1. Load stack of binary canal images for an entire bone into ImageJ  

File > Import > Image Sequence > {Select first image in file stack} > Set 

sequence options} > click OK 

2. Set background of binary canal images to black (If necessary) 

Edit > Invert > Click Yes 

3. Apply morphological filter 

Plugins > MorphoLibJ > Morphological filters 3D > {Set Operation to 

“Closing”} > {Set Element to Octagon} > {Set radius to 8} > click OK 

Note: These settings were determined by analyzing the original stack of 

images to determine the volume of the structure and then comparing that 

value to the values of the resulting volumes obtained from the stacks of 

images obtained after applying the various object closing algorithms that 

are available in ImageJ. The particular closing algorithm describe above 

was chosen because its volume was the closest to the original volume while 

still removing all the voids in the canals. 

4. Skeletonize canals 

Plugins > BoneJ > Skeletonize3D 

5. Analyze canals 

Plugins > BoneJ > Analyze Skeleton > {Check “Show Detailed Info”} 

 

B.2 Scale Image Stack 

1. Load stack of binary canal images of entire bone into ImageJ  

File > Import > Image Sequence > {Select first image in file stack} > Set 

sequence options} > click OK 

2. Scale Images 

Image > Scale > {Set Scaling Factors for X, Y, and Z axis} > Click OK 

 

Note: To determine the extent to which a stack of images can be scaled 

prior to analysis, analyze a portion of the original stack of images and 

determine the volume of the structure of interest using the particle analyzer 

subroutine (Plugins > Analyze > Particle Analyzer > {Uncheck all boxes 

except “Enclosed volume”} Click OK). Then, incrementally scale the image 

down by factors of 0.1 (X,Y,Z = 0.9, then X,Y,Z = 0.8, etc.) and compare 

the volumes of the scaled images to the volume of the original stack using 

the formula:  

 

% 𝑑𝑖𝑓𝑓 = (
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒 − 𝑆𝑐𝑎𝑙𝑒𝑑 𝑉𝑜𝑙𝑢𝑚𝑒

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑉𝑜𝑙𝑢𝑚𝑒
) ∗ 100 

The images can be scaled in size up to a 5% difference in volume between 

the original volume and the scaled volume. For this thesis, the images were 

scaled to 0.5 of the original dimensions. 
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