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Abstract 

 
MATERIAL CHANGES OF BONE FOLLOWING ISCHEMIA  

OF THE IMMATURE FEMORAL HEAD 

 

Olumide O. Aruwajoye, PhD 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: Pranesh B. Aswath  

Legg-Calvé-Perthes disease (LCPD) is a childhood hip disorder resulting from 

the loss of blood flow to the femoral head. In severe cases of the disease, the femoral 

head can develop a flattening deformity; additionally, if the disease is diagnosed at a later 

stage, it leaves most patients to develop early osteoarthritis of the hip. Due to a lack of 

pathological specimen from patients, an experimental piglet model of femoral head 

ischemia was developed. The model closely follows the radiographic changes seen in 

LCPD patients, where there is subchondral fracture, resorption, and a flattening deformity 

of the femoral head. After ischemia, the trabecular bone tissue in the femoral head is 

hypothesized to undergo material changes that predispose it to possible subchondral 

fracture and increased resorption. The increased resorption outpaces new bone 

formation resulting in overall bone loss. Successful treatment is largely dependent on 

maintaining sphericity while the femoral head is revascularized with new blood supply 

and reossified with new bone.  

In order to elucidate the pathological events from femoral head ischemia, the 

material (i.e. nanomechanical and mineral) changes in trabecular bone were investigated. 

This study consists of three parts: 1) the avascular stage where there is no resorption or 

revascularization and prior to any fracture, 2) the revascular stage where there is 
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extensive resorption of the bone, and 3) the revascular stage where the femoral head has 

been treated with anabolic and anti-resorptive agents to restore the balance of bone 

resorption and bone formation. The bone was characterized using optical and 

fluorescence microscopy, nanoindentation, scanning electron microscopy, Raman 

spectroscopy, and X-ray absorbance near edge structure spectroscopy. Results show the 

nanoindentation properties of the trabecular bone are increased in the early stage of 

ischemic osteonecrosis of the immature femoral head and make it more susceptible to 

microcrack formation, while balanced repair aided by anabolic and anti-resorptive 

treatments help normalize the material properties.  

This study provides a greater understanding of ischemia of the developing 

femoral head and the role of treatment on the material properties of bone. It identifies 

microstructural damage and compositional variance in ischemic bone that has been 

previously unavailable. In addition, it provides valuable insight on the quality of bone after 

treatment, and potentially provides further evidence for the use of anabolic and anti-

resorptive treatments in LCPD patients. 
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Chapter 1  

Introduction 

The skeletal system is a complex organization of bone and cartilage responsible 

for many roles to support the normal function in the body. This includes muscle 

attachment, hematopoiesis, mineral storage, structural support, and protection of vital 

organs. Bone, a component of the musculoskeletal system, is a heterogeneous and 

hierarchal composite structure composed of collagen and hydroxyapatite [12]. The 

material properties of bone, which include mechanical and compositional properties, are 

of particular focus in this report. More specifically, the bone within the hip is the focus to 

study the material properties following femoral head ischemia. Femoral head ischemia is 

a loss of blood flow to the femoral head which can lead to the cells within the bone tissue 

to die, also known as osteonecrosis (“bone death”). 

Legg-Calvé-Perthes disease (LCPD) is a childhood hip disorder attributed to the 

loss of blood flow to the femoral head. If diagnosed when patients already have some 

deformity of the femoral head, patients can develop early osteoarthritis of the hip. 

Successful treatment is largely dependent on maintaining sphericity while the femoral 

head is revascularized with new blood supply and reossified with new bone. The study of 

this disease is limited due to few human pathological specimens; however,  a piglet 

model of ischemic osteonecrosis of the femoral head was developed to study the 

pathology of the disease. The model demonstrates similarities between the pathology of 

LCPD diagnosed patients that develop a severe flattening deformity of the femoral head.  

The model also demonstrates that the femoral head goes through an initial avascular 

stage followed by a repair stage with new blood supply that brings an imbalance of bone 

formation and bone resorption. This report aims to determine the material changes of 

bone in the avascular and repair stages. 
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1.1 Specific aims of the dissertation 

1.1.1 Rationale 

 Previous studies with necrotic bone show differences in the mechanical 

properties and structure compared to normal bone.  In the piglet model of osteonecrosis, 

the repair process involves new blood supply and increased bone resorption by 

osteoclasts. The increased bone resorption leads to an overall net bone loss in the 

femoral head. Interestingly, before this process occurs, the macroscale mechanical 

properties from indentation and compression tests are significantly decreased even as 

the bone in the femoral head appears intact based on radiological findings [13,14]. 

Furthermore, a subchondral fracture can be later identified in the experimental model as 

the femoral progresses through its avascular stage [15]. The mechanism for subchondral 

fracture and decreased macroscale mechanical properties were undetermined and 

required a study that focused on the micro- and nano- material level properties of bone in 

the subchondral region during the avascular stage of ischemic osteonecrosis of the 

femoral head. 

During the resorptive (i.e. repair) stage of the experimental model of femoral 

head osteonecrosis, the bone is hypermineralized [16].  In addition to bone resorption, at 

8 weeks post ischemia the femoral head has been shown to initiate new bone formation 

in the periphery, but the newly ossified bone does not form in pace with the extensive 

resorption of the necrotic bone. Bisphosphonates are anti-resorptive agents that bind to 

the bone mineral (i.e. hydroxyapatite) in the bone tissue and inhibit bone resorption by 

osteoclasts. Targeted treatment of the necrotic bone with bisphosphonates has been 

shown to decrease osteoclast mediated resorption of necrotic bone compared to non-

treated necrotic bone [17], but osteoclast number in the treated femoral head remains 



3 
 

significantly high compared to normal bone. Very little is known about the chemical 

changes to bone following ischemic osteonecrosis. Hydroxyapatite is a well-known 

mineral component to trabecular bone and it is known to be present in many forms due to 

ionic substitution. In fact, various ionic substitutions have been shown to influence 

osteoclast proliferation [18] and activity [19,20]. The hypermineralized state suggested 

chemical changes in necrotic bone that were undetermined and required a study to 

assess chemical changes that could have possible influence on excessive resorption of 

bone.  

The repair process post ischemia is an imbalanced process that allows excessive 

bone resorption of bone and lacks sufficient bone formation. In the developing femoral 

head, the bone models and remodels over time though a complex process involving the 

optimal balance of bone formation and resorption. Treatment of ischemic bone aims to 

restore the balance by either decreasing bone resorption with anti-resorptive agents like 

bisphophonates, increasing bone formation with anabolic agents like bone 

morphogenetic protein -2, or combining both agents to decrease resorption and increase 

bone formation. Therapies with bisphophonates [17,21-23] and a combination of 

bisphosphonates and bone morphogenetic protein-2 [24,25] in experimental models of 

osteonecrosis were used to decrease excessive bone resorption, prevent femoral head 

collapse, and increase bone formation. In the experimental models, bisphosphonates 

preserves the femoral head structure by decreasing resorption by osteoclasts, and bone 

morphogenetic protein-2 promotes new bone formation. In osteoporotic patients, where 

net bone loss is also a problem, bisphosphonate treatment has been linked to decrease 

tissue heterogeneity, which is associated with increased brittleness and fracture risk [26-

28].The material properties of bone after treatment of femoral head ischemia was 
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undetermined, and required a study to investigate material changes during imbalanced 

remodeling.  

Collectively, the research aims to determine material changes due to femoral 

head ischemia and provide a greater understanding of necrosis in the developing femoral 

head and the role of treatment on the material properties of bone.  The dissertation 

focuses on three areas: 1) determining the nanomechanical and material changes of 

necrotic bone that precede trabecular fracture, 2) identifying the chemical changes in 

bone apatite composition during the repair stage, and 3)determining the effect of 

treatment with anti-resorptive and/or anabolic agents on the material properties of bone 

following femoral head ischemia. We hypothesized that femoral head ischemia alters 

trabecular bone composition and nanomechanical properties (e.g. mineral content, 

apatite chemistry, and modulus), and treatment of ischemic bone with anti-resorptive and 

osteogenic agents normalizes bone composition and nanomechanical properties with 

balanced bone formation and resorption. We identify unique microstructural damage and 

compositional variance in necrotic bone following ischemia that has been previously 

unavailable. In addition, we hope to provide valuable insight on the quality of bone after 

treatment, and potentially provide further evidence for the use of anabolic and anti-

resorptive agents in young patients with femoral head ischemia. To test our hypothesis, 

the following aims were performed: 

 

1.1.2 Aim 1 

 Determine the material changes that occur in necrotic bone that precede structural 

trabecular fracture [29]. This aim involved the study of avascular bone from an 

experimental model of femoral head osteonecrosis prior to any radiographic structural 

failure. In patients with Legg-Calvé-Perthes disease, a subchondral fracture is one of the 
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earliest radiographic signs identified [30].  We hypothesized ischemic osteonecrosis 

leads to early material and mechanical alterations in the bone of the subchondral region 

that predisposes it to fracture. The purpose of this aim was to assess the subchondral 

region for microcrack number, mineral content, and nanoindentation properties.  

 

1.1.3 Aim 2 

Identify the differences in the mineral apatite composition of necrotic bone during the 

repair stage versus areas of normal bone and newly formed bone [31]. This aim involved 

the study of revascularized bone from a piglet model of femoral head osteonecrosis after 

flattening deformity and increased resorption. In a piglet model of femoral head 

osteonecrosis, the bone at an 8 weeks post ischemia is hypermineralized [16]. Mineral 

composition has been previously shown to affect osteoclastic resorption. We 

hypothesized that the mineral apatite composition of bone is different in necrotic bone 

and possibly contribute to excessive resorption and structural collapse of the femoral 

head. This aim used X-ray absorbance near edge structure (XANES) and Raman 

spectroscopy to assess the microscopic and local phosphate composition of actively 

resorbed necrotic trabecular bone to isolate differences between areas of increased 

osteoclast resorption and normal bone formation.  

 

1.1.4 Aim 3 

Determine the effect of treatment with an anabolic agent, an anti-resorptive agent, and a 

combination of both anabolic and anti-resorptive agents on the materials properties of 

bone. After ischemia, the femoral head heals with an imbalance of bone formation and 

bone resorption (i.e. less bone formation and more bone resorption). BMP-2 is a well-

known anabolic agent (stimulates the production of bone), and ibandronate is a well-
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known bisphosphonate that acts as an anti-resorptive agent (decreases the amount of 

resorption by osteoclasts). Preclinical studies have shown an increase of bone formation 

and a decrease in bone resorption of the infarcted femoral head [24,25]. We 

hypothesized that treatment with bone morphogenic protein-2 and ibandronate post 

ischemia normalizes the material properties of the developing femoral head with 

balanced bone formation and resorption. The purpose of this aim was to determine 

compositional and nanomechanical properties of trabecular bone after treatment with 

BMP-2 and/or ibandronate.  Raman spectroscopy, quantitative backscattered electron 

microscopy, and nanoindentation are used to evaluate the material properties. 

 

1.2 Structure of the dissertation 

The following chapter provides a contextual background to normal bone 

formation, disease due to an imbalance of bone formation and resorption, and various 

methods that can be applied to the study of disease. Each aim is addressed in its own 

respective chapter. Chapter 3 focuses on the avascular stage of the disease and 

determines the material changes in bone following osteonecrosis before and 

revascularization or repair occurs [29]. Chapter 4 focuses on the revascularized and 

repair stage of the disease where there is extensive repair by osteoclasts [31]. Chapter 5 

focuses on anabolic and anti-resorptive treatments that aim to promote or inhibit 

remodeling and determines their effect on the material properties of bone. The final 

chapter summarizes and concludes the findings and discusses potential implications. 
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Chapter 2  

2.1 Background 

Bone is a highly vascularized tissue that models and remodels through skeletal 

maturity for structural support. When describing the material properties, the bone tissue is 

influenced by its composition. In fact, bone tissue is a composite material composed of 

many features that tightly regulate its process of modeling and remodeling. The purpose 

of this study is to measure the changes in the material properties of bone due to femoral 

head ischemia. To study the material changes, an immature piglet model of femoral head 

ischemia is used. The goal of this chapter is to provide a contextual background of 

normal bone formation and related material properties, to describe changes to bone with 

disease due to an imbalance of bone formation and bone resorption, and to discuss 

some of the methods that can be applied to study the material properties of bone to 

evaluate changes with disease. 

 

2.2 Hip Anatomy and Complications during Development 

The hip joint is a “ball and socket” joint composed of the proximal portion of the 

femoral head (“ball”) and the acetabulum (“socket”). The femoral head (Figure 2.1) is 

connected to the acetabulum by a ligament called the “ligamentum teres” and surrounded 

by a hip capsule, which is lined by the synovium. The articular cartilage is the portion of 

the femoral head that assists with smooth articulation of the surface of the femoral head 

to the acetabulum. The structural support provided by the hip joint allows people to 

engage in activities that require motion. For day to day activities (e.g. sitting, standing, 

walking and jogging), the hip can respond to loads around 2.4 to 5.5 times an individual’s 

body weight [32,33]. Naturally, the femoral head needs to develop in a way that is able to 

respond to continuous loads to prevent dislocation or deformity. During early childhood 
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development, the hip joint allows for motion in many directions and can be impeded by 

complications associated with Legg-Calvé-Perthes disease [34].  Legg-Calvé-Perthes 

disease is associated with a loss of blood flow to the femoral head. Blood flow is of 

critical importance during the development of the femoral head for normal bone 

formation. 

 

Figure 2.1 A schematic of a normal developing femoral head with related blood supply. 
Figure reproduced and modified from [1] 
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2.3 Bone vascularization 

Bone is a highly vascularized organ with marrow responsible for producing blood 

cells during a process known as hematopoiesis, in addition to providing necessary 

precursors for bone remodeling. The blood supply to the developing femoral head is 

provided by two connected rings of arteries: an extracapsular and an intra-articular ring 

found near the cartilage neck junction [35,36], with additional blood supply coming from 

the artery of the ligamentum teres [37]. The blood supply from the arteries forms 

additional branches that are found within the cartilage and marrow of the developing 

femoral head. From fetal development to skeletal maturity (14 for girls, and 16 for boys), 

the marrow transitions, mostly in the appendicular skeleton, from red to yellow marrow, 

where the yellow marrow is influenced by the amount of fat cells and red marrow by the 

production and supply of red blood cells [38-40].  

The blood supply within the femoral head assists with the modeling and 

remodeling of bone. During childhood development, there is an overall net gain in bone 

formation for overall growth and development called bone modeling, and over time the 

bone is also remodeled. Blood vessels that circulate within bone help support 

osteoprogenitors (which are necessary for bone formation) [41-43] and deliver osteoclast 

precursors (which are necessary for bone resorption) [44-46]. Contrary to mature adults, 

during development, bone and cartilage are both vascularized tissues. Cartilage canals 

have an important contribution to bone formation through a process called endochondral 

bone formation [47].  In developing femora of chicken, these canals penetrate and 

through the cartilage supplying stem cells for endochondral bone formation [48], and is 

proposed similarly in developing humans [49]. Endochondral bone formation uses the 

cartilaginous scaffold for bone formation by cells known as osteoblasts, which are to be 

later described.  
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2.4 Cortical and trabecular bone 

The femur is composed of two types of bone: cortical and trabecular bone that 

contributes to the load and support within the hip (Figure 2.2). Both types of bone contain 

mineralized collagen (Figure 2.3), but can vary in mineral and organic matrix 

components, structure, and mechanical properties.  Cortical bone has a dense compact 

structure that can be found along the diaphysis (i.e. shaft) of the femur, and trabecular 

bone has a porous structure that can be found in greater volume at the proximal and 

distal ends of the femur. The high porosity of trabecular bone contributes to its reduced 

mechanical strength when compared to cortical bone. Interestingly, when comparing the 

mechanical properties of individual trabeculae to similarly cut cortical bone, the 

trabeculae still has significantly less mechanical strength when compared to cortical bone 

[50].Coincidently, this may be due to the difference s in mineral chemistry, since cortical 

bone has been previously measured to be more mineralized than trabecular bone [51,52] 

In fact, increased mineralization has previously been linked to increased mechanical 

properties [53,54]. 

 



11 
 

 

Figure 2.2  (a) A femur with a (b) micro-CT reconstruction of a cylindrical specimen of 
extracted trabecular bone from the femoral head together with a (c) histological image of 
a diaphyseal mid shaft section and a magnification of cortical osteonal structure. Figure 

reproduced and modified from [2] 
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Figure 2.3 A collagen fibril found within bone which is composed of collagen protein 
molecules (tropocollagen) formed from three chains of amino acids and nanocrystals of 

hydroxyapatite (HA), and linked by an organic phase to form fibril arrays. Figure 
reproduced and modified from [3] 

 

The trabecular bone is of particular focus due to its presence in the developing 

epiphysis of the femoral head. Trabecular bone, also known as cancellous or spongy 

bone, is composed of an amalgamation of thick and thin beams of bone that can have a 

plate or rod-like appearance. The space within the separation of the small beams of bone 

is accommodated by bone marrow. Structural parameters such as bone mass influence 

the mechanical properties of bone and measures of bone mineral density [55]; other 

morphometric parameters such as trabecular thickness, separation, and number are 

linked to mechanical properties of bone [56,57].  Additionally, the mechanical material 

properties can vary based on the anatomical location, wet vs. dry conditions, the type of 

mechanical test, and the species of animal tested  (Table 1) [9]. It is at the material level 
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where local differences in composition and structure that can influence overall 

macroscale properties of bone.  In addition to the mechanical properties of bone, much 

attention is placed on the composition of bone to describe bone quality.  

 

Table 2.1 Tissue Elastic Modulus of Trabecular Bone. Table Reproduced from [9]. 
Testing technique Bone type Tissue modulus (GPa) 

Buckling Human proximal tibia 11.38 (wet), 14.13 (dry) 

Experiment-FEA Human proximal tibia 23.6 ± 3.34 

Human greater trochanter 24.4 ± 2.0 

Human femoral neck 21.4 ± 2.8 

Human femoral neck 18.0 ± 2.8 

Bovine proximal tibia 18.7 ± 3.4 

Human vertebra 6.6 ± 1.0 

Human vertebra 5.7 ± 1.6 

 Human proximal femur 10 ± 2.2 

 Bovine proximal tibia 6.54 ± 1.11 

Ultrasonic technique Human femur 13.0 ± 1.47 

Human femur 17.5 ± 1.12 

Bovine femur 10.9 ± 1.57 

Human tibia 14.8 ± 1.4 

Human vertebra 9.98 ± 1.31 

Nanoindentation Human femoral neck 11.4 ± 5.6 

 Human distal femur 18.1 ± 1.7 

 Human vertebra 13.4 ± 2.0 
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Table 2.1— Continued 

 Human femural head 21.8 ± 2.9 

 Human femur trochander 21.3 ± 2.1 

 Human distal radius 13.75 ± 1.67 

 Human vertebrae 8.02 ± 1.31 

 Porcine femur 21.5 ± 2.1 

 Human tibia/vertebrae 19.4 ± 2.3 

 Sheep proximal femur 20.78 ± 2.4 

 

2.5 Composition and mineralization of bone 

Calcium phosphate, collagen, and non-collagenous proteins constitute the 

composition of the organic and inorganic components of bone which have been well 

reviewed [58]. The organic components of bone include type I collagen, proteoglycans, 

glycoproteins, and Gla-proteins. The inorganic component of bone is described as a 

calcium phosphate which is considered to be most analogous to hydroxyapatite 

(Ca10(PO4)6(OH)2).  

2.5.1 Collagen 

Bone consists of highly organized collagen fibrils that are thought to act as a 

supportive matrix for mineral deposition and to help provide tensile strength. The 

organization of the fibrils are not well understood but are proposed to organize in a 

characteristic banding of 68-70 nm [59-61]. The organization of the fibrils are described to 

give rise to “dense zones”, where as many as 5 collagen molecules overlap, and “hole 

zones”, where only 4 molecules overlap. These “hole zones” are proposed nucleating 

centers for mineralization [62,63], where molecules are arranged to allow heterogeneous 

nucleation of crystalline structures. Indeed, attempts to show crystalline formation within 
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“hole zones” have proven successful in in vitro studies using a collagenous tendon [64], 

and in cases aided by non-collagenous proteins [65,66]. 

2.5.2 Non-collagenous proteins and growth factors 

Non-collagenous proteins (NCPs) play an important role in the induction and 

regulation in the bone mineralization process. Many NCPs within the bone matrix have 

been previously summarized [58]. Bone sialoprotein, osteopontin, and osteonectin are 

glycoproteins that are commonly described. Osteopontin influences calcium phosphate 

by inhibiting growth and crystal formation [67-69]. Osteonectin inhibits crystal growth in 

vitro [70,71], and bone sialoprotein binds to calcium phosphate and cell surface integrins 

for nucleation during early mineralization [72-75]. Osteocalcin is a bone Gla-protein 

mostly found in mineralized bone matrix and has been linked to increased bone formation 

in osteocalcin deficient mice [76-78]. 

Proteoglycans include an array of various NCPs such as decorin and bigylcan 

that are found within the matrix of mineralized tissue and can be commonly identified by 

their proteic core where glycosaminoglycans are covalently linked [58]. Decorin 

influences the assembly of collagen fibrils as high and low levels affect the thickness of 

fibrils, indirectly affecting mineralization [79,80]. Alterations in collagen formation are 

linked to a biglycan deficiency [81].  Collectively, proteoglycans, glycoproteins, and Gla-

proteins coordinate with one another to modulate the mineralization by affecting crystal 

growth and formation within the collagen matrix.  

Various non-collagenous proteins have been identified through 

immunolocalization and are detailed in the following table (Table 2) [10]. Among the 

proteins, are well known growth factors such as bone morphogenetic protein-2 (BMP-2) 

and transforming growth factor beta (TGF-β). BMPs are multifunctional growth factors 

that belong to the TGF- β superfamily and have been extensively studied since they were 
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identified approximately 50 years ago by Marshall Urist [82].  Protein extracts from bone 

that include BMP are described to stimulate bone formation through endochondral 

ossification [83]. Thus, BMP is extensively used in many biomaterial applications to 

induce bone formation [84-87]. BMP’s role helps stimulate development of new blood 

vessels and bone cell differentiation, resulting in the formation of bone tissue [88]. 
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Table 2.2 Immunolocalized noncollagenous proteins in adult human bone. Table modified from [10]. *Faint to strong 
immunostaining, —no immunostaining, BSP: bone sialoprotein, BMP-2: bone morphogenetic protein -2, TGF- β: transforming 

growth factor-1. 
 Osteopontin Osteocalcin Osteonectin BSP Biglycan Decorin BMP-2 TGF-β TGF-β3 IGF-I 
Osteoid * * — * * * * — * — 
Osteoclasts * * * — — — * * * — 
Osteoblasts * * * * — * * * * — 
Osteocytes * * — — — — — — — — 
Osteocyte 
lacunae 

* * * * * * * * — — 

Canaliculi * — * — — * * * * * 
Mineralized 
bone 

* * * * * * * * * * 

Mineralization 
front 

* * * * * * * — * * 

Calcified 
cartilage 

— * * * * * * — — — 

Noncalcified 
cartilage 

— — * — * — * — * * 
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2.5.3 Osteoblasts, osteoclasts, and osteocytes  

The bone tissue consists of three important cell types for formation and 

maintenance of bone: osteoblasts, osteoclasts, and osteocytes. Osteoblasts are known 

as bone forming cells that secrete collagen and mineral, the collagenous matrix that is 

secreted initially forms the osteoid.  The osteoid also contains many non-collagenous 

proteins that help to modulate the mineralization by controlling collagen formation and 

affecting crystal growth. Osteoblasts line the surface of the bone and osteoid to create a 

mineralizing front. The exact mechanism for mineral formation remains unknown; 

however, mineral crystals are generally understood to originate from osteoblasts during 

normal bone formation. Recent studies with osteoblasts show intracellular formation of 

amorphous calcium phosphate and ionic calcium stored in mitochondrial granules and 

vesicles that are transported to the collagenous matrix before forming a more crystalline 

apatite [89].  

Some osteoblasts, by an unknown mechanism, begin to embed within the 

osteoid and mineral matrix and become osteocytes [90]. The cells over time form 

canaliculi that channel dendritic projections that connect to cells that line the surface of 

bone in conjunction with other osteocytes within the bone matrix. Osteocytes are thought 

to play a role as mechanosensors that can respond to mechanical loading sensed by 

interstitial fluid flow within the bone matrix [91-93]. In addition, osteocytes are also 

sensitive to microdamage in bone and apoptosis (“programmed cell death”) of other 

osteocytes [94]. In fact, the osteocytes are shown to regulate the process in which bone 

is repaired and remodeled by osteoblasts and osteoclasts [95,96]. 

Osteoclasts are large multinucleated bone resorbing cells. They are able to form 

a seal around bone tissue, secrete acid, and secrete proteases such as cathepsin K, to 

dissolve mineral and degrade the collagenous matrix [97]. During normal bone 
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remodeling, osteoblasts, osteoclasts, and osteocytes work together to remodel or replace 

bone tissue that may be damaged or to remove bone tissue that is used less due to 

diminished mechanical loading. Bone remodeling is a balanced  process that occurs 

throughout life. Specifically, older mineralized bone is resorbed by osteoclasts and is 

followed by osteoblasts for bone formation until the older bone is replaced [98]. 

Imbalance of the remodeling process can affect the rate at which older bone is replace 

and new bone is formed. This is evident in bone disorders such as osteoporosis and 

juvenile osteonecrosis (bone death) of the femoral head, where net bone loss contributes 

problems like fracture in patients with osteoporosis or deformity in patients with 

osteonecrosis. 

 

2.6 Microdamage and fracture in bone 

Bone continually undergoes cyclical loading during day to day activities from 

walking and/or running. Microdamage is thought to develop from normal wear and tear 

and is repaired with bone remodeling. Osteocytes are sensitive to microdamage in bone 

have been recently shown to stimulate osteoclast response for resorption of damaged 

tissue. The exact mechanism of detection is unknown, but it has been linked to apoptotic 

osteocytes and nearby osteocytes that upregulate signals for osteoclastgenesis and 

eventual bone resorption [99,100]. Unfortunately, this has only been assessed in adult 

cortical bone. The process for detection of microdamage in the trabecular bone of the 

developing femoral head is unknown. However, the point of failure or damage in both 

cortical and trabecular bone is presumed to initiate at collagen fibrils, where there is 

collagen fiber-matrix debonding, disruption of the mineral collagen aggregate, and 

ultimate failure of the collagen fibril [101]. 
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Microdamage in trabecular bone increases with age and disease. The 

macroscale mechanical properties in bone with microdamage are decreased compared 

to normal and younger bone with little to no microdamage [102,103]. Microdamage can 

be identified through a bulk staining technique where a dye can fill in various types of 

microdamage (Figure 2.4) [104]. Four types of microdamage are routinely described in 

literature: microcracks, diffuse damage, cross-hatching, and microfractures [105]. Briefly, 

microcracks are defects in bone with sharp borders. Diffuse damage is identified by 

patches of stained mineralized matrix disrupted by local deformation. Cross hatching are 

a web of small microcracks, and microfractures are fractured trabecular struts. All forms 

of damage can be present in trabecular bone, and an accumulation of microdamage in 

vivo makes bone more susceptible to further damage [106],which may be rationally 

presumed to lead to fractures in diseases like osteoporosis or osteonecrosis of the 

femoral head. 
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Figure 2.4 Three types of microdamage indicated by arrows. Left to right is microcrack 
damage, cross-hatching damage, and diffuse damage. Image reproduced from [4] 

 

2.7 Juvenile osteonecrosis of the femoral head 

Legg-Calvé-Perthes disease (LCPD) is a juvenile hip disorder attributed to the 

loss of blood flow to the bony epiphysis which causes osteonecrosis of the femoral head. 

The disease was first discovered approximately 100 years ago by three medical doctors, 

Legg, Calvé, and Perthes [107-109]. The disease affects 1 in 740 boys and 1 in 3500 

girls between the ages of 2 to 14 [110]. The development of a permanent femoral head 

deformity is a common complication of LCPD, with 50% of patients having hip pain during 

early adulthood and developing disabling osteoarthritis before age 60 due to the femoral 

head deformity [111,112]. During healing, the bony epiphysis undergoes extensive 

remodeling and repair. Extensive resorption of necrotic bone is proposed to lead to 
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collapse of the femoral head; therefore, balanced bone formation is expected to help 

maintain shape of the femoral head during the healing process. 

2.7.1 Treatment of Legg-Calvé-Perthes Disease 

Current treatment options of juvenile femoral head osteonecrosis include surgical 

and non-surgical approaches with the goal of maintaining femoral head sphericity during 

revascularization.  Typically this occurs by repositioning the femoral head epiphysis to 

prevent loading and deformation on the healing femoral head [113].  Surgical options 

include various types of osteotomies, where bone is cut, repositioned, and fixed with 

surgical hardware to prevent continued loading on the healing epiphysis. Non-surgical 

options include abduction-casting that also helps prevent continued loading. 

Unfortunately, current strategies to treat the disease have led to a modest success rate of 

40-70% [1]. But still unknown are the limiting factors that prevent successful healing and 

bone repair.  

In patients, magnetic resonance imaging (MRI) and x-ray radiography are 

currently used to evaluate bone repair and shape by visualizing the amount of 

revascularization and re-ossification. Since the femoral head shape and congruency are 

considered to be important determinants to prevent degenerative arthritis of the hip and 

since the femoral head shape is determined by the amount of resorption of bone and the 

bone’s ability to withstand load bearing [1,113], it is therefore important that any new 

ossification within the previously infarcted femoral head can withstand deformation and 

damage.  Unfortunately, the material properties of bone in treated patients are lacking.  

However, experimental models of the pathological repair process after femoral head 

ischemia have been evaluated. 

Recent therapies with bisphophonates [17,21-23] and a combination of 

bisphosphonates and bone morphogenetic protein-2 [24,25] in experimental models of 
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osteonecrosis were used to decrease excessive bone resorption and prevent femoral 

head collapse. In the experimental models, bisphosphonates preserves the femoral head 

structure by decreasing resorption by osteoclasts, and bone morphogenetic protein-2 

promotes new bone formation. Techniques in local and systemic delivery of the biological 

agents have been assessed. Systemic treatment with of bisphosphonates has previously 

been shown not to initially penetrate necrotic bone due lack of blood supply [21], while 

local treatment in the infarcted femoral head is retained [23]. While treatments with 

bisphophonates and bone morphogenetic protein-2 aims to restore the imbalance of 

excessive bone resorption in the experimental model of osteonecrosis, the material 

properties of preserved necrotic bone within the femoral head structure by 

bisphosphonates versus new bone stimulated by bone morphogenetic proteins is 

undetermined and is of focus in chapter 5. 

2.7.2 Pathology of Legg-Calvé-Perthes Disease and Experimental Animal Model 

The pathology of LCPD goes through four stages: avascular, resorptive, re-

ossification and residual (healed) (Figure 2.5) [114-116]. Briefly, the initial stage is the 

avascular stage where there is no blood flow to the femoral head. During this stage, the 

radiography of the infarcted femoral head can show a fracture in the region below the 

cartilage known as subchondral bone (not shown in the figure).  Upon the return of blood 

flow, the resorptive phase involves a breakdown and fragmentation of the necrotic bone 

within the femoral head. The femoral head is continually loaded during this resorptive 

stage contributing to the breakdown and fragmentation of necrotic bone leading to a 

flattening deformity of the femoral head. The third stage is the re-ossification stage where 

new bone forms in the femoral head along the periphery near cartilaginous regions. The 

final stage is the healed stage where the bone within the femoral head is normal, and the 

head keeps its final shape.  
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Figure 2.5 The various radiographic stages of the disease with an increasing flattening 
deformity and resorption/fragmentation over a one to two year period with eventual re-
ossification and healing. The boxed regions indicate the affected femoral head. Image 

reproduced from Texas Scottish Rite Hospital. 
 

Due to the lack of pathological specimens from children, an experimental model 

of the disease has been used to study the pathology. The experimental model uses a 

piglet between 4-6 weeks in age with femoral heads in comparable size to a 4-6 year-old 

child. Figure 2.6 shows the radiographic stages of the disease in the experimental model 

[5]. 

 

Figure 2.6 The various radiographic stages of increasing flattening deformity and 
increasing areas of resorption/fragmentation at 3, 4, 6, and 8 weeks post ischemia 
induction of the femoral head in the experimental model with piglets. The figure was 
reproduced from [5].  

 

In orthopedics, radiography is commonly used to verify structural abnormalities 

like fracture or dislocation. While a loss of blood flow is proposed to be the initiating event 

in LCPD, one of the earliest radiological indicators is increased radiodensity in the 

affected femoral head [114] and in some cases subchondral fracture [30]. Increased 
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radiodensity suggests that the X-ray’s ability to pass through bone is hindered, and 

fracture suggests mechanical insufficiency or failure of bone. Taken together, the early 

radiological findings suggest mechanical and/or compositional changes can occur within 

the necrotic femoral head. 

Previous studies comparing normal versus necrotic bone show differences in the 

mechanical and compositional properties of normal versus necrotic bone.  In the 

experimental animal model of osteonecrosis, there are decreased macroscale 

mechanical properties of the infarcted femoral head before any repair from bone 

resorption [13,14]. Other mechanical studies of necrotic bone from adult patients 

measured by compressive tests show decreased yield strength and modulus [117], which 

help substantiate finite element models for prediction of fracture and collapse in the adult 

femoral head [118,119]. Bone mineral density distributions measuring weight percent of 

calcium was increased in the necrotic bone at time points of 4 and 8 weeks post ischemia 

induction in the experimental model with piglets [16]. Increased mineral content is a 

distinct change in composition that can be further elucidated by recent efforts of material 

characterizations of bone that involve X-rays, vibrational spectroscopy, and 

nanomechanical testing. 

 

2.8 Material Characterization Techniques 

Bone is a heterogeneous and hierarchal composite structure composed of 

collagen and calcium phosphate. The material properties of bone are mainly influenced 

by the composition. Various techniques have been used to assess the composition and 

mechanical properties of bone that include quantitative backscattered electron 

microscopy, spectroscopy, and nanoindentation.   
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2.8.1 Nanomechanical Testing  

Nanoindentation is a technique used to assess the mechanical properties of 

objects at nano- and micro-level scales [6]. The technique has been used on thin film 

metals [120-123], polymers [124,125], and biological tissues [126-129]. Numerous 

studies to date have applied nanoindentation to study the mechanical material properties 

of bone [130-137]. As detailed in Table 1, the nanoindentation technique has been 

applied to measure the mechanical properties of trabecular bone from varying locations. 

Due to the heterogeneous and anisotropic nature of bone, the modulus measured by 

nanoindentation can vary based on location [9]. Other influences on nanoindentation 

properties include pathological diseases such as osteoporosis where decreased mineral 

to matrix ratio was coincident with decreased nanoindentation modulus [138]. For 

osteonecrosis of the femoral head, only one other study has investigated the 

nanoindentation properties necrotic bone where increased modulus was not found in 

necrotic bone but in sclerotic regions [139]. However, the study investigated the femoral 

heads from adult patients with unexplained etiology, and since osteonecrosis in adult 

patients can be initiated by a variety of risk factors associated with steroid use, sickle cell 

anemia, and alcoholism, extrapolating results to an immature piglet model of 

osteonecrosis may be confounding. 

The nanoindentation system consists of three key components for load and 

depth sensing measurements: a tip with a specified geometry, transducer, and controller. 

The most common tip geometry used for bone is a diamond, the three-sided pyramidal 

tip, also known as the Berkovich tip. Compared to sharper cubed-corner tips, the 

Berkovich tip produces more elastic plastic deformation than crack growth/fracture [140]. 

The controller operates the transducer for accurate force and displacement 

measurements at the tip, and the volume of material involved in the mechanical response 
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is based on the depth of the tip indentation [133,141]. An indentation procedure typically 

consists of three segments forming a trapezoidal function where there is a loading, 

holding, and unloading segment. Incremental loading segments are used to capture 

information at increasing depths, where the unloading segment is used to calculate 

modulus and hardness at corresponding depths. 

The hardness and modulus are calculated from force and the displacement 

unloading curve (Figure 2.7), and the known mechanical properties and geometry of the 

diamond tip. The unloading portion of the curve provides four measureable parameters 

unique to the elastic deformation of the material being tested: the initial unloading 

stiffness, the peak indentation load, and indentation depth. The reduced modulus (1), Er, 

is calculated from the initial unloading stiffness, S, and the projected area of the elastic 

contact of the tip, A. The projected contact area of the Berkovich tip is determined by 

calibrating the tip at various indentation depths with fused quartz. The reduce modulus is 

calculated in the following equation where 

𝐸𝑟 =  √𝜋
2

𝑆
√𝐴 

 
. (1) 

The hardness (2), H, is calculated from the Pmax, the peak indentation load, and 

projected area of elastic contact shown in the following equation where, 

𝐻 =  𝑃𝑚𝑎𝑥
𝐴  

 
. (2)  

The reduced modulus and the elastic modulus of the material being tested are related by 

the following equation, 

1
𝐸𝑟

=  (1−𝑣2)
𝐸

+ (1−𝑣𝑖
2)

𝐸𝑖

 
, 

where E is the elastic modulus of the material, v is the Poisson’s ratio of the material, and 

Ei and vi are the elastic modulus and Poisson’s ratio of the indentation tip. 
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Figure 2.7 The load displacement data from an indentation experiment. The measure 
parameters shown are Pmax, the peak indentation load, S, the initial unloading stiffness 

hmax, the indenter displacement at peak load, and, hf, the final depth of the contact 
impression.  Reproduced from [6]. 

 
2.8.2 Quantitative backscattered electron imaging 

Quantitative backscattered electron imaging (qBEI) is a technique that requires 

the use of a scanning electron microscope with a backscattered electron detector. The 

technique was validated on the mineralized bone tissue to measure bone mineral density 

distributions [7]. Prior to this study, qBEI was previously used in the same immature piglet 
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model of osteonecrosis described in this study, where increased mineral content was 

measured in necrotic bone at 4 and 8 weeks post ischemia induction [16]. Briefly, the 

matrix mineral density was determined in multiple regions of the femoral head including 

the calcified cartilage, the subchondral bone, and the mid epiphyseal region. At eight 

weeks, all regions showed a significant change in the bone mineral density distribution. 

This section describes the technique and some of the principles. 

Backscattered electrons are produced from elastic scattering from an incident 

electron beam, and are used for compositional images [142]. Compositional images with 

backscattered electrons arise from samples with varying chemical composition, more 

specifically; backscattered electrons are better detected with increasing atomic numbers 

of the specimen atoms. Images produced by the scanning electron microscope are on a 

gray scale; less backscattered electrons detected appear darker, and more 

backscattered electrons appear lighter. In the case of mineralized tissue, hydroxyapatite 

(Ca10(PO4)6(OH)2) is a naturally formed apatite that is a common analog to the calcium 

phosphate found in bone and teeth, where varying amounts of calcium would affect the 

average atomic number, and thusly the gray level imaged by the scanning electron 

microscope. In fact, Roscheger et al. calibrated a constant backscattered electron signal 

with carbon and aluminum standards to maintain a constant brightness and contrast 

setting to obtain images for the quantification of the weight percent calcium concentration 

of bone (Figure 2.8). 
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Figure 2.8The calibration line based on standards of carbon (C) and aluminum (Al). 
Measured grey levels (GL) were verified with calculated a mean atomic number (Z) for 
magnesium fluoride (MgF2), and fluorapatite (FA). Hydroxyapatite = HA, 
BE=Backscattered Electron. Reproduced from [7]. 
  

The weight percent of calcium in pure hydroxyapatite is 39.86%. Roschger et al. 

used hydroxyapatite as a bone analog for mineralized tissue with the highest weight 

percent of calcium and the osteoid, which has very low mineral content as 0 wt% of 

calcium. With correlated standards in carbon, aluminum, and hydroxyapatite at set grey 

levels, the grey level scale was converted to wt% calcium. The qBEI technique assumes 

hydroxyapatite to be the best analog to the part of the bone matrix with the highest weight 

percent calcium; however, mineralized bone was described previously as carbonated 

apatite due to substitutions within the crystalline structure [143,144]. Detecting these 
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changes in ionic substitutions can be performed by spectroscopy techniques that can 

measure molecular bonding and elemental coordination.  

2.8.3 Spectroscopy 

The mineral composition of bone can also be analyzed by various spectroscopy 

techniques including Raman and X-ray absorbance near edge structure (XANES) 

spectroscopy. Prior to this study, the mineral composition of the osteonecrotic trabecular 

bone in immature piglets measured by Raman and XANES spectroscopy was unknown. 

Raman spectroscopy is a form of vibrational spectroscopy that uses an incident light 

source from a laser and measures the change in the wavelength (also known as the 

Raman shift) due to inelastic scattering [142]. Inelastic scattering occurs when the 

scattered light from the incident light source has a different frequency. The change in the 

wavelength detected by Raman spectroscopy is unique to the chemical bonds present in 

a tested sample. XANES uses an incident X-ray source from synchrotron radiation, which 

can be used to describe the chemical structures of compounds and the chemistry of an 

element by providing information on valence, oxidation state, and coordination chemistry. 

The X-ray source is highly tunable to excite core shell electrons at specific energies that 

have unique to binding energies in different elements [145]. Both techniques have been 

applied to assess the mineral composition of bone where Raman spectroscopy can 

provide information on molecular bonding [146-148], and XANES elemental coordination 

[149-151]. 

2.8.3.1 XANES 

XANES is sensitive to the chemistry of the absorbing atom, where information 

about the local geometry, oxidation, and atomic position can be extracted from multiple 

parts of a XANES spectrum. As described by Bare, the XANES spectrum is composed of 

a pre-edge, edge, and XANES region (Figure 2.9) [8].  The pre-edge provides information 
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on local geometry and is dependent on the oxidation state and bonding characteristics. 

The edge region, also dependent on the oxidation state, can be shifted to higher energies 

with an increase in the oxidation state. Finally, the XANES region provides information on 

interatomic distances and bond angles of the absorbing atom. 

 

Figure 2.9 An X-ray absorbance near edge structure (XANES) spectrum of Ti K-edge of 

Ba2TiO4 with the pre-edge, edge, and XANES regions identified. Image reproduced from 

[8]. 

 

With the use of a synchrotron facility, where light is produced by electromagnets 

to accelerate electrons near the speed of light, multiple energy ranges for different 

elements can be studied. The binding energies for core electrons are unique for different 

elements and can be detected in the XANES spectrum [145,152]. Specifically, an incident 
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X-ray with sufficient energy can excite a core electron beyond its energy state leaving the 

atom “excited” with an empty electronic level. To relax the atom to a ground state, a 

higher level core electron moves to the empty electronic level and emits fluorescent and 

Auger electrons that can be detected for total electron yield and fluorescence yield. 

Therefore, understanding the spectral features of a XANES spectrum would 

consequently allow compounds with an unknown elemental coordination to be studied by 

probing specific binding energies to excite core electrons. 

To detect shift and peak positions due to incorporation of various elements, 

model compounds are used often to determine how elements are present within 

molecular structure. For example, zinc that has been doped in hydroxyapatite can be 

assessed for its coordination environment by comparing XANES spectra with zinc 

containing model compounds [153]. Hydroxyapatite and amorphous carbonated calcium 

phosphate have been used as model compounds to assess the presence of calcium in 

the surface apatite formation of kidney stone biopsies [154]. Recently, phosphates of 

bone from various species were compared to hydroxyapatite and beta tri-calcium 

phosphate [155]. While, model compounds in XANES analysis are useful for chemical 

fingerprinting of the mineralized component of biological apatite, other techniques have 

been useful to assess both mineral and matrix components of bone. 

2.8.3.2 Raman 

Raman spectroscopy is a non-destructive technique that uses a laser to measure 

the mineral and matrix components of bone simultaneously. The matrix components of a 

Raman spectrum of bone include all of the collagenous and organic constituents, while 

the mineral components of a Raman spectrum of bone include measures of carbonate 

and phosphate. A detailed table by Mandair and Morris shown below describes peaks 

and bands that can be assessed within the bone matrix [11].  These peaks and bands 
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can be used to measure the mineral and matrix composition. Measurements include 

carbonate to phosphate ratios and mineral to matrix ratios. Carbonate-to-phosphate 

ratios provide information on the amount of the carbonate substitution within the crystal 

structure of bone, while mineral to matrix ratios provides information on the mineral 

content. 

 

Table 2.3 Raman Spectroscopy band assignments for mineral and matrix components of 

bone. Table reproduced from [11]. 

Raman shift, cm−1 Assignment Comments 

430 ν2PO4
3− Strong band 

450 ν2PO4
3− Shoulder on 430 cm−1 band 

584–590 ν4PO4
3− Multiple partially resolved components 

609 ν4PO4
3− Shoulder on 590 cm−1 band 

668 ν(C–S) Cysteine 

756 ν4CO3
2− B-type carbonate, very weak 

853 ν(C–C) 
Collagen proline, may include δ(C–C–

H) contribution from tyrosine 

872 ν(C–C) Mostly collagen hydroxyproline 

920 ν(C–C) Shoulder, mostly collagen proline 

937 ν(C–C) Proline and protein backbone 

955 ν1PO4
3− 

Transient bone mineral (P–O) phase, 

usually seen in immature bone. 
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Table 2.3—Continued 

957 ν1PO4
3− 

Bone mineral containing extensive 

HPO4
2−, usually immature 

959–962 ν1PO4
3− Bone mineral, mature 

1003 ν(C–C) Phenylalanine 

1035 ν3PO4
3− 

Overlaps with proline v (C–C) 

component 

1048 ν3PO4
3−  

1060 Proteoglycan 
Overlaps with lipids, collagen and 

components of ν3PO4
3− 

1070 ν1CO3
2− Overlaps with component of ν3PO4

3− 

1076 ν3PO4
3− Overlaps with component of ν1CO3

2− 

1176 ν(C–O–C) Tyrosine, phenylalanine 

1204 ω(CH2) Tyrosine, hydroxyproline 

1242 Amide III Protein β-sheet and random coils 

1272 Amide III Protein α-helix 

1293–1305 δ(=CH) 
Lipid band, sometimes seen in fresh 

untreated bone 

1340 Amide III 
Protein α-helix, sometimes called 

CH2CH2 wag 

1365 Pentosidine Overlap with lipid 1369, cm−1 band 

1375 Proteoglycan Representative of glycosaminoglycans 

1446 δ(CH2) Protein CH2 deformation 
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Table 2.3—Continued 

1585 ν(C–C–H) Weak band, aromatic ring 

1609 δ(C=C) Phenylalanine, tyrosine 

1640 ν(C=C) Shoulder to 1660, cm−1 band 

1660 Amide I 
Strongest amide I ν(C=O) component, 

polarization sensitive 

1690 Amide I 

Shoulder, prominent with immature 

cross-links The band also relates to β-

sheet or disordered secondary structure 

 
Raman, XANES, qBEI, and nanoindentation are useful techniques for 

assessment of the compositional and mechanical properties of bone. All of which have 

been previously used to study normal and pathological bone samples to describe bone 

that has been found to be more brittle [156], hypermineralized [157], or distorted in its 

crystalline structure[158,159].  Compositional and mechanical measurements of necrotic 

trabecular bone of a developing femoral head have been limited to macroscale 

mechanical [13,14] and qBEI assessments [16]. Additional studies in this report detail 

multiple techniques that are combined, to provide comprehensive information on the 

pathology of bone material properties following ischemic osteonecrosis of the femoral 

head, where there is an imbalance in the amount of bone formation and resorption and 

on the influence of treatment to that aims to restore the balance. 
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Chapter 3  

Microcrack Density and Nanomechanical Properties in the Subchondral Region of the 

Immature Piglet Femoral Head following Ischemic Osteonecrosis 

3.1 Abstract 

Development of a subchondral fracture is one of the earliest signs of structural 

failure of the immature femoral head following ischemic osteonecrosis and this eventually 

leads to a flattening deformity of the femoral head. The mechanical and mineralization 

changes in the femoral head preceding possible subchondral fracture have not been 

elucidated. We hypothesized that ischemic osteonecrosis leads to early material and 

mechanical alterations in the bone of the subchondral region. The purpose of this 

investigation was to assess the bone of the subchondral region for changes in the 

histology of bone cells, microcrack density, mineral content, and nanoindentation 

properties at an early stage of ischemic osteonecrosis. This piglet model has been shown 

to develop a subchondral fracture and femoral head deformity resembling juvenile 

femoral head osteonecrosis. The unoperated, left femoral head of each piglet (n=8) was 

used as a normal control, while the right side had a surgical ischemia induced by 

disrupting the femoral neck vessels with a ligature. Hematoxylin and eosin (H&E) staining 

and TUNEL assay were performed on femoral heads from 3 piglets. Quantitative 

backscattered electron imaging, nanoindentation, and microcrack assessments were 

performed on the subchondral region of both control and ischemic femoral heads from 5 

piglets.  H&E staining and TUNEL assay showed extensive cell death and an absence of 

osteoblasts in the ischemic side compared to the normal control. Microcrack density in 

the ischemic side (3.2±0.79 cracks/mm2) was significantly higher compared to the normal 

side (0.27±0.27 cracks/mm2) in the subchondral region (p<0.01).  The weighted mean of 

the weight percent distribution of calcium (CaMean) also was significantly higher in the 
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ischemic subchondral region (p<0.02). Furthermore, the nanoindentation modulus within 

localized areas of subchondral bone was significantly increased in the ischemic side 

(16.8±2.7 GPa) compared to the normal control (13.3±3.2 GPa) (p<0.05). Taken 

together, these results support the hypothesis that the nanoindentation modulus of the 

subchondral trabecular bone is increased in the early stage of ischemic osteonecrosis of 

the immature femoral head and makes it more susceptible to microcrack formation. We 

postulate that continued loading of the hip joint when there is a lack of bone cells to repair 

the microcracks due to ischemic osteonecrosis leads to microcrack accumulation and 

subsequent subchondral fracture. 

  

3.1 Introduction 

Juvenile femoral head osteonecrosis results from a loss of blood flow to the 

femoral head and leads to a flattening deformity. This disruption of blood flow causes 

extensive cell death. A lack of bone cells leads to an inability to remodel and repair the 

damaged bone [160]. Consequently, ischemic osteonecrosis of the immature femoral 

head can lead to a subchondral fracture and subsequent femoral head collapse [5,15]. 

Some studies have examined the pathogenesis of subchondral fracture and femoral head 

deformity following osteonecrosis, but the studies are based on adult patients [161,162]. 

In a juvenile model of osteonecrosis, one of the mechanisms involved with the 

pathogenesis of a femoral head deformity is excessive bone resorption [5], which occurs 

during the revascularization phase of the repair process. During this phase, an increased 

osteoclastic activity with a decrease in trabecular bone volume is observed. Surprisingly, 

a significant decrease in the stiffness of the necrotic femoral head and its bony 

component has been observed in experimental studies even before the revascularization 

phase when the bone loss occurs [13,14].  In these studies, the whole femoral head was 
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mounted and indented with a 4 mm spherical indenter. Furthermore, 3.85 mm diameter 

bone cores with an average length of 4.71 mm that included subchondral and central 

epiphyseal trabecular bone were removed for uniaxial compressive load testing. The 

decrease in the mechanical properties was unexpected and prompted an investigation of 

the material and mechanical properties of necrotic bone before any bone resorption 

occurs within the femoral head. 

Subchondral fracture is one of the earliest radiographic signs seen in patients 

with juvenile femoral head osteonecrosis [30]. Since it represents the earliest sign of 

mechanical insufficiency of the infarcted femoral head, it is important to understand the 

mechanisms underlying the mechanical failure of the subchondral bone that leads to the 

subchondral fracture. The early mechanical and mineralization changes in the 

subchondral region have not been elucidated. Several studies have highlighted the role 

of microdamage in bone homeostasis [160] in the context of metabolic bone disorders, as 

well as its association with various bone failures [163-165]. The role of microdamage in 

the development of the femoral head deformity following ischemic osteonecrosis has not 

been investigated. We hypothesized that ischemic osteonecrosis leads to early 

mechanical and mineralization alterations in the subchondral region, which predisposes it 

to fracture.  The purpose of this investigation was to assess the subchondral region for 

changes in histology of bone cells, microcrack number, mineral content, and 

nanoindentation properties in an early stage of ischemic osteonecrosis (two weeks post 

ischemia induction) using a well-established large animal (piglet) model of osteonecrosis.  

 

3.3 Materials and Methods 

The local Institutional Animal Care and Use Committee (IACUC) approved the 

study. Eight 5-6-week old Yorkshire male piglets were used.  Ischemic osteonecrosis was 
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induced surgically by transecting the ligamentum teres and placing a ligature tightly 

around the femoral neck that stops blood flow to the femoral head. The unoperated 

contralateral side was used as a normal control. All animals were sacrificed at two weeks 

post ischemia induction when the femoral heads are avascular and no bone resorption is 

observed [5,13]. Following retrieval, all femoral heads were bisected, fixed in formalin, 

and stored in 70% alcohol. The femoral heads from five animals were used for 

microcrack quantification, quantitative backscattered imaging, and nanoindentation 

testing. Two millimeter sections were obtained from each femoral head of the five piglets. 

Each section was embedded in methyl methacrylate using standard methods.  For 

nanoindentation and quantitative backscattered imaging, the sections were polished 

using increasing grades of silicon carbide paper (500, 800, 1200, 2500, and 4000 grit), 

and polished by 0.25 µm and 0.05 µm diamond suspension. In between each polishing 

step, the samples were rinsed for 5 minutes in deionized water. The femoral heads from 

three animals were used for hematoxylin and eosin (H&E) staining and terminal 

deoxynucleoidyl transferase-mediated dUTP nick end-labelling (TUNEL) assay to assess 

cell death.  

 

3.3.1 Histological Assessment 

 Sample preparation for H&E and TUNEL assay have been previously 

described [166,167]. Briefly, the femoral head samples were decalcified, embedded in 

paraffin, sectioned 6 µm thick, and stained with H&E or used for a TUNEL assay. 

Sections from femoral heads pairs, non-operated (left) and operated (right), from three 

piglets were stained with H&E. DNA fragmentation was detected by performing terminal 

deoxynucleotidyl transferase-mediated digoxigenin-deoxy-UTP nick end-labelling using 

the ApopTag Peroxidase In Situ Apoptosis Detection Kit (Intergen, USA). TUNEL 
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reaction was visualized using diaminobenzidine as peroxidase substrate. Hematoxylin 

was used as a counterstain. DNAse digested cartilage sections were used as positive 

controls. Normal, unnoperated femoral heads from contralateral sides and the sections 

with omission of terminal deoxynucleotidyl transferase were used as negative controls. 

Within each section of ischemic femoral head, the unaffected region of the proximal 

femur, the metaphysis, served as negative internal controls. 

 

3.3.2 Microdamage Assessment 

Portions of the femoral head (1.5cm x 1.5 cm x 2 mm thick) were processed for 

microdamage assessment by bulk staining in calcein [168]. Specimens were transferred 

from 70% EtOH to 0.9% saline for 5 hours and then soaked in calcein (0.3 gm/100mL 

saline) for 18 hours under vacuum (20 in Hg). Following calcein staining, bones were 

washed for 10 minutes with reverse osmosis water and then embedded in methyl 

methacrylate using standard methods. Central (8 μm) sections were cut using a Reichert-

Jung 2050 microtome (Magee Scientific). 

Microdamage quantification was performed using a semiautomatic analysis 

system (Bioquant OSTEO, Bioquant Image Analysis Co.) attached to a microscope 

equipped with a florescent light source (Nikon Optiphot 2 microscope, Nikon). 

Measurements were carried out on two sections per femoral head [169]. A 5 mm2 region 

of interest, located distal to the chondro-osseous junction was used for sampling on each 

of the two sections resulting in a total tissue area of 10 mm2 for each femoral head.  

Microdamage was assessed using ultraviolet fluorescence.  Microcracks were identified 

by their typical linear shape, relative size (greater than canaliculi, smaller than vascular 

channels), and positive fluorescence (due to filling of the microcrack with stain), as 

previously described [170,171]. Microcracks were identified and counted automatically at 
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100× magnification. Microcrack measurements were performed at 200× magnification. 

Measurements included crack length (Cr.Le, μm) and crack number (Cr.N), with 

calculations of crack density (Cr.Dn, #/mm2; Cr.N/bone area) and crack surface density 

(Cr.S.Dn, μm/mm2; Cr.N*Cr.Le/bone area). 

 

3.3.3 Quantitative Backscattered Electron Imaging 

A backscattered electron image of the subchonchral and calcified cartilage 

regions was taken at a magnification of 70X for all samples during the same scanning 

electron microscopy session. An electron beam energy of 25kV and a beam current of 

92uA were maintained. The working distance was 10 mm in all cases. The images were 

used for quantifying distribution of mineralization in bone. The calcified cartilage (0.5mm2) 

and subchondral (1 mm2) regions were analyzed separately. This type of quantification 

for mineralization in bone has been previously described [7,16].  Briefly, carbon, 

aluminum, and hydroxyapatite were used as standards to calibrate a bone mineral 

density distribution (BMDD) from a backscattered electron signal.  A calibration line was 

drawn to correlate the respective gray level values and atomic numbers for each 

standard. The gray levels were then converted to weight percent of calcium based on the 

molecular formula of hydroxyapatite, and a BMDD in terms of the weight percent of 

calcium was generated. The weighted mean of the distribution (CaMean) and the weight 

percent value with the most frequency (CaPeak) were obtained from each BMDD. 

 

3.3.4 Nanoindentation 

The subchondral region of the femoral head bone was identified through an 

optical microscope and an exposed area of trabecular bone within the region was 

selected for indentation. A Hysitron Ubi-1 Nanoindenter (Hysitron, Minneapolis, MN) with 
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a Berkovich tip was used for nanoindentation. A 2x2 mm superolateral area that included 

the calcified cartilage and subchondral bone regions was consistently identified for all 

samples for nanoindentation. The location for indentation area was verified by view 

through the optical camera in the nanoindentation chamber that showed both the 

Berkovich tip (r=150 nm) and the region of interest. A bony structure within the 

subchondral region was identified. However, the exact location of the indenter tip on the 

trabecular bone could not be confirmed in relation to its porous structures such as 

canaliculi and lacunae. A scanning probe microscopy image and respective indentation 

values were used to verify indentations on subchondral bone (Figure 3.1). The plastic 

embedding material that surrounded the bone consistently had a reduced modulus less 

than 7 GPa. The term “reduced” is used to describe the calculation as referenced to the 

Young’s modulus of the diamond nanoindentation tip. We, thus, analyzed indents above 

the threshold of 7 GPa. Only indentations with a reduced modulus above 7 GPa were 

used for statistical analysis as lower moduli were assumed to be indentations in the 

plastic embedding substrate. One area (3600 μm2) was analyzed per femoral head. At 

least 21 indentations were analyzed in the area. The following loading function was 

performed for each indent; ramped to 250 µN at 50 µN/s, held for 5 seconds, and then 

unloaded at 50 µN/s. The unloading point of the loading curve was used for reduced 

modulus (1) and hardness (2) calculations based on the Oliver-Pharr method [6]. The 

reduced modulus was calculated from 

.                            (1) 

Er is defined as the reduced modulus, S as the slope of the most linear part of 

the upper portion of the unloading curve, and Ac as the projected contact area of the 

Berkovich tip. The projected contact area of the Berkovich tip was determined by 
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calibrating the tip at various indentation depths with fused quartz. For hardness, the 

values are calculated from 

.                       (2) 

H is defined as the hardness, which is calculated by the maximum load, Pm, divided by 

the projected contact area of the Berkovich tip.  

 

 

Figure 3.1 A scanning probe microscopy image with a dashed line depicting the plastic-
bone interface. The plastic is on the left and the bony area is on the right. The numbers 

on the image indicate the reduced modulus in GPa units obtained at each respective 
location. 
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3.3.5 Statistical Analysis 

The crack density (Cr.Dn, #/mm2) and crack surface density (Cr.S.Dn, μm/mm2; 

Cr.N*Cr.Le/bone area) were averaged for both ischemic (n=5) and normal control (n=5) 

groups. The averaged reduced modulus of each assessed bony area of the subchondral 

regions were used to obtain an average for all of the femoral heads in each respective 

group of ischemic (n=5) and normal control (n=5) femoral heads. More specifically, 

comparisons were made using averaged nanoindentation values from each head. 

CaMean and CaPeak values for each respective group were averaged similarly. A 

Wilcoxon sign-rank test was used. A p<0.05 was defined as being statistically significant. 

 

3.4 Results 

Histological comparison of control and ischemic sides (Figure 3.2) showed 

extensive cell death in the ischemic side with an absence of osteoblasts lining the 

trabeculae.  The finding of extensive cell death in H&E staining was further supported by 

TUNEL assay which showed diffuse positive staining of the cells in the marrow space 

and the trabecular bone in the ischemic side compared to the normal control side.  
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Figure 3.2 (A) The subchondral region of normal and ischemic bone stained with (H&E). An arrow indicates osteoblast lining the 
trabecular bone of the normal subchondral region. The ischemic side shows a lack of osteoblast lining the trabeculae. B) Normal 
and ischemic subchondral regions assessed with terminal deoxynucleotidyl transferase mediated dUTP biotin nick end labeling 
(TUNEL) assay. The normal subchondral region shows a negative TUNEL staining whereas the ischemic bone shows diffuse 

TUNEL staining of the cells in the bone and the marrow space. The original magnification is 100X (scale bar = 200µm). The boxed 
regions are at 400X magnification (scale bar = 50 µm). 



 

47 
 

 
 

Microcracks were rarely present in the subchondral region of the normal control 

sections whereas they were present in significant numbers in the ischemic group (Figure 

3.3).  

 

Figure 3.3 (A) Fluorescent microscopy image of the ischemic femoral head stained with 
calcein captured at 20X magnification. The dashed white line indicates the subchondral 
region that was assessed for microcracks. (scale bar = 2 mm) (B) shows an image of an 
individual trabeculae captured at 200X magnification with a microcrack (indicated by an 

arrow). 
 

The calculated crack density (Cr.Dn, #/mm2) and the crack surface density (Cr.S.Dn, 

μm/mm2; Cr.N*Cr.Le/bone area) in the subchondral region were significantly increased in 

the ischemic side compared to the normal control side (p<0.01) (Figure 3.4).  
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Figure 3.4 Bar graphs showing (A) crack density and (B) crack surface density. These parameters where significantly greater in 
the ischemic subchondral region compared to the normal side. (*) p<0.01, n=5 per group 
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Quantitative backscattered imaging showed increased mineralization in the 

ischemic bone samples. BMDD in each respective pair show a higher calcium weight 

percent in the ischemic side (Figure 3.5) (Table 3.1). The CaMean was significantly 

higher in the subchondral (p<0.02) and calcified cartilage regions (p<0.0002) in the 

ischemic side. The CaPeak was also significantly higher in the calcified cartilage region 

(p<0.0002) and trends toward significance in the subchondral region (p=0.054). 

 



 

 

50 

 

Figure 3.5 (A) Representative normal and (B) ischemic backscattered scanning electron microscopy images. The dashed line in both 
images separates the calcified cartilage region (CC) and the subchondral bone region (SB). The soft tissue and marrow space was 

removed by a common threshold and set to a gray level of zero (black). The brightness and contrast of both images were calibrated to 
show weight percent distribution of calcium. (C) Representative bone mineral density distributions of the calcified cartilage regions and 

(D) subchondral regions of both normal and ischemic bone. 
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Table 3.1 The weighted mean of the bone mineral density distribution (CaMean) and the weight percent value with the most frequency 
(CaPeak) from subchondral bone of each femoral head. 

  Calcified Cartilage Region Subchondral Region 
  CaMean** [wt%Ca] CaPeak**[wt%Ca] CaMean*[wt%Ca] CaPeak†[wt%Ca] 
  Normal Ischemic Normal Ischemic Normal Ischemic Normal Ischemic 

Femoral 
Head 1 13.8 17.9 17.1 22.1 17.3 18.5 19.2 19 
Femoral 
Head 2 9.1 14.3 14.4 19 16.8 17.3 16.9 17.6 
Femoral 
Head 3 11.5 15.7 15.4 19.2 15.4 18.2 17.2 19.2 
Femoral 
Head 4 14.4 18.2 17.6 23.1 16.9 19.5 18.1 19.4 
Femoral 
Head 5 16 20.4 19.2 23 18.5 19.7 19 20.1 

Mean±SD 13.0±2.7 17.3±2.3 16.7±1.9 21.3±2.0 17±1.1 18.7±1.0 18.1±1.0 19.1±0.9 

** (p<0.0002)         
* (p<0.03)         

† (p=0.054)         
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On average, the penetration depth of the indenter was higher in the normal control 

(191±11.1 nm) compared to the ischemic nanoindentations (164±16.7 nm) (p<0.05). The load 

displacement curves of the ischemic subchondral bone showed a shallow penetration depth 

from indentations when compared to the normal control (Figure 3.6A). Tables 3.2 and 3.3 show 

averaged reduced modulus and hardness values from each respective femoral head. In both 

tables, 4 out 5 ischemic femoral heads showed higher mean values of hardness and reduced 

modulus. Figure.3.6B shows a typical scatter plot of the reduced moduli found in the 

subchondral bone. The scatter plot showed a much larger spread in the moduli of the ischemic 

side (7.2-25.5 GPa) compared to the normal control side (7.1-17.1 GPa). A significant increase 

in the reduced modulus was found in the subchondral region of the ischemic femoral head 

compared to the normal femoral head (p<0.05) (Figure 3.6C). The mean hardness value was 

higher in the ischemic side compared to the normal control side (Fig.ure 3.6D); however, the 

difference was not statistically significant (p=0.13). 
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Figure 3.6 (A) A graph showing representative load displacement curves of ischemic (double line) and the normal (single line) bone from 
the subchondral region. The load displacement curve for normal indentations typically show greater penetration depth compared to the 
ischemic indentation. (B) A representative scatter plot of the reduced moduli at different locations in both subchondral regions of normal 
(white diamond) and ischemic bone (black circle). A larger range of moduli is seen in the ischemic bone indentations compared to the 

normal bone indentations. (C) A graph showing the mean moduli ± standard deviation of the normal and ischemic groups.   The modulus 
was significantly increased in the ischemic subchondral region compared to the normal side. (*) p<0.05, n=5 per group (D) A graph 

showing the mean hardness ± standard deviation of the normal and ischemic groups. The mean hardness was higher in the ischemic 
side but the difference was not statistically significant. 
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Table 3.2 The reduced modulus (Er) from subchondral bone of each femoral head 
Femoral 

Head 
Pair # 

1 2 3 4 5 

Side Norm
al 

Ischemi
c 

Normal Ischemi
c 

Normal Ischemi
c 

Normal Ischemic Normal Ischemic 

Reduced 
Modulus 
Mean ± 

SD (GPa) 

9.3 ± 
2.6 

14.6 ± 
6.9 

11.4  ± 
2.0 

13.7  ± 
4.0 

14.0  ± 
4.0 

20.3  ± 
6.1 

17.8  ± 
5.6 

17.9  ± 7.7 14.0  ± 3.9 17.8  ± 6.6 

Number 
of 

Indents 

21 21 22 22 42 42 27 27 50 50 

Max 17.1 25.5 15.1 25.3 22.8 38.5 36.4 30.4 23.9 37 
Min 7.1 7.2 7.6 7.5 7.1 8.7 10.6 7.3 7.3 8.6 
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Table 3.3 The hardness (H) from subchondral bone of each femoral head 
Femoral 

Head Pair 
# 

1 2 3 4 5 

Side Normal Ischemic Normal Ischemi
c 

Normal Ischemi
c 

Normal Ischemic Normal Ischemic 

Hardness 
Mean ± 

SD (GPa) 

0.414 ± 
0.2 

0.580 ± 
0.3 

0.468 ± 
0.2 

0.467 ± 
0.2 

0.451 ± 
0.2 

0.761 ± 
0.3 

0.707 ± 
0.4 

0.669 ± 
0.3 

0.471 ± 
0.2 

0.617 ± 
0.4 

Number 
of 

Indents 

21 21 22 22 42 42 27 27 50 50 

Max 1.1 1.28 0.72 0.86 1.02 1.89 2.11 1.42 1.1 1.64 
Min 0.2 0.23 0.2 0.21 0.14 0.15 0.29 0.28 0.08 0.13 
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3.5 Discussion 

To date, much of the research on the subchondral region of the femoral head has 

focused on the specimens from adult patients due to the lack of availability of surgical and 

pathological specimens from children. Given the scarcity of immature femoral head specimens, 

the piglet model of femoral head osteonecrosis provided an alternative approach to investigate 

the early changes in the subchondral region following ischemic osteonecrosis. This study sheds 

light on the complexity of the mechanical compromise following ischemic osteonecrosis in the 

immature femoral head which includes increased mineral content, changes in the 

nanoindentation properties, cell death leading to an inability to repair microdamage, 

microdamage accumulation, and lack of cells to form new bone. The results of the study support 

the hypothesis that ischemic osteonecrosis of the immature femoral head leads to an early 

increase in nanoindentation modulus of the subchondral region and an accumulation of 

microdamage, resulting in compromise of the mechanical properties of the subchondral region.  

The purpose of this investigation was to assess the subchondral region for changes in 

histologic appearance, microcrack number, mineral content, and nanoindentation properties in 

an early stage of ischemic osteonecrosis. Histological findings showed diffuse cell death within 

the marrow space and bone in the subchondral region with an absence of osteoblasts. This 

region also showed an increased presence of microcracks and increased moduli in the ischemic 

femoral heads. To our knowledge, this is the first study to describe these findings in the 

subchondral region of the immature femoral head in an early stage of osteonecrosis.  These 

findings provide further insight into the decrease in the mechanical properties of the femoral 

head prior to the occurrence of the revascularization phase and bone resorption. They also 

provide a potential mechanism for the development of a subchondral fracture following ischemic 

osteonecrosis. Since microcracks develop with normal daily activities, which produce 

compressive loading of normal cancellous and compact bone [172,173],  we believe that daily 
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loading of the femoral head in absence of bone cells to repair microcracks led to the 

accumulation of the microcracks and eventual mechanical compromise of the trabecular bone in 

the infarcted femoral head.  

A large accumulation of microdamage in canine femurs has been shown to be 

associated with a decrease in bone stiffness [163].  In the piglet model of ischemic 

osteonecrosis, a decrease in the macroindentation stiffness of the infarcted femoral head 

(indentation measurements using a spherical indenter on the articular surface of the whole 

femoral head) was found at two weeks post ischemia induction using wet, non-fixed bone [13] 

Furthermore, a decrease in the uniaxial compression properties of the bone cores from the 

infarcted femoral heads was also observed at two weeks post ischemic induction [14]. The 

reason for the decreases in the mechanical properties, however, was unknown, which prompted 

us to investigate if an accumulation of microcracks may explain the mechanical compromise.  

Indeed, the finding of increased presence of microcracks in the subchondral region supports the 

findings of a decrease in bone stiffness following ischemic osteonecrosis reported in the 

previous studies [13,14].  

Interestingly, the results of nanoindentation testing showed increased nanoindentation 

modulus of the necrotic trabecular bone in the subchondral region, which seem contrary to the 

decreased bone stiffness reported previously. The key difference is that the measurements in 

the previous studies defined the stiffness at a larger scale, testing the regions of the femoral 

head that included a greater bone volume. The decrease in indentation stiffness in the previous 

studies was most likely influenced by the presence of microcracks and porosity within the 

necrotic bony epiphysis. More specifically, the spherical indenter used in the previous study [13] 

had a much larger interaction volume with the necrotic bony epiphysis due to the size indenter 

(4mm) and depth of indentation (0.5mm). In this study, the indenter used was many magnitudes 

smaller and indented at depths reaching ~200 nm in bone. The strain field was limited to the 
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trabecular bone at a micron scale. In fact, the strain field from nanoindentation of bone has 

been shown to increase with increasing tip size [174]. 

The increase in the nanoindentation modulus of the bone is consistent with the finding 

of increased mineral content of the subchondral bone reported in this study. Similarly, increased 

mineral content has been reported previously at four and eight weeks post ischemia using the 

piglet model [16]. An increase in the mineral content of the bone has been shown to be 

associated with increased stiffness in normal trabecular bone of mandibular condyles in 

newborn pigs [175], and normal femoral cortical bone in an adult human [176]. Due to increased 

mineral content in the calcified cartilage and subchondral bone regions relative to the control, 

higher stress concentrations may be present within the transitional zone of articular cartilage to 

subchondral bone during normal loading and unloading of the joint.  

The reason for increased mineral content can only be speculated. The normal 

subchondral region has higher cell number to matrix volume due to endochondral ossification. 

After ischemia induction, the cells in the subchondral region become apoptotic as our results 

indicate extensive cell death. Apoptotic cells are thought to become more permeable to calcium 

and phosphate ions leading to cell mineralization [177]. We postulate that higher mineral 

content of the necrotic bone makes it more prone to microdamage, which may accelerate the 

process of microdamage accumulation because the bone is less compliant. Positive 

associations between increased mineral content and microdamage have been observed with 

both aging and pharmacological treatment [178]. One can further postulate that microcrack 

accumulation makes the bone more susceptible to fracture in this region. In the piglet model of 

osteonecrosis, subchondral fractures are observed around four weeks post ischemia induction 

in some of the animals [15].  Since this study observed the presence of increased microcracks 

at two weeks post ischemia induction, it is reasonable to speculate that the microcracks will 

continue to accumulate and eventually lead to a fracture.  
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This study does have some limitations. Local measurements of nanoindentation 

properties and microcrack density were done on dehydrated and embedded bone. While 

dehydration has been shown to increase nanoindentation properties of bone when compared to 

a hydrated sample of bone [179], this increase in the nanoindentation properties has been 

shown not to affect comparative trends between samples that are prepared under similar 

conditions [133]. The samples in both normal and ischemic groups were dehydrated in ethanol 

and embedded in PMMA under the exact same conditions. While it is unclear whether sample 

preparation in this study affects ischemic and normal samples similarly, fixation and embedding 

of samples was assumed to have the same effect on the nanomechanical properties of bone 

tissue from ischemic femoral heads as it does from normal heads. Furthermore, cracks can 

possibly develop due to ethanol dehydration [180].  Shrinkage and hardening can occur within 

the tissue, and without water, internal stresses in the bone may lead to cracking [180]. Again, it 

is unclear whether the dehydration affects ischemic and normal samples similarly. For the 

purpose of comparisons, the nanomechanical and microcrack density differences seen between 

the groups are probable results of ischemic osteonecrosis.  We also made sure that the 

nanoindentations were in a similar location for all samples, and controlled for nanoindentations 

in the embedding material.  

In summary, this study provides new evidence of increased stiffness of the trabecular 

bone and increased presence of microcracks in the subchondral region of the immature femoral 

head in the early stage of ischemic osteonecrosis. The results support the hypothesis that early 

alterations of the material properties of the infarcted femoral head render the subchondral bone 

more prone to microcrack development, with continued loading of the femoral head leading to 

microcrack accumulation in the subchondral region and possible fracture.   
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Chapter 4  

Bone Apatite Composition of Necrotic Trabecular Bone in the Femoral Head of Immature 

Piglets 

4.1 Abstract 

Ischemic osteonecrosis of the femoral head (IOFH) can lead to excessive resorption of 

the trabecular bone and collapse of the femoral head as a structure. A well-known mineral 

component to trabecular bone is hydroxyapatite, which can be present in many forms due to 

ionic substitution, thus altering chemical composition. Unfortunately, very little is known about 

the chemical changes to bone apatite following IOFH. We hypothesized that the apatite 

composition changes in necrotic bone possibly contribute to increased osteoclast resorption and 

structural collapse of the femoral head. The purpose of this study was to assess the 

macroscopic and local phosphate composition of actively resorbed necrotic trabecular bone to 

isolate differences between areas of increased osteoclast resorption and normal bone 

formation. A piglet model of IOFH was used. Scanning electron microscopy (SEM), histology, X-

ray absorbance near edge structure (XANES), and Raman spectroscopy were performed on 

femoral heads to characterize normal and necrotic trabecular bone.  Backscattered SEM, micro 

computed tomography (µCT) and histology showed deformity and active resorption of necrotic 

bone compared to normal. XANES and Raman spectroscopy obtained from actively resorbed 

necrotic bone and normal bone showed increased carbonate to phosphate content in the 

necrotic bone. The changes in the apatite composition due to carbonate substitution may play a 

role in the increased resorption of necrotic bone due to its increase in solubility. Indeed, a better 

understanding of the apatite composition of necrotic bone could shed light on osteoclast activity 

and potentially improve therapeutic treatments that target excessive resorption of bone.  

4.2 Introduction 

Ischemic osteonecrosis of the femoral head can lead to excessive resorption of 

trabecular bone and collapse of the femoral head as a structure [5,181]. The onset of the 
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disease results from a lack of blood flow to the femoral head. This deprives the bone cells of the 

necessary oxygen and nutrients for normal bone formation and causes extensive cell death. We 

have previously shown in an experimental model of femoral head osteonecrosis, the calcified 

cartilage and the bone in the subchondral region becomes hypermineralized [16,29]. The 

absence of viable bone cells for detection and repair of the microcracks in the necrotic head 

leads to microcrack propagation, accumulation, mechanical weakening and possible 

subchondral fracture [29]. Indeed, fracture and fragmentation of necrotic bone have been 

previously described in this experimental animal model [5]. Furthermore, flattening deformities 

and structural collapse have been shown in other experimental animal models including rats 

[182], pigs [183], and emus  [181]. In addition, at 8 weeks post induction of ischemic 

osteonecrosis, extensive resorption of necrotic bone and continued weight bearing contribute to 

the flattening deformity [184]. 

Along with extensive resorption of necrotic bone, there is some new bone formation. 

However, newly ossified bone does not form in pace with the extensive resorption of the 

necrotic bone. To slow down the resorption, targeted treatment of the necrotic bone with 

bisphosphonates has been shown to decrease osteoclast mediated resorption of necrotic bone 

relative to non-treated necrotic bone [184], but osteoclast activity in the treated femoral head 

remains significantly high relative to normal bone. Very little is known about the chemical 

changes to bone following ischemic osteonecrosis. Hydroxyapatite is a well-known mineral 

component to trabecular bone and it is known to be present in many forms due to ionic 

substitution. In fact, various ionic substitutions have been shown to influence osteoclast 

proliferation [18] and activity [19,20].  A better understanding of the chemistry of necrotic bone 

could shed light on osteoclast activity and potentially improve therapeutic treatments.  

Spectroscopy is commonly used to study the chemistry of materials. For bone apatite, 

Raman spectroscopy has been used to study mineral crystallinity [185], and compositional 

variations like carbonate content [186] and carbonate to phosphate ratio [187]. Another 
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technique known as X-ray absorption near edge structure (XANES) spectroscopy can be used 

to describe the chemical structures of compounds and the chemistry of an element by providing 

information on valence, oxidation state, and coordination chemistry, where coordination 

chemistry can be described as the study of interacting metal ions and ligands. For pathological 

conditions, XANES has been used to investigate the local environment of Sr2+ cations in bone 

[150], the local environment of Pb and Zn in osteoarthritic cartilage [158,188], and in other 

pathological conditions [189,190]. XANES has also been used in a study of dried and calcined 

bone [155] and engineered calcium phosphate bioceramics [191]. Both spectroscopy 

techniques yield information on composition and structure. We hypothesize that the apatite 

composition of bone is different in necrotic bone and possibly contribute to excessive resorption 

and structural collapse of the femoral head. The purpose of this study was to assess the 

macroscopic and local phosphate composition of actively resorbed necrotic trabecular bone to 

isolate differences between areas of increased osteoclast resorption and normal bone 

formation. 

4.3 Methods and Materials 

4.3.1 Surgical induction of osteonecrosis 

The local Institutional Animal Care and Use Committee approved the study. Six piglets 

(6 to 8 weeks of age, 6 to 8 kg) were used for induction of osteonecrosis.  To induce ischemic 

osteonecrosis of the femoral head, the ligamentum teres of the femoral head was transected 

and a ligature consisting of #1 Vicryl suture material (Ethicon) was placed tightly around the 

right femoral neck, as previously described   [167]. One and five animals were euthanized 

respectively at 2 and 8 weeks post surgical induction of osteonecrosis, and the left and right 

femoral heads were excised and prepared for histology. The left femoral heads were not 

operated on and served as normal controls.  
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4.3.2 Histology, Micro-CT and Scanning Electron Microscopy (SEM) 

The left and right femoral heads were bisected into anterior and posterior halves, fixed 

in 10% neutral buffered formalin, dehydrated in increasing grades of alcohol, and embedded in 

methyl methacrylate (MMA) for sectioning and McNeal tetrachrome staining using standard 

procedures as previously described [17]. 

The remaining blocks for two pairs of femoral heads were imaged in the micro-CT and 

SEM for structural assessment. The blocks were imaged in the micro-CT with a setting of 100kV 

and 200µA at a resolution of 26.6 µm. A common threshold was used to subtract the soft tissue 

and plastic embedding media. Furthermore, the blocks were carbon coated for backscattered 

electron imaging of the subchondral and mid epiphysis of the femoral head. The images were 

acquired with a setting of 25kV and 93µA. A common threshold was also used to subtract the 

soft tissue and plastic embedding media. The internal lacunar structure of the femoral head at 

two weeks post surgical induction was analyzed by acid etching and silver sputter coating.  

The remaining portion of the embedded bone block of one pair of femoral heads was 

deplasticized by dissolving the plastic in liquid MMA. After complete dissolution, the portion of 

the femoral head was transferred to xylene to remove the liquid remnants of MMA, and 

subsequently transferred between decreasing grades of alcohol from 100% to 70% alcohol 

where the samples were stored for later use. 

 

4.3.3 X-ray Absorption Near Edge Structure (XANES) 

The previously stored samples in 70% alcohol were placed in vacuum chambered 

desiccators to remove all of the moisture in the samples and to help prevent degassing in the 

vacuum-sealed chambers of the various beam lines at the Canadian Light Source (CLS).  The 

beam lines include the plane grating monochromator (PGM) for the phosphorous L edge 

fluorescent yield (FY) XANES spectra, the spherical grating monochromator (SGM) for the 

oxygen K edge in both total electron yield (TEY) and FY XANES spectra, and finally the soft X-
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ray microcharacterization beamline (SXRMB) for the phosphorous K edge TEY XANES spectra.  

The respective detector, energy range, and step size for spectral acquisition are shown in Table 

4.1.  

Table 4.1 Experimental setup for spectral acquisition at respective beamlines. 
Beamline Detector Energy Range Step Size 

Spherical Grating 

Monochromator (SGM) 

Multichannel plate 

detector 

O K-edge: 527 to 

552 eV 

0.15 

Plane Grating 

Monochromator (PGM) 

Multichannel plate 

detector 

P L-edge: 132-154 

eV 

0.1 

Soft X-ray 

microcharacterization 

Beamline (SXRMB) 

Silicon drift detector P K-edge: 2140-

2190 eV 

0.25 

 

The XANES spectra were obtained in the epiphyseal regions of the normal un-operated 

femoral head, and the necrotic and new ossification (newly formed bone since ischemia 

induction) regions of the ischemic operated head. To characterize the chemical structure of the 

femoral head, powdered compounds of known chemical compositions were analyzed to 

compare to spectra obtained from regions of the femoral head. These model compounds 

include alpha tricalcium phosphate (α-Ca3(PO4)2), beta tricalcium phosphate (β-Ca3(PO4)2), 

calcium carbonate (CaCO3), calcium oxide (CaO), monetite (CaHPO4), calcium hydrogen 

phosphate monohydrate (CaHPO4 H2O), calcium pyrophosphate (Ca2P2O7), hydroxyapatite 

(Ca10(PO4)6(OH)2), and chicken bone, which has been previously shown to be an analog to 

poorly crystalline carbonate containing apatites [155]. The model compounds were chosen to 

compare distinct features that can be shared with XANES spectra of different regions of the 

femoral head.  
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4.3.4 Raman Spectroscopy 

Unstained sections on glass slides intended for histological staining were deplasticized 

in xylene and allowed to dry for mineral characterization in the microspot Raman spectroscopy 

(DXR, Thermo Scientific, 780 nm, 100 mW, 50 µm slit, 100× objective, 30 s exposure).  Thirty 

spectra per location within the trabeculae of normal, necrotic, and newly ossified bone were 

recorded. Each trabeculae had three locations analyzed avoiding porosities like the lacunae.  

 

4.3.5 Statistical Analysis 

The peak intensity ratios of the carbonate (1070 cm−1) to phosphate peaks υ1PO4 (960 

cm−1) and υ2PO4 (430 cm−1) were averaged for five pairs of femoral heads and grouped under 

normal, necrotic, and newly ossified bone.  A Wilcoxon signed rank test was used to compare 

the normal and necrotic group, and the newly ossified and normal group. A p<0.05 was 

considered significant. 

 

4.4 Results 

4.4.1 MicroCT, Histology and Scanning Electron Microscopy (SEM) 

At two weeks post ischemia induction, the canaliculi structure in the necrotic trabecular 

bone was discontinuous and lacks interconnectivity between lacunae (Figure 4.1a and 4.1b). At 

eight weeks, microCT of the necrotic region showed areas of collapse and fragmentation 

(Figure 4.1c and 4.1d). Indeed, the necrotic region has previously been shown to have 

significantly decreased trabecular thickness compared to normal trabecular bone and increased 

bone volume due to continued mechanical loading and compaction compared to non-weight 

bearing regions [184]. Further analysis by histology of the unoperated contralateral side showed 

a spherical femoral head with normal bone formation throughout the femoral head (Figure 4.2a). 

The operated side showed a flattening deformity and resorption of necrotic bone (Figure 4.2b).  

Higher magnification of the normal bone showed osteoblasts and osteoid which is indicative of 
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bone formation (Figure 4.2c). Furthermore, the necrotic region of the original epiphysis of the 

operated side showed trabeculae with large resorption pits and a lack of osteoblasts (Figure 

4.2d). However, new ossification within the operated head was noted in the periphery with 

osteoblasts lining the surface of the bone (Figure 4.2e). 

 

 

Figure 4.1 Scanning electron microscopy images of (a) normal and (b) necrotic trabecular bone 
at 2 weeks post-surgical induction of osteonecrosis. The arrows in the necrotic region show 

discontinuous canaliculi. MicroCT of (c) normal and (d) necrotic femoral head following 8 weeks 
post ischemia induction. 
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Figure 4.2 Von Kossa and McNeal tetrachrome staining of normal and necrotic bone. (a) The 
normal coronal section of the femoral head captured at 5X magnification. (b) The necrotic 
femoral head captured at 5X magnification with resorbed (red arrows) and newly ossified 

regions (green arrow). Higher magnification of (c) normal trabecular bone with osteoblasts (blue 
arrows) lining the surface, (d) necrotic trabecular bone with osteoclastic pits (white asterisks), 

and (e) newly ossified bone with osteoblasts (blue arrows) lining the surface. All higher 
magnification images were captured at 600X 

 

 

Backscattered electron imaging showed similar morphometry between the trabecular 

bone of normal and new ossification (Figure 4.3). However, the necrotic region of the femoral 

head appeared fragmented with a large separation between other trabeculae.  In addition, a 

higher magnification of the trabeculae in the normal and new ossification regions showed 

osteoid that is not present in the necrotic fragmented bone.  
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Figure 4.3 Backscattered electron images at 50X magnification of (a) normal femoral head, (b) 
necrotic portion of the femoral head, and (c) newly ossified regions of the experimental femoral 
head. Higher magnification images at 550X of (d) normal femoral head, (e) necrotic portion of 

the femoral head, and (f) newly ossified regions of the necrotic femoral head. The white arrows 
indicate location of the osteoid seam 

 

 

 

4.4.2 XANES analysis 

Changes in the chemistry of the different types of bone (normal, necrotic, and newly 

ossified) were analyzed by X-ray Absorption Near Edge Structure (XANES) spectroscopy. 

XANES spectra of the normal, necrotic, and newly ossified bone showed contributions of 

phosphorous and oxygen containing species in the chemical composition of bone. The 

contributions were assessed by comparing the chemistry of known model compounds with 

necrotic and normal bone.  
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4.4.2.1 Phosphorous L-edge FY and K-edge TEY spectra of model compounds and normal, 

necrotic, and newly ossified regions of the femoral head 

The phosphorous L-edge is ideally suited to distinguish between different phosphate 

compounds of Ca in bone as well as to distinguish between the different cationic species 

associated with the phosphates [155,191]. The model compounds in Figure 4.4a show pre-edge 

peaks occurring initially at 136.8 eV for α-Ca3(PO4)2, followed by the pre-edge peak of β-

Ca3(PO4)2, monetite (CaHPO4), calcium hydrogen phosphate monohydrate (CaHPO4 H2O), 

calcium pyrophosphate (Ca2P2O7), and hydroxyapatite (Ca10(PO4)6(OH)2). Other features 

comparing the model compounds between energies 138 and 141 eV show very distinct features 

for model compounds monetite (CaHPO4), calcium hydrogen phosphate monohydrate (CaHPO4 

H2O), and calcium pyrophosphate (Ca2P2O7) with secondary pre-edge peaks occurring at 

varying heights relative to their respective highest peak. In addition, the broad shoulder that was 

present between energies 141 and 143 eV for Ca10(PO4)6(OH)2 and β-Ca3(PO4)2 was absent in 

remaining model compounds. The normal and necrotic femoral heads were analyzed similarly. 

Figure 4.4b shows XANES spectra from regions of the normal and necrotic femoral 

head. The pre-edge peak occurs at 137.1 eV similar to that of the pre-edge of β-Ca3(PO4)2. In 

fact, the overall shape of the XANES spectra from the normal, necrotic, and new ossification 

regions was similar to that of β-Ca3(PO4)2. It is important to note that the spectra for all the 

regions including the normal and necrotic bone have the peak at 148 eV that corresponds to 

phosphorous coordinated to yield PO4 anions indicating that even when resorption of bone 

occurs in necrotic regions the phosphorous remains coordinated as phosphate. Examining the 

post edge region at 143 eV, the hump in the spectra arises from the promotion of a 2p electron 

in phosphorous to empty 3d orbitals in Ca and is very prominent in the insoluble phosphates 

such as β-Ca3(PO4)2 and hydroxyapatite and less so in more open structured phosphate such 

as calcium hydrogen phosphates. Hence, it can be concluded that under necrotic conditions the 

phosphate coordination remains the same and no changes in structure are evident. 
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The phosphorous K-edge spectra examine the core shell 1s electron and its associated 

transitions. Other studies in the past have shown that it is well suited to differentiate between 

different phosphate coordination [155,191]. Figure 4.4c and 4.4d show the phosphorous TEY K-

edge XANES spectra of model compounds and regions of the normal and necrotic femoral 

head.  The overall shape between all model compounds shown in Figure 4.4c was generally 

similar with three peaks at or near 2152.0, 2162.8, and 2170.3 eV. However, most similarities 

were shared between hydroxyapatite and β-Ca3(PO4)2   due to an additional post-edge peak 

seen at 2154.8 eV. The spectra from the normal and necrotic regions in Figure 4.4d also appear 

similar in overall shape and comparable to β-Ca3(PO4)2  and hydroxyapatite, with the necrotic 

region appearing most comparable to β-Ca3(PO4)2   due to the presence of a post edge 

shoulder at 2154 eV. This outcome is similar to the phosphorous L-edge spectra that also 

indicate that there are similarities in the phosphorous coordination in both normal and necrotic 

regions. 
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Figure 4.4 (a) Phosphorous TEY L-edge XANES spectra of model compounds. (b) 
Phosphorous TEY L-edge XANES spectra of normal, necrotic and newly ossified regions of the 
femoral head. (c) Phosphorous TEY K-edge XANES spectra of model compounds. (d) 
Phosphorous TEY K-edge XANES spectra of normal, necrotic and newly ossified regions of the 
femoral head 
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4.4.2.2 Oxygen K-edge TEY and FY spectra of model compounds and normal, necrotic, and 

newly ossified regions of the femoral head 

The oxygen K-edge spectra are particularly useful to identify the local coordination of 

oxygen and distinguish between carbonates and phosphates and in particular between different 

types of phosphates [155]. Figure 4.5a and 4.5b show the oxygen K-edge TEY XANES spectra 

of model compounds and regions of the normal and necrotic bone. α-Ca3(PO4)2  and β-

Ca3(PO4)2  in the TEY spectra in figure 4.5a had very similar shape and peak positions, and the 

same can also be said about the hydroxyapatite except for the peak positions as they generally 

occurred at higher energies. Other differences include the peak in Ca10(PO4)6(OH)2 spectra at 

534.8, and the 537.3 peak of β-Ca3(PO4)2   is higher than the 537.3 peak of α-Ca3(PO4)2 relative 

to their respective 539.9 peaks.  CaCO3 and CaO have very distinctive features that are absent 

in the other model compounds. The most significant difference was due to the presence of the 

first peak at 534.5 eV for CaCO3. The chicken bone also had a similar peak shifted 1 eV down 

at 533 eV.   The peak position around 533-534 eV was attributed to the presence of carbonate, 

and the peak position around 540 eV was attributed to the presence of phosphates. Indeed, the 

spectra of the normal, necrotic and newly ossified regions in Figure 4.5b show a mixture of 

carbonate and phosphates. The mixtures were represented as carbonate to phosphate peak 

height ratios in Table 2, where the necrotic region has the highest carbonate to phosphate ratio. 

Figure 4.5c and 4.5d show the model compounds and regions of the normal and 

necrotic bone respectively in the FY mode.  The model compounds shown in Figure 4.5c are 

very similar to the previously described spectra shown in Figure 4.5a. However, some 

differences are seen when comparing the spectra from the regions of the femoral head of 

Figure 5d with Figure 5b. More specifically, the 535.7 eV absorption peak in Figure 4.5b is 

absent in the FY spectra of Figure 4.5d. Nonetheless, the spectra in Figure 4.5d also show a 

mixture of carbonate and phosphates, which were represented as carbonate to phosphate peak 
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height ratios in Table 4.2. The necrotic region has the highest carbonate to phosphate ratio 

when compared to the normal and newly ossified regions. 
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Figure 4.5 (a) Oxygen K-edge TEY XANES spectra of model compounds. (b) Oxygen K-edge 
TEY XANES spectra of normal, necrotic and newly ossified regions of the femoral head. (c) 
Oxygen K-edge FY XANES spectra of model compounds. (d) Oxygen K-edge FY XANES 

spectra of normal, necrotic and newly ossified regions of the femoral head 
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Table 4.2 Carbonate to phosphate ratios of Total Electron Yield (TEY) and Fluorescent Yield 
(FY) Oxygen K edge XANES spectra from the Spherical Grating Monochromator Beamline 

TEY-Oxygen K-edge Carbonate to Phosphate Ratio 

Normal 1.2 

Necrotic 1.4 

New Ossification 1.3 

  

FY-Oxygen K-edge Carbonate to Phosphate Ratio 

Normal 0.4 

Necrotic 0.7 

New Ossification 0.4 

 

 

4.4.3 Raman Spectroscopy 

Raman spectroscopy is particularly suited to study both the soft and hard tissue in bone 

and has been used extensively in the past to examine hard tissue [192-194]. Normal bone has 

some carbonate substituted for phosphate in the hydroxyapatite structure and this can be 

identified by Raman spectroscopy [148].  The carbonate is most likely replacing the phosphate 

ion in the apatite structure in normal bone and in most cases makes up between 2-6% of the 

phosphate content [51,195].  In order to determine the extent of substitution of carbonate in the 

apatite structure the Raman spectroscopy was also used. Figure 4.6a shows representative 

spectra of normal, necrotic, and newly ossified bone. The peak intensity ratio between the 

carbonate (1070 cm−1) and phosphate peaks υ1PO4 (960 cm−1) and υ2PO4 (430 cm−1) were 

used to estimate the relative amounts of carbonates to phosphates and were lowest for newly 

ossified bone and highest for necrotic bone. In fact, the carbonate to phosphate ratio was 
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significantly higher in the necrotic versus normal bone and necrotic versus new ossification 

(p<0.05) (Figure 4.6b and 4.6c). 

 

 

Figure 4.6 Representative Raman spectroscopy of normal, necrotic, and newly ossified bone. 
(b) Bar graphs of the carbonate (1070 cm-1) to phosphate peaks υ1PO4 (960 cm−1) and (c) and 
υ2PO4 (430 cm−1) ratio pooled from 5 femoral pairs. The data is represented as mean ± 
standard deviation. (*p<0.05) 
 

4.5 Discussion 

The purpose of this study was to identify differences in the local chemistry of necrotic 

bone in comparison to the normal bone during the resorptive phase of healing of the necrotic 

bone. The histological findings highlight the flattening deformity and fracture that occur following 

8 weeks of ischemia induction. Furthermore, the histological assessment of the necrotic femoral 

head showed extensive resorption of the original epiphysis and new ossification in the 
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periphery. In addition, further analysis of the microstructure by backscattered SEM reveal 

fragmented and heavily resorbed bone in the original epiphysis. The presence of the osteoid 

seams in the normal and new ossification regions show some evidence of continuous bone 

formation, while the necrotic bone undergoes excessive resorption. XANES assessment of the 

bone chemistry showed no change in the local coordination of phosphorous between the 

normal, necrotic and newly ossified regions, but an increased contribution of carbonate in the 

necrotic region.  

The carbonate phosphate complex in XANES spectra of bone has been previously 

analyzed in various bone samples of sheep, deer, bovine, and chicken, by Rajendran et al. 

They attribute the carbonate phosphate complex to the substitution of phosphate ions by 

carbonate [155]. They compared the peaks of calcium carbonate standard to the calcined bone 

samples of animals such as sheep, deer, bovine, and chicken and noted a downward shift in the 

comparable peaks to lower energies. Indeed, our spectra data is in agreement with the 

downward peak shifts seen by Rajendran et al when comparing the various regions of the 

femoral head to the calcium carbonate standard. Based on the model compound standards and 

likely shifts of peak energies due to the local coordination of oxygen within the bone, the 

contribution of carbonate and phosphate in the femoral head were unique to the 533 and 540 

eV peak, respectively, and provided a relative assessment of the amount of carbonate.  

The presence of carbonate in bone has been well studied with Fourier transform 

Infrared spectroscopy, in which phosphate can be substituted with either the hydroxyl groups or 

carbonate ions.  In aging bone, the phosphate group has been shown to preferentially substitute 

with the hydroxyl groups at the interface of a growing crystal [143]. However, others have 

shown that phosphate substitution occurs with carbonate ions [196]. The key differences 

between the preceding studies lie in structural assessment of bone, which is well discussed by 

Paschalis. Briefly, one group analyzed homogenized bone whereas the other analyzed single 

osteons isolating newly formed mineral and older mineral. Our XANES analysis combines a 
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mixture of the two methods. While our bone samples were not homogenized, we were only able 

to measure the XANES spectra from specified regions of the femoral head, and we were unable 

to spectrally resolve the contribution from isolated sites of the trabeculae within the region. In 

addition, the FY XANES spectra averages more information into the substrate at 1-3 microns, 

than the TEY XANES spectra which is more surface sensitive at 30 -70 nm into the substrate. 

Hence, the XANES spectra resolved, showed increased carbonate mostly from the bulk of the 

identified regions. While carbonate substitution can occur with hydroxyl groups, the FY spectra 

suggest that it occurs mostly interstitially with phosphate ions. 

We used Raman spectroscopy on previously embedded bone to further investigate the 

presence of carbonate in bone and found increased carbonate to phosphate content in necrotic 

bone. Previous analysis of carbonate to phosphate ratios have been shown to be unaffected by 

fixation and embedding with MMA [197]. The embedding and fixation process by Yeni et al. 

involved obtaining cortical bone from mice, fixation in glycerol, dehydration in ethanol, 

immersion in xylene, and embedding in PMMA. We similarly processed the samples but use 

trabecular bone from pigs and a formalin fixative. While the specific effect of the formalin fixation 

as opposed to glycerol fixation on pig trabecular tissue has not been investigated, we expect 

similar processing of normal and necrotic tissue samples to affect the bone apatite similarly. 

More specifically, we believe the increase of carbonate to phosphate content in necrotic bone to 

be independent of tissue processing. 

Increasing carbonate substitution with phosphate ions has been measured with Raman 

spectroscopy in aging bone [198]. Akkus et al. used cortical bone from young and old rats and 

found positively correlated changes in increased carbonate substitution with phosphate ions and 

decreased structural and material level mechanical properties. More specifically, they 

suggested the carbonate substitution related to shape changes in the crystal structure caused 

by vacancies [199].  In our study, the carbonate to phosphate ratios was found to be highest in 

XANES and Raman spectra of necrotic bone. We believe the increased carbonate is likely a 
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result of the fact that bone is relatively older than other analyzed regions that were undergoing 

active bone formation. Furthermore, it is reasonable to speculate that the local distortions in the 

crystal structure due to carbonate substitution are contributing factors to the fracture of necrotic 

bone. 

The fragmentation, separation, and excessive resorption of increased carbonated 

necrotic bone can only be speculated at this time. In these regions, the bone has been shown to 

have a significantly large amount of osteoclast activity, and it has been stated that this increase 

in osteoclast activity produces excessive bone loss, which contributes to the flattening deformity 

in the face of continued weight bearing.  The reason for the preferential osteoclast activity and 

attachment on the bone as opposed to osteoblast activity is not well understood. However, 

carbonated apatite as opposed to noncarbonated apatite is more soluble [200], and thus easier 

to break down. Indeed, the role of carbonate content in bone and dental pathophysiology is 

evident [144,201,202], where the increase in carbonate content has been hypothesized to be 

influence by tissue age, mineral content, and eventual release by osteoclast resorption. 

Furthermore, in vitro characterization of osteoclast-like activity on carbonated substituted 

hydroxyapatite was significantly increased when compared to hydroxapatite and trends higher 

when the carbonate content is increased [19].  

Future studies are needed to investigate the role of carbonate in necrotic bone. 

Isolating the spectral contribution at specified locations interfacing with osteoclasts and necrotic 

bone may shed more light on the cellular contributions to increased carbonate. In addition, 

analysis of necrotic bone at earlier time points preceding excessive resorption and vascular 

return may also give a clearer picture on the role of carbonate.  

 

4.6 Conclusion 

In this study we have examined the changes in the chemistry of normal and necrotic 

bone in a porcine model using XANES and Raman spectroscopy. We have determined that 
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there is not much of difference in the phosphorous coordination between normal, necrotic and 

newly ossified bone and the major difference in chemistry arose from the amount of carbonate 

that substituted in the apatite structure. Newly ossified bone had the smallest amount of 

carbonate while the necrotic bone had the largest amounts of carbonate in the apatite structure. 

Local changes in the apatite structure due to carbonate substitution may play a role in the 

increased resorption of necrotic bone due to its increase in solubility.  
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Chapter 5  

Material properties of femoral head treated with local administration of anti-resorptive and bone 

anabolic agents following the induction of ischemic osteonecrosis:  

Experimental Investigation in Immature Pigs 

5.1 Abstract 

Legg-Calvé-Perthes disease (LCPD) is a juvenile hip disorder attributed to the loss of 

blood flow to the bony epiphysis that causes osteonecrosis (bone death) of the femoral head. A 

permanent femoral head deformity from fracture, bone fragmentation, and collapse of the 

femoral head are complications associated with LCPD. Early material changes such as 

increased mineral content and nanoindentation modulus have been identified in an immature 

piglet model of ischemic osteonecrosis. Treatment aims to not only retain the sphericity of the 

femoral head, but also to promote bone healing to help prevent collapse. We hypothesized that 

treatment with anti-resorptive  and anabolic agents will affect the mineral content and 

nanomechanical properties due to new bone formation and repair. The purpose of this study 

was to determine the effects of BMP-2 and ibandronate, a well-known bisphosphonate, on the 

material properties of bone after ischemic osteonecrosis of the femoral head. The right femoral 

head of twenty piglets (6 to 8 weeks of age, 6 to 8 kg) was used for induction of osteonecrosis. 

Femoral heads without treatment were compared to ibandronate (IB), bmp-2 (BMP), and 

BMP+IB treated groups. The left femoral head of the no treatment group was used as a normal 

control. Histology was used to identify revascularized regions of bone repair. Quantitative 

backscattered electron imaging (qBEI), Raman spectroscopy, and nanoindentation were used 

to measure the material changes in mineralization, composition, and mechanical properties.  

Histological assessment showed revascularized tissue in all groups. New bone in the BMP and 

BMP+IB groups was identified by McNeal and H&E sections revealing new bone surrounding 

old necrotic bone, while the IB group showed no osteoblast and the no treatment group showed 

osteoclastic resorption of necrotic bone. CaMean and CaPeak measured by qBEI were 
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significantly increased in the no treatment and IB groups compared to normal (p<0.03), and no 

significant difference was found for BMP and BMP+IB groups compared to normal. Carbonate 

content measured relative to phosphate and matrix bands showed significantly increased 

content in the necrotic (p<0.01) and IB groups (p<0.005) compared to normal, and no significant 

difference was found for the BMP group compared to normal. However, carbonate relative to 

phosphate band was increased in the BMP+IB group compared to normal (p<0.005). The 

nanoindentation modulus within the IB treated trabecular bone was significantly increased 

compared to the normal trabecular bone (p=0.024) with no significant differences seen in the 

BMP and BMP+IB treated group compared to normal. Hardness measurements in the IB 

treated group were also significantly increased compared to BMP, and BMP+IB treated groups 

(p≤0.02). Taken together, the results support the hypothesis that treatment aided by BMP-2 

better normalizes the material properties of bone post ischemia with new bone formation. We 

postulate new bone formation around the necrotic bone can provide added mechanical strength 

to help prevent fracture and collapse of the bone during juvenile femoral head osteonecrosis. 

  

5.2 Introduction 

Legg-Calvé-Perthes disease (LCPD) is a juvenile hip disorder attributed to the loss of 

blood flow to the bony epiphysis that causes osteonecrosis of the femoral head.  The 

development of a permanent femoral head deformity is a common complication of LCPD, with 

half of the patients developing osteoarthritis [111,112]. Due to a lack of pathological specimens, 

an experimental model of osteonecrosis of the femoral head in piglets has previously been 

studied [5]. The model develops a moderate to severe flattening deformity that is also present in 

some patients diagnosed with LCPD. Extensive resorption of necrotic bone has been shown to 

lead to collapse and deformity of the femoral head; for that reason, balanced bone formation 

and resorption aided with treatment are expected to help maintain shape of the femoral head 

during the healing process.  
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Bisphosphonates and bone morphogenic proteins (BMPs) have previously been used 

as treatment in experimental models of femoral head ischemia [24,25]. Bone morphogenic 

proteins are multifunctional growth factors that play a pivotal role in inducing bone formation; 

their structure, function, signaling, and applications have been reviewed extensively [203,204]. 

Briefly, there are 20 family members of BMP, of which BMP-2, 4, 5, 6, and 7 have the greatest 

osteogenic capacity.  BMP-2 due to its key role in osteoblastic differentiation has been used in 

many applications to stimulate bone formation after ischemia [205], necrosis [206], and fracture 

[207-210]. On the other hand, bisphosphonates bind to bone mineral and deposit where bone is 

formed and resorbed to help decrease the resorption of bone. Several mechanisms of actions 

have been reviewed by [211-213]. Briefly, bisphosphonates can reduce bone resorption by 

performing a number of actions: inhibiting osteoclastic recruitment to the bone surface, inhibiting 

osteoclastic activity on the bone surface, decreasing the life span of osteoclasts, and changing 

the bone mineral rate of dissolution by osteoclasts. 

 Bisphosphonates and BMPs can be used for their respective anti-resorptive and 

anabolic capabilities. While these treatments have proven beneficial in maintaining bone 

volume, supporting bone formation, and sphericity in the experimental animal model of 

osteonecrosis of the femoral head [24,25], appropriate qualifiers are needed to assess the 

material properties of bone after treatment and to assess certain indicators that are contributors 

to future problems like microdamage and fracture. Without treatment, the experimental model of 

osteonecrosis of the femoral head has previously been shown to develop microcracks[29], 

subchondral fracture[15], and apparent fragmentation of necrotic bone[5], in addition to material 

changes resulting from increased mineral[16] and carbonate content[31]. With treatment, 

stimulated bone repair and formation while the bone is revascularized are expected to help 

maintain shape of the femoral head during the healing process. However, the use of BMP in 

combination with bisphosphonate on material changes has not been investigated. More 

specifically, the effect of the combinatory treatment with BMP and bisphosphonates on bone 
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composition and nanomechanical properties after ischemia has not been investigated. We 

hypothesized treatment with a bone anti-resorptive agent and/or bone anabolic agent will affect 

the mineral content and nanomechanical properties due to new bone formation and repair. The 

purpose of this study was to determine the effects of BMP-2 and ibandronate, a well-known 

bisphosphonate, on the material properties of bone after ischemic osteonecrosis of the femoral 

head during the revascularized healing stage of the disease. 

  

5.3 Materials and Methods 

5.3.1 Surgical induction of osteonecrosis 

Femoral heads were obtained from previously approved IACUC studies.  They were 

femoral heads from twenty animals that were of similar age and weight received surgical 

induction of osteonecrosis by the same surgeon. The femoral heads were split into four groups 

(n=5/group): no treatment, ibandronate (IB), bmp-2 (BMP), and BMP+IB.  To induce ischemic 

osteonecrosis of the femoral head, the ligamentum teres of the femoral head was cut and a 

ligature consisting of #1 Vicryl suture material (Ethicon) was placed tightly around the right 

femoral neck, as previously described [167]. Animals within the IB, BMP, and BMP+IB groups 

received an intraosseous injection in the ischemic femoral head. All animals were euthanized 8 

weeks post-surgical induction of osteonecrosis when revascularization is expected [5,214]. The 

right femoral heads were excised and prepared for histology, and the left femoral head of the no 

treatment group was used as normal controls. 

 

5.3.2 Histology  

The femoral heads were bisected into anterior and posterior halves and fixed in 10% 

neutral buffered formalin. After fixation, the anterior half of the femoral head was decalcified with 

Ethylenediaminetetraacetic acid (EDTA) and processed for paraffin embedding. The posterior 

half was dehydrated in increasing grades of alcohol and embedded in methyl methacrylate 
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(MMA) for sectioning and McNeal tetrachrome staining using standard procedures as previously 

described [17]. 

Tissue sections from the anterior half were stained with a hematoxylin and eosin (H&E) 

stain, as the posterior half was cut into thin sections and stained with von kossa and McNeal 

tetrachrome stain. Areas of revascularization and bone formation were identified based on the 

presence of vessels and osteoblasts. 

 

5.3.3 Quantitative Backscattered Electron Imaging (qBEI) 

After sectioning of the MMA embedded blocks, the blocks were polished with increasing 

grades of silicon carbide paper (1200, 2400, and 4000 grit). In between each polishing step, the 

blocks were rinsed ultrasonically in deionized water. The blocks were polished sequentially with 

a 0.25 µm and 0.05 µm diamond slurry and carbon coated for SEM imaging.  Backscattered 

electron images of the mid-epiphyseal region of the femoral head was taken at a magnification 

of 50X for all samples. A beam energy of 20kV and a beam current of 92µA were maintained. 

The working distance was 15 mm. The images were used for quantifying distribution of 

mineralization in bone. Quantification for mineralization in bone has been previously described 

[7,16].  Briefly, carbon, aluminum, and hydroxyapatite were used as standards to calibrate a 

bone mineral density distribution (BMDD) from a backscattered electron signal.  A calibration 

line was drawn to correlate the respective gray level values and atomic numbers for each 

standard. The grey levels were then converted to weight percent of calcium based on the 

molecular formula of hydroxyapatite, and a BMDD in terms of the weight percent of calcium was 

generated. The weighted mean of the distribution (CaMean) and the weight percent value with 

the most frequency (CaPeak) were obtained from each BMDD. 
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5.3.4 Raman Spectroscopy 

After qBEI imaging, the carbon coat was removed with 4000 grit silicon carbide paper. 

Trabecular bone from revascularized regions was identified with the optical microscope of the 

Raman microscope using corresponding McNeal slides. Compositional characterization of the 

trabecular bone was performed with the microspot Raman spectroscopy (DXR, Thermo 

Scientific, 780 nm, 100 mW, 50 μm slit, 100× objective, 30 s exposure).  Thirty spectra per 

location within the trabeculae of normal, necrotic, and treated groups (IB, BMP, and BMP+IB) 

were recorded between 400 and 2000 cm−1. Across each trabecular cross-section, at least five 

locations were analyzed avoiding porosities from lacunae. From the spectra, the peak areas of 

phosphate ν1PO4 (930 - 980 cm−1), carbonate (1050–1100 cm−1), and matrix collagen amide I 

(1620 - 1700 cm−1) were measured. Ratios of these peak areas resulted in measures of 

carbonate to phosphate, phosphate to amide I, and carbonate to amide I.  

 

5.3.5 Nanoindentation 

Revascularized regions within the epiphysis were identified based on corresponding 

histological sections. Trabecular bone was identified through an optical microscope, and an 

exposed area of trabecular bone within the revascularized region was selected for indentation. 

A Hysitron Ubi-1 Nanoindenter (Hysitron, Minneapolis, MN) with a Berkovich tip was used for 

nanoindentation. The location for the indentation area was verified by view through the optical 

camera in the nanoindentation chamber that showed both the Berkovich tip and the region of 

interest. A bony structure within the revascularized region was identified. However, the exact 

location of the indenter tip on the trabecular bone could not be confirmed in relation to its porous 

structures such as the canaliculi and the lacunae. Indentation in embedding material was 

excluded based on the measured moduli as previously described [29]. Briefly, indentations with 

a reduced modulus above 7 GPa were used for analysis as lower moduli were indentations in 

the plastic embedding substrate. An area of at least 3600 μm2 was analyzed per femoral head. 
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At least 30 indentations were analyzed in the area. The following loading function was 

performed for each indentation:  1) ramped to 500 μN at 50 μN/s, 2) held for 5 seconds, and 

then 3) unloaded at 50 μN/s. The unloading point of the loading curve was used for reduced 

modulus (1) and hardness (2) calculations based on the Oliver-Pharr method [6]. The reduced 

modulus was calculated from 

.                            (1) 

Er is defined as the reduced modulus, S as the slope of the most linear part of the upper portion 

of the unloading curve, and Ac as the projected contact area of the Berkovich tip. For hardness, 

the values are calculated from 

 

.                       (2) 

H is defined as the hardness, which is calculated by the maximum load, Pm, divided by the 

projected contact area of the Berkovich tip. 

 

5.3.6 Statistical Analysis 

Peak area ratios of the carbonate (1070 cm-1)  to phosphate (961 cm-1), mineral (960 

cm-1) to matrix (1665 cm-1), and carbonate (1070 cm-1)  to amide I (1665 cm-1) were averaged 

for the femoral heads and grouped under normal,  no treatment (necrotic), BMP, IB, and 

BMP+IB.  The reduced modulus and hardness values from nanoindentation, and CaMean, and 

CaPeak values from qBEI for each respective group were averaged similarly. All data are 

presented as mean ± standard deviation. A one-way ANOVA was used to determine the overall 

difference among groups. If the difference was significant at p < 0.05, a post-hoc Tukey 

honestly significant difference testing was performed to assess the significance between 

groups.  
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5.4 Results 

The histological assessment from the femoral heads revealed areas of revascularized 

tissue in all femoral heads and evidence of bone formation in the BMP and BMP+IB treated 

groups and excessive bone resorption in the necrotic group. For the normal, BMP, and BMP+IB 

group, trabeculae were lined with osteoblasts indicating bone formation (Figure 5.1a). However, 

within the no treatment (necrotic) and ibandronate group areas of revascularized trabecular 

bone showed a lack of osteoblasts (Figure 5.1a). Additionally, the necrotic group showed 

trabeculae with osteoclasts and pits caused by osteoclast resorption. Further analysis of the 

H&E stained slides of the BMP and BMP+IB treated groups revealed new bone formation on 

the surface of necrotic bone (Figure 5.1b). Necrotic bone was identified based on empty 

lacunae or pyknotic osteocyte.
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Figure 5.1(a) High magnification von Kossa and McNeal tetrachrome stained photomicrographs captured at 200X magnification of 
normal, no treatment (necrotic), bone morphogenetic protein-2 (BMP) treated, ibandronate (IB) treated, and BMP+IB treated trabecular 
bone. Osteoblasts (yellow arrow) line the surface of normal, BMP treated, and BMP+IB treated trabecular bone. Several osteoclasts (red 
arrow) line the surface of bone in the no treatment image. (b) High magnification hematoxylin and eosin stained photomicrographs 
captured at 200X of new bone formation surrounding necrotic bone (dotted line) in the BMP and BMP+IB treated trabecular bone.  
Diminished or absent lacunae staining was present in necrotic bone (white arrow). 
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Quantitative backscattered electron imaging showed increased mineral content in the 

no treatment (necrotic) and ibandronate bone groups (Table 5.1). BMDD in the necrotic and 

ibandronate groups showed a higher calcium weight percent (CaMean) (p=0.003, p=0.007) and 

frequency (CaPeak) (p=0.021, p=0.017) compared to the normal group. Osteoclast pits and 

fragmented bone were apparent in the revascularized regions of the no treatment (necrotic) 

femoral head. The contrary was present in the ibandronate group, as bone volume appeared to 

be maintained (Figure 5.2).  Additionally, in similar areas of bone formation and 

revascularization in the BMP and BMP+IB groups, as indicated by histology, the trabecular 

bone appeared thicker where new bone formation occurred on the surface of necrotic bone 

(Figure 5.2).
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Figure 5.2 Backscattered scanning electron images of normal, no treatment (necrotic), bone morphogenetic protein-2 (BMP) treated, 
ibandronate (IB) treated, and BMP+IB treated trabecular bone captured at 50X magnification. The BMP and BMP+IB treated trabecular 

bone appear thicker than the no treatment and IB treated bone. Scale bar = 1 cm. 
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Raman spectroscopy and nanoindentation were used to measure the compositional 

and mechanical properties of the trabecular bone. The carbonate content and mineral to matrix 

ratios were measured by Raman spectroscopy. Specifically, the carbonate to phosphate ratios 

in the normal group were significantly lower than the no treatment (p=0.001), IB (p=0.001), and 

BMP+IB (p=0.003) groups, and no significant difference between the BMP and normal group 

(Figure 5.3a). Differences were seen in the measured carbonate to amide I ratio of the normal 

group compared to no treatment (p=0.007) and IB groups (p=0.003), and no significant 

difference for the BMP and BMP+IB groups compared to normal group (Figure 5.3b). The 

mineral to matrix ratio in the no treatment group was significantly higher than the normal 

(p=0.010) and the IB group (p=0.004), and no significant difference for the BMP and BMP+IB 

groups compared to normal group (Figure 5.3c). Mechanical properties measured by 

nanoindentation showed only significant differences of increased moduli and hardness in the 

trabecular bone of the ibandronate group compared to normal (p<0.05) (Figure 5.4). 

Additionally, increased significantly increased hardness was found in the IB group compared to 

all other treated groups (BMP and BMP+IB) (p≤0.02).  
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Figure 5.3(a) Carbonate to phosphate peak area ratio of normal trabecular bone was significantly lower than no treatment (necrotic) 
(p=0.001)*, IB (ibandronate) treated (p=0.001)*, and BMP+IB (bone morphogenetic protein + IB) treated bone (p=0.003)**.  (b) 
Carbonate to Amide I  and  (c) Mineral to Matrix peak area ratio of the normal group was significantly lower than no treatment (p≤0.01)*** 
and IB treated bone (p≤0.004)***. (n=5 per group) 
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Figure 5.4. Bar graphs of the (a) average reduced modulus and (b) hardness of the normal, no 
treatment (necrotic), bone morphogenetic protein-2 (BMP) treated, ibandronate (IB) treated, and 
BMP+IB treated trabecular bone. The reduced modulus of the IB treated bone was significantly 
higher than normal healthy trabecular bone (*p=0.024), and the IB treated group was 
significantly higher than the BMP and BMP+IB treated groups (p≤0.02).  (n=5 per group) 
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Table 5.1 The mean ± standard deviation of weight percent calcium and nanomechanical properties of the treatment groups. 
 Normal No Treatment BMP treated IB treated BMP+IB treated 

CaMean (wt%Ca) 23.1±0.9 26.1±0.7* 22.8±1.9 26.0±0.5** 23.3±1.1 

CaPeak (wt%Ca) 23.5±1.0 26.2±1.1*** 23.0±2.2 26.3±0.3**** 23.9±0.9 

Reduced Modulus (GPa) 13.5±3.2 16.5±2.4 15.6±3.2 18.5±2.1# 16.3±1.3 

Hardness (GPa) 0.574±0.181 0.626±0.065 0.505±0.165 0.778±0.113## 0.503±0.047 

 
*No treatment vs Normal (p=0.003), BMP (p=0.001), and BMP+IB (p=0.007) 
**IB vs Normal (p=0.007), BMP (p=0.003), and BMP+IB (p=0.014) 
***No Treatment vs Normal (p=0.021), BMP (p=0.006) 
****IB vs Normal (p=0.017), BMP (p=0.005), and BMP+IB (p=0.047) 
#Normal vs IB treated (p=0.024) 
##IB treated vs. BMP treated (p=0.020) and BMP+IB treated (p=0.019) 
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5.5 Discussion  

Ischemic osteonecrosis of the femoral head has been shown to lead to extensive cell 

death, increased mineral content, and microcracks [16,29]. It is through normal bone 

remodeling where old and damaged bone is remodeled and repaired with the appropriate 

balance of bone formation from osteoblasts and bone resorption from osteoclasts.  Without 

bone remodeling, damage from cracks has been proposed to continue to propagate and lead to 

fracture.  In addition, imbalanced repair from increased osteoclastic resorption and decreased 

bone formation contributes to the collapse of the femoral head [5].  

While treatment with BMP has been previously shown to induce new bone formation 

post ischemia [24,25], it appears a lack of new bone formation and remodeling, can compound 

increased mineral content in the no treatment (necrotic) and ibandronate groups compared to 

normal, BMP, and BMP+IB groups.  This was further supported by an increased mineral to 

matrix ratio in the necrotic and ibandronate groups measured by Raman spectroscopy. 

Additionally, increased carbonate content was also measured in the necrotic and IB groups. 

Taken together, treatment post ischemic osteonecrosis produces significantly different material 

properties of bone.  

Bisphosphonates have been used previously to decrease bone resorption and maintain 

bone volume in osteoporotic and postmenopausal women [215-217], in Paget’s disease [218], 

and in animal models of osteonecrosis to prevent excessive resorption of necrotic bone 

[21,22,219]. In the piglet model of osteonecrosis, ibandronate, a type of bisphosphonate, was 

used to decrease the amount of osteoclast activity in the femoral head post ischemia. While 

there was a decrease in the amount of bone resorption, there was minimal bone formation as 

defined by the lack of osteoblasts. This has previously been described quantitatively by a 

significant decrease in the osteoblast surface in the ibandronate treated group compared to a 

normal group [24].  On other hand, when BMP was used in both BMP and BMP+IB groups, 
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there was a presence of osteoblasts within the treated epiphysis. In fact, increased bone 

formation has previously been demonstrated post ischemia in BMP groups when compared to a 

non-treated necrotic group [25].  The use of bmp-2 can influence bone remodeling by 

stimulating osteoclast [220] and osteoblast [203] differentiation. While it appears that the use of 

ibandronate alone maintains bone volume, there is a lack of bone remodeling and formation in 

the ibandronate treated epiphysis that appears to affect the material properties. Decreased 

remodeling has been shown previously to increase mineralization of bisphosphonate treated 

bone of osteoporotic patients [221,222]. Similarly, the mineral content is increased in 

bisphosphonate treated necrotic bone in this study. While increased mineral content in necrotic 

bone is associated with bone necrosis, it may be compounded with bisphosphonate treatment. 

The mineral content of the necrotic bone in the femoral head has been measured 

previously by quantitative backscattered imaging, where increased mineral content was present 

when compared with normal bone formation [16]. The same here is true in this study where 

increased mineral content is seen in the necrotic group. Furthermore, even after treatment with 

ibandronate, the mineral content in the IB group was also significantly higher. However, when 

comparing the BMP and BMP+IB treated groups, the mineral content was significantly lower 

than the IB and necrotic group and comparable to the normal group. The key difference 

between the IB and necrotic groups and the BMP and BMP+IB treated groups is the bone 

remodeling from the bone formation and resorption. In fact, the bone formation by osteoblasts 

and the resorption by osteoclasts have previously been identified in the BMP and BMP+IB 

treatment groups [25].  This suggests a lack of balanced remodeling contributing to an increase 

in mineral content in necrotic and ibandronate treated bone.  

The mineral composition of the bone was further analyzed by Raman spectroscopy 

which revealed increased carbonate content in the necrotic group and IB group, coinciding with 

the lack of new bone formation and increased mineral content.  Necrotic bone that is maintained 

and unchanged without any remodeling is older the normal bone that continually modeled and 
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remodeled in the developing femoral head.  In fact, increased carbonate content has been 

linked to aged bone [143,196,198]. Furthermore, the mineral to matrix ratio was also decreased 

when compared to the necrotic and IB groups. In fact, increased mineral-to-matrix ratios and 

crystallinity have been attributed to fracture risk [223,224]. For carbonate content, increased 

carbonate-to-amide I and carbonate-to-phosphate ratios have been attributed to fracture risk in 

osteoporotic patients [225]. New bone formation after ischemia improves the bone 

compositional parameters that have been linked to fracture risk. 

The increased mineral content associated with the increased nanomechanical 

properties measured by nanoindentation in the necrotic and IB groups. Oral ibandronate use 

has been linked to increased hardness in osteoporotic patients [226] and stiffer trabecular bone 

after bisphosphonate use in severely suppressed bone turnover patients [227]. However, the 

bone formation in the BMP group and BMP+IB group showed similar nanomechanical 

properties to normal bone.  Few studies have investigated the nanomechanical properties of 

bmp treated bone [228,229]. One study used an in vitro model of cultured mineralized tissue 

with BMP-2 and found lower hardness and elastic moduli when compared to calvaria bone [228] 

while another study used PLLA nanofibers with BMP-2 and found similar hardness and elastic 

moduli between newly regenerated bone and the host bone of the calvaria [229]. Similar 

mechanical properties were also found with regenerate bone developed within a bone defect by 

implanted with genetically modified mesenchymal stem cells that overexpressed BMP-2 [230]. 

Our study involved new bone formation without the aid of other biomaterials and within the 

femoral head as opposed to the calvaria. Nonetheless, we believe the new bone formation 

aided with bmp-2 in the BMP and BMP+IB treatment groups provided similar nanomechanical 

properties to normal healthy bone. Furthermore, we believe the interstitial, older, necrotic bone 

provides added nanomechanical properties of increased moduli and hardness.  

This study does have some limitations. While qBEI measurements looked at a much 

larger area of tissue volume (≥50 mm2) within the mid-epiphysis, Raman and nanoindentation 
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measurements were captured at smaller scales (<10000 µm2).  Nonetheless, measurements 

were performed in revascularized regions of the epiphysis where bone healing and repair were 

expected, and the Raman and nanomechanical measurements were indicative of pooled 

measurements across a trabeculae.  The measurements were performed in a similar location 

for all samples avoiding measurements in the embedding material. Assessment of the material 

properties only occurred at one time point, later time points may be more informative to assess 

bone formation that may be delayed in the IB treated group. We chose to perform 

measurements at a time point; where there was moderate to severe deformity due to extensive 

resorption in the no treatment group. In addition, macro scale measurements of mechanical 

properties may provide an overall look at the bone’s response to loading and fracture resistance 

in the femoral head.  

In conclusion, treatment of the ischemic osteonecrosis aims to prevent deformity, but 

what remains unclear is the best approach. This study investigated the compositional and 

nanomechanical properties of bone treated with bone anabolic and anti-resorptive agents to 

compare to normal bone without treatment. The findings show that anabolic and combined 

anabolic and anti-resorptive agents better normalize material properties of bone than sole 

treatment by an anti-resorptive agent.  Mineral content, mineral to matrix, and carbonate to 

phosphate ratios were found to be increased in necrotic and IB treated bone. Treatment of the 

femoral head with bone anabolic and anti-resorptive agents post ischemia produces significantly 

different material properties of bone. We postulate it is the older/necrotic bone that is 

hypermineralized post ischemia than can contribute to increased fracture risks, while new bone 

formation aided by bmp-2 can contribute support to the older/necrotic bone and restore 

compositional equivalencies to normal bone formation. We also postulate new bone formation 

around the necrotic bone can provide added mechanical strength to help prevent fracture and 

collapse during juvenile femoral head osteonecrosis.  
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Chapter 6  

Summary and Conclusion 

The purpose of this study was to determine the material changes in bone through 

significant pathological events in ischemic osteonecrosis of the femoral head. The events 

include fracture, extensive resorption, and collapse of the femoral head.  Development of a 

subchondral fracture is one of the earliest signs of structural failure of the immature femoral 

head following ischemic osteonecrosis and this eventually leads to a flattening deformity of the 

femoral head. The macro scale mechanical properties of the infarcted femoral head decreases 

even before a repair response consisting of bone resorption occurs [13,14]. The reason for the 

decreases in the mechanical properties was unknown, which prompted an investigation of the 

material and mechanical changes in the femoral head preceding possible structural failure. We 

focused on the mechanical and material properties because they are important contributors to 

the overall mechanical structure. Within the subchondral region, we found extensive cell death 

and an absence of osteoblasts in the ischemic side compared to the normal control. Microcrack 

density in the ischemic side was significantly higher compared to the normal side in the 

subchondral region. The weighted mean of the weight percent distribution of calcium (CaMean) 

also was significantly higher in the ischemic subchondral region. Furthermore, the 

nanoindentation modulus within localized areas of subchondral bone was significantly increased 

in the ischemic side compared to the normal control. The increased mineral content measured 

by quantitative backscattered imaging was of particular interest, as we were curious as to the 

possible changes in the mineral chemistry that would be best analyzed by spectroscopy 

techniques. 

The most common analogous mineral component to bone is hydroxyapatite, which can 

be present in many forms due to ionic substitution thus altering chemical composition. 

Unfortunately, very little is known about the chemical changes to bone apatite following 

ischemic osteonecrosis of the femoral head.  We assessed the macroscopic and local 
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phosphate composition of necrotic bone during the repair stage to isolate differences between 

areas of increased osteoclast resorption and normal bone formation. X-ray aborbance near 

edge structure and Raman spectroscopy obtained from necrotic bone during the repair stage 

and normal bone showed increased carbonate to phosphate content in the necrotic bone. The 

exact mechanism of carbonate substitution in necrotic bone is unknown, but we hypothesize 

that as cells die through apoptosis the apoptotic bodies incorporate within the bone matrix and 

are nucleating centers for increased carbonate apatite formation. We believe the changes in the 

apatite composition due to carbonate substitution may play a role in the increased resorption of 

necrotic bone due to its increase in solubility. Indeed, a better understanding of the apatite 

composition of necrotic bone could shed light on osteoclast activity and potentially improve 

therapeutic treatments that target excessive resorption of bone. This prompted our interest in 

the material changes of bone following treatment to restore the imbalance caused by excessive 

bone resorption. 

Treatment aims to not only retain the sphericity of the femoral head, but to promote 

bone healing to help prevent collapse. We determined the effects of an anabolic (bone 

morphogenetic protein-2, BMP-2) and an anti-resorptive agent (ibandronate, IB), a well-known 

bisphosphonate, on the material properties of bone after ischemic osteonecrosis of the femoral 

head. Quantitative backscattered electron imaging, Raman spectroscopy, and nanoindentation 

were used to measure the material changes in mineral content, composition, and mechanical 

properties. New bone in the BMP and BMP+IB groups was identified by McNeal and H&E 

sections revealing new bone surrounding old necrotic bone, while the ibandronate group 

showed no osteoblast and the necrotic group showed osteoclastic resorption of necrotic bone. 

CaMean and CaPeak measured by qBEI was significantly increased in the necrotic and IB 

groups compared to normal. Carbonate content measured relative to phosphate and matrix 

bands showed significantly increased content in the necrotic and IB groups compared to 

normal. Indeed, carbonate content has been linked to aged and fractured bone; however, 
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evidence of collapse and a flattening deformity in the post ischemic femoral head is only seen in 

the no treatment (necrotic) group [17]. It appears the IB treatment used to prevent bone 

resorption may mechanically protect the structure of the head from collapse. But still, further 

research to assess microdamage may provide additional information about the material state in 

conjunction to macroscale mechanical measurements of IB treated bone. Indeed, the 

nanoindentation modulus within the IB treated trabecular bone was significantly increased 

compared to the normal trabecular bone. The increased mineral content and nanomechanical 

properties show intrinsic changes IB treated bone.  

Taken together, the nanoindentation properties of the trabecular bone is increased in 

the early stage of ischemic osteonecrosis of the immature femoral head and makes it more 

susceptible to microcrack formation, while balanced repair aided by anabolic and anti-resorptive 

treatments help restore the material properties of bone to normal bone formation with 

comparable compositional properties (Figure 6.1). Further studies will need to investigate the 

macroscale mechanical properties after treatment. However, we believe new bone formation 

around the necrotic bone can provide added mechanical strength to help prevent fracture and 

collapse of the bone during juvenile femoral head osteonecrosis. 



 

103 

 

Figure 6.1 Overview of related material changes of necrotic bone with and without treatment 
aided by BMP-2. 
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